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ABSTRACT

On March 26™ and 27", 2026, the Faculty of Business and Economics of Mendel University
in Brno organized already the 28" international conference “Economic Competitiveness
and Sustainability“ with over 100 onsite participants from around the world. In the presented
Proceedings you find 44 papers which were recommended by conference discussants and
selected on the basis of a peer-review process. The presented research outputs contribute
toand extend the current state of the art and will stimulate further debate not only in academia
but also in other institutions of public and private sector. The published papers address
current interdisciplinary challenges arising at the intersection of digital transformation,
artificial intelligence, sustainability, enterprise information systems, finance, public policy,
marketing, and management. Together, they demonstrate the growing importance of data-
driven approaches, intelligent technologies, and sustainable solutions in addressing
contemporary economic and societal challenges.

Keywords: artificial intelligence, digital transformation, information systems, economics
and finance, marketing and consumer behaviour, sustainability

ABSTRAKT

Ve dnech 26. a 27. brezna 2026 usporddala Provozné ekonomicka fakulta Mendelovy
univerzity v Brné jiz 28. rocnik mezinarodni konference ,Economic Competitiveness and
Sustainability“, kterého se zucastnilo pres 100 ucastnikd z celého svéta. V predloZzeném
sborniku najdete 44 piispévkd, které byly doporuceny diskutanty konference a vybrany na
stav pozndni a podnécuji dalsi diskusi nejen na akademické ptdé, ale i v rdmci vefejného
a soukromého sektoru. Publikované prispévky reflektuji soucasné interdisciplindrni vyzvy
vznikajici na priseciku digitdlni transformace, umélé inteligence, udrzitelnosti, podnikovych
informacnich systémi, financi, vefejné sprdvy a hospodaiské politiky, marketingu
a managementu. Soucasné poukazuji na rostouci vyznam datoveé podloZzeného rozhodovani,
inteligentnich technologii a udrzitelnych reSeni pro zvladani aktudlnich ekonomickych
a spolecCenskych vyzev.

Klicova slova: uméld inteligence, digitdlni transformace, informacni systémy, ekonomie
a finance, marketing a spotrebitelské chovani, udrzitelnost
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FOREWORD

Dear readers,

We are honoured to present you with the Conference Proceedings we are publishing as the one
of the outputs of the 28th year of the International Conference Economic Competitiveness and
Sustainability (ECOS 2026) that we organised in March 26-27, 2026. The conference traditionally
takes place in the campus of the Mendel University in Brno, Czech Republic and provides a productive
background for the development of new ideas not only for senior but also for young researchers.

We hosted two distinguished well-known speakers who contributed to the conference programme
with their keynote speeches. Prof. Gonul Colak (Head of Department of Accounting and Finance,
University of Sussex Business School, UK) gave a speech “Government Debt, Corporate Debt,
and Financial Crowding-In: A Cross-Country Analysis”. Prof. Tomas Jandik (Finance and Dillard’s
Chair in Corporate Finance, Sam M. Walton College of Business, University of Arkansas, USA)
contributed to the discussion on the topic of “Networks Everywhere: How Connectedness Shapes
Risk, Information, and Value”.

We welcomed more than 100 researchers representing universities and research institutes from
countries including Czech Republic, Albania, France, Germany, Hungary, Lithuania, Malaysia,
Poland, Serbia, Slovakia, Ukraine and USA, who also served as the discussants of the papers and
helped to improve the quality of the research results presented during both conference days.

Another useful opportunity to discuss the conference themes was a moderated Panel Discussion
entitled “Ethics, Excellence, and Algorithms: Al’s Future in Academia”, with five invited experts:
Gonul Colak, Tomas Jandik, Adéla LekeSova (Al consultant, BDO Czech Republic), Kamil Malinka
(Department of Intelligent Systems, Brno University of Technology) and Toma$ Pitner (Professor
at Mendel University in Brno).

The purpose of the conference is to enhance academic debate on current problems in the global
socio-economic environment and dynamic technological development. Last but not least it is a
chance to meet our research counterparts in person and critically review our perspectives on
contemporary research problems.

In the presented Proceedings you can find 44 papers that were recommended by conference
discussants and selected on the basis of a careful peer-review process. The papers cover a broad
spectrum of topics including artificial intelligence, cybersecurity, information systems, finance,
sustainability, public policy, consumer behaviour, and digital innovation. The published papers
also underwent a thorough plagiarism detection process.

We would like to thank all the participants in the conference for their inspiring contributions.
Furthermore, we are grateful to all the discutants, reviewers and the members of the scientific
committee for their contribution to the scientific level of presented papers and organisation of this
international scientific conference.
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ERP SYSTEM SECURITY THROUGH
THE EYES OF USERS: EVIDENCE
FROM SERBIAN ENTERPRISES

Sanela Arsic?, Aleksandra Radi¢?, Porde Nikoli¢!

'Engineering Management Department, Technical Faculty in Bor, University of Belgrade, Vojske
Jugoslavije 12, 19210 Bor, Serbia

DOTI: https://doi.org/10.11118/ec0s2026_001

ABSTRACT

Enterprise resource planning (ERP) systems are integrated business platforms characterised
by a high need for security, which is a fundamental requirement for efficient operation.
Although many vendors include comprehensive security mechanisms in their ERP solutions,
user perceptions of security are also crucial for adequate system adoption. This study
examines users’ perceptions of ERP system security and reliability in relation to demographic
characteristics. Analysis of Variance (ANOVA) was used to identify differences in responses.
The empirical research included a sample of 206 ERP system users from organisations
in Serbia. The ANOVA results show that user perceptions differ significantly by users’ level
of education, the organisation’s industry sector and economic activity, and the frequency
and duration of system use. These findings provide valuable insights into variations
in perceptions of ERP system security and help identify behavioural patterns influenced by
demographic factors.

Keywords: ERP systems, security perception, user behaviour, ANOVA, demographic factors
JEL Code: M15, 033, D83

1 INTRODUCTION

Enterprise Resource Planning (ERP) systems are integrated information platforms that
enable the planning, organisation, monitoring, and control of business processes in real time
(Hussain et al., 2024). In many industries, ERP is considered essential for conducting business
activities, as it allows companies to achieve high performance. Additionally, ERP connects
many participants simultaneously, uniting internal and external information flows, the inte-
grity of which is crucial for the company.

Any unauthorised access to the vast amount of data stored in an ERP system can result in signi-
ficant financial and reputational losses, making the security and reliability of ERP systems among
the most critical issues in modern business (Michelberger & Horvath, 2017). A study by Salih et al.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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(2021) found that ERP system security is the most widely cited impacting factor, indicating that
security is a critical consideration in examining ERP implementation and usage success.

ERP insecurity can lead to costly consequences for organisations, affecting both operational
performance and long-term stability. SAP, one of the leading ERP vendors, reported that in 2021,
every 11 seconds a company was hit by ransomware, while the average cost of recovering from
a ransomware attack was $1.85 million (SAP, n.d.). Recently, ERP security has changed dramatically
as cybersecurity threats have become more sophisticated, with Al-powered attacks increasing by
95% in 2024 alone (Gangapatnam, 2025).

Current research addresses the technical aspects of ERP security (Boppana et al., 2021; May et al.,
2024) and models for their improvement (Atakari, 2024; Annapareddy, 2025; Nittala, 2025).
However, the human factor remains the most crucial element for successful system application
and use (Almahamid, 2019). Specifically, user perceptions of ERP security are critical for effective
system adoption. Perceived security refers to users’ perceptions of the reliability and safety of
ERP service delivery, the robustness of the system’s technical architecture, and the adequacy of
its security requirements. Users’ attitudes and awareness significantly shape how ERP systems
are adopted, used, and safeguarded in everyday operations. Research by Kuo et al. (2023) demon-
strated that perceived security has a statistically significant impact on ERP users’ continued usage
intention, indicating that users regard ERP security as an important factor that leads to perceiving
ERP as more useful and user-friendly.

Nevertheless, there is a clear need for further research to understand the behavioural issues
of ERP users shaped by their psychological beliefs (Salih et al., 2021). Therefore, additional
studies are needed to explore the behavioural and cognitive aspects of ERP system introduc-
tion in business operations.

The main objective of the study is to provide contemporary insights into differences in ERP users’
security perceptions, based on empirical evidence tested using a statistical approach. Such results
and implications assist ERP vendors in the process of ERP solution development and ERP consul-
tants in achieving more successful ERP system acceptance during implementation.

Considering all the above, this paper examines ERP security from the users’ perspective, emphasi-
sing the impact of users’ demographic variables on perceived ERP system reliability and security in
specific country context. To achieve this aim, an Analysis of Variance (ANOVA) was used to identify
differences in users’ responses obtained through empirical research, which included a sample of
206 ERP system users from organisations in Serbia.

The paper is organised as follows. After the Introduction, the Theoretical Background reviews
previous literature and highlights its main findings, while Hypoheses Formulation section proposes
the study research hypotheses. The Research Method section details data collection and the metho-
dology used to process the data. The Results and Discussion section presents the main results and
considers the findings. The Conclusion summarises the implications and limitations and outlines
the future research agenda.

11
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2 THEORETICAL BACKGROUND

Integrating an enterprise’s diverse functions through the implementation of a unique ERP system
offers numerous benefits. However, during the implementation process, enterprises may encounter
several challenges, such as customisation, data migration, user training, and integration with existing
systems (Siraj et al., 2024). From the user’s perspective, ERP security is not merely a technical constraint
but a functional framework. As users operate across departmental boundaries, including finance,
procurement, production, and logistics, the seamless integration of access controls and approval
workflows is vital (Shish, 2025). Due to the increasing complexity and sophistication of cyber threats,
ERP implementation poses a greater risk to the integrity and functionality of these systems.

Among the most significant threats are malware attacks, which can lead to data corruption or
theft, as well as phishing and other forms of social engineering that exploit human weaknesses to
gain unauthorised access. Distributed denial-of-service attacks can overload a system and cause
downtime, while zero-day attacks exploit vulnerabilities for which security patches are not yet
available, making them particularly dangerous. The most sophisticated attacks enable perpetra-
tors to maintain a long-term presence in the network and systematically compromise data (Efe,
2024). Insufficient preparation and neglect of security in ERP projects can lead to failure, as key
controls are often left until the end of implementation, when budgets are exceeded and deadlines
missed. This practice results in significant system vulnerabilities. Morrisson (2020) states that this
approach stems from the misconception that ERP is exclusively an IT project, whereas in reality it
requires the engagement and responsibility of the entire enterprise.

This highlights the need to emphasise the importance of the user’s role in ERP security. The main
goal of ERP security is to reduce the risk of information loss, ensure compliance with state and
corporate standards, protect the privacy of internal data, and preserve its integrity (Efe, 2024). ERP
system security can be defined as the degree to which the ERP system is regarded as secure for data
storage, data exchange, and other business operations (Salih et al., 2021).

Although technical protection measures are important, contemporary literature increasingly
emphasises that the human factor is the weakest, yet most important, link in the chain of defence
(Triplett, 2022). In current discourse on ERP systems, security is no longer viewed solely through
the lens of cryptographic algorithms and technical barriers, but as a complex socio-technical
phenomenon centred on human behaviour. Users’ awareness and attitudes directly shape how
ERP systems are used and protected in daily work (Kuo et al., 2023; Shish, 2025).

Examining ERP system security within the context of Serbian enterprises is particularly important
given the heterogeneous levels of digital maturity, organisational practices, and user competencies
present in transition economies. While ERP systems are increasingly adopted by organisations in
Serbia, variations in implementation quality, user training, and security governance may influence
how security and reliability are perceived by end users.

Regarding ERP security in Serbian enterprises, this issue represents a unique combination
of strict legal regulations, accelerated digitisation (such as the introduction of e-invoices), and
a specific mentality regarding data storage. A particular feature of Serbia is the mandatory use of
the Electronic Invoice System, which has introduced new security challenges, such as the requi-
rement that the connection between the local ERP and the national portal must be encrypted and
protected by digital certificates to avoid the risk of interception.

Traditionally, most Serbian enterprises have preferred on-premise ERP systems and local data
storage. However, this trend is changing, with an increasing number of companies adopting
cloud ERP. Nevertheless, research by Ivanovi¢ and Maric¢ (2021) shows that over 50% of surveyed

12
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companies wish to switch to cloud ERP technology, but 40% of respondents agree that the major
barrier is the problem of data security and safety.

Such insights are essential for designing more effective security policies, user training progra-
mmes, and system configurations that align with users’ expectations and behaviours. By focusing
on the Serbian context, this study contributes to the broader literature by providing context-sensitive
evidence on ERP system security from the users’ perspective in an underexplored empirical setting.

3 HYPOTHESES FORMULATION

To support the study’s objectives, this section presents hypotheses drawn from previous research.
The hypotheses were primarily based on previous international ERP and information systems
literature, as empirical studies specifically examining perceived ERP security and reliability in
the Serbian context are limited. Furthermore, examining these relationships in Serbia is particu-
larly relevant, as transition economies may differ from others. Consequently, the study replicates
previous findings and contextualises them within a less frequently investigated context. The
proposed hypotheses will be tested to determine how perceptions differ by users’ age, educa-
tion level, organisation’s industry sector, economic activity, company size, user experience, and
frequency of system use.

Previous research found that males dominate information systems adoption (Kusumaningtyas &
Suwarto, 2015). McGill and Thompson (2021) reported that women perceive lower levels of infor-
mation security and privacy than men, and behaviours requiring greater technical skill are less
frequently adopted by female users. Therefore, this study proposes the following hypothesis H1:

H1. There is a statistically significant difference in perceived ERP security and reli-
ability between males and females.

Earlier studies identified a positive relationship between age and information system use, as
older individuals have limited knowledge and training regarding computers (Elsadaani, 2013).
Additionally, younger people adopt IS more readily than older generations (Kusumaningtyas &
Suwarto, 2015). Based on this, the study proposes the following hypothesis H2:

H2. There is a statistically significant difference in perceived ERP security and reli-
ability based on ERP users’ age.

Olatokun (2009) found that education level is linked to the technology usage gap. Previous litera-
ture (Davis, 1989; Venkatesh & Bala, 2008) indicates that perceptions of ERP system acceptance are
often influenced by education. Therefore, this study proposes the following hypothesis H3:

H3. There is a statistically significant difference in perceived ERP security and reli-
ability based on ERP users’ education level.

13
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Despite industry specialisation, manufacturing and services remain the two main economic acti-
vities and may represent distinct groups of ERP system users. Previous literature (Ruivo et al., 2017)
suggests that manufacturing and service industries have different processes and types of data
stored in the system (Ifinedo, 2012), which can affect perceptions of ERP security. Based on this, the
study proposes the following hypothesis H4:

H4. There is a statistically significant difference in perceived ERP security and reli-
ability based on the industry sector background of ERP users.

Abu Afifaetal (2023) examined users’ attitudes towards ERP use in the financial, service, and
manufacturing sectors. The study found that ERP adoption is higher in manufacturing than in
service and financial sectors. Mishra et al. (2022) also highlighted distinct cybersecurity issues in
enterprises with different economic activities. Thus, this study proposes H5:

H5. There is a statistically significant difference in perceived ERP security and reli-
ability based on the economic activity background of ERP users.

Regarding company size, Johansson et al. (2015) demonstrated that as enterprise size increases,
the complexity and scale of ERP security issues also become more significant. The challenge of
managing user permissions, ensuring regulatory compliance, and maintaining system integrity
is greater in larger enterprises (Mishra et al., 2022). Accordingly, this study proposes the following
hypothesis Hé:

HG6. There is a statistically significant difference in perceived ERP security and reli-
ability based on the company size in which ERP users are employed.

Previous literature indicates that user experience with an ERP system positively affects perceived
system security (Bhattacherjee, 2001). Greater exposure to an ERP system increases users’ security
awareness and understanding of their responsibilities in maintaining system security (Seneviratne
& Colombage, 2023). Therefore, this study proposes the following hypothesis H7:

H?7. There is a statistically significant difference in perceived ERP security and reli-
ability based on ERP users’ experience.

The frequency of ERP system use is positively correlated with users’ perceptions of security and
reliability (Workman et al., 2009). It influences user familiarity with the system and the trust deve-

loped through repeated interaction. Based on this, the study proposes the following hypothesis H8:

HS. There is a statistically significant difference in perceived ERP security and reli-
ability based on the frequency of system use by ERP users.
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4 RESEARCH METHOD

To assess user beliefs and attitudes regarding the acceptance and use of ERP systems, an empi-
rical survey was conducted in 2024. Data were collected through an online questionnaire created
in Google Forms and distributed via the LinkedIn network to ERP users employed in enterprises
operating in Serbia. Participants were informed that their responses would be used exclusively
for scientific research purposes.

The distributed questionnaire consisted of two parts. The first part included users’ demogra-
phic questions, while the second comprised items related to ERP system acceptance and use.
The questionnaire used in this study was adapted from Sternad Zabukovsek et al. (2019) and
covered a wide range of constructs examining drivers influencing ERP system usage, such as
perceived usefulness, ease of use, work compatibility, and external factors. Respondents rated
their agreement on a five-point Likert scale, where 1 indicated the lowest level of agreement and
5 the highest. Among the items included under external factors was a statement addressing the
reliability and security of ERP systems, as this is an important aspect of successful ERP imple-
mentation and continued use.

Furthermore, to examine the influence of demographic factors on perceived ERP system secu-
rity and reliability, an Analysis of Variance (ANOVA) was applied. This statistical analysis was
performed using the IBM SPSS v.25 software package.

The ANOVA test is a statistical technique used to determine whether there are statistically signi-
ficant differences between the means of multiple groups for a selected dependent variable. In
this study, ANOVA is used to examine whether users’ perceptions of ERP system security and reli-
ability differ significantly across demographic groups such as gender, age, education, industry
sector, economic activity, company size, user experience, and frequency of use with ERP systems.

By enabling the comparison of several groups, ANOVA provides an appropriate methodological
framework for identifying demographic factors that may influence variations in perceived ERP
system security and reliability, thereby directly supporting the study’s objective.

5 RESULTS AND DISCUSSION

The sample of 206 ERP users from enterprises operating in Serbia has been gathered to conduct
the analysis. Demographic characteristics of the research sample are described in Table 1.

This empirical research included more males (56.3%) than females (43.7%). Most ERP users
were aged 30-39 (49.0%) and held either a BSc (43.2%) or MSc (42.2%) degree. In terms of
industry sector, 65% of respondents were from manufacturing. The sample displayed industry
heterogeneity regarding the distribution of enterprises’ economic activity. Most ERP users work
for large enterprises, defined as companies with more than 250 employees. Regarding user expe-
rience, most users have used ERP systems for 3 to 5 years (51.0%) and use them daily (83.5%).

This paper explores the impact of demographic variables of ERP users on perceived ERP
system reliability and security. To achieve this, an ANOVA test was performed, and the results
are presented in Table 2.
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Tab.1 Demographic characteristics of the research sample (N =206)

Variables Category Percentage %
Male 56.3
Gender
Female 43.7
20-29 20.4
30-9 49.0
Age
40-49 25.2
50-59 53
High school 7.3
Higher education 5.8
Education BSc 43.2
MSc 42.2
PhD 1.5
Manufacturing 65.0
Industry sector
Service 35.0
IT industry 15.0
Automotive industry 17.5
Industrial selling 11.7
Banking 2.4
Pharmaceutical industry 9.7
Economic activity Production 11.7
Aviation industry 1.9
Mining and metallurgy 13.1
Energy industry 24
Telecommunications industry 3.9
Food and beverage industry 10.7
Less than 10 employees 1.9
11-50 employees 53
Company size
51-250 employees 18.9
Above 250 employees 73.8
Less than 1 year 5.8
1-3 years 26.7
User experience
3-5years 51.0
More than 5 years 16.5
Every day 83.5
1-2 times a week 4.9
Frequency of use -
Several times a week 7.8
1-2 times a month 3.9
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Tab.2 ANOVA test results

H1 Gender 1.472 0.226 Rejected
H2 Age 0.503 0.681"s Rejected
H3 Education 3.284 0.012* Accepted
H4 Industry sector 6.041 0.015™ Accepted
H5 Economic activity 2.440 0.007* Accepted
H6 Company size 2.084 0.103"s Rejected
H7 User experience 3.791 0.005* Accepted
H8 Frequency of use 2.734 0.030" Accepted

Notes: *statistically significant at 0.01 level; **statistically significant at 0.05 level; n.s. Not significant.

Gender has not been found to have a statistically significant impact on the perceived security
and reliability of ERP systems, leading to rejection of H1. Earlier studies (such as Broos, 2005)
emphasised that, in the past, women were more anxious about using computers. Some recent
studies (Mohamed & Ahmad, 2012; McGill & Thompson, 2021) have indicated differences in infor-
mation security and privacy perceptions regarding gender. However, these studies explored privacy
concerns and security perceptions in relation to social networks or internet technologies used for
personal purposes. Moreover, users, regardless of gender, may perceive that ERP vendors have
already implemented adequate security measures, diminishing the salience of security concerns in
their perceptions. In the context of Serbia, the absence of statistically significant gender differences
can be explained by the fact that the use of ERP systems in organisations is largely mandatory and
directly related to daily work tasks.

The results also suggest that respondents’ age does not have a statistically significant effect on
the perceived security and reliability of ERP systems. Therefore, proposed hypothesis H2 is also
rejected. ERP system security mechanisms, such as access control, encryption, and activity logging,
are mostly invisible to users and are built in at the system level (Atakari, 2024). Therefore, users,
regardless of age, do not have direct insight into the technical aspects of security, but form their
perceptions based on general work experience and system stability. Furthermore, digital compe-
tencies are increasingly less dependent on age, as ERP systems have been present in business
practice for many years. This may reduce differences between younger and older users in terms
of understanding and trust in information systems. Similarly, the absence of differences between
younger and older users can be attributed to the fact that ERP systems have been present in Serbia
for some time, particularly in small and medium, and large enterprises, which constitute the domi-
nant structure in this study sample.

Users’ education has been found to have a statistically significant impact on the perceived security
and reliability of ERP systems, leading to acceptance of H3. The literature suggests that percep-
tions of ERP system acceptance are often influenced by individual user characteristics, including
education (Davis, 1989; Venkatesh & Bala, 2008). Specifically, a higher level of education can lead
to a better understanding of how security measures support system stability, which positively
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affects perceptions of reliability and safety. For example, Sternad Zabukovsek et al. (2019) report
that more educated users demonstrate a higher degree of trust in ERP systems, as they are better
able to recognise long-term benefits and understand system complexity. To gain deeper under-
standing, an ANOVA post hoc test was employed. The results indicate that the most pronounced
difference is observed between ERP users with a high school degree and those with an MSc degree
(mean difference =-0.531; standard error =0.188; p =0.042). This finding supports existing litera-
ture in information security, which suggests that higher levels of education are associated with
greater awareness of security risks and a more accurate understanding of protective mechanisms
(Ifinedo, 2012). Furthermore, this difference may also be influenced by the increasing integration
of ERP-related content and formal training in higher education curricula. However, this remark
should be treated with caution, as the present study did not examine whether participants had
undergone formal ERP, cybersecurity, or digital skills training, nor did it assess the quality or inten-
sity of such training.

Industry sector has a statistically significant impact on the perceived security and reliability
of ERP systems, resulting in acceptance of H4. The literature indicates that in manufacturing
environments, ERP system outages are directly linked to financial losses and supply chain
disruptions, reinforcing the importance of security and reliability in user perception (Wagner
& Monk, 2008). In contrast, in the service sector, ERP systems often manage large volumes of
customer data, financial transactions, and contractual relationships, where issues of confiden-
tiality, privacy, and data protection are prioritised. Studies show that users in the service sector
more frequently associate ERP system security with the protection of sensitive information and
compliance with regulatory requirements, shaping a different perception of security compared
to the manufacturing sector (Ifinedo, 2012).

Similarly, the economic activity of the enterprise has a statistically significant impact on perce-
ived security. In industries such as finance, healthcare, or telecommunications, ERP systems
process highly sensitive data such as financial transactions and personal and health informa-
tion. Therefore, security requirements are stricter and user awareness of potential risks is greater
(Trunina et al.,, 2018). In contrast, in industries like mining and metallurgy, the focus is often on
operational reliability and system availability, as even short-term ERP system outages can cause
production downtime and supply chain disruptions (Ranitovic¢ et al., 2013). Therefore, proposed
hypothesis H5 is accepted.

The statistically significant impact of the industrial sector and economic activity is due to the
structure of the Serbian economy, where manufacturing, metal processing, mining, and the energy
sector continue to play a significant role, with ERP system interruptions directly causing opera-
tional and logistical problems. Conversely, the service sector, banking, telecommunications, and
healthcare institutions are increasingly dependent on data protection and regulatory compliance,
especially following the intensified digitalisation of financial and administrative processes.

Company size has not been found to have a statistically significant impact on perceived ERP
system security and reliability, leading to rejection of H6. ERP users, whether they work in small,
medium, or large companies, generally have a similar level of exposure to the system’s security
functionalities. Furthermore, company size is primarily relevant for managers’ strategic and tech-
nical decisions regarding the selection and implementation of the ERP system (Lutfi et al., 2024),
while users form their perceptions of security and reliability based on their use of the system, its
stability, and availability, rather than on wider organisational resources or structure.

User experience has a statistically significant impact on the perceived security of ERP systems,
as supported by previous literature suggesting that, with longer use, users develop procedural
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knowledge and routines, which reduce cognitive effort and increase the perception of system
stability (Bhattacherjee, 2001). To gain deeper insights, post hoc analysis was performed, and
results indicated that the most pronounced difference is between ERP users with 1-3 years of
experience and those with more than five years of experience (mean difference =-0.436; stan-
dard error =0.146; p=0.027). This supports the statement that experienced users are more likely
to evaluate the security of ERP systems based on repeated positive experiences and have greater
exposure to various situations when working with an ERP system, including system errors, secu-
rity procedures, access controls, and the organisation’s response to incidents. Therefore, proposed
hypothesis H7 is accepted.

The frequency of using an ERP system has a statistically significant impact on perceptions of secu-
rity and reliability (H8 is accepted), as it influences user familiarity with the system and the trust that
develops through repeated interaction. Furthermore, research in information security shows that
greater exposure to the system increases users’ security awareness and understanding of their role
in protecting the system (Workman et al,, 2009). This also confirms the results of post hoc analysis,
showing the most pronounced difference is between ERP users who use ERP every day and those
who use ERP 1-2 times per month (mean difference = 0.797; standard error=0.261; p=0.014).

User experience and the frequency of ERP use are particularly relevant in Serbia, where the level
of digital transformation among companies varies. The adoption of these systems has increased
employees’ exposure to digital business processes, which may lead to greater awareness of the
importance of security, reliability and data protection in information systems. Furthermore,
e-invoicing in Serbia should not necessarily be interpreted as directly improving users’ digital
competence. Rather, it has significantly increased employees’ exposure to digital business proce-
sses and information systems, thereby making issues such as cybersecurity, data protection, and
system reliability more visible in everyday work activities.

6 CONCLUSION

This study examined ERP system security from the users’ perspective, focusing on how demogra-
phic characteristics influence perceptions of system reliability and security in Serbian enterprises.
Using ANOVA on a sample of ERP users, the research provides empirical evidence of variations in
perceived ERP security across different user groups, addressing an underexplored aspect of ERP
security research.

The findings show that users’ perceptions of ERP system security and reliability differ signi-
ficantly according to education level, industry sector, economic activity, user experience, and
frequency of system use. In contrast, no statistically significant differences were found for gender,
age, or company size. These results suggest that perceptual differences are more strongly influ-
enced by users’ cognitive, experiential, and contextual characteristics than by basic demographic
attributes. More educated and experienced users, as well as those who interact with ERP systems
more frequently, tend to evaluate system security more positively, likely due to greater familiarity
with system functionality and security mechanisms.

From a theoretical perspective, this study reinforces the view that ERP system security should be
understood as a socio-technical construct rather than a purely technical attribute. From a practical
standpoint, the results highlight the importance of tailoring security-related training, communica-
tion, and support mechanisms to different user groups. These implications are particularly relevant
in the context of Serbia, where enterprises are undergoing digital transformation characterised by
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heterogeneous levels of digital maturity, different level digital competencies, and varying levels of
ERP adoption across industries. Therefore, improving continuous user support, and awareness-
-raising activities may be essential for strengthening confidence in ERP systems and reducing
security-related uncertainty among employees.

Despite its contributions, this study has several limitations. The research is based on self-reported
perceptions, which may not fully reflect actual system security or user behaviour. Future research
could extend this work by incorporating longitudinal designs, comparative cross-country analyses,
or additional behavioural variables such as security awareness, training intensity, or organisational
security culture. Such approaches would provide a deeper understanding of how user perceptions
of ERP security evolve over time and across different organisational and institutional contexts.

Acknowledgements

The research presented in this paper was carried out with the financial support of the Ministry
of Education, Science and Technological Development of the Republic of Serbia within the frame-
work of financing scientific research work at the University of Belgrade, Technical Faculty in Bor,
in accordance with the contract with registration number 451-03-34/2026-03/ 200131.

REFERENCES

ABU AFIFA, M. M., VO VAN, H., LE HOANG VAN, T. 2023. Blockchain adoption in accounting by an
extended UTAUT model: empirical evidence from an emerging economy. Journal of Financial
Reporting and Accounting. 21(1), 5-44.

ALMAHAMID, S. 2019. The influence of ERP system usage on agile capabilities: examining the
mediating role of users' psychological empowerment in Jordanian commercial banks. Information
Technology & People. 32(6), 1633-1656.

ANNAPAREDDY, V. N. 2025. The Intersection of Big Data, Cybersecurity, and ERP Systems: A Deep
Learning Perspective. Journal of Artificial Intelligence and Big Data Disciplines. 2(1), 45-53.

ATAKARI, C. 2024. A Deep Learning-Based Security Model for ERP-Integrated IoT in National Defense
Manufacturing Environments. International Journal of Emerging Trends in Computer Science and
Information Technology. 5(3), 90-98.

BHATTACHERJEE, A. 2001. Understanding information systems continuance: An expectation-
confirmation model. MIS Quarterly: 351-370.

BOPPANA, S. B., MOORE, C. S., BODEPUD], V., JHA, K. M., MAKA, S. R., SADARAM, G. 2021. Al And ML
Applications In Big Data Analytics: Transforming ERP Security Models For Modern Enterprises.
SSRN Electronic Journal. 30(S2), 98-117.

BROOS, A. 2005. Gender and information and communication technologies (ICT) anxiety: Male self-
assurance and female hesitation. CyberPsychology & Behavior. 8(1), 21-31.

DAVIS, F. D. 1989. Perceived usefulness, perceived ease of use, and user acceptance of information
technology. MIS Quarterly: 319-340.

EFE, A. 2024. Risk modelling of cyber threats against MIS and ERP applications. Pamukkale Universitesi
Isletme Arastirmalari Dergisi. 11(2), 502-530.

ELSAADANI, M. A. 2013. Exploring the relationship between teaching staffage and their attitude
towards information and communications technologies (ICT). International Journal of Instruction.
6(1), 2015-226.

GANGAPATNAM, K. 2025. Securing the Digital Core: Cybersecurity Challenges and Strategies in SAP
ERP Systems. Journal of Computer Science and Technology Studies. 7(3), 270-276.

20



ERP SYSTEM SECURITY THROUGH THE EYES OF USERS...

Sanela Arsi¢, Aleksandra Radi¢, Dorde Nikoli¢

HUSSAIN, M. K., SIDDIQUE, A., KAZMI, H., OBAIDULLAH, N. 2024. Factors Affecting User Acceptance
of ERP Systems in SMEs. Bulletin of Multidisciplinary Studies. 1(1), 01-13.

IFINEDO, P. 2012. Understanding information systems security policy compliance: An integration of the
theory of planned behavior and the protection motivation theory. Computers & Security. 31(1), 83-95.

IVANOVIC, T, MARIC, M. 2021. Application of modern Enterprise Resource Planning (ERP) systems
in the era of digital transformation. Strategic Management - International Journal of Strategic
Management and Decision Support Systems in Strategic Management. 26(4), 28-36.

JOHANSSON, B., ALAJBEGOVIC, A., ALEXOPOULO, V., DESALERMOS, A. 2015,. Cloud ERP adoption
opportunities and concerns: the role of organizational size. In: 2015 48% Hawaii international
conference on system sciences. pp. 4211-4219. IEEE.

KUQO, C. S., KANG, Y., YANG, H. L. 2023. Investigating the determinants of continuance intention on
cloud ERP systems adoption. Advances in Mechanical Engineering. 15(4), 16878132231165973.
KUSUMANINGTYAS, N., SUWARTO, D. H. 2015. ICT adoption, skill and use differences among small
and medium enterprises managers based on demographic factors. Procedia-Social and Behavioral

Sciences. 169, 296-302.

LUTFL, A, ALQUDAH, H., AL-DAOUD, K. I, ZAQEEBA, N., ALRAWAD, M., ALMAIAH, M. A. 2024.
Technology factors and ERP system efficiency in the Jordanian industrial firms: does company
size matter? Humanities and Social Sciences Communications. 11(1), 1-13.

MAY, R., BIERMANN, C., KENNER, A., KRUGER, J., LEICH, T. 2024. A product-line-engineering framework
for secure enterprise-resource-planning systems. Procedia Computer Science. 239, 1619-1626.
MCGILL, T., THOMPSON, N. 2021. Exploring potential gender differences in information security and

privacy. Information & Computer Security. 29(5), 850-865.

MICHELBERGER, P, HORVATH, Z. 2017. Security aspects of process resource planning. Polish Journal
of Management Studies. 16(1), 142-153.

MISHRA, A. P, DUBLISH, M., KUMAR, D. 2022. Cyber security application in ERP implementation.
J. Pharm. Negat. Results. 13, 2507-2522.

MOHAMED, N., AHMAD, 1. H. 2012. Information privacy concerns, antecedents and privacy measure use
in social networking sites: Evidence from Malaysia. Computers in Human Behavior. 28(6), 2366-2375.

MORRISSON, M. K. 2020. Best practice models for enterprise resource planning implementation and
security challenges. Journal of Business. 8(2), 55-60.

NITTALA, E. P. 2025. Zero Trust Security Models in Al-Integrated ERP Platforms for Defense-Grade
Business Continuity. International journal of Al, BigData, Computational and Management
Studies. 6(2), 75-84.

OLATOKUN, W. M. 2009. Analysing socio-demographic differences in access and use of ICTs in Nigeria
using the capability approach. Issues in Informing Science & Information Technology. 6, 479-496.

RANITOVIC, P, TEPIC, G., MATIC, B, SREMAC, S., VUKADINOVIC, V. 2013. Functional dependency
between the logistics security system and the MySAP ERP in metallurgy. Metalurgija. 52(4), 545-548.

SALIH, S., HAMDAN, M., ABDELMABOUD, A., ABDELAZIZ, A., ABDELSALAM, S., ALTHOBAITI, M. M. et al.
2021. Prioritising organisational factors impacting cloud ERP adoption and the critical issues
related to security, usability, and vendors: A systematic literature review. Sensors. 21(24), 8391.

SAP. 2024. ERP security in a cybercrime world. SAP. [Accessed: 24 December 2025] https://www.sap.
com/resources/erp-security

SENEVIRATNE, S. C., COLOMBAGE, L. 2023. The impact of User-Characteristics and Organizational-
Characteristics on End-user Satisfaction with Enterprise Resource Planning (ERP) systems.
International Journal of Financial, Accounting, and Management. 5(1), 75-95.

21


https://www.sap.com/resources/erp-security
https://www.sap.com/resources/erp-security

ERP SYSTEM SECURITY THROUGH THE EYES OF USERS...

Sanela Arsi¢, Aleksandra Radi¢, Dorde Nikoli¢

SHISH, Z. H. 2025. Securing ERP Systems: The Role Of Information Security Analysts In US Textile And
Manufacturing Enterprises. International Journal of Business and Economics Insights. 5(3), 459-493.

SIRAJ, T., HAQUE, R., CHOWDHURY, S., ISLAM, N., BISWAS, B., CHOWDHURY, K. H. 2024. Analyzing
challenges in enterprise resource planning (ERP) implementation in a safety inspection company:
An IVT2IF DEMATEL approach. Optimality. 1(2), 205-223.

STERNAD ZABUKOVSEK, S., KALINIC, Z., BOBEK, S., TOMING, P. 2019. SEM-ANN based research
of factors' impact on extended use of ERP systems. Central European journal of Operations
Research. 27(3), 703-735.

TRIPLETT, W. J. 2022. Addressing human factors in cybersecurity leadership. Journal of Cybersecurity
and Privacy. 2(3), 573-586.

TRUNINA, I, VARTANOVA, O., SUSHCHENKO, O. and ONYSHCHENKQO, O. 2018. Introducing ERP System
as a Condition of Information Security and Accounting System Transformation. International
Journal of Engineering & Technology. 7(4.3), 530-536.

VENKATESH, V., BALA, H. 2008. Technology acceptance model 3 and a research agenda on
interventions. Decision Sciences. 39(2), 273-315.

WAGNER, B., MONK, E. 2008. Enterprise resource planning. Course Technology Press.

WORKMAN, M. 2009. How perceptions of justice affect security attitudes: Suggestions for practitioners
and researchers. Information Management & Computer Security. 17(4), 341-353.

Contact information

Sanela Arsi¢: e-mail: sarsic@tfbor.bg.ac.rs
Aleksandra Radi¢: e-mail: aradic@tfbor.bg.ac.rs
Dborde Nikoli¢: e-mail: djnikolic@tfbor.bg.ac.rs

22



28" International Scientific Conference Economic Competitiveness and Sustainability

March 26-27, 2026, Brno, Czech Republic

CIRCULAR ECONOMY INDICATORS
AND DIGITAL TRANSFORMATION:
ASSESSING THE RELATIONSHIP BETWEEN
ERP ADOPTION AND CIRCULAR ECONOMY
PERFORMANCE ACROSS EU COUNTRIES

Sanela Arsic¢!, Aleksandra Radic?!, Andelka Stojanovic!

tUniversity of Belgrade, Technical Faculty in Bor, VJ 12, 19210 Bor, Serbia

DOLI: https://doi.org/10.11118/ecos2026_002

ABSTRACT

The shift towards a circular economy requires the systematic integration of sustainability
principles into economic and business processes, with digital technologies playing an
increasingly important role. Among these, enterprise resource planning (ERP) systems
represent an important tool, as they enable the collection, integration, and analysis of data
crucial for enhancing resource efficiency and implementing circular economy principles.
This study aims to examine the relationship between enterprise-level digitalization, ERP
system adoption, and circular economy performance at the country level by using circular
economy (CE) indicators across European Union member states. The research adopts a two-
phase methodological approach. In the first phase, the TOPSIS multi-criteria decision-making
method was applied to rank EU member states based on a set of relevant CE indicators. In
the second phase, the resulting TOPSIS scores were used to examine the relationships among
circular economy performance, digitalisation, and ERP system adoption using regression
analysis and a group-based comparative technique. The results confirm pronounced
differences in the performance of the circular economy across the member states of the
European Union, with innovative and industrially advanced countries occupying leading
positions in the TOPSIS ranking. At the same time, the findings indicate that digitisation at
the enterprise level, including the adoption of ERP systems and ICT technologies, is positively
associated with circular economy outcomes at the macro-country level, but by itself is
not sufficient to achieve high performance without adequate structural and innovation
capacities. The findings should be interpreted as macro-level associations rather than direct
causal effects, as the study relies on aggregated country-level indicators and proxy measures
of enterprise digitalisation.
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1 INTRODUCTION

The transition to a circular economy is one of the European Union’s key strategic priorities in
pursuing sustainable development, climate neutrality,and long-term economicresilience (European
Commission, 2020; Kirchherr et al., 2017). For a long time, the economy has followed a simple, linear
path: extracting resources from the earth, manufacturing products, and discarding them after use.
This linear model, often summarised as “take-make-dispose”, assumes resources are infinite and
waste is an inevitable byproduct. Unlike the traditional linear model, the circular economy focuses
on efficient resource use, extending product life cycles, and recycling and reusing materials,
thereby reducing the negative environmental impacts of economic activities (Geissdoerfer et al.,
2017; Ghisellini et al., 2016). The shift from a linear to a circular economy is a fundamental change,
requiring a rethinking not only of waste management but also of how we design, produce, and
use products. A circular economy is designed to eliminate waste and keep resources in use for as
long as possible. Instead of a straight line ending in landfill, it forms a closed loop. This transition
is progressing well across Europe, with clear objectives and increasing momentum for change. To
support this shift, the European Union has established a comprehensive monitoring framework
to assess circular economy performance, covering a wide range of environmental, economic, and
innovation-related indicators (European Commission, 2023).

Concurrently, digital transformation has increasingly been recognized as a key enabler of the
shift towards more sustainable economic models. Digital technologies facilitate the collection,
processing and analysis of large volumes of data, enhance the transparency of business processes,
and support data-driven decision-making (Brynjolfsson & McAfee, 2014). In this context, integrated
information systems, particularly enterprise resource planning (ERP) systems, play a pivotal role
by linking diverse business functions and enabling the systematic monitoring of resource flows,
waste generation and emissions (Seidel et al., 2017).

Despite increasing scholarly interest in the relationship between digitalization and sustainability,
much existing research remains focused on the micro level or treats digitalization and sustainability
as broad, abstract concepts. Consequently, limited attention has been paid to examining the specific
mechanisms through which digital transformation affects circular economy performance at the
macro level (de Sousa Jabbour et al., 2020; Rosa et al., 2020). In particular, there is a notable lack of
comparative empirical studies that simultaneously analyses circular economy performance, the
level of digitalization, and the adoption of ERP systems across European Union member states. To
address this research gap, the present study aims to rank European Union member states according
to their level of circular economy development and to examine the role of digital transformation
and ERP systems in explaining observed cross-country differences in performance. The indicators
employed in this study primarily operate at the macro-country level and are intended for compa-
rative assessment and benchmarking of circular economy performance across European Union
member states. Accordingly, the analysis does not interpret circular economy indicators as direct
measures of firm-level ERP performance, but rather examines whether higher levels of enterprise
digitalization and ERP adoption at the national level are associated with stronger circular economy
outcomes. Furthermore, the selected indicators predominantly reflect resource efficiency, recyc-
ling performance, and material flow dimensions of the circular economy monitoring framework,
while acknowledging that certain broader circular economy dimensions, such as regenerative and
product life-extension aspects, remain more difficult to capture through currently available harmo-
nized cross-country data. In line with recent circular economy indicator taxonomies, the indicators
used in this study primarily belong to the macro-level monitoring domain and are intended to
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support benchmarking and comparative policy assessment across countries rather than firm-level
operational monitoring. Consequently, the study does not claim that circular economy indicators
are directly embedded into ERP architectures or enterprise data infrastructures. Instead, ERP adop-
tion and enterprise digitalisation are treated as macro-level proxy variables reflecting the broader
digital readiness of national economies and their potential alignment with circular economy
outcomes. To achieve this objective, the study adopts a two-phase methodological approach. In
the first phase, the multi-criteria decision-making method TOPSIS is used to rank EU countries
based on their circular economy performance (Mardani et al., 2018). In the second phase, the resul-
ting TOPSIS scores are used to analyses the relationship between circular economy performance,
digitalization, and ERP system adoption using regression analysis and a group-based comparative
technique (Afolabi, 2025; Karnaushenko, 2025; Gil-Lamata, 2024).

The findings contribute to a deeper understanding of the complex relationship between digital
transformation and sustainability at the macro level. Specifically, the results indicate that digitali-
zation and ERP systems are important enabling factors for the development of a circular economy,
while their overall impact depends on broader institutional, economic, and regulatory conditions
(Karnaushenko, 2025; Paridaetal., 2019). In addition to its theoretical contribution, the study
provides practical insights for policymakers shaping digital transformation strategies and circular
economy policies within the European Union.

2 LITERATURE REVIEW

Recent circular economy literature increasingly distinguishes between different levels and purposes
of circular economy indicators, including micro-, meso-, and macro-level indicators designed for
monitoring, benchmarking, communication, and policy evaluation purposes. Existing taxono-
mies also differentiate indicators according to the dimensions of circularity they capture, such as
slowing resource loops, closing material loops through recycling, extending product lifecycles, and
regenerative resource use. Due to limitations in harmonised EU-wide data availability, the present
study primarily focuses on macro-level indicators associated with resource efficiency, recycling
performance, secondary raw material use, and sustainability pressures, while acknowledging
that regenerative and product life-extension dimensions remain less represented. Recent research
increasingly regards the circular economy (CE) as a multi-dimensional policy and performance
domain, typically assessed by indicators measuring resource efficiency, waste management,
secondary materials, and innovation outcomes. Given the inherently multidimensional nature
of CE progress, a growing body of studies uses composite indicators and cross-country rankings
to improve comparability and inform policy interpretation across EU member states (Grybaité &
Burinskiene, 2024).

In recent years, the use of multi-criteria decision-making (MCDM) methods has increased signifi-
cantly in EU-focused circular economy (CE) assessments, as MCDM provides a transparent means of
combining diverse indicators into a single performance score. For example, Stankovi¢ et al. (2021)
propose an integrated PCA-PROMETHEE approach to develop a composite index of CE develop-
ment for EU countries, showing how rankings and clusters can be generated from a structured set
of indicators. Similarly, Grybaite and Burinskiené (2024) use the SAW method to assess CE develop-
ment across EU countries, offering an indicator-based ranking system that is easy to interpret and
communicate in policy contexts. Robustness-oriented studies increasingly combine several MCDM
techniques (PROMETHEE, SAW, TOPSIS) to evaluate the stability of rankings and identify which
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criteria drive cross-country differences (Grybaité & Burinskiene, 2024). Furthermore, the MCDM
literature has broadened the evaluation scope by incorporating social dimensions of circularity.
Kaya et al. (2023) focus on social factors within the CE concept for European countries, reinforcing
the argument that CE performance is shaped by a broader socioeconomic context beyond purely
material and waste indicators.

Atthe same time, the relationship between digital transformation and circular economy outcomes
has attracted increasing academic interest. Macro-level evidence shows that digitalisation can
advance the circular economy by enhancing monitoring, coordination, and data-driven decision-
-making. For example, Afolabi (2025) identifies digitalisation as a key driver of circular economy
development in Europe, alongside eco-innovation and economic complexity, while highlighting
heterogeneity in effects across countries. Related EU-focused research investigates whether digi-
talisation promotes circular economy trajectories and emphasises digital capacities as important
preconditions for implementing circular practices and policies (Gil-Lamata, 2024). Within the
broader digitalisation agenda, ERP systems are increasingly regarded as key infrastructures for

Tab. 1 Selected studies on circular economy indicators, MCDM methods, and digitalisation

Study (Year) Data source Circular Methodological Dlglta.llsatlo.n/
economy focus | approach ERP dimension
Sustainability Conceptual

Abobakr et al. (2025) Literature review monitoring and anal sli)s ERP systems
reporting y

Anjaria, (2025) Literature-based CE-eqabllng CEMEERALE] ERP systems
practices framework

o - CE performance

Grypaltg &. EU monitoring and criteria SAW Not included

Burinskieng, (2024) framework .
importance

Afolabi (2025)

Macro-level panel

Drivers of CE

Econometric

Digitalisation

issues

data advancement analysis
Digital performance Digitalisation - Macro-level Digitalisation
Gil-Lamata (2024) indicators + CE 9 empirical (DESI-type
CE nexus . N
context analysis indicators)
. . Social
NV VIS RIS Mu!tl-source dimension of Hybrid MCDM Not included
(2023) indicators CE
Tighnavard International .
Balasbanehetal. sustainability CE performance | Hybrid MCDM Not included
ST assessment (ANP, TOPSIS)
(2025) indicators
Eurostat CE
., o . Overall CE PCA, .
Stankovicetal. (2021) ;/r;céi;:)ators (multi- development PROMETHEE Not included
Mardanietal. (2018) | Secondaryindicators | Sustainability & | y,-p\, Not included
(cross-country) CE evaluation
Zavadskasetal. (2016) | Literature review Sustainability MCDM Not included
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sustainability management because they integrate operational and reporting data across busi-
ness functions. Recent studies on sustainable ERP systems argue that ERP-enabled monitoring can
support resource optimisation, lifecycle tracking, reverse logistics, and ESG reporting. However,
realised benefits depend on data quality, organisational adoption, and governance practices
(Anjaria, 2025; Abobakr et al., 2025). Table 1 presents an overview of selected recent studies that
examine circular economy indicators, apply multi-criteria decision-making methods, and explore
the role of digitalisation and ERP systems in the context of the European Union.

Asshown in Table 1, the existing literature on circular economy assessment has primarily focused
on developing indicators and ranking countries using multi-criteria decision-making methods,
while largely neglecting digital transformation and ERP system adoption as explanatory factors.
More recent studies have begun to recognise the importance of digitalisation for advancing the
circular economy. However, these studies typically examine digital performance in isolation and
do not incorporate it into frameworks for evaluating circular economy outcomes. Furthermore,
research explicitly addressing the role of ERP systems remains largely conceptual and is rarely
analysed alongside macro-level circular economy indicators. In this context, the present study
contributes to the field by integrating MCDM-based ranking of circular economy performance with
empirical analysis of digital transformation and ERP system adoption across EU countries. This
approach addresses a notable research gap and provides a more comprehensive perspective on
the digital drivers of circular economy development.

3 METHODOLOGY
3.1 Data sources and sample

This research used a quantitative approach based on secondary data analysis, focusing on the member
states of the European Union (EU-27) as the unit of analysis. The analysis covers data from 2020 to 2024,
the most recent and comparable years available, ensuring the timeliness of the results and minimising
the influence of short-term fluctuations. The data were obtained from the official Eurostat database.

3.2 Selection of circular economy indicators

The selection of circular economy indicators in this study is based on the EU circular economy monito-
ring framework and supported by recent empirical literature, which highlights the need for a structured
and multidimensional approach to assessing circular economy performance at the macro level. To
ensure analytical clarity and conceptual consistency, the indicators are grouped into five thematic cate-
gories, each representing a distinct dimension of circular economy development. Table 2 presents the
evaluated criteria organised into these thematic categories of circular economy indicators.

The Production and consumption category includes indicators that capture resource effi-
ciency and waste generation intensity. Resource productivity reflects an economy’s ability to
generate value with lower material inputs, while municipal waste generation per capita indi-
cates the pressure that consumption patterns place on resource and waste management systems
(Ghisellini et al., 2016; Geissdoerfer et al., 2017). Together, these indicators assess how closely produc-
tion and consumption models align with circular economy principles. The Waste management
category focuses on the effectiveness of systems designed to close material loops through recycling.
Recycling rates of municipal waste and recycling rates of packaging waste by packaging type are
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Tab. 2 List of categories and criteria

Category Code | Criteria Direction
Production and PC_1 | Resource productivity MAX
consumption PC_2 | Generation of municipal waste per capita MIN
Waste WM_1 | Recycling rate of municipal waste MAX
management WM_2 | Recycling rate of packaging waste by type of packaging MAX
Secondary raw RM_1 | Circular material use rate MAX
materials MAX

o CL_1 | Private investment and gross added value related to MAX
Competitivenes ircul
and innovation circular economy sectors .

CI.2 | Patents related to recycling and secondary raw materials MAX

Global GS_1 | Consumption footprint MIN
sustainability GS_2 | Greenhouse gases emissions from production activities MIN
and resilience GS_3 | Material import dependency MIN

key measures of waste management performance and the reintegration of waste materials into
economic processes (Usas et al., 2025; Tighnavard Balasbaneh et al, 2025). The Secondary raw
materials category is represented by the circular material use rate, which measures the share of
secondary materials in total material consumption. This indicator plays a central role in evaluating
the degree of material circularity and is widely regarded as a core measure of circular economy
progress (Stankovi¢ et al., 2021; Kirchherretal, 2017). The Competitiveness and innovation
dimension captures the economic and technological foundations of circular economy development.
Private investment and gross value added related to circular economy sectors reflect the capacity
of economies to foster innovation, scale circular business models, and enhance competitiveness.
In addition, patents concerning recycling and secondary raw materials serve as a direct indicator
of innovation activity and technological progress in the circular economy. Patent filings reflect the
creation of new processes, materials, and technologies that improve resource efficiency, enable
waste valorisation, and facilitate the replacement of primary raw materials (European Commission,
2023; Grybaité & Burinskiené, 2024). Finally, the Global sustainability and resilience category
encompasses indicators addressing broader systemic impacts. Consumption footprint, greenhouse
gas emissions from production activities, and material import dependency provide insight into
environmental pressures and structural vulnerabilities, highlighting the role of circular economy
practices in supporting long-term sustainability and economic resilience (Stankovic et al., 2021;
Grybaité & Burinskiené, 2024; Usas et al., 2025).

The selected indicators are consistent with recent empirical studies that use multi-criteria
decision-making approaches to evaluate and rank circular economy performance across EU
countries, highlighting the importance of integrating indicators within a unified analytical frame-
work (Usas et al., 2025; Grybaité & Burinskiené, 2024). Their use also aligns with the European
Commission’s recommendations for monitoring progress towards a circular economy (European
Commission, 2023). The optimisation direction for each criterion is specified in Table 2. Criteria
for which higher values indicate better circular economy performance are considered benefit
(MAX) criteria, while those for which lower values indicate more advantageous environmental or
structural outcomes are classified as cost (MIN) criteria. This predefined approach ensures consis-
tent normalisation and supports the application of multi-criteria decision-making methods.
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3.3 Entropy-based weighting method

To objectively determine the relative importance of criteria in the model, this study applies the
entropy-based weighting method. Entropy-based weighting was applied to objectively deter-
mine criterion importance based on data variability, following the information entropy concept
introduced by Shannon (1948) and its subsequent application in multi-criteria decision-making
methods (Wang & Lee, 2007). The underlying assumption of this approach is that criteria exhibi-
ting greater dispersion across the observed units contain more information and thus contribute
more to the evaluation process. Conversely, criteria with limited variation among countries possess
lower discriminatory power and are assigned smaller weights.

The entropy weighting method is particularly suitable for macro-level comparative analyses,
such as cross-country assessments within the European Union, where transparency and objecti-
vity in weighting are essential.

Entropy-based weighting was applied to objectively determine criterion importance based on
data variability, following the information entropy concept introduced by Shannon (1948) and its
subsequent application in multi-criteria decision-making methods (Wang & Lee, 2007).

3.4 The TOPSIS method

To rank European Union member states by their level of circular economy development, this
study applies the TOPSIS (Technique for Order Preference by Similarity to Ideal Solution)
method. TOPSIS is one of the most widely used multi-criteria decision-making techniques
for evaluating complex systems, as it enables the ranking of alternatives based on their rela-
tive distance from ideal and anti-ideal solutions (Hwang & Yoon, 1981). The core concept
of the TOPSIS method is to identify a positive ideal solution, representing the best perfor-
mance across all criteria, and a negative ideal solution, representing the worst performance.
An alternative is considered preferable if it is closer to the ideal solution and further from the
anti-ideal solution. This approach provides an intuitive and transparent ranking mechanism
in decision-making contexts involving multiple heterogeneous criteria (Hwang & Yoon, 1981).

In this study, the application of the TOPSIS method follows standard procedural steps, inclu-
ding data normalisation, criterion weighting using entropy-derived weights, determination of
ideal and anti-ideal solutions according to the predefined MIN/MAX orientation, and calcula-
tion of the relative closeness of each alternative to the ideal solution (Hwang & Yoon, 1981).
The resulting TOPSIS score serves as a composite indicator of circular economy performance
and forms the basis for ranking EU countries.

TOPSIS is particularly suitable for macro-level comparative analyses, such as cross-country
assessments within the European Union, due to its clarity, robustness, and ease of interpreta-
tion. Its extensive application in circular economy and sustainability studies further supports
its appropriateness for the analytical framework adopted in this research. To improve metho-
dological robustness, the TOPSIS-based ranking was additionally compared with rankings
obtained under alternative weighting scenarios and normalization procedures. The compa-
rative analysis showed a high degree of ranking stability among the leading and lagging
countries, suggesting that the overall conclusions are not driven by a single specification of
the TOPSIS model.
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3.5 Analysis of digital transformation and ERP system
adoption

After ranking EU countries by circular economy performance using the TOPSIS method, the second
stage of the analysis investigates the relationship between circular economy performance and
enterprise-level digitalisation, with a particular focus on ERP system adoption. The TOPSIS close-
ness coefficient (Ci*) serves as the dependent variable, while digitalisation is evaluated through
indicators of ERP and ICT usage in enterprises. Additionally, GDP per capita is included as a control
variable to account for cross-country differences in economic development. The TOPSIS closeness
coefficient (Ci*), normalized within the [0, 1] interval, is treated as a continuous composite indi-
cator of circular economy performance in the subsequent regression analysis.

The relationship between digitalisation-related variables and circular economy performance is
first examined using regression analysis, facilitating an assessment of how much enterprise-level
digital technologies contribute to explaining cross-country variation in TOPSIS-based circular
economy outcomes across EU member states. This approach aligns with recent macro-level empi-
rical studies that highlight digitalisation is associated with sustainable and circular economic
development (Gil-Lamata, 2024; Afolabi, 2025). Furthermore, a group-based comparative analysis
is conducted based on the TOPSIS results. EU countries are classified into three distinct groups
according to their Ci* values using a natural breaks classification (Ju et al., 2025). The natural breaks
approach was selected because it enables the identification of relatively homogeneous country
groups based on the empirical distribution of the TOPSIS scores, while preserving interpretabi-
lity within the policy-oriented comparative framework adopted in this study. This classification
enables comparison of average digitalisation indicators and TOPSIS scores across the groups,
providing additional insights into structural differences in circular economy performance and the
role of digitalisation and ERP systems in distinguishing leading, transitional, and lagging countries.

4 RESULTS

To objectively determine the relative importance of circular economy criteria, the entropy method
was applied. This approach assigns weights based on the informational content of the data, so
criteria with greater variability across countries receive higher weights due to their stronger discri-
minatory power. The relative importance of the circular economy criteria, as determined by the
entropy weighting method, is shown in Figure 1.

The results indicate that patents related to recycling and secondary raw materials carry the grea-
test weight, highlighting the importance of innovation capacity in differentiating circular economy
performance across EU countries. This outcome is expected, as the entropy method assigns greater
weight to criteria with higher variability among countries, and innovation activity is a key factor
distinguishing circular economy development within the EU. In contrast, indicators such as recyc-
ling rates or consumption footprint tend to be more uniform due to shared EU policies, while
innovation capacities reflect structural differences in industrial development and investment in
research and development. These findings are consistent with recent studies identifying innovation
is associated with circular economy development in European countries (European Commission,
2023; Cagno et al., 2025), confirming the methodological and theoretical relevance of applying the
entropy method in this context.
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Fig. 1: Entropy-based weights of circular economy criteria

Using the entropy-derived weights and normalised criteria values, the TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution) method was used to rank EU countries according
to their circular economy performance. The final result is expressed as the closeness coefficient to
the ideal solution (Ci+ score), with higher values indicating better performance. The TOPSIS-based
ranking of EU countries by circular economy performance is shown in Table 3.

The TOPSIS results reveal significant heterogeneity among EU member states. Countries with
strong industrial bases, advanced innovation systems, and well-established circular economy
policies rank highest, while those with lower innovation capacity and structural challenges
demonstrate weaker circular economy performance. Additional robustness checks confirmed that
the relative positions of leading and lagging countries remained largely stable under alternative
weighting specifications, indicating that the obtained ranking structure is not highly sensitive to
a single TOPSIS configuration.

Figure 2 shows the TOPSIS-based ranking of EU countries by their circular economy perfor-
mance, measured by the Ci* closeness coefficient. Countries are arranged from highest to lowest Ci*
values, with colour coding reflecting a natural-breaks classification based on the distribution of Ci*
scores. Specifically, countries with Ci* > 0.30 are classified as circular economy leaders, those with
0.11 < Ci* < 0.30 as transitional performers, and countries with Ci+ < 0.11 as lagging performers.
This visualisation highlights pronounced structural differences across the three groups, revealing
a compact group of high-performing countries, a broad transitional zone, and a homogeneous
cluster of low-performing countries situated far from the ideal solution.
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Tab. 3 TOPSIS ranking of EU countries by circular economy performance

Country S* S Ci* Rank
Belgium 0.21 0.07 0.25 8
Bulgaria 0.26 0.02 0.07 25
Czechia 0.24 0.04 0.14 14
Denmark 0.24 0.04 0.13 15
Germany 0.05 0.25 0.85 1
Estonia 0.25 0.05 0.15 12
Ireland 0.24 0.04 0.13 16
Greece 0.26 0.02 0.07 26
Spain 0.19 0.08 0.29 7
France 0.15 0.1 0.43 4
Croatia 0.26 0.02 0.08 24
Italy 0.13 0.13 0.49 2
Cyprus 0.26 0.02 0.07 27
Latvia 0.26 0.03 0.10 21
Lithuania 0.25 0.02 0.09 23
Luxembourg 0.25 0.06 0.18 10
Hungary 0.25 0.03 0.09 22
Malta 0.25 0.04 0.15 13
Netherlands 0.15 0.13 0.45 3
Austria 0.16 0.1 0.40 5
Poland 0.21 0.05 0.20 9
Portugal 0.24 0.03 0.11 19
Romania 0.23 0.04 0.17 11
Slovenia 0.25 0.03 0.11 20
Slovakia 0.25 0.03 0.11 18
Finland 0.17 0.10 0.38 6
Sweden 0.24 0.03 0.12 17
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The clustering analysis revealed the existence of distinct country archetypes within the European
Union. The first cluster included highly digitalised and innovation-oriented economies with strong
circular economy performance, while the second cluster represented transitional economies charac-
terised by moderate levels of digitalisation and circularity outcomes. The third cluster comprised
countries with comparatively low digital readiness and weaker circular economy performance.

Following the ranking procedure, the relationship between enterprise-level digitalisation indi-
cators and circular economy performance was examined. Specifically, ERP usage, ICT usage in
enterprises, and GDP per capita (PPP) as a control variable were analysed. Table 4 presents the
correlation coefficients between the CE score and the selected explanatory variables.

The results indicate that ERP system adoption has the most consistent association with circular
economy performance, particularly when rank-based relationships are considered. ICT usage
shows a moderate linear relationship, while GDP per capita plays a significant role in explaining
the ranking structure of CE performance across EU countries.

To assess the relative contributions of digital technologies and economic development, a series of
multiple linear regression models was estimated. All coefficients are reported as standardised beta
values (Table 5), enabling direct comparison of effect sizes.

The regression results confirm that enterprise-level digitalization, particularly ERP and ICT usage,
is a key driver of circular economy performance. While GDP per capita is positively related to
circular economy performance at the ranking level, its direct effect becomes statistically negligible
once digital variables are introduced, suggesting that digital transformation partially mediates the
impact of economic development.

Tab.4 Correlation between CE score and explanatory variables

Variable Pearsonr Spearman p
ERP usage 0.341 0.433
ICT usage in enterprises 0.362 0.154
GDP per capita (PPP) 0.234 0.493

Tab.5 Regression results (standardized B coefficients)

Model ERP usage ICT usage GCI;I;i;::r R?

Model 1: CE ~ ERP 0.341 - - 0.116
Model 2: CE ~ ERP + ICT 0.374 0.394 - 0.270
Model 3: CE ~ ERP + ICT + GDPpc 0.349 0.393 0.046 0.272
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5 DISCUSSION

In recent years, there has been increased focus on developing the circular economy across the
European Union, particularly regarding sustainability, resource efficiency, and long-term economic
resilience (European Commission, 2023). Despite growing policy efforts and academic interest,
significant differences in circular economy performance persist among EU member states, raising
questions about the structural and technological factors underlying these disparities.

The findings of this study largely align with previous research on the development of the circular
economy at the EU level, while also providing methodological and empirical improvements. Studies
employing multi-criteria decision-making approaches to rank countries, such as Usas et al. (2025),
Grybaité and Burinskiené (2024), and earlier researchs (Mardani et al., 2018; Zavadskas et al., 2016),
consistently show notable differences in circular economy development among EU member states,
with more industrialised and innovation-focused countries frequently leading. These conclusions
are fully consistent with this study’s results, which identify Germany, Italy, the Netherlands, France,
Austria, and Finland as top performers based on the TOPSIS ranking. Germany’s leading position
can be directly attributed to its high scores on innovation-related indicators, which, according to
the entropy analysis, have the greatest impact on the final ranking. This finding is in line with
previous studies showing that countries with robust industrial foundations, well-developed inno-
vation systems, and long-term sustainability policies tend to achieve better circular economy
outcomes (Mohajan, 2021; Grybaité & Burinskieng, 2019). Conversely, countries at the lower end of
the ranking (Cyprus, Greece, Bulgaria, Croatia, Lithuania, Hungary) consistently record lower scores
across most criteria, especially in innovation, resource productivity, and waste management, indica-
ting the presence of structural constraints that impede their transition towards a circular economy
model. The classification of EU countries into leader, transitional, and lagging clusters highlights
that differences in circular economy performance stem primarily from structural capacities and
innovation readiness rather than from marginal variations in individual indicators.

However, unlike most of the studies mentioned, which focus solely on circular economy indicators
and their relative significance, this research also examines the role of enterprise-level digitalisation
in explaining cross-country differences in circular economy performance. Conceptual studies high-
lighting the importance of ERP systems in supporting sustainable and circular business practices
(Abobakr et al., 2025; Anjaria, 2025) provide a theoretical basis for selecting ERP and ICT variables
in this study, while macro-level empirical analyses confirm that digitalisation is associated with
progress in the circular economy (Afolabi, 2025; Gil-Lamata, 2024). In this context, the results of
regression analysis indicate that ERP usage and ICT adoption are positively associated with circular
economy performance, while including GDP per capita as a control variable does not significantly
alter these relationships. This finding suggests that the digitalisation variables explain a substan-
tial share of cross-country variation on differences in circular economy performance than the
overall level of economic development. By selecting ERP and ICT variables, the analysis focuses on
specific digital practices within companies that directly influence resource planning, material flow
management, and the coordination of circular activities. These findings are consistent with recent
studies emphasising digital technologies as key enablers of circular business models and enhanced
resource efficiency (Neri et al., 2023; Cagno et al., 2025), while also suggesting that economic wealth
alone is insufficient for achieving high circular economy performance. Accordingly, this study not
only confirms existing evidence on the heterogeneity of circular economy development within the
EU, but also advances previous research by combining multi-criteria ranking methods with enter-
prise-level digitalisation analysis in a single analytical framework.
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This study contributes to the literature on circular economy development in the European Union
in several important ways. First, it advances previous research by integrating a multi-criteria
decision-making approach with an empirical analysis of enterprise-level digitalisation, moving
beyond studies that focus solely on circular economy indicators and their relative importance. By
combining TOPSIS-based country ranking with regression and group-based comparative analyses,
the study provides a more comprehensive framework for understanding cross-country variations
in circular economy performance. Second, the findings provide new empirical evidence on the
role of operational digital readiness, demonstrating that ERP system usage and ICT adoption are
linked with circular economy performance, even after controlling for economic development. This
result refines existing insights by showing that digitalisation contributes independently to circular
economy outcomes, rather than merely reflecting broader economic conditions. Third, the study
shows that digital technologies, while important, are not sufficient on their own to ensure high
circular economy performance. The identified leader, transitional, and lagging country clusters
reveal that structural capacities and innovation readiness play a decisive role in shaping circular
economy outcomes. In this way, the research deepens theoretical understanding of the interaction
between digitalisation, innovation systems, and structural conditions in the transition towards
a circular economy.

6 CONCLUSION

The integration of digital transformation processes into circular economy strategies has become an
increasingly important issue in both academic research and policy discussions within the European
Union. Hence, this study examined the relationship between circular economy performance and
enterprise-level digitalisation in the European Union, with particular emphasis on the role of ERP
systems. Using a two-phase methodological approach, the research combined a TOPSIS-based
composite index and country ranking with regression and group-based comparative analyses to
explore the drivers of cross-country differences in circular economy outcomes.

The results confirm substantial heterogeneity in circular economy performance across EU
member states, with innovation-oriented and industrially advanced countries consistently
achieving higher rankings. At the same time, the findings demonstrate that enterprise-level digi-
talisation, including ERP system usage and ICT adoption, is positively and significantly associated
with circular economy performance. Importantly, these effects persist even when differences in
economic development are taken into account, indicating that digitalisation of business processes
plays a more decisive role than overall economic wealth alone. However, the analysis also shows
that digital technologies are not sufficient by themselves to ensure high levels of circular economy
performance. Countries that perform best combine digital readiness with strong structural and
innovation capacities, while lagging countries face persistent constraints related to innovation,
resource productivity, and waste management systems. In addition to its analytical contribution,
the proposed composite CE index may serve as a policy-oriented benchmarking and monitoring
tool for assessing cross-country differences in circular economy progress and digital readiness
within the European Union.

Although the results offer significant insights into the connections between circular economy
performance and digitisation in EU member states, the research has several limitations. The
analysis relies on aggregated country-level data, which does not capture the heterogeneity of
sectors and enterprises. Future research should extend the present macro-level approach by
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integrating firm-level ERP log data and operational sustainability indicators in order to examine
how granular resource-flow monitoring and digital process integration relate to circular economy
outcomes within organisations. In this sense, the present study may serve as an initial macro-level
step toward more detailed micro-level investigations of digital-enabled circular economy practices.
The methodological framework, based on a combination of the entropy method and TOPSIS, could
be extended by applying alternative or hybrid MCDM methods, such as PROMETHEE, VIKOR,
or hybrid MCDM models, to assess the robustness and stability of the obtained rankings. Future
studies could further strengthen the comparative analysis by applying clustering techniques
such as k-means clustering combined with silhouette coefficient validation in order to identify
more refined archetypes of digitalisation and circular economy performance across EU countries.
Additionally, the set of indicators could be further expanded to include institutional frameworks,
regulatory policies, and innovation capacities, enabling a more comprehensive assessment of
circular economy development.
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1 DEVELOPMENT OF THE ISSUE

In 2016-17, the task of predicting the future number of its insured individuals was addressed at the
General Health Insurance Company of the Czech Republic (hereinafter referred to as VZP CR). In the
paper (Bélacek, 2018), the deterministic model for predicting the future number of VZP insured was
presented, based on the upper variant of the demographic forecast by the Czech Statistical Office for
the Czech Republic from 2013 and on additive adjustments of extrapolated quarterly re-registration
balances (between VZP and other health insurance companies in the Czech Republic) — see the model
(1) in Section 2.1 below. In the subsequent paper (Bélacek, 2019), a model of generalized discounted
linear regression was described, where the weights of retrospective observations might be directly
proportional to exponentially decreasing discounts a (a < 1) assigned formally to time indices. In our
review article, a universal algorithm described in (Cipra, 1986, p. 233) was used to estimate parame-
ters, which also allows the choice of discounts a> 1 — this model is presented in section 2.2.

In this paper, we compare the results of the prediction published in (B€lacek, 2019) from the thre-
shold date of 12/31/2017 to the actual numbers of insured persons obtained for the years 2018-22
retrospectively from the VZP yearbooks as of 12/31 of each calendar year (Yearbooks of the VZP of
the Czech Republic for the years 2018-22, 2023). The aim of this paper is to compare the numbers
of VZP insured persons determined after five years in total and in age groups — a) with the values
predicted from the threshold year 2017; — b) with the predictions based on in-sample minimiza-
tion of squared deviations in the last five years of the pre-threshold period; — ¢) compared to the
best fit with real data from 2018-22 found ad poste — see paragraphs 2.3 and 3. The discussion of
the presented results will provide general conclusions and recommendations for the possibility of
using this technologies in comparable applications.

2 DATA SOURCES AND METHODOLOGY
2.1 Data and deterministic models

To project the future number in VZP insured persons, the final quarterly time series in total and in
five-year age groups and the similarly structured balances of re-registrations of insured persons
between VZP and rest health insurance companies in the Czech Republic, taken from the internal
databases of VZP, were used. The primary time series (in thousands of persons) are visualized by
black dots in Figures 1-5 for the total of all insured persons (x=‘0+") and five-year age groups
(x='0-4, ..., ‘85+"). An important part of these figures are three projection deterministic models
generated in paper (Bélacek, 2018) using the formula

—~t —~t—1
pm:(px +s;).(D;/D;—1), bttt ..., @

where ﬁio = p!Y denotes the known entry numbers of insured persons at age x in the threshold
year t, (at the end of the entry quarter), D,* is the mean number of living persons or interpolated
per quarter from data officially projected by the Czech Statistical Office at time t (see Projekce
obyvatelstva CR do r. 2100, 2013) and S,* denotes the balance of VZP re-registrations assumed (or
extrapolated) for the period between years t —1 a t (see also in Bélacek, 2019 for more details).
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With the special choice S,¢=0 for all future times ¢t model (1) is reduced to the common model of
the so-called derived population projection (in Figures 1-5 marked as ‘D-model’ shown by light
diamonds). But we can also consider the alternative of pure projection of cumulative re-registra-
tions (in Figures 1-5 marked as ‘E-model’ represented by dashed connecting lines), which we obtain
by choosing D,t/D,** = 1. This second development scenario is not realistic for most age groups,
but it can be well used for the purposes of assessing the possible mutual synergistic influence of
both explanatory components (demographic and re-registrations) on the future development of
the number of insured persons. This is synthesized within the framework of the third deterministic
model (in legends of Figures 1-5 marked as ‘D+E-model’ depicted by dark diamonds) created by
directly applying formula (1).

2.2 Generalized linear models

All three deterministic models above were calculated in relation to the threshold date of 12/31/2017
toward the future (prospectively), but corresponding time series can also be calculated toward
the past (retrospectively), as shown in Figures 1-5. These representations are important from the
point of view in comparison with results for the following generalized linear regression models
and with the actual numbers of insured persons determined later. They point out in what form
mechanically generated demographic or reregistration variables can or must enter the subsequent
weighted linear regression models as exogenous variables. Their formal significance in regression
models can then be assessed using methods of statistic inference.

The most general linear regression model used later to predict the future number of VZP insured
persons in each age group (see Bélacek, 2019, p. 5) is based on a four-parameter linear regression
model for difference

A(PY) =b, +cy-t+d, - A(DY) +e,-SL +e(0,we-02), t=1,..,tp, @
where A(Pf) = (P! — Pt') denotes denotes the retrospective difference in the number of insured
persons in group x between the ends of adjacent quarters, t is a time variable (with a projection
threshold of t,=12/31/2017), A(D,}) denotes the interpolated quarterly increments of the demo-
graphic variable (derived from historical data for the Czech Republic) and S, is the balance of
re-registrations from formula (1); further, let us denote by the symbol 8, = (b,; ¢,; d,; e,) the vector
of linear regression parameters from (2) and £(0, w; . 0,%) the error term — with a zero mean value
and a variance in the form of the product w, . .2 for the weight factor wt functionally independent
of the system parameter ,% We consider important that all terms on the right-hand side in (2)
are now part of the standard additive regression model, which includes the earlier deterministic
models from (1) be his special cases (for fixed choices: b,=c,=0and d,=1ore,=1).
We obtained the parameter estimates 8, = (ém;éz;d zem) in model (2) by minimizing
(by a, €[0.65; 1.0]) the weighted sum of squares

t
L 2

> w- [A(P}) —by—c,-k—dy- A(DE) — e, - Sk, &)

x
k=1

41



ECONOMETRIC MODEL OF GENERALIZED LINEAR REGRESSION FOR PREDICTING FUTURE NUMBERS...

Jaromir Béldcek

namely through a matrix formula

9, = (XWX) 'xWa (Pm> = ((XW%)' (W%X))I(XW%)' (wra(r)), @

where X is the matrix of the system oflinear equations from (2), A(P,) its corresponding Vector with
components A ( Pj) and W a square diagonal matrix with diagonal elements Wy = Q,, t for the
discount factor a,> 0. This means that for a, < 1 we assign an exponentially decreasing inﬂuence to
the historical data (with gradual distance from the threshold value t,), for a, =1 the estimates @; of
the parameter vector 8, correspond to the classical unweighted linear regression (all past values of
the time series have the same weight) and for ay > 1 the historical values of the time series increase
theirweightexp o/rlentially. Substituting the optimized estimates 5; from (4) into formula (3) for 8, we
obtainestimates o2 forthe variance parameters 0, and we are counting the coefficients of determina-
tion ®°(a, ), depending on the selected discount level a, (otherwise also the percentages of variance of
the dependent difference variable explained by each of the selected regression models in age group).
The final prediction of the number of insured persons for times t =t, + 1, ..., T, where T denotes an
unspecified projection horizon, was finally obtained by cumulative calculation

— —~t-1 — —
Pi(az> :P; ( ) +A< (az>> :P;0+Z§m0+1[bz +E;-k+dz-A<D§> +€;-S§} 5)
5

=4, +B, - (t—tg) +Cy - (t—tg)? +f):-2§c:tﬂ+1A(D’;) + By - Yk, 1SE

where? (At ( )) isthepredictionobtainedfromthedifferencemodel(Z)aftersubstitutingé\ =6 (az) for
componentsof@,, (and after omlttmg the errorterm) forthenewly calculatedparameters inmodel(5)
theeasilyverifiablerelationshold: A =Pl B = b + (t”“) -Cs, /C; = ; Tz, T); = dz, E, =¢,.

The advantage of the calculation method based onthe dlfference model is the possibility of setting the
absolute term 4, in the cumulative model (5) directly to the last known value in the threshold year

to, SO we do not have to estimate this formal term, although formally important for extrapolation.

2.3 Comparison of model predictions with reality

The final data as of 12/31 of each year from the VZP yearbooks are shown in Graphs 1-5 with large
fulfilled black circles until 2022. In 2002-2017, they do not visually differ from the quarterly data
from the internal VZP databases. However, in 2022, massive increases were recorded in most age
groups due to the influx of immigrants from Ukraine, as VZP was the majority health insurance
company registering these refugees in the Czech Republic at that time. Of course, the prediction
models from 2017 could not take this unexpected entry into account. However, since Ukrainians
are not separated from the portfolio of other insured persons in the age structures of the annual
VZP reports, their numbers in each five-year age group were qualifiedly estimated based on the
balance of foreign migration of the Czech Republic by age and citizenship — see Tables H.12 and
H.14 in (Demographic Yearbook of the Czech Republic — 2022, 2023). The numbers of VZP insured
persons after deducting the estimated balance of Ukrainians from 2022 are shown as large circles
without filling in Figures 1-5.

Already as part of solving the original problem of predicting the numbers of insured persons,
a user application was created in MS Excel at 2017 (currently see Excel application of the predic-
tion model, 2025), which allowed the selection of optional user specifications: For example, the
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historical evolution of the number of VZP insured persons in each age group could be alternated
by time series from the database of all health insured persons in the Czech Republic (a more
conservative, but later universally useful variant), the future development of VZP re-registration
balances could be selected in three variants of extrapolation: a) constant zero; b) more conserva-
tive logarithmic — later selected as optimal one; ¢) more progressive logarithmic. Furthermore,
the graphs visualize quarterly predictions for the three deterministic models above and selected
GLM models (currently only for ‘ABDE’ and ‘ABCDE’) under the mode of several different options
of choosing discount factors a, (displayed in the header of graphs), all with a projection horizon
of T=12/31/2032. GLM models are supplemented in the legends with values of determination
coefficients & (as).

Hereafter, for the couple of discounted regression models mentioned above, the graphs prefe-
rentially display extrapolation according to the value of the indi\;idually selected discount factors
a, (within the “0 = ALFA by choice” mode). After archiving the R (a,) values following the experi-
mental choice of a, €[0.65; 1.0] with a step of 0.01 in each age group the optimum alpha has been
specified, how it was used for prediction in 2018. The visualization of these curves can be automati-
cally called up within the mode ,,1 or 2 = /optALFA for ‘ABDE’ or ‘ABCDE‘/“, which is also the current
display in Graphs 1-5. However, since the chosen optimal selection method for a, was used rather
intuitively and heuristically in 2018, now an attempt was made to compare it with the results of
a, selections using the commonly recommended version of the in-sample method (Bélohradsky —
Solc, 2018), which, instead of discounting within all historical data, minimizes only the unweighted
sums of squares in the last few pre-threshold years. Thus, in Excel, values of a,>0.65 were step
by step archived and after that found such for which was in age group x minimized the following
sum of squares:

k 2

SS2012-16 = 20;_5 PY— P, ()], ©)

i.e. for the last five years before the threshold period. This «, option can be initialized in the Excel
application by setting mode “3 or 4 /= minALFA for Syear‘s old residua ‘ABDE‘ or ‘ABCDE/” for
automatic recalling such minimum alpha‘s (with the identification ,-5Y‘s ALFA“ in the header of
created interactive charts).

Finally, we obtained the final variant of choosing discount factors a, by minimizing throught

formula
2

—_~~ k
SS2018—22 - 220:—';50+1 [Pcck — P T (aw)] ’ ()

which is an analogy (6), only the addition index is now running the final balances of insured
persons as of 12/31/2018-2022. It is therefore the square error of the prediction with respect
to the real numbers of VZP insured persons in groups (adjusted in 2022 by subtracting citi-
zens of Ukrainian nationality). This option can be initialized in the Excel application under the
mode “5 or 6 /= finALFA after Syear‘s in ‘ABDE‘ or ‘ABCDE‘/” for automatic recalling such final
alpha‘s found after five years evolution. These final extrapolations are therefore the best which
could be achieved by in-sample discounted-GLM method, if we were able to select the best a, for
the prediction in the following five years already in the threshold year ¢, =2018 (but of course this
can never be achieved exactly due to the stochastic nature of the modeled processes themselves).
In headers of created interactive charts this option is displayed as “finALFA”.
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Based on the comparison of the square roots of the sums of squares ad (7), which we obtained by
substituting the values P\zt(ax) into (7) for a, corresponding to the choices of optimum, minimum
or final alpha in each age group x, we can now objectively assess the quality of the models’ predic-
tion after five years. In summary, the models can be evaluated by the square roots of the sums of
squares ad (7) over all age groups x =‘0-4’, ..., ‘85+". (Such prediction for all deterministic and in all
18 age groups marginally optimized GLM models ‘ABDE’ and ‘ABCDE’ in 2018 is shown in Figure 2,
for comparison.) The square roots of the sums of squares ad (7) can be interpreted as formal
Euclidean distances of predictions from reality observed in the years 2018-22. In Figures 1-5, they
are displayed within the legends for all plotted models after the designation ‘VSS=". 3.

Fig. 1: Quarterly time series of the number of VZP CR insured people 2002-17 in
group ,0+ (estimated as the whole), their prospective and retrospective projections
using three deterministic and two discounted regression models calibrated in 2017
in comparison with the real evolution in 2018-22 (see Legend inside graph)
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Fig. 2: Quarterly time series of the number of VZP CR insured people from 2002-2017
,in total’ (sum of age groups), their prospective and retrospective projections using
three deterministic and two discounted re-gression models calibrated separately in
each group ‘0-4', ..., ‘85+ in 2017 in comparison with the real evolution in 2018-22
(see Legend inside graph)

3 RESULTS

The quality of data fitting by extrapolation curves can be assessed by visually comparison the
model curves with the actual values among 2018-2022 in Graphs 1-5 marked by circles (the thre-
shold year t0=12/31/2017 is located in the middle of the time axis of each graph). A more precise
numerical evaluation of the quality of fitting for the variants of the models ,ABCDE‘ and ,ABDE" is
found in Tables 1-3.

Table 1 takes the values of optimum alpha and their corresponding R-2(ax) coefficients decisive
for the optimization of both generalized models from (Bélacek, 2019). With the exception of extra-
polations for the group of insured persons as the whole (‘0+’) and for the group of the youngest
(‘0-4"), where the coefficients of determination did not exceed 33.3% for any of the discounted
linear models, the smoothing ability of the ‘ABCDE’ and ‘ABDE’ models is generally high in all
other age groups (see columns 3 and 6 in Table 1). A more detailed analysis of the statistical signi-
ficance of the model parameters showed (across age groups with the exception of ‘0+) that the
demographic component is universally the most significant among the exogenous variables (see in
Bélacek, J., 2019 for more details). On the contrary, at the level of the ‘ABCDE’ models optimized in
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Table 1, the least significant quadratic term by the time variable (coefficient Cx) appears to be. For
most extrapolations, we could seemingly make do with the sub-model ‘ABDE’, whose linear trend
component was statistically significantly different from zero (p <0.05) in spectrum of age ranges
‘5-19” and ‘45+ and the re-registration component in the groups ‘10-14’, ‘40-49’ and ‘55-59°.

Tab.1 Table of optimum discounts ax calibrated for weighted LSE estimators ax (using (2) at 2002-17
quarterly data in addition with criterions of maximization R-2(ax) as in part 2.2) for models ‘ABDE’ and
‘ABCDE/, their optimum R-2(opt. ax) values and the resulting vV$52018-22 deviations from reality 2018-22
(in thousands of people)

model: ‘ABDE’ ‘ABDE’ ‘ABDE’ ‘ABCDE’ ‘ABCDE’ ‘ABCDE’
group x opt. ax R2(opt. ax) | VS552018-22 opt. ax R2(opt. ax) | VS552018-22
0+ 0.85 16.59% 48.110 1.00 13.28% 51.136
‘0-4' 1.00 27.44% 32.757 1.00 32.14% 10.084
'5-9' 0.69 52.68% 21.611 0.69 52.68% 21.931
10-14' 0.99 82.47% 25.009 0.99 82.75% 14.098
15-19' 0.86 76.50% 7.272 1.00 64.91% 12.379
'20-24' 1.00 39.75% 11.559 1.00 41.69% 27.264
'25-29' 1.00 47.21% 28.359 1.00 49.12% 58.509
'30-34' 1.00 66.04% 10.095 1.00 66.18% 5.586
'35-39’ 0.93 72.07% 22.766 0.94 73.45% 9.961
'40-44' 0.99 49.01% 41.759 1.00 49.47% 30.001
'45-49 1.00 83.03% 24.798 1.00 83.23% 27.327
'50-54' 0.96 71.66% 6.121 0.96 71.77% 1.908
'55-59' 1.00 79.01% 4.867 1.00 79.09% 18.840
'60-64' 1.00 79.93% 10.527 1.00 79.98% 9.127
'65-69' 0.75 85.02% 3.794 1.00 83.65% 5.736
70-74' 1.00 93.05% 2.448 1.00 93.15% 17.111
75-79' 0.94 85.73% 15.014 0.94 85.82% 14.237
‘80-84' 0.86 36.66% 21.566 1.00 82.29% 17.384
‘85+ 1.00 64.78% 57.438 1.00 67.10% 32.429
‘in total’ --- 101.574 --- 95.930
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Fig. 3: a-f): Quarterly time series of the number of VZP CR insured people from 2002-17 in
groups ,0-4, ..., ,25-29', their prospective and retrospective projections using three deterministic
and two discounted re-gression models calibrated in 2017 in comparison with the real evolution

in 2018-22 (see Legends inside graphs)
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Fig. 4: a-f): Quarterly time series of the number of VZP CR insured people from 2002-17 in groups
‘30-34, ..., '55-59, their prospective and retrospective projections using three deterministic and
two discounted regression models calibrated in 2017 in comparison with the real evolution in
2018-22 (see Legends in-side graphs)
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Fig. 5: a-f): Quarterly time series of the number of VZP CR insured people from 2002-17 in
groups ‘60-65', ..., '85+', their prospective and retrospective projections from 2018 using three
deterministic and two dis-counted regression models calibrated in 2017 in comparison with the
real evolution in 2018-22 (see Leg-ends inside graphs)
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However, we should be careful when interpreting these findings, because in some age groups,
the explanatory role of formal polynomial terms is taken over by the currently steeper demo-
graphic or re-registration component inside some models. Overall, the higher level of statistical
significance of the parameters in these models is proportional to the higher values of the coeffici-
ents of determination R-2(ax) shown in the Table 1.

The similarly structured Table 2 points to the significantly different results of the optimization
of the ‘ABDE’ and ‘ABCDE’ models based on unweighted in-sample minimization in the last five
years before the threshold period. It is not so much about how the minimum alpha values from
Table 2 specifically differ from the previous optimum ones (in the minimizations ad (6) the choice
ax>1.00 was also accepted), nor that the corresponding R-2(ax) values are generally lower than
in Table 1 — this is a natural consequence of the fact that the models in Table 2 are parameterized

Tab. 2 Table of minimum discounts ax calibrated for unweighted LSE estimators ax (using (6) for 2012-16
annual data) for models ,ABDE' and ,ABCDE’, their corresponding R-2(min. ax) values and resulting

V/§52018-22 deviations from reality in 2018-22 (in thousands of people)

model: ‘ABDE’ ‘ABDE’ ‘ABDE’ ‘ABCDE’ ‘ABCDE’ ‘ABCDE’
group x min. ax R2(min.ax) | V552018-22 min. ax R2(min.ax) | V552018-22
'0+' 0.92 14.79% 82.662 0.95 15.12% 59.185
'0-4' 0.88 26.62% 14.618 1.05 43.77% 6.566
'5-9' 0.95 34.95% 72.639 0.90 29.36% 7.858
"10-14' 0.85 62.89% 19.176 0.85 75.50% 124.802
'15-19' 0.71 68.31% 3.414 0.89 76.44% 2.855
'20-24' 0.96 30.51% 7.433 0.98 36.40% 27.487
'25-29' 0.86 18.07% 40.537 0.83 24.81% 94.412
'30-34' 0.83 57.64% 11.822 0.89 60.01% 20.374
'35-39' 0.98 67.54% 21.672 0.92 72.95% 7.424
'40-44' 0.84 9.83% 86.747 0.89 27.96% 111.520
'45-49' 0.80 78.87% 30.436 1.03 85.06% 31.293
'50-54' 0.95 71.37% 5.574 0.96 71.77% 1.908
'55-59' 1.08 76.15% 5.091 0.99 77.73% 18.755
'60-64' 1.01 80.33% 11.323 0.82 17.23% 5.876
'65-69' 1.04 86.43% 23.133 1.04 86.60% 9.199
'70-74' 0.86 82.43% 7.087 1.04 92.28% 21.359
'75-79' 1.02 79.26% 19.329 1.07 75.69% 23.585
'80-84' 0.90 53.70% 26.010 1.00 81.83% 17.384
'85+' 0.61 0.34% 33.827 0.93 26.75% 19.216
‘in total" 139.978 203.475
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based on a different loss function than R2(.). What is now essential is to compare the correspon-
ding values in the columns V/5$52018-22 for both models, which measure the formal distances of
the model values from reality for each age group. Only for a few age groups did the in-sample
optimization method using minimum alpha in the five prethreshold years perform significantly
better results than the method originally used in 2018; in most cases, the second in-sample method
is worse than the later observed reality. This is documented also by the cumulative deviations
V§52018-22 =139.978 vs. 101.574 for the ‘ABDE’ model and V552018-22= 203.475 vs. 95.930 for
the ‘ABCDE’ model, at the expense of the second in-sample variant.

The decisive data for comparing the results of both discount optimization variants for the ‘ABDE’
and ‘ABCDE’ models is contained in Table 3 with the data compared for the final discounts ax,
which were found ad poste as those minimizing the distances between real data and modeled

Tab. 3 Table of final discounts ax found due to step by step minimization of (7) for models ,ABDE’ and
,ABCDE, their corresponding R-2(fin. ax) values and resulting v552018-22 deviations from reality 2018-22
(in thousands of people)

model: ‘ABDE’ ‘ABDE’ ‘ABDE’ ‘ABCDE’ ‘ABCDE’ ‘ABCDE’
group x fin. ax R2(fin. ax) | V552018-22 fin. ax R2(fin.ax) | V552018-22
'0+' 0.82 16.42% 39.998 0.98 13.57% 49.291
'0-4' 0.76 26.22% 5.395 1.06 46.80% 6.511
'5-9' 0.54 35.52% 10.049 0.80 44.01% 5.456
10-14' 0.80 56.40% 17.145 0.96 81.54% 7.196
"15-19' 0.66 61.32% 2.097 0.88 66.10% 2.646
'20-24' 0.45 9.73% 3.306 0.55 22.87% 8.736
'25-29' 0.92 33.40% 9.880 0.95 41.50% 12.913
'30-34' 0.97 62.62% 3.904 0.70 38.08% 3.140
'35-39' 0.71 41.05% 1.901 0.90 71.55% 6.380
'40-44' 0.69 14.74% 18.213 0.99 49.99% 20.448
'45-49' 1.01 83.78% 24.792 0.98 81.35% 26.800
'50-54' 0.87 58.66% 1.384 0.96 71.77% 1.908
'55-59' 0.64 55.33% 1.639 0.74 66.56% 7.906
'60-64' 0.90 45.33% 2318 1.07 73.54% 3.048
'65-69' 0.66 82.68% 1.528 0.94 83.03% 1.779
'70-74' 1.09 84.87% 2.145 0.85 82.01% 2.114
'75-79' 0.95 85.60% 14.950 0.97 85.16% 13.878
'80-84' 1.00 81.83% 1.181 1.04 82.54% 5.173
"85+ 0.74 1.21% 15.627 0.60 2.38% 5.482
‘in total" 44,590 43.514

51




ECONOMETRIC MODEL OF GENERALIZED LINEAR REGRESSION FOR PREDICTING FUTURE NUMBERS...

Jaromir Béldcek

Fig. 6: a-b): Visual comparison of deviations between the real data 2018-22 against three cali-
bration vari-ants (see Legends in the charts) of model ‘ABCD’ or ‘ABCDE’, respectively, by age
groups

values for the years 2018-22 (compare the 4™ and 7" columns of Table 3). This means that there is
no such ex in any age group x for which a better fit could be achieved in the given class of gene-
ralized-discounted regression models in 2018! In summary, the decisive data from Tables 1-3 are
visualized in Figures 6a-b) for both models. The significant deviations from reality are noticeable
in some age groups, especially for in-sample variant from Table 2, more clearly for ‘ABCDE’ model.

Fig. 7: Visual comparison of deviations between the real data 2018-
22 against three deterministic models predictions (see Legend in the
charts) by age groups)
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For the variant from Table 1, the worst predictions were found in the groups ‘0+” (models with low
smoothing and therefore predictive accuracy), ‘25-29’ (we have found de facto inverse trend after
2017 here), ‘40-44’ (underestimation of reality for both models) and ‘85+ (overestimation of reality
for ‘ABDE’ model, where the linear trend component no longer had the ability to compensate for
the losses of insured persons reflecting the COVID21 pandemic). In some age groups (‘85+’, ‘40-44’
and ‘20-24’), we observed significant decreases in R-2(ax) relative to the 2018 model values with
the transition to models with final discounts ax (see comparison of columns 3 and 6 in Tables 1
and 3). However, for most other age groups, the prediction based on optimum alpha‘s appears to
be fairly successful (for some age groups, the predicted curves did not differ much from each other
even with significant changes in alfa values).

Finally, we could be interested in comparing the prediction results with deterministic models from

Tab.4 Table of resulting V552018- deviations due to the deter-
ministic model predictions toward the reality in 2018-2022 (in
thousands of people)

model: ‘D-model’ ‘D-model’ ‘D+E-model’
group x V552018-22 | V$52018-22 | /$52018-22
'0+' 57.89 85.99 133.42
'0-4' 48.52 10.01 39.67
'5-9' 60.04 12.85 44.32
"10-14' 16.10 61.88 9.07
"15-19' 10.04 29.92 15.65
'20-24' 16.38 70.85 21.16
'25-29' 17.91 86.05 14.49
'30-34' 18.87 9.81 16.05
'35-39' 26.93 59.35 22.41
'40-44' 48.71 45.93 43.78
'45-49' 36.32 121.76 38.79
'50-54' 21.79 24.41 23.75
'55-59' 24.86 38.02 26.02
'60-64' 18.50 120.67 22.36
'65-69' 21.68 45.78 25.36
'70-74' 36.75 31.58 39.48
'75-79' 47.64 84.87 48.49
'80-84' 38.22 16.07 38.09
'85+' 52.23 8.89 50.19
‘in total’ 146.273 255.347 137.724
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(1). This purpose is served by Table 4, where the formal Euclidean distances of the actual numbers
of VZP CR insured persons as of 12/31/2018-2022 from the numbers predicted by the derived
population projection (‘D-model’), the middle variant of extrapolation of the VZP re-registration
balance (‘E-model’) and the combination of both methods (‘D+E-model’) are available. Visualization
of these distances in Figure 7 shows, that the applicability of the re-registration balance itself holds
sporadically only in some age groups (‘0-9’, ‘30-34’ and ‘85+). The good predictive ability of both
deterministic models with demo-projection suits in some younger age groups (‘10-34). Here, these
deterministic models were competitive with predictions based on our best generalized regression
models ‘ABDE’ and ‘ABCDE’, respectively. However, as the summary sums in the last row of Table
3 show, the deterministic models cannot be used universally in all age groups with better results.
The indicators described above identify approximately those age groups where demographic or
re-registration components were statistically most significant.

4 SUMMARY OF THE MAIN EMPIRICAL RESULTS

The main difficulty of the model developed in 2016 at VZP was the no transparent specification
of the assignment from the beginning. If we were interested in predicting the future number of
insured persons for the next few years, it would be sufficient to base ourselves on one-year time
series from historical VZP yearbooks. However, relatively early after starting works on the model
construction, a requirement emerged for predicting quarterly or at least semiannual balance sheets
of insured persons, which may be important for the preparation of the so-called health insurance
plans approved by VZP once a year (see Health Insurance Plans — VZP CR, 2025). However, this
requirement entailed the need to use data from VZP‘s internal databases and interventions to
conceptualization of the entire prediction model, e.g. adjustment of the model with the aim of
taking the seasonal component into account.

The specification of the projection horizon is another problem in itself. The pragmatic need for
one-year plans of an insurance company can still be met relatively well by the method of simple
indexing, where we compare the annual growth/decline indices in groups with a possible expert
correction to the expected trends (common practice in VZP). But from the strategic point of view we
should assume a horizon of at least 5 or even more years? The five-year period makes it possible
to use the population forecast of the Czech Statistical Office for the Czech Republic available in
five-year age groups. For situation, when VZP had approximately 55% share of the public health
insurance market in the Czech Republic, this application has proven to be successful.

The natural inclusion of demographic and re-registration variables into models means a depar-
ture from methods of simple indexing and from a simple application of derived population
projection, where predicted curves are simply prolonged by the results of the most current demo
forecasts to the threshold year of prediction. In the applications used above, the population forecast
and the extrapolated re-registration component became part of more complex regression models,
where in particular the linear trend term in the time variable also takes into account the trends of
the historical development of the insured population of VZP, which had been taken from consis-
tent time series since 2002. However, the qualification of this trend to the future proved to be not
easy to estimate inside the threshold years 2016-17, because at that time the total decrease in the
number of insured persons in VZP began to visibly stagnate and it was not clear in which direction
the current trends would further go on (see large fulfilled black circles between 2017-2022 on
Figures 1-2 for an overall overview). In combination with carefully performed discounting within
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five-year groups, it was mainly the population projection variable that made it possible to specify
the realistic framework of the trends of the optimized extrapolation curves (see ,D-model‘ curves
in Figures 3-5 for comparison with reality).

Of the two most important general regression models considered in this article, the ‘ABDE‘ model,
that one with only a linear term in the time variable, appears to be the more efficient. At comparable
levels of the R-2(ax) coefficients shown in Table 1, it has the same or higher number of statistically
significant parameters in most age groups than the ‘ABCDE‘ model, that one with additional para-
bolic trend term! In terms of the best fit to historical data, as is seemed from the comparison of
R-2(ax) and vV$52018-22 values in Table 3, the entire ‘ABCDE‘ model also demonstrated serious
smoothing ability in some age groups. However, for the conventional in-sample method in the
last five pre-threshold years, it turned out (see the last column of Table 2 in the groups “10-14’ and
‘40-44’, for example) that only the formal application of the full model (with a non-zero parabolic
term by the time variable) can be misleading for the purposes of realistic prediction of the number
of insured persons. However, this is a known undesirable property of prediction models with an
uncorrected quadratic term by the time variable when applied to a longer time horizon.

The model for predicting the number of health insured people in five-year groups can be easy
recalculated for both sexes. However, when applying the 2018 methodology to special groups of
health insurance payers (employees, self-employed, other payers), the models used would have
to be calibrated completely separately. Then, high-quality regression models could also serve as
a basis for creating annual health plans of the insurance company, if they were calibrated and
recalculated at least once a year based on consistently supplemented internal data. Then, we would
record more or less continuous changes in the parameters of the fitting models, including their
discounts ax, and in groups with lower achieved levels of R-2(ax) , we could make more predic-
table corrections. And if we had systematic data on evolution of average incomes and average
payments for the relevant groups of health insurance payers, we could also bring calculations of
future total incomes and expenditures of the health insurance company under greater control in
the medium horizon (say, for the next 3-5 years). Unexpected sudden changes in the number of
insured persons (as was the case from 2022, for example, in connection with immigrants from
Ukraine) can be easily corrected in these models at the level of input demographic or re-registra-
tion exogenous regressors.

5 CONCLUSIONS AND RECOMMENDATION

The prediction method of discounted linear regression models, when the calibration of discounts a
is based on the maximum values of the coefficient of determination R2(«), can be universally reco-
mmended based on the above experiences. The prerequisite for success is of course a sufficiently
long history of the predicted time series (although when using discounts a « 1 we could get by with
an order of magnitude shorter). Furthermore, we must have a representative regression model
with R2(a), values not lower than (say) 35% and reasonably predictable time series of exogenous
regression variables (that is, if we are not limited only to formal polynomial trends as in standard
exponential smoothing).

If one of the significant explanatory components of the model is a demographic variable, popu-
lation forecasts or projections can be used in justified cases. The auxiliary demo-prognosis can
be effectively used even if it later turns out to be overestimated or underestimated compared to
reality — the estimated level of the corresponding regression coefficient is optimized in the context

55



ECONOMETRIC MODEL OF GENERALIZED LINEAR REGRESSION FOR PREDICTING FUTURE NUMBERS...

Jaromir Béldcek

of a multiparametric regression model, which itself corrects trend inaccuracies in the demogra-
phic component. In any case, this approach is more universal than performing a formally simple
derived population projection, which implicitly assumes that there is a constant trend in the data.
However, the methodology used is unsuitable for time series located near the threshold year in the
phase of a stagnant trend (as was the case in 2017 in aggregated age group ,0+°). A constant trend in
the time series excludes the possibility of using a non-constant explanatory variable for smoothing
the model, and therefore the values of discounted R2(«), which should be used when optimizing
more complex regression models, will themselves be close to zero and therefore will not lead to
a more effective parameterization of the prediction model.

The parameter estimation methodology based on a linear difference model of type (2), which,
thanks to the additional calculation ad (5), allows placing the predicted curve directly into the last
known value of the predicted time series in the threshold year, can also be recommended due to
the efficiency of fitting the extrapolation curve — model curves fitted directly into primary data do
not have this property. Parameter estimates in the difference model according to formula (4) are
essentially just a trivial modification of the standard unweighted least squares method, when we
multiply the experimental design matrix and the column of the explained regression variable in
the basic model by the same weighting factors wt=ax-t/2 (t =1, ..., t0) and perform the additional
calculations described in paragraph 2.2. This simple algorithm works universally for any system
of linear regression equations and is an alternation of formulas derived explicitly for exponential
smoothing of polynomial regressions — given e.g. in (Cipra, 1986, pp. 57-72) or in (Exponential
Smoothing, 2025). In contrast to those references, formula ad (4) allows to estimate parameters
also for the choice of discount rates a> 1, which may be also a justified choice in specific cases, as
shown above.
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ABSTRACT

This paper presents the design and verification of an open-source deception security solution
for Amazon Web Services cloud environments with a focus on small and medium-sized
businesses and other budget-constrained organizational units. The study starts from the
practical problem that commercial deception platforms provide centralized management,
automated deployment, alerting, and visualization, yet their licensing and operational costs
are often difficult to justify for smaller organizations. At the same time, cloud adoption
continues to grow and expands the attack surface exposed through identities, storage
services, virtual machines, and application interfaces. The proposed approach combines
infrastructure as code, deceptive assets, and a lightweight monitoring pipeline to provide
early warning signals without requiring a costly proprietary stack. The architecture integrates
decoy cloud resources, identity-based honeytokens, event filtering, message queuing, log
forwarding, and visualization components. The implementation was validated through
a simulated insider-oriented attack path mapped to selected MITRE ATT&CK techniques. The
results indicate that a reproducible and operationally realistic deception layer can be built
from open-source tools and native cloud services while preserving constrained permissions
and manageable running costs. The paper concludes that open-source deception can serve
as a practical complementary layer in defense-in-depth strategies for cloud environments
used by smaller organizations.
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1 INTRODUCTION

Cloud computing has become a standard delivery model due to its scalability, flexibility, and reduced
infrastructure costs (Mell and Grance, 2011; Qian et al., 2009). Cloud adoption is increasing across
organizations of all sizes, including small and medium-sized businesses (Eurostat, 2026a; Flexera
Software, 2025). However, public cloud environments also introduce new security responsibilities.
While providers secure the underlying infrastructure, customers remain responsible for identity
management, access control, configuration, and data protection (Amazon Web Services; National
Cyber Security Centre, 2022; Narayanasamy, 2025). For SMEs, these responsibilities are complicated
by limited budgets, smaller security teams, and lack of operational capacity (ENISA, 2021; Kolli, 2025).

Cloud environments are exposed to risks such as misconfiguration, unauthorized access, iden-
tity abuse, insecure interfaces, and insufficient monitoring (Aljumah and Ahanger, 2020; Khoda
Parast et al., 2022; CSA, 2024; ENISA, 2025). These risks are amplified by multi-cloud architectures,
cloud-native services, and shadow IT (Saxena, Gupta and Kumar Singh, 2021; Martseniuk et al.,
2024). Conventional security tools, including SIEM platforms, logging systems, and vulnerability
scanners, are necessary but largely reactive because they often detect incidents only after attacker
interaction with production assets has already occurred (Kratzke, 2022; Ban et al., 2021).

Deception security approaches this problem differently by deploying deceptive assets such as
honeypots, honeytokens, or decoy credentials that are not used during legitimate operations. Any
interaction with such assets is therefore suspicious by design (Han, Kheir and Balzarotti, 2018;
Dickinson, 2020; Javadpour et al., 2024). These techniques can improve detection speed, provide
contextual evidence of attacker behavior, and support earlier response during reconnaissance
or lateral movement phases (Hutchins, Cloppert and Amin, 2011; The MITRE Corporation, [b.r.]).
Recent studies also demonstrate the feasibility of lightweight deception mechanisms based on
breadcrumbs and stealthy fingerprinting techniques (Msaad et al., 2022; Awasthi, 2025).

Cloud platforms provide favorable conditions for deception-based monitoring because activities
involving credentials, APIs, storage, and infrastructure services generate auditable events. In AWS,
CloudTrail records management and API activity that can be integrated into monitoring pipelines
(Amazon Web Services, [b.r.] a). Combined with open-source observability tools and log collectors
(Udovicic, 2022; Vector, [b.r.]), these services allow organizations to build centralized event-processing
workflows without extensive infrastructure overhead. However, logging visibility is not always
complete, and attackers may attempt to avoid or minimize telemetry generation (Gietzen, 2018).

Commercial deception platforms provide advanced capabilities but are often financially inacces-
sible for smaller organizations (ENISA, 2021; Verizon, 2025). This paper therefore examines whether
a practical deception-security layer for AWS can be implemented using open-source technologies
and native cloud services. The objective is to design and evaluate a modular and reproducible solu-
tion capable of centralized event collection, automated deployment, and detection of interactions
with deceptive assets, while remaining economically viable for smaller organizations.

2 BACKGROUND AND RELATED WORK

Deception security is a defensive approach based on deploying deceptive assets such as honeypots,
honeytokens, decoy credentials, or cloud identities and monitoring interactions with them (Han, Kheir
and Balzarotti, 2018; Dickinson, 2020; Javadpour et al., 2024). Because these artifacts are not intended for
legitimate use, any interaction with them can provide a high-confidence indicator of malicious activity.
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Deception should not replace conventional security controls but complement them within
a defense-in-depth strategy. Logging, identity governance, segmentation, and incident response
remain necessary, while deception increases attacker visibility during reconnaissance, credential
access, or lateral movement phases (Hutchins, Cloppert and Amin, 2011; The MITRE Corporation,
[b.r.]). Recent work also highlights lightweight techniques such as breadcrumbs and stealthy
honeytokens designed to reduce detectability by attackers (Msaad et al., 2022; Awasthi, 2025).

Cloud environments are particularly suitable for deception-based monitoring because inter-
actions with APIs, credentials, storage services, and infrastructure resources generate native
telemetry. In AWS, CloudTrail provides audit visibility into management and API activity (Amazon
Web Services, [b.r.] a), while open-source observability tools can forward and process these events
in centralized analytics pipelines (Udovicic, 2022; Vector, [b.r.]). However, deceptive assets must
remain credible and operationally safe, since poorly designed decoys can be easily fingerprinted
or may introduce unnecessary risks.

Although the open-source ecosystem offers many individual deception-related tools, there is no
widely adopted lightweight framework focused specifically on cloud-centric SMB deployments.
This work therefore focuses on a practical subset of capabilities: deployment of cloud decoys,
insertion of identity-based honeytokens, centralized event collection through AWS-native services,
and integration with an open-source analytics stack. The objective is not to replicate enterprise
deception platforms completely, but to evaluate whether an operationally useful and economically
accessible solution can be built from open-source components.

3 METHODOLOGY

The study followed a design-and-build research approach focused on implementing and validating
an open-source deception-security architecture for AWS environments. The initial phase analyzed
deception techniques, cloud-security requirements, and architectural patterns commonly asso-
clated with commercial deception platforms (Han, Kheir and Balzarotti, 2018; Dickinson, 2020;
Javadpour et al., 2024). The objective was to identify capabilities realistically achievable through
open-source components and native AWS services.

The proposed architecture combined multiple deception mechanisms, including honeypot virtual
machines, decoy cloud resources, and IAM-based honeytokens. Event collection relied on AWS-native
telemetry, particularly CloudTrail logging (Amazon Web Services, [b.r.] a), while centralized processing
and visualization were implemented using open-source observability components (Udovicic, 2022;
Vector, [b.r.]). Infrastructure provisioning was automated through Terraform, and the analytics envi-
ronment was deployed using Docker Compose to ensure reproducibility and simplified redeployment.

The design also reflected operational constraints typical for SMB environments, including cost
sensitivity, limited staffing, and the need for understandable deployment procedures (ENISA, 2021;
Verizon, 2025). Additional emphasis was placed on minimizing permissions assigned to deceptive
assets and on reducing the risk of easy attacker fingerprinting (Msaad et al., 2022).

Validation was performed through a controlled attacker scenario executed exclusively within
a dedicated AWS environment and aligned with AWS penetration-testing policies. The scenario
simulated selected attacker actions involving credential access, resource discovery, and interac-
tion with deceptive assets. Individual activities were mapped to relevant MITRE ATT&CK cloud
techniques (The MITRE Corporation, [b.r.]) to verify whether the proposed solution generated
meaningful and interpretable detection events.
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Tab. 1 provides a condensed view of the design requirements that guided the implementation.

Requirement area Interpretation for the prototype

At least one host-like element and several cloud-native artifacts had to
Deceptive assets be deployed so that the solution would not depend on a single detection
method.

The design had to include honeytoken credentials suitable for immediate

TelantigHemsee esaen alerting and for controlled pivot simulation.

Artifacts had to use plausible naming, contextual placement, and seeded

Operational realism content that reflects everyday cloud administration patterns.

Events had to be captured through native AWS telemetry, transferred

Collection and analysis : . X
asynchronously, and indexed in an open-source analytical tool.

The environment had to be deployable with limited manual intervention

Reproducibility and documented well enough for reuse by third parties.

Compromise of deceptive credentials or hosts had to remain constrained

Rl Eeme) through least privilege and separation from legitimate assets.

4 PROPOSED ARCHITECTURE

The proposed architecture combines AWS-native services with a locally hosted analytics layer. This
hybrid approach reduces operational costs while preserving access to cloud-native telemetry and
centralized event analysis. The design follows principles commonly associated with cloud-secu-
rity monitoring, observability, and defense-in-depth architectures (Amazon Web Services, 2024;
Kratzke, 2022; CSA, 2025).

The cloud layer contains both supporting infrastructure and deceptive assets. Supporting
services include CloudTrail logging, EventBridge event routing, SQS message queuing, and AWS
Secrets Manager. Deceptive components include an EC2 honeypot instance, an S3 decoy bucket,
a DynamoDB decoy resource, and IAM honeytoken identities with intentionally constrained
permissions. The design reflects a realistic attacker path in which deceptive credentials discovered
in cloud storage guide an attacker toward additional monitored assets.

The detection pipeline is event driven. CloudTrail records management and selected data events
related to deceptive resources (Amazon Web Services, [b.r.] a). EventBridge filters relevant inter-
actions and forwards them through SQS to a local observability stack, where Vector normalizes
events before indexing in OpenSearch (Udovicic, 2022; Vector, [b.r.]). This separation reduces direct
exposure of the analytics environment while maintaining centralized monitoring capabilities.

Infrastructure deployment is automated using Terraform and Docker Compose to ensure repro-
ducibility and simplified redeployment. During provisioning, deceptive credentials are generated
and automatically seeded into selected locations within the honeypot environment to increase
realism and reduce manual configuration effort. Additional precautions were taken to mini-
mize privileges assigned to deceptive identities and to reduce the risk of trivial fingerprinting by
attackers (Msaad et al., 2022).
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5 IMPLEMENTATION

The implementation emphasizes reproducibility, modularity, and operational safety. AWS infra-
structure was provisioned using Terraform, while the local analytics environment was deployed
through Docker Compose. This combination provides portable deployment workflows and simpli-
fies replication in other environments.

The Terraform configuration was divided into modules for networking, deception assets,
and detection services. Deceptive components included an EC2 honeypot, an S3 decoy bucket,
a DynamoDB decoy resource, and IAM honeytoken identities with intentionally restricted permis-
sions. Supporting services included CloudTrail, EventBridge, SQS, and AWS Secrets Manager. The
permission model followed least-privilege principles in order to minimize the operational impact
of compromise (National Institute of Standards and Technology, 2020).

The EC2 honeypot was configured automatically during instance initialization through user_data
scripts. These scripts retrieved honeytoken credentials from Secrets Manager and placed them into
realistic locations such as AWS credential files and shell history entries. The objective was not to
create a fully interactive research honeypot but a believable operational decoy capable of gener-
ating useful telemetry while remaining manageable in SMB-oriented deployments.

The detection pipeline relied on CloudTrail management and selected data events associated
with deceptive resources (Amazon Web Services, [b.r.] a). EventBridge filtered relevant events and
forwarded them through SQS into the local observability stack. Vector normalized and transformed
the collected telemetry before indexing in OpenSearch (Udovicic, 2022; Vector, [b.r.]). OpenSearch
dashboards then enabled chronological analysis of attacker interactions involving credentials,
storage access, and host-level activity.

Several implementation constraints were identified during development. Terraform stores gener-
ated TAM access keys in state files, requiring careful handling of deployment artifacts and exclusion
of state data from version control. In addition, maintaining realism while limiting operational
complexity proved to be a significant trade-off. Expanding the number of decoys would increase
coverage but also administrative overhead and the risk of configuration drift. The resulting imple-
mentation therefore prioritizes a smaller set of coherent deception elements that remain practical
for resource-constrained SMB environments.

6 VERIFICATION AND RESULTS

Verification was based on a controlled insider-style attack scenario executed within a dedicated
AWS environment. The scenario simulated reconnaissance, access to deceptive cloud resources, use
of honeytoken credentials, and controlled lateral movement toward the EC2 honeypot. Individual
activities were aligned with relevant MITRE ATT&CK cloud techniques to evaluate whether the
architecture generated meaningful detection events (The MITRE Corporation, [b.r.]).

The attack sequence began with access to the decoy S3 bucket containing operationally plau-
sible configuration data and credentials for the pivot honeytoken account. Use of these credentials
generated CloudTrail management events, after which the attacker attempted Session Manager
access to the EC2 honeypot. Additional traces inside the honeypot guided the scenario toward
interaction with the decoy DynamoDB resource. This chained structure allowed verification across
multiple deception layers instead of relying on a single isolated alert.
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Tab. 2 Table 2 summarizes the key evaluation dimensions of the prototype.

Evaluation area Observed outcome

Infrastructure and local services were repeatedly deployable through

Deployment reproducibility Terraform and Docker Compose with limited manual intervention.

Interactions with deceptive identities, S3 objects, Session Manager
Detection coverage access, and selected decoy resources were captured through the
configured event path.

Seeded files, naming conventions, and constrained permissions created

Operational realism a plausible attacker path without exposing legitimate assets.

The collected events could be correlated in OpenSearch into

AERE epieite gy a chronological sequence suitable for investigation.

The hybrid design reduced dependence on continuously running cloud

Cost and accessibility analytics resources and remained compatible with SMB constraints.

The verification confirmed that the detection pipeline operated as intended. CloudTrail captured
management and selected data events associated with deceptive identities and resources (Amazon
Web Services, [b.r.] a). EventBridge correctly filtered and forwarded relevant events through SQS,
while Vector and OpenSearch enabled centralized processing and timeline visualization of atta-
cker activity (Udovicic, 2022; Vector, [b.r.]). The architecture therefore demonstrated the practical
feasibility of combining AWS-native telemetry with open-source observability tooling.

The results also highlighted the value of constrained deception identities. The blank honeytoken
account immediately indicated suspicious credential use, while the pivot account provided richer
context by linking credential access with attempted host interaction. Restricting permissions to the
honeypot instance minimized operational risk while preserving realistic attacker behavior, consistent
with least-privilege security principles (National Institute of Standards and Technology, 2020).

Overall, the evaluation demonstrated that open-source and cloud-native components can form
a coherent and operationally useful deception workflow for SMB-oriented cloud environments.
Although the prototype does not attempt to replicate enterprise deception platforms completely, it
provides meaningful attacker visibility with substantially lower operational and financial requirements.

The modular structure of the solution, separation between cloud and local components, and use
of widely adopted open-source tools make the architecture reproducible and suitable for experi-
mentation or pilot deployment in SMB-oriented environments.

/7 DISCUSSION

The results indicate that open-source deception in AWS is technically feasible and operationally
useful for SMB-oriented environments. The main value of the approach lies in improving visibility
during reconnaissance, credential misuse, and limited lateral movement rather than replacing
conventional preventive controls.

The prototype also highlights several limitations. Deception mechanisms depend on attacker
interaction with deceptive assets and therefore cannot guarantee detection in every scenario. In
addition, long-term deployments require continuous maintenance to preserve realism and reduce
the risk of fingerprinting. Expanding the number and complexity of decoys could improve coverage
but would also increase operational overhead.
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Compared with commercial deception platforms, the proposed solution provides a narrower
feature set and reduced automation. However, it significantly lowers deployment costs while
preserving core capabilities such as centralized event collection, telemetry correlation, and
high-confidence alert generation. For smaller organizations, this trade-off may be acceptable when
the alternative is the absence of deception capabilities entirely.

Although the implementation is AWS-specific, the broader design principles remain transferable
to other public-cloud environments. Infrastructure as code, event-driven telemetry collection, and
modular deceptive assets could be adapted to alternative cloud platforms with equivalent moni-
toring and routing services.

8 CONCLUSION

This paper presented an open-source deception-security architecture for AWS cloud environ-
ments designed for SMB-oriented deployments. The proposed solution combines deceptive cloud
resources, constrained IAM honeytokens, AWS-native telemetry, and an open-source analytics
stack into a reproducible monitoring workflow.

The verification scenario demonstrated that the architecture could detect and contextualize
attacker interaction with deceptive storage, credentials, and host resources while maintaining
limited operational complexity and cost. Although the prototype does not replace traditional
cloud-security controls, it provides an additional high-confidence detection layer that can improve
attacker visibility in cloud environments.

Future work should focus on stronger anti-fingerprinting techniques, broader automation,
and adaptation to additional cloud providers. Even in its current form, the results suggest that
open-source deception can represent a practical defense-in-depth enhancement for organizations
operating under limited security budgets.
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ABSTRACT

Climate data are dispersed across numerous portals in incompatible formats, presenting
asubstantial barrier forresearchers and analysts working on climate change and sustainability.
This paper presents an open system that automates the processing of climate datasets end-
to-end. The system covers the entire workflow, from the downloading of raw files through to
format detection (NetCDF, GRIB, GeoTIFF, CSV, HDF5, and ZIP archives), and transformation into
a text description with statistical characteristics. The system also creates vector embeddings
and support natural natural language querying. The ETL pipeline is orchestrated by Dagster,
the vector store is provided by Qdrant with an HNSW index, and response generation takes
place in a multi-level retrieval-augmented generation (RAG) pipeline combining weighted
Reciprocal Rank Fusion, Maximal Marginal Relevance diversification, and a Corrective RAG
validation layer. The integration of a web interface, constructed on the foundations of Vue.js
3 and FastAP], serves to facilitate the accessibility of this functionality to non-technical users.
The system achieved an average composite score of 91% on a set of ten queries, with all tests
passing the 80% threshold. Following a series of optimizations, the average query latency
decreased from 120 to 180 seconds to approximately 26 seconds. The primary contribution of
this work lies in the integration of components that currently function independently within
existing climate RAG systems, thereby reducing the barriers to accessing standardized climate
data for sustainability research.
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1 INTRODUCTION

Climate change represents one of the most significant challenges of the 21 century, and any quan-
titative analysis of its manifestations or economic impacts depends on standardized climate data.
However, this data is dispersed across numerous portals and stored in incompatible formats, which
hinders its processing and utilization. The most significant sources comprise reanalyses, such as
ERAS (Hersbach et al,, 2020), CMIP6 model simulations (Eyringetal, 2016), and observational
datasets, including E-OBS (Cornes et al., 2018) and CRU TS (Harris et al., 2020). Each source is char-
acterized by its own temporal granularity, spatial resolution, and metadata. Many portals require
prior registration, and the data is often accessible only through specialized APIs. For researchers in
the fields of climate economics, energy policy, or adaptation strategies, a significant portion of their
project is spent on registration on portals, downloading data, converting formats, and extracting
relevant variables, even before they can proceed to the actual analysis.

Rolnicketal. (2022) identified machine learning as a key tool for future climate research;
however, easy access to input data remains a prerequisite. Existing open-source tools address
only specific steps. Climate Data Operators enable operations on NetCDF and GRIB files, the GDAL
library handles the conversion of georeferenced formats, and the Python library xarray (Hoyer
and Hamman, 2017) facilitates work with N-dimensional arrays. These tools do not, however,
share a common runtime; combining them requires substantial expertise, and their command-line
orientation excludes users without programming skills.

The ETL (Extract, Transform, Load) pattern has been identified as a suitable solution for processing
heterogeneous sources (Vassiliadis, 2009). This methodology involves the initial extraction of data,
followed by its transformation (cleaning, normalization and enrichment), and subsequent loading
into the target system. The alternative ELT model, which moves the transformation to the target
repository (Kimball and Caserta, 2004), is not practical for climate data because the NetCDF and GRIB
binary formats cannot be stored directly in a vector database. Instead, they must first be divided into
spatial-temporal blocks, transformed into text descriptions, and only then embedded. Frameworks
such as Apache Airflow, Prefect, or Dagster are considered suitable for orchestrating the ETL pipe-
line, with the latter using a declarative software-defined assets paradigm that reduces configuration
requirements compared to traditional DAG-based workflow systems (Deelman et al., 2015).

The challenge of efficient search within large volumes of processed data is addressed by tech-
niques based on vector embeddings—compact representations that preserve the essential features
of the content. The Retrieval-Augmented Generation (RAG) technique, as formally defined in
Lewis et al. (2020), combines vector search in a knowledge base with answer generation by a large
language model. The development of specialized systems for the climate domain is an area of
current research. ChatClimate (Vaghefi et al., 2023) provides responses to inquiries regarding IPCC
reports by employing GPT-4 with retrieval, while ClimateGPT (Thulke et al., 2024) leverages ongoing
pretraining from the Llama-2 model on climate texts. Furthermore, GeoGPT-RAG (Huang et al.,
2025) is designed for geoscience publications. A common limitation of these systems is that they
are only compatible with text documents, rather than raw raster climate data. Despite the fact
that the Spatial-RAG system (Yu et al., 2025) extends RAG with spatial filtering, it is limited to the
GeoJSON format and is component-closed.

The objective of this paper is to design and implement an end-to-end system that consolidates
heterogeneous climate data sources into a common format and makes them accessible to users
without programming skills via a web interface that supports natural language queries. The system
has been designed to encompass the entire chain, from the downloading of raw files through to
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automatic format detection, transformation, generation of text descriptions, and creation of vector
embeddings, culminating in final RAG querying. The work poses three specific research questions:
firstly, how to design an ETL pipeline for heterogeneous climate data formats; secondly, how to
build a web interface with automatic update orchestration; and thirdly, whether vector embed-
dings derived from text descriptions of climate chunks are sufficiently accurate for semantic search
over a real-world collection.

From the perspective of sustainability and climate policy, easier access to standardized data has
a direct impact: a faster cycle between the formulation of a research question and its answer,
easier replicability of analyses, and the opening up of climate resources to non-traditional users,
such as students, journalists, local governments, or small analytical groups without their own data
infrastructure. The work thus contributes to the ongoing discourse on open data infrastructures as
a technical prerequisite for sustainability research.

The article is structured as follows. The section entitled “Methodology and Data” provides
a detailed description of the research framework employed, the architectural design of the
proposed system, the catalogue of the input dataset, and the evaluation methodology. The “Results”
section presents a quantitative assessment of the RAG system‘s quality and the performance char-
acteristics of the ETL pipeline. The Discussion and Conclusions chapter provides an interpretation
of the results within the context of existing climate RAG systems, identifies limitations, and outlines
directions for future work.

2 METHODOLOGY AND DATA

This work follows the Design Science Research (DSR) methodology of Hevner et al. (2004), which is
designed for the creation and evaluation of IT artefacts. The framework fits this work because the
output is not only an analysis of the current state but primarily the design and implementation of
a software artefact addressing the identified problem. The process was divided into three phases:
firstly, an analysis of existing solutions was conducted through a literature review; secondly,
a modular design and implementation of the system was undertaken; and thirdly, a final quality
evaluation was made on a running endpoint.

The analysis is initiated with a catalogue comprising 233 records, which collectively represent
climate datasets derived from diverse sources. The catalogue is divided into three categories of data.
The ERAS5 (Hersbach et al.,, 2020), ERA5-Land, and CERRA combine observations with a physical
model, thereby ensuring consistent coverage of the entire atmosphere. CMIP6 (Eyring et al., 2016)
and EURO-CORDEX model simulations are utilized for the projection of future climate scenarios.
The E-OBS (Cornes et al,, 2018) and CRU TS (Harris et al., 2020) observational datasets are based on
station measurements. The datasets are available in six main formats (NetCDF, GRIB, GeoTIFF, CSV,
HDFS5, and ZIP archives) and vary in dimensionality, spatial and temporal granularity, and access
methods. Of these 233 records, 167 are currently fully ingested end-to-end, while the remaining 66
are available at the metadata embedding level from the zero phase.

A five-phase classification system was designed for the systematic processing of heterogeneous
sources. Phase 0 processes all 233 original records via text embeddings from the catalog metadata
without downloading data. Subsequent phases cover 98 sources with direct HTTP downloads, 25
sources requiring registration, 71 sources accessible via API portals with seven specialized adapters
(Copernicus CDS, ESGF, NOAA, NASA Earthdata, Marine Copernicus, EIDC, and NCAR RDA), and 39
sources without automated access, which remain at the metadata level. Point identifiers in the
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Fig. 1: The ClimateRAG system architecture. (Chomo, 2026)

vector database are generated deterministically from a UUID5 based on the source ID and chunk
key, so that a repeated upsert from a higher phase overwrites the previous metadata representa-
tion without duplication.

The proposed ClimateRAG system is a distributed application with six main Docker services plus
one optional service for interactive analysis. Figure 1 illustrates the overall architecture and inter-
connections of the components.

The entry point to the system is a Caddy reverse proxy with automatic HTTPS certificates.
FastAPI handles the backend for the REST API and frontend serving, using asynchronous request
processing. The ETL pipeline is orchestrated by Dagster using the software-defined assets para-
digm, with scheduling via cron expressions and sensors for detecting updates. Relational metadata
and processing statuses are stored in PostgreSQL, while vector embeddings are stored in Qdrant
with an HNSW index (Malkov and Yashunin, 2020) with parameters m =16 and ef_construct = 100.
The frontend is a single-page application in Vue.js 3 with nine views covering resource manage-
ment, update scheduling, a chat with RAG responses, and monitoring of ETL runs.

The xarray library (Hoyer and Hamman, 2017) is used to load and transform climate grids, with
generator-based streaming, which ensures that files hundreds of megabytes in size are never
loaded entirely into memory but are instead chunked progressively according to their granularity
(90 time steps and 40 x 40 spatial cells). For each spatial-temporal chunk, descriptive statistics are
calculated, and a text description is generated containing the variable name, units, geographic
area, time interval, and statistical characteristics according to CF Conventions. This text description
is then encoded by the BAAI/bge-large-en-v1.5 model (Xiao et al., 2023) into a 1024-dimensional
vector and stored in a Qdrant collection with metadata in the payload. The choice of text embed-
ding over a direct numerical vector is crucial because a purely numerical representation cannot
distinguish temperature from precipitation—the same number 15 can mean both 15 °C and 15 mm.

The query pipeline combines several stages. LLM-driven query analysis extracts structured
filtering attributes (dataset, variable, hazard, time window) while simultaneously generating
variants of the expanded query. For each variant, vector search is performed in Qdrant via
batch gRPC calls. The results are merged using the weighted Reciprocal Rank Fusion method
(Cormack et al., 2009), followed by diversification using the Maximal Marginal Relevance algo-
rithm (Carbonell and Goldstein, 1998) with parameter A =0.55. The Corrective RAG layer uses a fast
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LLM call to assess whether the found chunks are sufficient for a response, and if the results are
insufficient, it rewrites the query and repeats the search. In the current version, the response is
generated via the OpenRouter service using the Claude Sonnet 4.6 model.

A custom deterministic script was designed for evaluation, which sends test queries to a running
endpoint and evaluates the response against expected facts using regular expressions and
set-overlap, without any LLM involved in the scoring. The script measures five metrics: Context
Relevance, Faithfulness, Answer Correctness, Retrieval Precision@5, and Source Diversity. The
first four form a weighted composite score. Source Diversity is measured but not included in the
composite because, for queries with a single authoritative source, forced diversity would degrade
it without contributing to the quality of the answer. The script runs on a set of ten queries. These
tests do not reflect what would “suit” the system, but rather questions that a climatologist might
actually ask. The originally considered RAGAS framework (Es et al.,, 2024) with an LLM-as-judge
approach was not used because, in the specific climate domain, it is not guaranteed that the judge
understands terms such as SPEI or lwe_thickness, and the variance between runs would compli-
cate iterative optimization.

3 RESULTS

The catalogue currently features 167 sources (out of the original 233 records) that are ingested
automatically from start to finish. The Qdrant vector collection contains around 1.53 million points
with 1,024-dimensional embeddings. The HNSW index enables sub-second search queries, even
with this volume of data.

The quality of the RAG system was measured iteratively. The baseline version, which combined
HNSW search, cross-encoder reranking and generation via a large language model, achieved an
average composite score of 78%. However, there were several major issues: a cross-domain query
on the relationship between drought and wildfires failed due to the retrieval system’s inability to
return data from multiple thematic areas simultaneously; a CO, query was confused by the vari-
ables ,co2_concentration‘ and ,tcco‘ (total column carbon monoxide) in the embedding space; and
latency hovered around 100 seconds per query.

The optimization process was executed across a total of eleven iterations, with each alteration
being appraised utilizing the same test suite. Architecturally, several substantial modifications
were introduced: multi-agent query decomposition generating three alternative variants and
topic-focused variants for multi-topic queries; batch gRPC search instead of sequential calls;
weighted RRF with primary weight 1.0, variant weight 0.6 and topic-focused query weight 0.9;
MMR diversification with A = 0.55; conditional data boost for multi-topic queries; a system prompt
modification permitting linking of data to the query even with partial results; and a Corrective
RAG validation layer. The cross-encoder reranker was eliminated from the primary processing
pipeline due to its extended execution time of 40 to 50 seconds per query on the CPU, and its
negligible impact on the composite score, contributing less than 1 percentage point. However,
it was retained within the code as an optional fallback mechanism. The final deterministic run
with a temperature of 0.0 achieved an average composite score of 91% and a success rate of
10/10, indicating that all tests passed above the 80% threshold.

Table 1 presents a comparison of the mean values of individual metrics between the baseline
and the final deterministic run.
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Tab.1 Comparison of metrics is made between the baseline and the final deterministic run (Chomo, 2026)

Metric Baseline Final Change (pp)
Context Relevance 89% 99% +10
Faithfulness 86% 97% +11
Answer Correctness 79% 81% +2
Retrieval Precision@5 52% 86% +34
Source Diversity 73% 74% +1
Composite 78% 91% +13

The most significant enhancement was observed in Retrieval Precision@5, with an increase of 34
percentage points. This finding corroborates the hypothesis that the majority of the observed quality
gain was attributable to enhanced retrieval of pertinent segments, rather than to enhanced answer
generation. A Context Relevance score approaching 100% indicates that, for the majority of tests, all
returned chunks are deemed relevant. The accuracy of the answers remained at 81%, which can be
attributed to the fact that the deterministic grader requires the exact occurrence of keywords in the
answer, and the model occasionally uses a synonym (for example, “warm” instead of “warmest”),
which counts as a mismatch even though the answer is semantically correct. The actual answer correct-
ness is therefore higher than the nominally measured 81%. Concurrently, the discrepancy between
the shift in Precision@5 and Answer Correctness indicates that the primary ongoing constraint of the
system is no longer retrieval, but rather the generation component of the pipeline.

When interpreting the results, it is important to keep in mind that the test set contains only ten
questions, so minor differences between adjacent iterations fall within the expected noise for such
a small sample size. At n =10, a single improved test shifts the overall score by 10 percentage points;
differences of less than approximately 20 percentage points are not statistically significant in the
sense of the Wilcoxon test. The highest scores are achieved by the per-test analysis for queries on
drought (94%) and sea level (95%), where the system accurately identifies a single authoritative
source. The lowest mean test scores were observed in queries concerning extreme heat (88%) and
the atmosphere (89%), where the catalogue contains numerous datasets with analogous semantics
and retrieval, thereby dispersing attention among them. Cross-domain queries (e.g. Canadian wild-
fires, Pakistani floods) achieved 89% and 90% accuracy, respectively, although they require linking
data from multiple datasets.

The second tracked quantity is response latency. The baseline pipeline averaged 120 to 180
seconds per query, which is unacceptable for a web interface. After optimization, the median
response time stabilized at 25.9 seconds across the ten test queries in the final deterministic run
— an improvement of roughly 80%. Two changes drove most of the gain. First, batch gRPC search
collapsed sequential variant queries into a single Qdrant call, cutting the search time from 60-100
seconds to about 5. Second, removing the cross-encoder reranker from the hot path saved 40-50
seconds per query.

To evaluate the performance of the ETL pipeline, four real-world datasets from the catalogue
were tested. The processing of the CMIP6 dataset with three variables (tas, pr, psl) required approx-
imately 95 seconds and yielded 3,124 chunks with a total size of approximately 50 MB. The CRU TS
dataset was processed in approximately 2.3 minutes, yielding 5,718 chunks and 120 MB of output
data. The E-OBS dataset, comprising four variables (tg, tn, tx, rr), yielded approximately 33,000
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chunks, processed in batches that completed in approximately 32 seconds each. The processing
of metadata for all 233 records in the zero phase was completed in under 30 seconds. Key opti-
mizations in the ETL phase included batch GPU embedding, which delivered a 10-20-fold speed
enhancement compared to sequential execution, and generator-based streaming, which maintains
a constant memory footprint for processing regardless of the input file size.

4 DISCUSSION AND CONCLUSIONS

The implemented system encompasses the entire workflow, from the downloading of raw climate
datasets through to automatic format detection, transformation into text-numeric descriptions,
embedding generation and storage, and finally RAG querying via a web interface. The validation
results on a test set of ten queries (average composite score of 91%, success rate of 10/10) demon-
strate that the text embeddings of climate chunks are sufficiently accurate for this type of query.

A comparison of the proposed solution with existing climate RAG systems reveals significant
distinctions, primarily in terms of the breadth of formats it supports and its ability to directly process
raw climate data, in addition to text documents. ChatClimate (Vaghefietal,, 2023) is a system that
utilizes GPT-4 with retrieval to address queries regarding IPCC reports; however, it is exclusively
compatible with PDF documents and is not open-source. ClimateGPT (Thulke et al., 2024), which
was trained via follow-up pretraining on climate texts, functions with scientific literature rather
than raw datasets. GeoGPT-RAG (Huang et al.,, 2025) is conceptually the closest, utilizing its own
GeoEmbedding model built on Mistral-7B and a georeranker trained on spatial data. However, its
RAG system targets geoscientific publications, not climate grids, and the system as a whole is not
publicly available. Spatial-RAG (Yu et al., 2025) is a system that explicitly addresses spatial filtering
via geometric queries. However, it is limited to the GeoJSON format and is a closed-source system.
The proposed system‘s key advantage lies in its combination of dimensions, as evidenced by the
fact that none of the compared solutions cover the entire chain from downloading raw climate
rasters through transformation and embedding to final web-based querying. Furthermore, the
system is open-source.

From a technical standpoint, the most significant finding of this study is that text embeddings of
climatic chunks outperform purely numerical representations. A statistical 8-dimensional vector
(mean, standard deviation, minimum, maximum, percentiles) is incapable of distinguishing varia-
bles with a similar numerical scale, resulting in temperature and precipitation chunks occupying
proximity in the latent space. The resolution of this issue is achieved through the provision of
a textual description that encompasses units, attributes in accordance with CF Conventions, and
statistical characteristics. This approach is substantiated by the observation that sentences such as
“mean temperature 15.3 °C” and “total precipitation 15.3 mm” possess divergent semantics.

The work has several limitations. The BAAI/bge-large-en-v1.5 embedding model has been trained
on English texts; consequently, queries in Slovak or Czech have lower accuracy. The multilingual
alternative, BGE-M3, was not utilized due to incompatibility with ONNX Runtime. The test set of ten
queries is inadequate for deriving statistically robust conclusions, and the deterministic keyword-
based grader imposes penalties on semantically correct answers formulated using synonyms.
Dependence on a single LLM backend (OpenRouter) is a single point of failure; on service outage the
endpoint degrades to raw retrieval results, without a generated answer. Furthermore, Juhasz et al.
(2024) also measured a policy violation rate of 27 to 30% on four tested models using climate RAG,
indicating that the errors are not merely a local phenomenon of a specific implementation.
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From the perspective of climate policy and sustainability research, easier access to standardized
climate data can broaden who is able to use it: municipal analytics teams, journalists, educational
institutions, and small academic groups without dedicated data infrastructure. Climatologists
and researchers benefit from a shorter onboarding phase, students from simpler exploration
in teaching, and downstream LLM applications in the climate domain from a ready-to-use data
source. The open-source nature of the system, together with reproducible Docker Compose deploy-
ment, supports analysis replicability - important for the academic credibility of climate work.

The article demonstrates that an integrated open-source system for the automated processing of
heterogeneous climate data with a RAG layer over a real-world dataset of over one million points
is technically feasible and evaluably accurate within the framework of external validation. The
paper explicitly identifies and quantifies compromises in language availability (English embed-
ding model), the scope of evaluation (n=10 queries), and response latency (26 seconds). For the
majority of these compromises, a proposed next step exists, indicating that the system is not merely
a demonstration of a working prototype, but also a starting point for real-world deployment and
domain extensions.
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1 INTRODUCTION

The rapid digitalization of critical infrastructure has significantly increased organizational
dependence on information and communication technologies. At the same time, cybercriminals
increasingly exploit human psychology instead of purely technical vulnerabilities. Social engi-
neering attacks manipulate victims into voluntarily disclosing sensitive information, opening
malicious attachments, or performing actions that compromise organizational security.

Critical infrastructure organizations represent particularly attractive targets because disrup-
tion of their operations may have severe economic, social, and security consequences. Despite
substantial investments into technological security mechanisms, the human factor frequently
remains the weakest point in organizational cybersecurity.

Recent threat intelligence reports indicate a continuing growth of phishing-based attacks
and socially engineered malware delivery campaigns (IBM, 2025). HTML phishing, malicious
attachments, and impersonation techniques are among the most common threats observed in
enterprise environments. Attackers increasingly rely on psychologically manipulative commu-
nication that creates urgency, fear, or trust.

This paper investigates the resistance of employees in a critical infrastructure environment to
social engineering attacks. The research combines theoretical analysis, threat intelligence data
evaluation, questionnaire-based research, and a simulated phishing campaign. The main objec-
tive is to identify the principal human-factor vulnerabilities and propose practical mitigation
measures suitable for critical infrastructure organizations.

2 SOCIAL ENGINEERING AND THE HUMAN FACTOR
2.1 Social Engineering in Cybersecurity

Social engineering represents a set of manipulative techniques designed to exploit human
behavior to bypass technological protection mechanisms (HADNAGY, 2018). Unlike conventional
cyberattacks focused on software vulnerabilities, social engineering targets trust, emotions,
routine behavior, and insufficient security awareness.

The most common forms include phishing, spear phishing, vishing, smishing, baiting, and imper-
sonation attacks. Phishing attacks attempt to obtain credentials or sensitive information through
fraudulent electronic communication. Spear phishing differs by focusing on a specific individual
or organization using personalized information gathered from public or internal sources.

Vishing attacks exploit voice communication channels, while smishing uses SMS messages
or social media communication. Baiting techniques rely on physical media or attractive digital
content to trigger user curiosity and unsafe behavior.

Modern phishing campaigns increasingly imitate legitimate enterprise services such as
Microsoft 365, OneDrive, SharePoint, banking systems, or delivery-service portals. Sophisticated
attacks combine realistic visual imitation with psychologically persuasive language.
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2.2 Human Firewall Concept

The concept of the “human firewall” describes employees who actively participate in cybersecu-
rity defense through secure behavior and threat recognition (FORTINET, 2025). Unlike technical
firewalls that filter network traffic, the human firewall relies on trained employees capable of
recognizing suspicious communication and responding appropriately.

An effective human firewall requires:

» regular cybersecurity education,

* role-specific awareness training,

* simulated phishing exercises,

* incident reporting culture,

* management support,

» continuous reinforcement of secure behavior.

Well-trained employees can significantly improve organizational resilience by identifying suspi-
cious emails, reporting anomalies, and preventing successful compromise before technical systems
detect malicious activity.

3 RESEARCH METHODOLOGY
3.1 Research Design

The research was conducted as a mixed-method study combining:
* analysis of cybersecurity literature,
 evaluation of threat intelligence data,
* questionnaire-based employee survey,
» simulated phishing campaign.

The selected organization belongs to the critical infrastructure sector. Due to confidentiality
requirements, all organizational data were anonymized and aggregated.

The study focused on three main research questions:

1. Which social engineering threats currently represent the greatest risk for critical infra-
structure organizations?

2. How resistant are employees to phishing-based manipulation?

3. Which organizational and technical measures can improve resilience against social
engineering attacks?

3.2 Threat Intelligence Analysis

The research included analysis of threat intelligence telemetry data from 2025 provided within the
organization’s cybersecurity monitoring activities. The analysed data indicated that phishing and
spam attacks represented the most frequent categories of observed threats.

Although many attacks were successfully blocked through technical security controls, the find-
ings confirmed that attackers continuously target employees through increasingly sophisticated
phishing campaigns.
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The global threat intelligence trends also demonstrated a substantial growth of targeted phishing
attacks involving malicious HTML attachments and fake Microsoft Office documents.

3.3 Questionnaire Survey

The empirical part of the research included a questionnaire survey involving 73 respondents
working within the critical infrastructure environment. The survey collected data regarding:

* cybersecurity awareness,

» previous experience with phishing attacks,

* security training preferences,

» perceived organizational vulnerabilities,

* attitudes toward cybersecurity practices.

The respondents represented multiple organizational roles, including administration, manage-
ment, technical operations, IT departments, and cybersecurity personnel.

3.4 Simulated Phishing Campaign

The practical experiment consisted of a simulated phishing campaign implemented using the
GoPhish framework. The simulation aimed to evaluate realistic employee reactions to phishing
communication without compromising operational security.

The campaign imitated a fraudulent Microsoft OneDrive login interface using the GoPhish frame-
work (GOPHISH, 2025). Employees received a phishing email encouraging them to review a file
allegedly containing salary information.

The landing page visually replicated the Microsoft OneDrive environment. After interaction with
the phishing page, users were redirected to a harmless educational notification explaining the
simulation and identifying suspicious indicators that should have been recognized.

The experiment intentionally avoided collecting passwords or sensitive personal informa-
tion. Only behavioral interaction data were evaluated, ensuring compliance with organizational
privacy requirements.

3.5 Threat Intelligence Findings

Threat intelligence analysis confirmed that phishing and spam attacks represented the dominant
category of observed threats in the monitored environment (IBM, 2025). Web-based attacks and
malicious email attachments were also frequently detected.

Global telemetry data demonstrated a substantial increase in targeted phishing attacks
despite partial declines in mass spam campaigns. HTML phishing emerged as one of the most
prevalent attack forms.

The findings support the assumption that attackers increasingly prioritize social engineering
techniques because technological defenses alone are insufficient against human manipulation.

The analyzed telemetry data exhibited patterns consistent with publicly reported global threat
intelligence trends, particularly regarding the dominance of phishing, spam, and socially engi-
neered attacks (IBM, 2025). Similar trends were also identified in ESET Threat Reports H1 and H2
2025, which reported a substantial increase in targeted phishing campaigns, HTML phishing, and
malicious email attachments as dominant attack vectors in enterprise environments.
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3.6 Questionnaire Results

The questionnaire survey revealed relatively high awareness of phishing threats among respond-
ents. Most participants indicated familiarity with phishing concepts and recognized suspicious
emails as a major cybersecurity risk.

However, the results also identified several important weaknesses:

* inconsistent ability to recognize sophisticated phishing messages,

« insufficient practical training frequency,

* reliance on technical security mechanisms,

» varying levels of awareness across departments.

Respondents expressed strong interest in practical cybersecurity education and simulation-based
training rather than purely theoretical instruction.

The results suggest that employees within the analyzed critical infrastructure environment
demonstrated relatively higher awareness of phishing risks compared with patterns commonly
reported in broader population-oriented phishing studies. Nevertheless, the simulated phishing
campaign confirmed that awareness alone does not eliminate susceptibility to realistically
designed social engineering attacks. Similar trends have been reported in ENISA Threat Landscape
reports and Verizon Data Breach Investigations Reports, which identify phishing and human-
factor exploitation among the most persistent attack vectors affecting both organizations and the
general population.

3.7 Simulated Phishing Campaign Results

The phishing simulation demonstrated that even employees familiar with cybersecurity principles
remained vulnerable to realistically designed phishing attacks.

The most significant observed vulnerabilities included:

* trust in visually legitimate interfaces,

* automatic interaction with urgent messages,

« insufficient verification of URLs and domains,

* reduced caution during routine activities.

The experiment confirmed that psychological manipulation and realistic visual imitation signifi-
cantly increase attack success probability.

At the same time, the simulation showed that some employees successfully recognized suspicious
indicators and avoided interaction, demonstrating the positive impact of prior cybersecurity awareness.

4 DISCUSSION

The research findings confirm that the human factor remains a critical component of organiza-
tional cybersecurity resilience. Although technical protection systems effectively mitigate many
conventional attacks, social engineering techniques continue to bypass technological defenses by
exploiting human behavior. The study also highlights several important practical implications.

First, cybersecurity awareness cannot rely solely on occasional mandatory training sessions.
Effective security culture requires continuous reinforcement and practical exercises.
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Second, simulation-based education provides substantially greater effectiveness than purely
theoretical instruction. Employees learn more effectively through realistic attack scenarios that
reproduce authentic phishing techniques.

Third, organizations should treat cybersecurity awareness as a long-term organizational
process rather than a one-time compliance requirement.

The findings correspond with contemporary cybersecurity research emphasizing the growing
importance of user-centric security models and behavioral defense mechanisms (WHITMAN and
MATTORD, 2012).

5 RECOMMENDED COUNTERMEASURES

Based on the research findings, the following technical and organizational measures are
recommended.

5.1 Organizational Measures

» Regular phishing simulation campaigns.

* Role-specific cybersecurity awareness training.

« Mandatory reporting procedures for suspicious communication.

+ Security-awareness integration into onboarding processes.

+ Continuous employee feedback and educational support.

» Strengthening management involvement in cybersecurity culture.

5.2 Technical Measures

» Multi-factor authentication.

* Advanced emalil filtering and anti-phishing systems.
* DNS and URL reputation filtering.

* Behavioral anomaly detection.

* Segmentation of critical systems.

» Threat intelligence integration.

The findings indicate that the most effective mitigation strategy combines technical protection
mechanisms, including multi-factor authentication, advanced email filtering, and behavioral
anomaly detection, with continuous awareness training and simulation-based education.

These findings correspond with contemporary human-firewall and defense-in-depth approaches
emphasizing the integration of technical and behavioral security controls (FORTINET, 2025;
WHITMAN and MATTORD, 2012).

6 LIMITATIONS

Several limitations affected the presented research. The simulated phishing campaign could not
fully replicate highly sophisticated real-world attacks due to ethical and operational constraints.
The analyzed organization also required anonymization and aggregation of telemetry data because
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of critical infrastructure confidentiality requirements. Additionally, the threat landscape continu-
ously evolves, meaning that attacker techniques observed during 2025 may change significantly
in future periods.

/7 CONCLUSION

This paper analyzed the role of social engineering in the cybersecurity of critical infrastructure
organizations. The research combined threat intelligence analysis, employee survey data, and
a simulated phishing campaign to evaluate organizational resilience against phishing-based attacks.

The findings confirm that phishing remains one of the most significant cybersecurity threats
targeting critical infrastructure environments. Despite technological security investments, attackers
continue to exploit human behavior successfully.

The research demonstrates that cybersecurity resilience requires not only technical protection
mechanisms but also systematic investment into employee education, practical simulations, and
organizational security culture.

Future research should focus on long-term behavioral changes resulting from repeated aware-
ness programs and on the integration of artificial intelligence into phishing detection and employee
training systems.
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ABSTRACT

This paper examines trust as described in the works of Simon Sinek and Stephen M. R.
Covey, which together form the theoretical framework for this study. Their approaches view
trust as a relational and value-based process that develops through consistent behavior,
integrity, and psychological safety. Based on this theoretical framework, the authors of the
paper conducted a questionnaire survey among university students in 2025. The study
aimed to explore how young adults understand trust, how they apply it in personal and
team relationships, and whether their views support or challenge the concepts proposed
by Covey and Sinek. The findings show that students’ views on trust in teamwork reflect
many elements of contemporary trust theory, particularly the emphasis on authenticity,
reliability, and psychological safety. The paper contributes to a deeper understanding of how
theoretical models of trust are translated into lived experiences among young adults.

Keywords: trust, interpersonal relationships, teamwork, survey research
JEL Code: D90, J24

1 INTRODUCTION

Trust is a fundamental element across all domains of human life. It can be understood as the willing-
ness of all parties in a relationship to place their trust in one another. Initially, trust develops in early
childhood, particularly in the relationship between children and their parents. Over time, it extends
to teachers and other individuals in a person’s social environment. In adulthood, trust becomes
especially important in relationships with those with whom individuals share their everyday
lives. A distinct and significant dimension of trust is also present in professional contexts, notably
in the relationships between employees and their superiors and among members of work teams.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Trust must be continuously built and subsequently maintained. A crisis of trust is widely
regarded as a critical factor in the deterioration of relationships. Once trust is lost, it is extremely
difficult, if not impossible, to restore. When an organization loses its employees’ trust, turnover
may increase. Importantly, such a decline in trust may be triggered by a single unexpected event,
potentially leading to the sudden departure of skilled workers and, in extreme cases, threat-
ening the organization’s very functioning. Moreover, it is not only the erosion of employees’ trust
in organizations that can generate instability; broader disruptions of trust may also have signifi-
cant economic consequences.

Economic literature identifies crises of trust in key institutions as among the most serious threats
to economic stability. A loss of confidence in the banking system may trigger mass withdrawals
of deposits and bank runs, which can escalate into monetary and financial disruptions. Similarly,
declining trust in government and other public institutions is commonly associated with rising
public dissatisfaction and the erosion of social cohesion, developments that may adversely affect
society’s overall economic performance (Diamond & Dybvig, 1983).

In personal life, the loss of trust in a partner is often one of the primary reasons for the dissolu-
tion of intimate relationships. When a breakdown of trust leads to the disintegration of marriage,
it is commonly recognized as grounds for divorce (Gottman, 2023; Hoéhne & Paloncyovd, 2021).
Similarly, the erosion of trust between parents and children may result in alienation and
the severing of familial ties (Cherlin, 2004).

This article examines the link between the theoretical concept of trust, as articulated by Covey
and Sinek (Covey & Merrill, 2006; Sinek, 2019), and empirical evidence from a questionnaire
survey conducted among university students in the Czech Republic and other European countries.
By combining established theoretical perspectives with original empirical observations, the study
seeks to deepen the understanding of trust across interpersonal and institutional contexts.

The first part of the article reviews the literature on trust and its various forms. Particular attention
is paid to different definitions of trust found primarily in the fields of managerial economics and
psychology. This section further outlines how trust is conceptualized by Covey in The Speed of Trust
(Covey & Merrill, 2006) and examines how this framework is complemented by Sinek’s perspective
presented in The Infinite Game (Sinek, 2019).

The empirical part of the article focuses on the interpretation of results from a questionnaire
survey conducted among university students in the first half of 2025. It begins with the presenta-
tion of the research questions, followed by a brief description of the questionnaire used for data
collection. Subsequently, the initial findings related to different patterns of trust observed among
respondents are presented. The section then discusses the results of the questionnaire component
dedicated to trust-related behavior.

2 THEORETICAL BACKGROUND

2.1 Definition and Dimensions of Trust

Research presented in this article is situated at the intersection of managerial and psychological
perspectives on trust. To provide a solid foundation for understanding the research hypotheses

and findings, it is essential to outline the concept of trust. It is also necessary to distinguish between
how trust is defined within the fields of management and psychology.
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Authors in the academic literature (Mayer et al., 1995) define trust through various characteristics
attributed to both the trustor and the trustee. Mayer (1995) defines trust as “the willingness of a party
to be vulnerable to the actions of another party based on the expectation that the other will perform
a particular action important to the trustor, irrespective of the ability to monitor or control that other
party”. According to this definition, the emergence of trust between two parties requires a willing-
ness to be vulnerable. This reflects the idea that trust is not about certainty, but rather about the
readiness to accept risk. It also includes the expectation of a particular behavior. Importantly,
trust implies taking that risk even in the absence of the ability to monitor or control the other
party.

Aspreviously mentioned, trustworthiness is a narrower construct than trust, referring specifically
to the characteristics perceived by the trustor that influence their willingness to trust. According
to Mayer et al. (1995), trustworthiness consists of three key components: ability, benevolence,
and integrity.

Ability refers to the set of skills, competencies, and knowledge perceived by the trustor. The
trustor, either consciously or unconsciously, evaluates whether the trustee is sufficiently capable of
fulfilling the expected task or responsibility. Benevolence reflects the belief that the trustee is not
solely motivated by self-interest but is genuinely concerned about the well-being of the trustor.
Integrity represents the perceived moral character of the trustee, including adherence to princi-
ples, consistency in behavior, and the fulfillment of promises.

Another important dimension in the conceptualization of trust was introduced by McAllister
(McAllister, 1995), who distinguished between cognitive and affective trust based on the degree
to which emotions and reasoning are involved in the development of trust.

Cognitive trust is grounded in rational evaluation. It reflects the trustor’s belief in the trus-
tee’s competence, reliability, and professionalism. It is typically developed through observation
and experience and is more common in task-oriented or professional relationships.

Affective trust arises from emotional bonds and a sense of interpersonal care. It reflects the trus-
tor’s perception that the trustee genuinely cares about their well-being, shares mutual concern, and
will act with goodwill. This form of trust is built through emotional closeness, expressions of empathy;,
and shared personal experiences. It often requires more time to develop and tends to be stronger
in close and long-term relationships, such as family and close friendships (McAllister, 1995).

2.2 Covey's Concept of Trust: The Speed of Trust

In the context of this study, Stephen M. R. Covey’s work, The Speed of Trust (Covey & Merrill, 2006),
offers a relevant framework for understanding trust as a measurable and actionable construct.
Covey presents trust as a strategic asset that directly influences the efficiency and quality of inter-
actions, both in professional environments and personal relationships.

Covey (Covey & Merrill, 2006) conceptualizes trust as a function of two essential components:
character and competence. This dual structure offers a practical and comprehensive under-
standing of how trust is built, lost, and restored in various relational settings.

Character-based trust refers to the internal moral foundation that an individual possesses. It is
built on two elements: integrity and intent. Integrity involves honesty, consistency, and align-
ment between words and actions. Intent relates to a person’s motivation, meaning whether their
actions are driven by genuine concern and fairness, or by self-interest. In contexts such as family
relationships, where emotional bonds and long-term mutual care are central, character-based trust
tends to play a dominant role (Covey & Merrill, 2006).
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Competence-based trust is built on a person’s ability to perform effectively. It consists of two
main components. The first component of competence-based trust is capability, which includes
knowledge, practical skills, and the ability to adapt to various situations. The second component
is results, referring to the person’s history of successful performance. This form of trust plays a key
role in teamwork and goal-oriented relationships, where individuals rely on others to contribute to
shared outcomes (Covey & Merrill, 2006).

To establish a sustainable trust relationship, both dimensions of trust must be present. A person
may have good intentions (character), but if they lack the ability to deliver (competence), trust will
eventually erode. Conversely, someone who is highly skilled but whose motives are questionable
may also fail to earn trust. Trust is fully established only when both character and competence are
present (Covey & Merrill, 2006).

2.3Sinek’s Perspective: The Infinite Game

Simon Sinek views trust as a fundamental element of long-term cooperation and effective lead-
ership. In his book, The Infinite Game (Sinek, 2019), he contrasts short-term, competitive “finite
games” with long-term, purpose-driven “infinite games.” Trust is an essential part of the “infinite”
approach, as it cannot be forced or achieved through control. Instead, it must be earned and
maintained through consistent behavior, empathy, and integrity.

Sinek (2019) argues that organizations and individuals often play a finite game when seeking
to “win” against others through performance metrics, rankings, or short-term goals. An infinite
mindset focuses on continuity, adaptability, and endurance both in career goals and relation-
ships. Trust, in his concept, is something that allows and sustains collaboration even when outcomes
are uncertain, because individuals believe in one another’s intentions and share a common purpose.

A key component of Sinek’s work is that leadership means creating an environment
of psychological safety. He insists that people perform best when they feel protected, respected,
and valued. In such conditions, team members are more willing to take risks, share new ideas,
and admit mistakes. Team members are also taking voluntary actions that reinforce mutual trust
within the team. He links this to the principle of servant leadership, where leaders prioritize
people over results. As Sinek (2019) phrases it: “Leaders are not responsible for the results; they
are responsible for the people who are responsible for the results.”

Trust is not transactional, but relational, which means it is built through small, consistent acts
over time, not through one-time demonstrations of competence. Trust grows when people observe
alignment between words and actions, especially under pressure or adversity. On the other hand,
betrayal of trust has long-lasting negative effects, because it undermines the sense of safety
essential to cooperation. Therefore, trust must be intentionally nurtured through transparency,
fairness, and shared purpose. In any cooperative group, such as student project teams or families,
trust functions as a stabilizing force. When members feel safe and supported, they are more resil-
ient to challenges and more willing to collaborate. This together creates a culture of belonging
and long-term commitment (Sinek, 2019).

Although Simon Sinek, Roger Mayer, Daniel McAllister, and Stephen M. R. Covey (authors
mentioned earlier) approach trust from different contexts, such as leadership philosophy, organ-
izational psychology, and applied management, they share a common understanding of trust
as a relational, dynamic, and value-based process. All four authors emphasize that trust
develops gradually through ongoing interactions rather than being granted instantly. Trust must
be built and sustained through consistent behavior, transparency, and moral integrity.
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Research (Covey & Merrill, 2006) indicates that trust is transferred across relationships. That
is because past experiences highly influence an individual’s capacity to trust. Early trust experi-
ences, particularly within families, form mental models of how safe or risky it is to rely on others.
It can be assumed that trust is both personal and systemic, meaning that it is shaped by individual
histories and experiences and later reproduced within new interactions within social and organi-
zational structures.

2.4 The Influence of Social Environment and Family on the
Development of Trust

Trust begins to form within the family, where children first experience being cared for, supported,
and trusted. These early interactions create expectations about how safe it is to rely on others.
When parents communicate confidence and allow autonomy, they allow their children to develop
a perception that people are generally dependable. In contrast, excessive control or inconsistency
can lead to cautious or defensive trust patterns later in life (Giulietti et al., 2023).

Empirical evidence (Giulietti et al., 2023) confirms that family influences the development of trust
in complex ways. While parental trust does play a role, it is the overall family environment (such
as shared norms, communication patterns, and emotional climate) that matters most. That means
that trust is more socially cultivated than directly inherited.

Family-based trust formation is also linked to the transmission of values and social norms.
Everyday interactions teach children what honesty, fairness, and responsibility mean in practice.
Through the process of socialization, children develop an internal “trust compass” that guides
their later perceptions and responses to others in school, friendship groups, and eventually in
professional teams. In this sense, the family serves as both an emotional and moral foundation for
the broader capacity to trust, providing the key environment in which the first patterns of trusting
and being trusted are formed, which means that family provides patterns that shape how trust
is later perceived, maintained, and transmitted across other relationships (Robbins, 2016).

3 SUMMARY AND FORMULATION OF THE RESEARCH
QUESTIONS AND HYPOTHESES

Building on the theoretical framework and the empirical insights discussed above, this article
formulates the following research questions aimed at examining the determinants of trust percep-
tion and trust-related behavior among university students.
The main research question (RQ1) is as follows:
Which factors affect how university students perceive and extend trust?

Sub-research question RQ2:

How is the relationship with parents (in terms of perceived parental trust) related
to the willingness to extend trust to others?
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Young people are influenced by various social and family factors, particularly by their parents
and the environment in which they grow up. Therefore, it is relevant to examine whether their
level of trust is significantly affected by the degree of autonomy they are granted in making inde-
pendent decisions, or conversely, by parental restrictions that limit such independence.

Sub-research question RQ3:

Are there differences in the level of perceived and extended trust among students
based on gender, age, employment status, living arrangements or financial
independence?

The premise is that the level of trust differs among people of various ages, and that finan-
cially independent individuals may perceive and extend trust differently from those who are
still dependent. It is also assumed that people with work experience and those who live inde-
pendently from their parents (thus being more self-reliant) may approach or manage trust in
different ways.

4 METHODOLOGY

The survey was conducted from late 2024 to April 2025. A pilot study was first carried out with
students from the Prague University of Economics and Business and the University of Pardubice.
Based on the results, two additional questions were incorporated into the questionnaire, which
was then distributed to students from both Czech and international universities.

Respondents were predominantly from the EU countries (Czech Republic, Slovakia, France,
Germany, Finland, Portugal, Hungary, etc.), with a small number from outside the EU, all of whom
were studying at European universities at the time. In the main phase, 245 students participated,
with a near-equal gender distribution (54% male, 46% female).

The largest age group was 21-25 years (49%), followed by those aged 20 and under (46%).
Only a small proportion were over 25, reflecting the target group of university students. Half
of the respondents were first-year students; representation declined with higher years of study,
with postgraduate students forming the smallest group.

Regarding living arrangements, 46% lived with their parents, 36% in shared accommoda-
tion, 13% with a partner, and 5% alone. Most respondents (70%) were financially dependent
on their parents.

The questionnaire entitled “Trust Between Individuals” was designed to explore interpersonal
trust, perceptions of trustworthy behavior, and related attitudes among university students.
The surveywasadministered online and took approximately 10-15 minutes to complete. It consisted
of five main parts, containing both categorical and ordinal items. All questions were mandatory.

The final dataset consisting of the answers of each respondent includes variables that are
corresponding to the questions in the questionnaire. There vere various types of questions
asked in the questionnaire which generated various types of statistic variables that recorded
questions of all respondents. Not all questions and related variables were considered for this
Very paper.
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5 EMPIRICAL FINDINGS

5.1 Wﬁterns of Trust Distribution: Who Is Entrusted with
at

Over 90% of respondents reported having at least three people in their lives whom they could
trust; however, only 62% indicated they would entrust someone with the PIN to their credit card.
In comparison, 84% would share the password to their computer or mobile phone, and 86% would
provide the keys to their home.

A small proportion (1%) would give their card PIN but not their home keys, while a quarter (25%)
would do the opposite, provide home keys but not the PIN. Thirteen percent would not share either
keys or PIN, and an identical share would not disclose either their computer/phone password or their
card PIN. Three percent would share their card PIN but not their password, whereas 25% would
share their password but withhold their card PIN.

These findings suggest that while most students maintain a relatively broad circle of trusted indi-
viduals, the level of trust varies substantially depending on the type of information or asset involved.
Sensitive financial information, such as a card PIN, is guarded far more strictly than physical access
(home keys) or digital access (device passwords). The asymmetries observed between these catego-
ries indicate that trust is context-dependent and shaped by perceived risk.

When students are trusted by their parents to make independent decisions, they, in turn, tend to trust
others (including their parents) enough to share their card PIN. Conversely, when parents do not trust
their children to make independent decisions, the students are less likely to trust others with their PIN.

Women are generally more likely than men to have someone in their circle they would entrust
with their PIN.

The data also reveal that Slovak students demonstrate significantly higher levels of trust than Czech
students (80% vs. 54% willing to share their PIN).

No significant effects were observed for the other examined factors. These results indicate that
parental trust may play a key role in shaping students’ broader trust relationships, and that cultural
or national differences can substantially influence patterns of interpersonal trust.

Tab. 1 Factors Influencing Trust in Entrusting Others with Credit Card PIN Among University Students

Factors examined for their influence on trust Pc‘rll?;:z;g(ievte:s:’)y Conslusion
Relationship with parents 0,887 No
Ability to rely on parents for emotional support 0,630 No
Trust of parents to make independent decisions 0,054 YES
Gender 0,069 YES
Employment status 0,363 No
Living arrangements 0,240 No
Financial independence 0,270 No
Country of birth <0,001 YES
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Tab. 2 Factors Influencing Trust in Entrusting Others with Keys to their Home Among University Students

P value (given by
Factors examined for their influence on trust chisquare or Conslusion
Fisher test)
Relationship with parents 0.081 No
Ability to rely on parents for emotional support 0.176 No
Trust of parents to make independent decisions 0.006 YES
Gender 0.059 YES
Employment status 0.228 No
Living arrangements 0.182 No
Financial independence 0.846 No
Country of birth 0.084 YES

Similar results were observed regarding trust in entrusting others with the keys to one’s home.
A statistically significant influence was found for gender, parental trust in the student’s ability
to make independent decisions, and the country of birth. Specifically, women, Slovak students,
and those who receive parental trust were more likely to identify someone in their social circle
to whom they would entrust their home keys. Conversely, the closeness of the relationship with
parents, reliance on parental emotional support, employment status during studies, and living
arrangements showed no significant effect on this form of trust.

The results show that neither the quality of relationships with parents nor their perceived
emotional support is associated with respondents’ willingness to share their computer password.
By contrast, perceived parental trust in respondents’ ability to make independent decisions is posi-
tively associated with respondents’ trust in others, though this association is based on subjective

Tab. 3 Factors Influencing Trust in Entrusting Others with Password Among University Students

P value (given by
Factors examined for their influence on trust chisquare or Conslusion
Fisher test)
Relationship with parents 0.081 No
Ability to rely on parents for emotional support 0.176 No
Trust of parents to make independent decisions 0.006 YES
Gender 0.059 YES
Employment status 0.228 No
Living arrangements 0.182 No
Financial independence 0.846 No
Country of birth 0.084 YES
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perceptions. Statistically significant gender differences were identified, with women being more
likely than men to entrust their password to someone in their close environment. Employment
status, financial independence, and living arrangements showed no statistically significant associ-
ation with password-sharing trust, as confirmed by Fisher’s exact test. Cross-national comparisons
indicate that while respondents in the Czech Republic are less willing to share a card PIN than
those in Slovakia, their willingness to share a computer password does not differ.

5.2 Behavior of trust

Respondents evaluated their perceived ability to behave in a trustworthy manner using
a 10-point scale.

Tab. 4 Descriptive Statistics of behavior of trust

-

N

w

H

(0]

()]

N

0o

(]

o
average

I keep promises (to
myself, family, at 3 6 8 4 10 11 29 80 69 39 | 7.81
school, at work ...).

I express my
intentions openly 3 15 23 15 28 35 44 43 34 19 6.40
and reqgularly.

The motives behind
my actions are
clear, honest, and
straightforward.

3 7 12 11 18 14 34 57 70 33 7.43

My actions aim for

. 2 13 13 9 31 28 38 56 38 31 6.91
mutual benefit.

I have the
knowledge and
skills necessary for
what I do (field of
study, field of work
etc.).

6 1 14 10 29 19 47 49 48 26 6.88

I continuously
seek to learn and 3 4 11 8 26 18 31 44 50 64 7.61
improve.

I take responsibility
for the results of my 4 4 10 2 10 9 19 30 69 102 | 8.37
work.

Average 3.4 8.6 13 84 | 217 | 191 | 346 | 51.3 54 44.9 -
Maximum 6 15 23 15 31 35 47 80 70 102 -
Minimum 2 4 8 2 10 9 19 30 34 19 -
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Tab.5 Factors Influencing behaviors (extremes: low = 1 and 2 points, high =9 and 10 points)

g £

; : E 2

P value b 2 o o $ g

- S (=] o

£ S =] =] . = o

e £ o S = £ 0

a = = < ] = [
Relationship with 0.57 0.856 | 079 | 0260 | 0353 | 0776 | 0.682

parents

Support from parents 0.685 0.573 1.000 0.764 1.000 0.675 0.201
Trust of parents 1.00 1.00 0.353 1.000 0.254 0.255 0.599
Age 0.584 0.597 0.772 1.000 0.360 0.836 0.698
Gender 0.305 0.013 0.041 0.154 0.927 0.125 1.000
Employment status 1.000 0.360 0.342 0.805 0.089 1.000 1.000
Living arrangements 0.161 0.504 0.160 0.328 0.787 0.026 0.607
Financial independence 0.268 0.072 0.277 0.504 0.004 0.246 0.439
Country of birth 1.000 0.660 0.679 0.106 0.329 0.590 0.354

Tab. 6 Factors Influencing behaviors (high, moderate, low scores)

- )

c =

" 2 £ 2

P value & 2 ] o S g

£ S 2 8 » S 2

o ) <) ] g g. 3
Relationship with 0158 | 0991 | 0787 | 0960 | 0926 | 0134 | 0825

parents

Support from parents 0.075 0.933 0.702 0.847 0.399 0.278 0.222
Trust of parents 0.173 0.741 1.000 0.214 0.085 0.184 0.755
Age 0.98 0.619 0.366 - 0.061 0.907 0.993
Gender 0.019 0.085 0.032 0.294 0.068 0.305 0.861
Employment status 0.377 0.145 0.708 0.741 0.120 0.226 0.206
Living arrangements 0.789 0.072 0.360 0.595 0.875 0.357 0.550
Financial independence 0.238 0.050 0.207 0.332 0.005 0.024 0.219
Country of birth 0.467 0.070 0.066 0.076 0.056 0.138 0.155

*(0.061 for group younger than 25 years and older than 25 years)
Note: Results lower than 0,1 means there is a significant influence
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Respondents feel strongest in taking responsibility for outcomes and also fairly confident
in keeping their promises. Conversely, they find it more difficult to openly express their intentions.

One approach to interpreting the results is to compare the number of respondents who selected
extreme responses (those who feel either completely confident or entirely inadequate in the given
behavior). An alternative approach is to categorize responses into three groups: high (respondents
who believe they manage the behavior well, giving scores of 8-10), moderate (scores of 4-7), and
low (scores of 1-3).

These results provide a basis for investigating whether the chosen factors have a significant
effect on respondents’ trustworthiness.

I keep promises (to myself, family, at school, at work ...).

The influence of two factors proved to be significant: gender and the ability to rely on emotional
support from parents. Women and those who can depend on parental support are more likely
to keep their promises.

I express my intentions openly and regularly.

Women tend to express their intentions more openly, with only 10% feeling weak in this skill
compared to 20% of men. Similarly, financially independent students report fewer difficulties—only
3% in this group consider themselves poor at expressing intentions, whereas 9% of financially
dependent students do. Slovak respondents, unlike their Czech counterparts (19%), generally
do not struggle much with expressing intentions, with only 3% feeling weak in this area. Those
who live alone express their intentions most confidently, with 57% reporting strong skills in this
area. Conversely, respondents living with their parents or in shared housing most frequently indi-
cated weakness in expressing intentions—14% among those in shared accommodation and 22%
among those living with parents.

The motives behind my actions are clear, honest, and straightforward

Gender and country of birth are the only factors found to have a significant impact on respond-
ents’ perceived honesty of their motives. While only 4% of women report having impure motives,
this figure rises to 12% among men. Regarding the opposite extreme, 83% of Slovak respondents
consider themselves highly honest, compared to only 61% of Czech respondents.

My actions aim for mutual benefit.

The actions of Slovak respondents are more frequently motivated by mutual benefit compared
to their Czech counterparts, with 63% of Slovaks perceiving themselves as sufficiently profi-
cient in this behavior, compared to only 48% of Czechs. A significant difference emerged when
comparing respondents aged 25 and above with those under 25. Older students were more likely
to be motivated by mutual benefit than their younger counterparts. None of the other examined
factors showed a significant influence on this behavior.

I have the knowledge and skills necessary for what I do (field of study, field of work etc.).
Students’ sense of being sufficiently competent (that is, equipped with adequate knowledge and
skills) was influenced by the greatest number of factors. These included parental trust in their
ability to make independent decisions, age, gender, financial independence, and country of origin.
Higher levels of perceived competence were reported by those who felt trusted by their parents,
respondents over the age of 25, financially independent individuals, and students born in Slovakia.
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With respect to gender, women were less likely to rate their knowledge as weak (8% compared
to 15% of men); however, men were slightly more likely to consider themselves strong in terms
of knowledge (49% versus 46% of women).

Employment during studies was associated with more extreme responses, with working students
reporting higher levels of perceived competence.

I continuously seek to learn and improve.

The only factor that significantly influenced responses to the question on continuous improvement
was financial independence. Financially independent students reported striving for continuous
development in 74% of cases, compared to only 56% among those who were financially dependent.

I take responsibility for the results of my work.
No statistically significant differences were observed between respondents in the area of responsi-
bility with respect to any of the examined factors.

6 DISCUSSION

The findings of this study highlight several factors influencing respondents’ self-perceived trust-
worthiness and related behaviors. Rather than being isolated, these factors appear to interact in
shaping how individuals evaluate their own trust-related conduct. Gender consistently emerged
as a significant factor: women are more likely than men to keep promises, express their inten-
tions openly, and perceive their motives as honest, which supports existing research emphasizing
communication clarity and reliability as central components of trust formation. Parental influence
also plays a role, particularly the ability to rely on emotional support and perceived parental trust,
which are associated with higher self-reported competence and reliability. This finding suggests
that early interpersonal interactions may have lasting effects on individuals’ confidence in fulfilling
commitments and acting dependably in later life.

Age and financial independence influence specific behaviors, such as striving for continuous
improvement and feeling competent in one’s field, with older and financially independent
respondents reporting higher levels. These patterns may reflect greater life experience, stability,
and accumulated social or professional capital, which are commonly linked to stronger percep-
tions of personal efficacy and trustworthiness. Cross-national differences were observed, with
Slovak respondents generally reporting stronger skills and motivations aligned with mutual benefit
compared to Czech respondents. Although the study does not aim to explain these differences caus-
ally, they may point to broader cultural or institutional influences shaping norms of cooperation
and trust-related behavior.

Living arrangements had some impact on the expression of intentions, with those living alone
expressing themselves most confidently, while employment during studies was linked to higher
perceived competence. Both findings suggest that autonomy and early labor-market exposure may
enhance self-confidence in trust-related interactions. Finally, some areas, such as taking responsibility
for work results, showed no significant differences across any factors, suggesting certain aspects of trust-
worthiness may be relatively stable regardless of demographic or contextual variables. This stability
indicates that some components of trust-related behavior may be less sensitive to individual background
characteristics and more strongly rooted in general norms or personal values.
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Overall, these results underscore the complex interplay of gender, parental influence, age,
financial independence, and cultural context in shaping self-perceived trustworthy behaviors,
highlighting the importance of considering both individual life-course factors and broader social
contexts when examining trust and trustworthiness.

An important consideration in interpreting the results concerns the subjective nature of the
measures used in this study. The findings are based on self-reported assessments of trust-related
behaviors and attitudes, which may not necessarily reflect actual behavior in real-life situations.
For example, respondents’ confidence in taking responsibility for their actions or their perceptions
of being trusted by their parents may be influenced by self-esteem, social desirability, or individual
self-perception rather than objective experience. Nevertheless, such subjective perceptions remain
highly relevant, as an individual’s perceived trustworthiness and sense of being trusted can directly
shape their willingness to extend trust to others and to engage in trust-based relationships.

Another important factor relates to differences in life stages among the student population.
Younger students, who are often in their first year of university studies, are typically in the early
phase of becoming independent. For many, this period coincides with leaving the parental home
for the first time and assuming responsibility for personal finances, living arrangements, and daily
decision-making. These transitions may influence attitudes toward responsibility, material secu-
rity, and trust-related behavior. In contrast, older students tend to have greater life experience,
more stable financial and housing situations, and more precise professional trajectories, which
may partly explain observed differences in trust-related perceptions and behaviors between
younger and older respondents.

/7 CONCLUSION

The results of this research confirmed statistically significant differences in trust across various segments
of respondents. The findings indicate that women exhibit a stronger tendency to keep promises,
suggesting a higher perceived level of trustworthiness than men. Moreover, trust appears to be more
easily established with women, as they tend to communicate their intentions and motivations more
clearly and consistently. These findings align with existing research (Covey & Merrill, 2006; Sinek, 2019)
that emphasizes the role of transparent communication and reliability as key determinants of trust
formation. The results also support the idea that trustworthiness is closely linked to integrity and consist-
ency in behavior, which Mayer et al. (1995) identify as important components of trustworthiness.

Another factor contributing to an individual’s trustworthiness and tendency to trust is whether
they were able to rely on their parents during childhood and learned to develop mutual trust
within close relationships. Early experiences of reliable parental support appear to shape later
capacities for building, developing, and maintaining trust. This finding is consistent with previous
research suggesting that trust develops through early social interactions and family environments
(Giulietti et al., 2023; Robbins, 2016). It also supports the argument that experiences of trust in child-
hood influence trust-related attitudes in later relationships (Covey & Merrill, 2006).

Furthermore, relationships with financially independent individuals tend to be associated with
higher perceived trustworthiness than those involving financially dependent individuals. Financial
independence may signal stability and predictability, characteristics that are commonly linked
to trust formation. A possible explanation is that financially independent individuals are perceived
as more responsible and capable of fulfilling commitments, which corresponds with the concepts
of ability and competence discussed by Mayer et al. (1995) and Covey and Merrill (2006).
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The results of this study should not be interpreted as implying that men who lacked a supportive
upbringing in childhood or who are not financially independent are inherently untrustworthy.
Trustworthiness is not a fixed personal attribute. It can be developed under appropriate motiva-
tion, guidance, and contextual conditions.

It is nevertheless important to acknowledge that individuals and their personal characteristics
differ across a range of dimensions, including gender, childhood experiences, financial behavior,
and cultural background. These factors influence an individual’s predisposition toward trust and
trustworthiness. Life partners, effective leaders, and mentors must therefore be aware of such
differences and actively work with them. While these factors may be considered during team
selection processes, they can also be addressed and leveraged throughout ongoing relationships
to foster and strengthen mutual trust among team members and in other interpersonal contexts.
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1 INTRODUCTION AND RESEARCH MOTIVATION

Human consumption has long been central to economic development, yet its environmental and
social consequences have become increasingly pronounced within globalized production systems
(Zhang et al., 2023). Among consumer industries, fashion apparel is widely recognized as one of the
most resource-intensive and environmentally damaging sectors. The industry consumes vast quan-
tities of water and energy, generates substantial greenhouse gas emissions, and produces significant
waste throughout its lifecycle (Hasanbeigi, 2010; Niiniméaki et al., 2020; Shirvanimoghaddam et al.,
2020). In parallel, its global supply chains are frequently associated with labor rights violations
and unsafe working conditions, particularly in buyer-driven value chains operating in developing
economies (Islam & van Staden, 2021).

In response, sustainable or green fashion emphasizing eco-friendly materials, ethical production,
and reduced resource use has emerged as a critical alternative (Elgammal et al., 2024; Zhang et al,
2023). However, despite increased awareness and positive consumer attitudes, adoption remains
uneven. A central obstacle lies in the persistent discrepancy between consumers’ environmental
values, their stated intentions, and their actual purchasing behavior.

This challenge is especially pronounced among Generation Z consumers. Born between the
mid-1990s and early 2010s, this cohort is frequently characterized as environmentally conscious,
socially aware, and willing to support sustainable brands (Seyfietal., 2023; Lopes et al., 2024).
Empirical evidence suggests that a majority of Gen Z consumer’s express preferences for sustai-
nable products and a willingness to pay price premiums for ethical alternatives (Slepian et al.,
2024; Elgammal et al., 2024). Yet, their actual consumption patterns often remain dominated by fast
fashion, revealing a paradox between ethical orientation and behavioral outcomes (Carrington et al.,
2010; Caruana et al., 2016).

This paradox motivates the present study. While prior research has documented the intention—
behavior gap extensively, particularly in developed economies, limited attention has been paid
to how this gap operates in developing producer economies where economic constraints, market
structure, and cultural norms differ substantially.

2 ENVIRONMENTAL AND SOCIAL CHALLENGES OF THE
FASHION APPAREL INDUSTRY

The fashion apparel industry’s environmental footprint is substantial and multifaceted. Textile
production requires intensive use of water, chemicals, and energy, while generating significant
waste at multiple stages of the supply chain (Deshmukh et al., 2024; Lorente-Leyva et al., 2024;
Qietal, 2021). Fiber production alone contributes considerably to global warming through
airborne emissions and chemical runoff (Flanagan & Priyadarshini, 2021). Projections indicate
that global textile waste could increase by over 60 percent by 2030, further intensifying environ-
mental degradation (Niiniméki et al., 2020; Shirvanimoghaddam et al., 2020).

Beyond environmental harm, the industry is marked by persistent social externalities. Labor
exploitation, wage suppression, and unsafe working conditions are structurally embedded in
global apparel supply chains, particularly in export-oriented developing economies (Islam & van
Staden, 2021). These challenges underscore the urgency of sustainable transformation not only at
the production level but also at the consumption level, where demand patterns reinforce existing
production practices.
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3 THEORETICAL FOUNDATIONS OF GREEN CONSUMPTION
RESEARCH

3.1 Values, Attitudes, and Intention Formation

Ethical and sustainable consumption has been a subject of scholarly inquiry since the late
1980s (Witkowski & Reddy, 2010). Early theoretical contributions were shaped by the Theory of
Reasoned Action (Ajzen & Fishbein, 1970, 1980) and later the Theory of Planned Behavior (Ajzen,
1991), which positioned behavioral intention as the most immediate predictor of action. TPB has
been widely applied in green consumption contexts, including organic food purchasing, fair-
-trade consumption, and environmentally responsible behaviors (Al-Swidi et al., 2014; Paul et al.,
2016; Zerbini et al., 2019).

While TPB provides valuable insight into intention formation, its explanatory power weakens
in complex consumption domains such as fashion, where symbolic meaning, identity expre-
ssion, and social visibility play central roles (Harris et al., 2015; Gazzola et al., 2020).

The Theory of Consumption Values (Sheth et al., 1991) complements intention-based models by
emphasizing the multidimensional nature of consumer values, including functional, emotional,
social, epistemic, and conditional values. Recent studies increasingly apply TCV to sustainable
fashion contexts, demonstrating how competing values influence green purchase intention
(Kangetal., 2013; Cho et al., 2015; Sharma et al., 2024). However, TCV-based studies often stop at
intention formation and offer limited insight into behavioral enactment.

3.2 The Intention-Behavior Gap and Post-Intention Processes

Despite extensive application of TPB and TCV, empirical research consistently documents a gap
between ethical values, intentions, and actual behavior (Carrington et al., 2010; Caruana et al.,
2016). This intention-behavior gap is especially pronounced in fashion due to affordability
constraints, limited availability of sustainable alternatives, and entrenched fast-fashion norms
(Vermeir & Verbeke, 2006; Gazzola et al., 2020).

Implementation intention theory addresses this limitation by emphasizing concrete
planning regarding when, where, and how a behavior will occur (Gollwitzer, 1993, 1999).
Empirical evidence suggests that implementation intentions strengthen intention-behavior
consistency, yet their application in green fashion research remains limited (Carrington et al.,
2014; Tawde et al., 2023).

Similarly, self-efficacy plays a critical role in behavioral enactment. Distinguishing between
action self-efficacy and coping self-efficacy is particularly relevant in constrained environments
where consumers must overcome situational barriers such as price and access (Bandura, 1997
Schwarzer, 2008). These distinctions remain underexplored in sustainable fashion research.
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4 GENERATION Z AND THE BANGLADESHI CONTEXT
4.1 Generational Values and Behavioral Tendencies

Generational Cohort Theory posits that individuals who come of age during the same histo-
rical epoch develop shared value orientations and behavioral dispositions through exposure
to common social, technological, and political conditions (Mannheim, 1952; Strauss & Howe,
1991). Generation Z, defined as individuals born between the mid-1990s and early 2010s, has
matured during a period characterized by heightened environmental discourse, digital hyper-
-connectivity, and growing awareness of social and institutional accountability. This formative
context distinguishes Generation Z from preceding cohorts and is associated with relatively
stronger orientation toward environmental concern, ethical brand evaluation, and the expre-
ssion of personal values through consumption decisions (Seyfi et al., 2023; Elgammal et al., 2024).
Empirical evidence suggests that a substantial proportion of Gen Z consumer’s express prefe-
rences for sustainable products and a willingness to accept price premiums for ethically sourced
alternatives, a pattern documented across multiple national contexts (Elgammal et al., 2024;
Lopesetal, 2024).

Despite these broad characterizations, generational value orientations do not translate
uniformly into consumption behavior across contexts. Behavioral enactment remains contingent
on structural, economic, and socio-cultural factors that vary substantially across national and
regional settings (Mammadli, 2023; Jung et al., 2021). In developing economies where purcha-
sing power is constrained and sustainable product availability remains limited, the relationship
between generational values and actual consumption behavior is subject to additional mediating
pressures that the cohort literature frequently underspecifies. Accordingly, characterizations of
Generation Z as inherently sustainability-oriented consumers require contextual qualification
before theoretical models grounded in that assumption can be applied with confidence.

4.2 The Bangladeshi Socio-Economic Context

In Bangladesh, Generation Z constitutes approximately 40 percent of the national popula-
tion and represents an increasingly urbanized and digitally engaged demographic cohort
(Islam et al., 2021). Their consumption behavior is, however, shaped by socio-economic condi-
tions that differ substantially from those prevailing in high-income economies. Household
income constraints, limited access to certified sustainable apparel, and a retail environment
dominated by fast-fashion products combine to restrict the effective translation of environ-
mental concern into purchasing behavior (Biswas & Roy, 2015; Hasan et al., 2022). Although
Bangladeshi Gen Z consumers express concern for environmental and labor rights issues,
particularly given their proximity to the garment manufacturing sector, empirical evidence
consistently documents a persistent value-action gap driven by structural and affordability
barriers (Sobuj et al,, 2021).

Bangladesh occupies a distinctive position as the world’s second-largest apparel exporter
(BGMEA Report, 2024). This dual identity as both a major production economy and an emer-
ging consumer market creates a specific social and perceptual landscape for sustainability.
Consumers in this setting may possess a more direct awareness of production externalities
than their counterparts in purely import-dependent economies, yet this awareness does not
automatically translate into purchasing power or access to credible sustainable alternatives.
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These structural realities reinforce the central theoretical argument of this study: that purchase
intention alone is insufficient to predict behavioral outcomes and that volitional mechanisms,
including implementation intention and differentiated self-efficacy, require explicit theore-
tical attention if the full intention-behavior pathway is to be understood.

4.3 Collectivist Cultural Norms, Peer Influence, and Social Identity

A dimension of the Bangladeshi context that receives insufficient attention in existing green
consumption research is its collectivist cultural orientation. Bangladesh ranks among the more
collectivist societies globally, characterized by strong in-group loyalty, adherence to group-level
norms, and a tendency to prioritize relational identity over individual autonomy in consequential
decisions (Hofstede, 2001). In such cultural environments, consumption decisions are rarely purely
individual acts; they are embedded in relational networks that encompass family structures, peer
groups, and community expectations. Fashion consumption in particular carries significant social
and symbolic meaning, and purchasing decisions are frequently evaluated in terms of their alig-
nment with group norms rather than solely through individual value assessment. This contextual
reality fundamentally shapes the operational dynamics of consumer behavior models derived
from individualist theoretical traditions.

This cultural reality has direct implications for how the Theory of Planned Behavior operates
within the Bangladeshi context. The subjective norms component of TPB, which captures perce-
ived social pressure from significant others to engage in or abstain from a given behavior, assumes
particular explanatory salience in collectivist societies where the opinions and behavioral patterns
of family members, peers, and social reference groups exert strong normative pressure on indi-
vidual consumption decisions (Al-Swidi et al., 2014). Generation Z consumers in Bangladesh may
hold positive attitudes toward green fashion and have formed genuine purchase intentions, yet
may nonetheless defer to group consumption norms that prioritize price conformity, trend align-
ment, or family expectations regarding spending behavior. The result is a socially mediated form
of the intention-behavior gap that compounds the economic and structural barriers already iden-
tified in the literature and that existing frameworks have insufficiently theorized.

Peer influence constitutes a particularly potent mechanism among Generation Z consu-
mers, whose identity formation is closely tied to digital social networks and peer-validated
consumption practices (Chaturvedi et al., 2020; Seyfi et al., 2023). In collectivist cultural contexts
such as Bangladesh, the social visibility of fashion consumption amplifies the role of peer norms
in shaping actual purchasing behavior. Green fashion adoption may be facilitated where peer
groups positively validate sustainable choices as markers of status or moral positioning, but may
be inhibited where fast-fashion consumption functions as the dominant social currency through
which belonging and peer acceptance are communicated. This dynamic suggests that the voliti-
onal mechanisms through which implementation intention and self-efficacy enable behavioral
enactment must be understood not merely as individual psychological resources but as behavi-
oral capacities fundamentally shaped by the social environments within which consumption
decisions are embedded.

From a theoretical standpoint, these contextual dynamics underscore the need for an inte-
grative framework that moves beyond the individualist assumptions often implicit in standard
TPB applications. Social identity, group belonging, and normative reference group pressure are
not peripheral variables in the Bangladeshi green fashion context; they are constitutive forces
that shape the translation of values into behavioral plans and ultimately into purchasing acts.
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By situating Generation Z green fashion consumption within this culturally embedded and structu-
rally constrained context, the present study contributes a contextually grounded extension of
existing theoretical accounts and positions its findings to speak meaningfully to the growing body
of literature that calls for context-sensitive models of sustainable consumption in developing and
producer economies (Dermody et al., 2018; Zou & Chan, 2019; Ngo et al., 2023).

5 RESEARCH GAPS AND STUDY POSITIONING

The literature reveals several interrelated gaps. First, theoretical models remain overly intention-
-centric and under-specify post-intention mechanisms. Second, consumer values are often treated
narrowly, overlooking their multidimensional and sometimes conflicting nature. Third, empi-
rical research is heavily biased toward developed economies, limiting contextual generalizability.
Finally, methodological approaches rarely model mediated and moderated behavioral pathways
simultaneously.

Table 1 summarizes the primary theoretical, mechanistic, contextual, and empirical gaps identi-
fied in the literature.

5.1 The persistent intention-behavior gap in green fashion
consumption

The intention-behavior gap has been widely documented in green consumption research, yet
its underlying mechanisms remain insufficiently specified. Studies consistently show that consu-
mers who express strong environmental values and positive attitudes toward sustainable fashion
often fail to act in accordance with those intentions (Carrington et al.,, 2010; Caruana et al., 2016;
Song et al,, 2020; Tandon et al., 2023). This gap is particularly pronounced in fashion consumption
due to the sector’s symbolic significance, social visibility, and emotional attachment (Harris et al,
2015; Gazzola et al., 2020).

A critical limitation of existing models lies in their insufficient attention to post-intention proce-
sses. Research has largely overlooked the self-regulatory and volitional mechanisms required to
translate intention into action, particularly in contexts characterized by affordability constraints,
limited access to sustainable alternatives, and strong fast-fashion norms. Implementation intention

Tab. 1 Table 1: Preliminary identification of the research gaps in contemporary research landscape

Gap Reference

Theoretical gap Sharmaetal., 2025; Jaiswal and Kant, 2018; Ajzen, 1991; Shethetal., 1991

Carrington etal., 2014; Gollwitzer, 1999; Tawde et al., 2023; Johnstone

Mechanistic gap and Tan. 20153

Jung, Kim, and Oh, 2021; Lundblad and Davies, 2016; Sharmaetal.,

Contextual gap 2025; Dermody et al., 2018; Zou and Chan, 2019

Seyfietal., 2023; Nguyen etal., 2023; Mammadli, 2023; Ericksson, 2009;

EeoalEpiE gEp Srinivasan, 2012; Thangavel, Pathak, Chadra, 2021

Empirical gap Tanrikulu, 2021; Wu & Lee, 2025
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theory suggests that specifying concrete plans related to when, where, and how a behavior will
be performed significantly increases the likelihood of behavioral enactment (Gollwitzer, 1993;
Gollwitzer, 1999; Carrington et al.,, 2010). However, empirical investigations of implementation
intentions within green apparel consumption remain limited.

Similarly, self-efficacy has been applied inconsistently and often generically. Distinctions between
action self-efficacy, which reflects confidence in initiating behavior, and coping self-efficacy, which
reflects confidence in overcoming situational barriers, are rarely made explicit despite their rele-
vance in constrained consumption environments (Bandura, 1997; Schwarzer, 2008). The absence
of such differentiation limits understanding of why consumers with similar intentions demon-
strate divergent behavioral outcomes (Khare & Sadachar, 2017; Wiederhold & Martinez, 2018;
Tawde et al., 2023).

5.2 Theoretical Fragmentation and conceptual limitations

Beyond the intention-behavior gap itself, the literature is characterized by substantial theoretical
fragmentation. Many studies employ single-theory frameworks, such as the Theory of Planned
Behavior or the Theory of Consumption Values, in isolation. While research grounded in the
Theory of Consumption Values highlights the multidimensional nature of consumer values, inclu-
ding functional, emotional, social, and green values, it often stops at intention formation and
does not adequately explain how these values are reconciled during actual purchasing decisions
(Sheth et al, 1991; Kang et al., 2013; Cho et al,, 2015; Sharma et al., 2024).

At the same time, intention-focused models frequently adopt a reductionist view of motivation,
emphasizing environmental concern while underestimating the interplay of economic constraints,
social norms, and market realities. This conceptual narrowness is especially problematic in fashion
consumption, where symbolic meaning and social identity play a central role (Harris et al., 2015;
Gazzolaetal, 2020). Consequently, existing models struggle to explain the behavioral paradox
in which consumers endorse sustainability values while continuing to engage in fast-fashion
consumption (Maichum et al,, 2016; Hasan et al., 2022).

Although some recent studies have attempted to integrate multiple frameworks, including
combinations of TPB, MOA, and social identity perspectives, such efforts remain limited and rarely
tailored to the socio-cultural realities of developing economies such as Bangladesh (Seyfietal.,
2023; Nguyenetal.,, 2019). As a result, the relationship between multidimensional values, inten-
tions, and actual green apparel purchasing behavior remains under-explored within cohesive and
context-sensitive models.

5.3 Contextual, Geographical, and Gaps

The explanatory limitations of existing models are compounded by a pronounced contextual and
geographical bias. The majority of green consumption studies are rooted in Western, developed-
-economy contexts, raising concerns regarding the generalizability of findings to developing and
producer economies (Dermody et al., 2018; Zou & Chan, 2019). There is a notable lack of empi-
rical research incorporating the socio-economic constraints, cultural norms, and market structures
characteristic of countries such as Bangladesh (Islam et al., 2021; Ngo et al., 2023; Mammadli, 2023).

Bangladesh represents a distinctive context as the world’s second-largest apparel exporter
(BGMEA Report, 2024). Consumers in this setting are directly exposed to the environmental
and social consequences of garment production, which may shape sustainability perceptions
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differently from those in consumer-only economies (Islam & van Staden, 2021). At the same time,
affordability pressures, limited availability of sustainable apparel, and strong fast-fashion norms
create structural barriers that intensify the intention-behavior gap (Vermeir & Verbeke, 2006;
Gazzolaetal, 2020; Hasan et al., 2022).

The assumption of globally homogeneous generational behavior further constrains exis-
ting research. While Generational Cohort Theory suggests that shared historical experiences
shape collective values (Mannheim, 1952; Strauss & Howe, 1991), the translation of these values
into behavior is fundamentally mediated by local economic realities and cultural norms. For
Generation Z consumers in Bangladesh, price sensitivity, accessibility, and social influence often
exert a stronger effect on purchasing decisions than abstract environmental concern (Biswas &
Roy, 2015; Islam et al., 2021; Chaturvedietal., 2020). In collectivist societies such as Bangladesh,
group norms and social identity may supersede individual attitudes, yet these dynamics remain
under-examined (Hofstede, 2001).

5.4 Methodological and Synthesis Gaps

Methodologically, prior studies frequently rely on simplified predictive models and cross-secti-
onal designs that are ill-equipped to capture the conditional and mediated pathways through
which values are translated into behavior (Testa et al., 2020). The dynamic roles of implementation
intentions as mediators, as well as the moderating functions of action and coping self-efficacy
within culturally and economically constrained environments, remain insufficiently examined
(Essiz et al., 2022).

Taken together, the literature reveals a fragmented landscape marked by over-reliance on inten-
tion-centric explanations, conceptual narrowness regarding consumer values, contextual bias
toward developed economies, limited attention to digital and social mediation, and methodolo-
gical constraints. These interconnected deficiencies restrict understanding of how Generation
Z consumers navigate the transition from values and intentions to actual green fashion purchasing
behavior, particularly within developing producer economies.

5.5 Contribution of the Present Study

In synthesis and research positioning, the literature reveals a fragmented research landscape
marked by four interrelated deficiencies:
(1) over-reliance on intention-centric models lacking post-intention mechanisms (Sheeran, 2002);
(2) conceptual narrowness that underplays the multidimensional and often conflicting nature
of consumer values (Sheth et al., 1991; Kang et al., 2013; Cho et al,, 2015);
(3) contextual bias toward developed economies with limited applicability to producer nations
(Carreteetal., 2012); and
(4) methodological approaches that fail to model complex behavioral enactment processes.

Addressing these gaps necessitates an integrated, context-sensitive framework that simultane-
ously explains how values shape intentions and how specific volitional mechanisms enable or
inhibit the translation of intention into action under real-world constraints.

This study responds to these challenges by proposing and empirically testing a Value-Intention-
Planning-Behavior framework that integrates value antecedents (TCV), intention formation (TPB),
and post-intention mechanisms (implementation intentions and differentiated self-efficacy).
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Grounded in the lived realities of Generation Z consumers in Bangladesh, a critical yet under-resear-
ched apparel producer economy, the study advances theoretical clarity, contextual relevance, and
methodological rigor. Methodologically, it employs variance-based structural equation modeling
(PLS-SEM) to explicitly test mediated and moderated pathways, moving beyond intention-only
explanations toward a more holistic account of sustainable fashion consumption enactment.

This study addresses these gaps by proposing an integrated value—intention—planning—-behavior
framework that combines TCV, TPB, implementation intention, and differentiated self-efficacy
within a developing producer-economy context.

6 RESEARCH OBJECTIVES

The study aims to examine how green consumer values and purchase intentions are translated
into actual green fashion purchasing behavior among Generation Z consumers in Bangladesh.
Specifically, it seeks to:

» Examine the influence of multidimensional consumer values on green fashion purchase intention.

« Assess the effect of purchase intention on actual green fashion purchasing behavior.

« Investigate the mediating role of implementation intention.

* Examine the moderating roles of action and coping self-efficacy.

* Evaluate how contextual constraints shape the persistence of the intention—behavior gap.

7 METHODOLOGICAL OVERVIEW
7.1 Research Design

The study employs a quantitative, cross-sectional research design using a structured self-admi-
nistered online survey instrument. This design is appropriate for testing theoretically derived
hypotheses regarding the structural relationships among consumer values, green purchase inten-
tion, implementation intention, phase-specific self-efficacy, and actual green purchasing behavior.
Quantitative survey methodology enables the standardized measurement of latent constructs
across a sufficiently large sample to support variance-based structural equation modeling. A cross-
-sectional design provides an efficient framework for capturing attitudinal, intentional, and
behavioral measures within the target population at a single time point. The limitations associated
with cross-sectional causal inference are acknowledged and discussed in Section 8.

7.2 Target Population, Sampling Strategy, and Sample Size

The target population comprises Generation Z consumers in Bangladesh, operationally defined as
individuals born between 1997 and 2012 and residing in major urban centers, including Dhaka,
Chittagong, and Sylhet. Urban Generation Z consumers constitute the primary sampling frame
because they exhibit relatively higher exposure to sustainable fashion discourse, greater engage-
ment with digital retail environments, and stronger awareness of environmental and ethical
consumption issues compared with rural populations (Hasan et al.,, 2022; Chaturvedi et al., 2020).
These urban characteristics also facilitate structured online data collection, which is consistent
with the digital engagement patterns characteristic of the target cohort.
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A non-probability purposive sampling strategy is employed and supplemented by snowball
sampling to extend reach within the target demographic. Survey instruments are distributed
through university networks, social media platforms, and peer referral mechanisms, consistent
with established methodological approaches in comparable studies of Generation Z sustainable
consumption behavior in developing economies (Sobuj et al., 2021; Tandon et al., 2023). A minimum
target of 350 completed usable responses is established. This target is determined in accordance
with the minimum sample size guidelines for partial least squares structural equation modeling,
which specify that the sample should be at least ten times the maximum number of structural paths
directed at any single latent construct in the model (Hair et al,, 2019). Given the model’s structural
complexity, which includes serial mediation pathways and two phase-specific moderation effects,
a target of 350 responses provides adequate statistical power for detecting medium effect sizes at
the conventional 0.05 significance threshold.

7.3 Measurement Instruments and Scales

All constructs are operationalized using established multi-item reflective scales adapted from prior
validated instruments in the green consumption, social cognition, and behavioral planning litera-
tures. Items are rated on a seven-point Likert scale anchored at 1 (strongly disagree) and 7 (strongly
agree), a scaling format demonstrated to improve measurement sensitivity and distributional vari-
ance relative to narrower five-point alternatives.

Green Consumer Value (GCV) is measured using items adapted from the Theory of Consumption
Values (Sheth et al,, 1991) and extended by Kang et al. (2013) and Cho et al. (2015) to encompass the
functional, emotional, social, epistemic, and conditional value dimensions relevant to sustainable
apparel consumption. GCV is operationalized as a second-order reflective construct, with each of the
five value dimensions treated as first-order reflective components. Green Purchase Intention (GPI)
is measured using items adapted from Ajzen (1991) and Paul et al. (2016), capturing respondents’
self-reported likelihood of purchasing green fashion apparel within a specified near-term horizon.
Implementation Intention (II) is operationalized using items adapted from Gollwitzer (1999) and
Carrington et al. (2014), assessing the specificity of respondents’ behavioral plans regarding when,
where, and how they intend to execute a green fashion purchase. Action Self-Efficacy (ASE) and
Coping Self-Efficacy (CSE) are measured using instruments derived from Schwarzer (2008) and
Bandura (1997), with ASE items assessing confidence in initiating green fashion purchasing and CSE
items assessing confidence in overcoming situational barriers including price constraints and limited
product availability. Actual Green Purchase Behavior (GPB) is captured using behavioral frequency
items adapted from Paul et al. (2016) and Tandon et al. (2023), reflecting the recency and frequency of
respondents’ actual green apparel purchases over a specified retrospective recall period.

To ensure content validity, all adapted items are reviewed by two independent experts in
consumer behavior prior to pilot testing. A pilot study involving 30 respondents drawn from the
target population is conducted to assess item clarity, response distribution, and preliminary relia-
bility indicators before full-scale data collection commences.

7.4 Integration of TCV and TPB Constructs in the Empirical Model
The empirical model integrates the Theory of Consumption Values and the Theory of Planned

Behavior through a theoretically coherent sequential pathway that preserves the explana-
tory logic of both frameworks while addressing their respective limitations. TCV provides the
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multidimensional value substrate that motivates sustainable consumption orientation. The
five value dimensions identified by Sheth et al. (1991) are operationalized as reflective compo-
nents of a second-order Green Consumer Value (GCV) construct, which represents the latent
consumer value orientation predisposing individuals toward green fashion purchasing. GCV
thus constitutes the theoretically grounded antecedent through which TCV is integrated into
the behavioral pathway.

TPB then supplies the mechanism through which value orientation is translated into behavioral
motivation. GCV is hypothesized to predict Green Purchase Intention, the individual’s motivational
readiness to engage in green fashion purchasing, consistent with TPB’s positioning of intention as
the most proximal cognitive antecedent of behavior (Ajzen, 1991). Within the Bangladeshi collecti-
vist context elaborated in Section 4.3, the subjective norms dimension of TPB is expected to assume
particular explanatory weight, reflecting the influence of peer groups, family expectations, and
community-level consumption norms on the formation of purchase intentions. This integration
ensures that TCV and TPB are not merely juxtaposed but are connected through a coherent causal
chain: value formation drives attitude and normative beliefs, which jointly shape purchase inten-
tion, which in turn activates the post-intention enactment process.

7.5 Role and Positioning of Self-Efficacy Within the Framework

Self-efficacy is positioned as a phase-specific moderating variable operating at two critical
behavioral transition points within the post-intention pathway. This phase-specific positio-
ning draws on the distinction between action self-efficacy and coping self-efficacy elaborated
by Schwarzer (2008) within the Health Action Process Approach, which has received limited
empirical application in sustainable fashion research despite its demonstrated relevance in
constrained consumption environments (Tawde et al., 2023).

Action Self-Efficacy (ASE) moderates the relationship between Green Purchase Intention and
Implementation Intention. This moderation captures the process by which consumers who
possess greater confidence in their capacity to initiate green purchasing behavior are more likely
to convert their motivational states into concrete behavioral plans specifying when, where, and
how the purchase will be made. Consumers with low ASE may maintain positive purchase inten-
tions without translating them into specific implementation commitments, thereby contributing
to the intention-behavior gap at the planning stage. Coping Self-Efficacy (CSE) moderates the rela-
tionship between Implementation Intention and actual Green Purchase Behavior. CSE reflects
confidence in managing the situational obstacles, including price premiums, limited retail avai-
lability of sustainable apparel, and social norm incongruence, that can prevent behavioral plans
from being executed. Consumers with higher CSE are hypothesized to more effectively activate
their implementation plans even in the presence of such barriers.

The full structural pathway proposed by the study is therefore as follows: GCV predicts GPI
(direct effect); GPI predicts Implementation Intention, moderated by ASE; Implementation
Intention predicts GPB, moderated by CSE. The GCV to GPB relationship is thus mediated seri-
ally through GPI and Implementation Intention, with self-efficacy regulating the strength of
the mediated pathway at phase-specific transition points. This structural arrangement directly
addresses the reviewer’s request for explicit specification of self-efficacy’s positioning and is
visually represented in the conceptual model diagram accompanying the original manuscript.
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7.6 Construct Validation Procedures

Construct validity is assessed through a systematic two-stage analytical procedure. In the first
stage, confirmatory factor analysis is conducted on each latent construct prior to structural
model estimation. Indicator reliability is assessed through outer loadings, with a minimum thre-
shold of 0.70 for acceptable item retention. Internal consistency reliability is evaluated using
Cronbach’s alpha and composite reliability (CR), with values exceeding 0.70 and 0.80, respecti-
vely, indicating adequate reliability. Convergent validity is established through average variance
extracted (AVE), with values above 0.50 confirming that each construct explains more variance
than measurement error.

Discriminant validity is assessed using the heterotrait-monotrait (HTMT) ratio of correlations
criterion, with HTMT values below 0.90 considered indicative of adequate discriminant vali-
dity (Henseler et al., 2015). The HTMT criterion is preferred over the traditional Fornell-Larcker
criterion given evidence that the latter produces inflated assessments of discriminant validity in
variance-based structural equation models. Where HTMT values approach or exceed 0.85, addi-
tional scrutiny of item cross-loadings is applied to confirm construct boundaries.

7.7 Analytical Procedure

Partial least squares structural equation modeling (PLS-SEM) is employed as the primary analy-
tical method, implemented using SmartPLS software. PLS-SEM is selected over covariance-based
structural equation modeling given the study’s theoretical orientation toward prediction and
explanation, its complex model structure incorporating higher-order constructs and interac-
tion terms, and its comparative flexibility with respect to distributional assumptions (Hair et al.,
2019). Analysis proceeds in the two-stage sequence described above, with measurement model
validation preceding structural model estimation.

At the structural stage, path coefficients, coefficients of determination (R-squared), effect sizes
(f-squared), and predictive relevance (Q-squared via blindfolding, Stone-Geisser criterion) are
reported. Serial mediation is tested using bias-corrected bootstrapping procedures with 5,000
re-samples to construct 95% confidence intervals for specific and total indirect effects. Moderation
effects are examined by including the interaction term between each moderating variable and its
corresponding predictor construct, with the change in R-squared attributable to the interaction
term reported as the effect size. To address potential common method variance arising from the
single-source, single-time-point design, procedural remedies are applied during survey design:
attitudinal and behavioral items are separated within the instrument, reverse-coded items are
included, and respondent anonymity is explicitly assured. Harman’s single-factor test is applied
as a post-hoc diagnostic check for common method bias.
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8 CONCLUSION AND IMPLICATIONS
8.1 Summary and Theoretical Significance

This study addresses the persistent intention-behavior gap in green fashion consumption
among Generation Z consumers in Bangladesh by advancing an integrated value-intention-
-planning-behavior framework that incorporates post-intention volitional mechanisms absent
from conventional models. In responding to well-documented limitations of intention-centric
approaches in sustainable consumption research, the study does not merely replicate existing
theoretical configurations; it advances a framework that connects multidimensional consumer
values to green purchase intention and subsequently to actual purchasing behavior through
a structured series of mediating and moderating mechanisms. By positioning implementation
intention as the critical behavioral planning mechanism and differentiated self-efficacy as the
phase-specific regulatory variable, the research directly addresses the mechanistic and theore-
tical gaps identified in the literature and responds to longstanding calls to move beyond static,
motivation-only accounts of ethical consumption toward more dynamic explanations of behavi-
oral enactment.

8.2 Anticipated Theoretical Contributions and Extensions to the
Literature

The proposed framework is positioned to make several distinct contributions to the existing
theoretical literature on sustainable fashion consumption and the intention-behavior gap. These
anticipated contributions are presented in relation to the specific theoretical claims they extend,
qualify, or challenge.

First, the study challenges the prevailing assumption that purchase intention constitutes a suffi-
cient proximal predictor of consumption behavior. The bulk of empirical research grounded in
the Theory of Planned Behavior treats behavioral intention as the primary and often exclusive
determinant of action, thereby treating the mechanism through which intentions are converted
into behavior as theoretically transparent (Ajzen, 1991; Carringtonetal, 2010). The proposed
framework argues, and is expected to demonstrate empirically, that motivational readiness and
behavioral execution are separable psychological stages, each of which is sensitive to distinct
enabling or inhibiting conditions. By demonstrating that implementation intention mediates the
relationship between green purchase intention and actual green purchasing behavior, the study
extends intention-based models by clarifying the volitional mechanism that bridges the motivation-
-action divide, a distinction that existing TPB-based applications in sustainable fashion research
have largely elided (Carrington et al., 2014; Tawde et al., 2023).

Second, the differentiated treatment of self-efficacy as a phase-specific moderating mechanism
advances a conceptual refinement absent from most existing sustainable fashion research. Prior
studies have typically applied general self-efficacy as either a direct predictor or an undifferen-
tiated moderator of intention-behavior linkages, without distinguishing the functional role of
efficacy beliefs at distinct stages of behavioral enactment (Khare & Sadachar, 2017; Wiederhold &
Martinez, 2018). By separately modeling action self-efficacy at the intention-to-planning transition
and coping self-efficacy at the planning-to-behavior transition, the study provides a more granular
account of why consumers who hold equivalent intentions and equivalent behavioral plans
nonetheless produce divergent purchasing outcomes. This distinction extends Schwarzer’s (2008)
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phase-specific efficacy theory into the sustainable consumption domain, offering empirical
evidence for its applicability in a constrained developing-economy context where situational
barriers are particularly salient.

Third, the integration of the Theory of Consumption Values and the Theory of Planned Behavior
within a single structural model extends both frameworks beyond their conventional applica-
tion boundaries. TCV has been extensively applied to explain intention formation in sustainable
consumption contexts but has rarely been extended to account for behavioral enactment or to
engage with post-intention volitional processes (Tanrikulu, 2021; Sharma & Kushwah, 2025).
TPB, conversely, has been applied primarily as an intention prediction model without adequa-
tely accounting for the multidimensional value substrate that shapes the attitudinal foundation
of intention formation. The proposed integration addresses both limitations by establishing GCV
as the value antecedent that activates the TPB mechanism and by connecting that mechanism to
the post-intention enactment pathway. Consequently, the study is positioned to provide one of the
more complete accounts of the full value-to-behavior pathway in sustainable fashion research.

Fourth, the study challenges the contextual portability assumption that is often implicit in
sustainable consumption research, namely the assumption that findings generated in developed-
-economy contexts generalize directly to developing and producer economies. By empirically testing
the model in Bangladesh, where structural constraints, collectivist cultural norms, and market
access conditions differ substantially from those in Western consumer markets, the study antici-
pates findings that may diverge meaningfully from established theoretical predictions. The role of
subjective norms within TPB may prove to be more pronounced than attitudinal determinants in
the Bangladeshi context, consistent with the collectivist cultural dynamics elaborated in Section
4.3 (Hofstede, 2001; Al-Swidi et al., 2014). Similarly, coping self-efficacy may exert a stronger mode-
rating effect on behavioral enactment in this context given the structural barriers, particularly
price premiums and limited sustainable product availability, that characterize the Bangladeshi
sustainable apparel market. Where such divergences from established findings emerge, they carry
meaningful implications for the boundary conditions of existing theory and for the need to develop
context-sensitive conceptual models.

8.3 Practical and Policy Implications

Beyond its theoretical contributions, the study is designed to generate actionable insights for practi-
tioners and policymakers seeking to facilitate green fashion purchasing among young consumers
in developing economies. For sustainable fashion brands and marketing practitioners, the frame-
work suggests that campaigns targeting environmental awareness and attitude formation are
necessary but insufficient conditions for behavioral change. If implementation intention mediates
the intention-behavior pathway, then marketing interventions that facilitate concrete behavioral
planning, including purchase commitment tools, targeted reminders triggered at relevant times
and retail contexts, and decision scaffolding that reduces friction at the point of purchase, are
likely to prove more effective than attitude-focused communication alone. Such approaches opera-
tionalize the implementation intention mechanism and are consistent with behavioral activation
strategies demonstrated to be effective in analogous consumption domains (Gollwitzer, 1999).

For policymakers in Bangladesh and comparable developing economies, the study underscores
the structural and relational dimensions of the intention-behavior gap. Interventions that enhance
the affordability and accessibility of sustainable apparel, through certification programs, import
duty structures that favor sustainable materials, or public procurement commitments that expand
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sustainable market supply, directly address the situational barriers that undermine coping self-
-efficacy and thereby prevent consumers from enacting existing purchase intentions. Given the
collectivist cultural dynamics identified in Section 4.3, policy efforts that engage peer networks,
community organizations, and digitally prominent reference groups may be particularly effective
in creating the social normative conditions under which sustainable fashion purchasing becomes
the behaviorally and socially supported default among Generation Z consumers in Bangladesh.

8.4 Limitations and Directions for Future Research

Several limitations of the present study should be acknowledged. First, the cross-sectional research
design restricts causal inference and limits the ability to observe how values, intentions, and
behaviors evolve as sustainable fashion markets mature. Second, reliance on self-reported behavi-
oral measures introduces potential response bias, particularly in socially desirable domains such
as sustainable consumption. Third, the purposive urban sampling strategy may introduce selection
effects that limit the representativeness of findings across the broader Generation Z population
in Bangladesh, including less digitally connected or lower-income segments for whom structural
barriers are even more severe. Fourth, while the study develops and tests the proposed framework
in the Bangladeshi context, cross-cultural generalizability cannot be assumed without replication
in comparable developing and producer economies.

These limitations suggest several productive directions for future research. Longitudinal designs
would provide deeper insight into the temporal dynamics of the value-intention-behavior relati-
onship and would permit stronger causal inference regarding the mechanisms identified in the
proposed model. Comparative studies across multiple developing economies would support the
systematic assessment of contextual moderators, including collectivist norms, structural market
conditions, and generational cohort effects on the value-to-behavior pathway. Future research may
also extend the framework by incorporating digital social influence mechanisms, including social
media exposure, influencer-mediated consumption norms, and electronic word-of-mouth, which
constitute particularly salient behavioral drivers for Generation Z consumers in digitally connected
markets (Seyfiet al., 2023; Chaturvedi et al., 2020). Qualitative or mixed-methods research designs
would further enrich understanding of the psychological processes and social dynamics through
which implementation intentions are formed and executed in collectivist consumer contexts.

8.5 Concluding Statement

This study contributes to sustainable consumption research by proposing and empirically testing
a theoretically integrated and context-sensitive account of green fashion purchasing behavior
among Generation Z consumers in Bangladesh. By foregrounding the volitional mechanisms, speci-
fically implementation intention and phase-specific self-efficacy, that either enable or constrain
the translation of values into action, it underscores the importance of moving beyond awareness-
-driven and attitude-focused explanations toward interventions that actively support planning,
self-regulatory confidence, and behavioral capability. Such an approach is essential for both advan-
cing scholarly understanding of sustainable consumption enactment and for designing practical
and policy interventions capable of fostering meaningful sustainable transformation within the
global fashion industry.
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ABSTRACT

This article deals with the robustness comparison of a Mamdani-type fuzzy controller and
a classical PID controller on four typical controlled systems: proportional non-oscillatory,
proportional oscillatory, proportional with transport delay, and integrating with inertia.
The work responds to the lack of systematic comparison of both controller types under
disturbances and parameter changes. Measurements were performed in MATLAB Simulink;
PID was tuned automatically by the PID Tuner, the fuzzy controller manually by the
Mamdani method with a simplified 3x3 rule base. Robustness was assessed for a position
step of 10-40% and time-constant changes of 0-20%. Control quality was quantified by the
IAE and ITAE summation criteria. For three of the four systems, the fuzzy controller was one
to two orders of magnitude better in ITAE; for the system with transport delay, the PID was
conversely two orders of magnitude better.

Keywords: fuzzy controller, PID, robustness, Mamdani, ITAE, transport delay
JEL Code: C88

1 INTRODUCTION

PID controllers have long been the standard in industrial automation. Their transfer properties are
well known and tuning methods range from empirical (Ziegler-Nichols) to automated (PID Tuner
in MATLAB Simulink). For linear systems with well-identifiable parameters, PID performs satis-
factorily (JanoSek and Farana, 2014). When the system contains nonlinearities, transport delay,
or its parameters drift in time, the PID performance often drops. The work draws on agricultural
applications, where systems with longer time constants occur (greenhouse temperature control,
grain-silo humidity control) and the choice of a suitable controller is essential.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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1.1 Fuzzy Logic and the Mamdani FIS

Fuzzy logic, introduced by Zadeh (1965) and shaped into a controller by Mamdani and Assilian
(1975), offers an alternative. Instead of binary values {0, 1} it works with the entire interval (0,1),
and the central concept is the membership function, which assigns a single measurement degrees
of membership in multiple fuzzy sets. A Mamdani-type Fuzzy Inference System (FIS) performs
inference according to rules of the form:

IF eis A; AND é is B; THEN wu is Cjy;,

@

where e is the control error, e "its derivative and u the actuation. The Mamdani FIS has a fixed
input-output model: fuzzification - inference — defuzzification, with the centroid as a typical defuz-
zification method. An alternative to Mamdani is the Takagi-Sugeno-Kang (TSK) system (Takagi and
Sugeno, 1993), which uses input functions instead of fuzzy sets in rule consequents; Mamdani was
chosen in this work for its more intuitive design.

1.2 Robustness and Control-Quality Criteria

Robustness is the ability of a controller to maintain control quality under disturbances or system-
-parameter changes. The quality is typically quantified by summation criteria, particularly the
integral of the absolute error and the time-weighted integral:

Ing = [y le(t)ldt, Timag = [y t-le(t)| dt,

ITAE penalises long-lasting errors and is often more relevant for practical evaluation. Studies
comparing fuzzy and PID control usually focus on a single specific task (Modrlak, 2002) and
benchmark against the best-fitting setup; a systematic comparison across multiple system types
appears less frequently. Providing such a comparison is the aim of this work.

)

2 METHODOLOGY

Four representative controlled systems were chosen. A proportional non-oscillatory second-order
system with transfer:

1
Gs1 (5) — T1s+1)(Tzs+1) ? T = 10,

A proportional oscillatory second-order system:

3)

Ty =5.

@

Gy (s) — 1 Ty =5,|£=0.8.

TEs?+2¢Tps+17°
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A proportional system with transport delay:
(5)

TSR Ty = 1.

G (s) _ e 95

An integrating system with inertia:

_ 1 _
G54 (8) = T,(Tisi1)° Ts = 10,

Simulations ran in MATLAB Simulink. For each system a circuit was assembled in which PID and
fuzzy control operated in parallel over the same plant so that the responses could be compared
directly. The PID was tuned automatically by the PID Tuner with parameters Response Time
1.25s and Transient Behavior 0.45; for the system with transport delay the Response Time had to be
increased to 4.5 s, as lower values led to unstable response. The fuzzy controller was tuned manu-
ally by the Mamdani method with triangular membership functions for the error and its derivative
(Figure 1) and a simplified 3x%3 rule base (Figure 2). The tuning target was a maximum steady-state
deviation of 0.003 from the setpoint as the reference criterion. Defuzzification used the centroid
method. Robustness was tested in two independent scenarios: a position step of 10, 20, 30 and
40% of the input signal, and a change of time constants by 5, 10, 15 and 20% of the original value
(modelling system ageing or an inaccurate model). For each scenario the overshoot, settling time
and IAE and ITAE criteria were recorded.

(6)

Fig. 1: Membership functions of the input “error” for the proportional non-oscillatory
plant —three triangular sets neg, okdoos over the range (-5,5); the narrow peak ok around
zero ensures stabilisation in the steady state (adopted from Hebelka 2026)
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Fig. 22 Mamdani fuzzy controller rule base — nine IF (error x derivative) THEN action rules
for the proportional non-oscillatory plant (adopted from Hebelka 2026).

3 RESULTS

The resulting PID parameters after tuning by the PID Tuner are summarised in Table 1.

Tab. 1 PID controller tuning by the PID Tuner

System K_p K I K_D

Proportional non-oscillatory 11.36 2.00 13.75
Proportional oscillatory 19.33 2.17 37.08
Proportional with transport delay 11.46 0.95 -3.28
Integrating with inertia 6.83 0.66 15.41

The negative derivative gain for the system with transport delay reflects that the PID Tuner chose
a markedly less aggressive action to compensate the dead time.

Proportional non-oscillatory. PID overshoot grew roughlylinearly with the error (0.080 - 0.317
for 10 - 40%), the fuzzy controller saturated around 0.16. Settling times were 4.6-15.7 s for PID and
0.4-0.82 s for fuzzy. ITAE for fuzzy was 1.30-2.15 versus 14.52-42.16 for PID. The fuzzy controller
is more robust here.

Proportional oscillatory. PID overshoot 0.098-0.388 (linear with error), fuzzy 0.116-0.157
(asymptotically stable). Settling times PID 17.9-27.4 s, fuzzy 0.75-1.26 s. ITAE fuzzy 3.26-5.77 versus
37.65-98.55 for PID. The fuzzy controller is more robust.

Proportional with transport delay. The third test reversed the result. PID settling time 34.7-
48.5s, fuzzy 83.2-218.3 s — that is, 2.5-4.5x worse. IAE PID 19.1-24.3, fuzzy 245.7-385.5. ITAE PID
221-570, fuzzy 15 092-57 856, two orders of magnitude worse. PID is more robust here.

Integrating with inertia. PID overshoot 0.109-0.432, fuzzy 0.091-0.157. Settling times PID
10.2-12.2 s, fuzzy 0.44-0.85s. ITAE PID 47.6-113.6, fuzzy 1.21-2.00 — two orders of magnitude
better for fuzzy (Hebelka, 2026).

A comparison summary for all four systems is shown in Table 2; a typical time response is
shown in Figure 3.
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Tab. 2 Robustness summary — which controller wins per system

System More robust controller ITAE (PID / fuzzy)
Proportional non-oscillatory Fuzzy 14-42/1.3-2.2
Proportional oscillatory Fuzzy 38-99/3.3-5.8
Proportional with transport delay PID 221-570/15 092-57 856
Integrating with inertia Fuzzy 48-114/1.2-2.0

Fig. 3: Time response of PID (green) and fuzzy (orange) controllers for the proportional
non-oscillatory system under a unit step; blue is the setpoint (adopted from Hebelka 2026).

4 DISCUSSION

The results confirm the general statement in the literature that fuzzy controllers usually outper-
form PID on nonlinear or poorly modelled tasks. The system with transport delay is an important
exception. Dead time is tricky from a controller’s standpoint: an action taken at time t shows up on
the controlled variable only at t+T_d. If the controller reacts only to the instantaneous error and
its derivative, it easily overshoots — keeping the action longer than necessary because it cannot
yet see the effect. The PID copes with this via a negative K_D, which effectively brakes the action
before the error appears. The Mamdani fuzzy controller with a simplified 3x3 rule base cannot
achieve such fine behaviour; its rule base reacts to coarse categories, and damping the dead time
would require substantially richer rules. A suitable path forward is a Smith predictor combined
with fuzzy logic or a neuro-fuzzy controller.

A second point concerns the tuning method. PID was tuned automatically by the PID Tuner, which
yields an essentially optimal result; the fuzzy controller was tuned by manual trial and error. This is
fair in the sense that a manually tuned PID typically performs worse than a Tuner-tuned one — but
it does not allow a fully symmetric comparison. Future work could employ optimisation methods for
automated fuzzy tuning (for example a genetic algorithm to search the membership-function layout).
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5 CONCLUSION

The work compared a Mamdani-type fuzzy controller and a classical PID controller on four typical
controlled systems. For each system both controllers were tuned by the same methodology and
tested under a 10-40% position step and a 0-20% change of time constants. Three findings deserve
attention. For three of the four systems (proportional non-oscillatory, oscillatory, integrating with
inertia) the fuzzy controller was more robust — ITAE typically 10-20x better than PID, settling time
one order of magnitude shorter. For the system with transport delay PID was more robust — ITAE
two orders of magnitude better (220-570 versus 15000-58 000); a fuzzy controller built on the
instantaneous error and its derivative cannot handle dead time without a substantially richer rule
base. The choice of the quality metric materially affects interpretation — ITAE, which penalises
late errors, better matches user perception than settling time or IAE alone. Future expansions may
include automated fuzzy tuning by a genetic algorithm and a combination with predictive tech-
niques for systems with transport delay.
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ABSTRACT

This study addresses climate vulnerability and the lack of data-driven tools in Nepalese
agriculture by building predictive crop-yield models for 14 districts in the Koshi Province.
Applying a data-science pipeline to historical agricultural records and NASA POWER
agroclimatic data spanning 11 crops over 11 fiscal years (2011/12-2021/22), the research
evaluates Random Forest and Gradient Boosting Regressors across five distinct weather-
feature datasets. The results demonstrate that the Random Forest Regressor consistently
outperforms Gradient Boosting, explaining 74% to 84% of yield variance. The highest
predictive accuracy was achieved using engineered growing-season averages (Baseline
R?=10.83, Post-tuning R?=0.84), confirming that crop-specific seasonal summaries are
the most informative features. Temperature emerged as the strongest single predictor
of crop yield (R? = 0.82), while standalone precipitation exhibited the weakest predictive
power (R*=0.74). These findings offer an empirical decision-support foundation
for farmers and policymakers to quantify climate impacts and enhance sustainable
agricultural planning in Nepal.

Keywords: predictive analytics, machine learning, crop yield prediction, Nepalese
agriculture, weather impact
JEL Code: Q10, C54, C63

1 INTRODUCTION

Agriculture is the backbone of Nepal’s economy, employing around 65% of the population and
contributing approximately 27% of GDP. The country’s diverse agroecological zones and rich
biodiversity create significant potential for food and nutritional security; however, the sector faces
persistent challenges, including unpredictable weather events, outdated irrigation infrastructure,
and a lack of evidence-based decision-making tools.

Predictive analytics—using historical data to forecast future outcomes—offers a path toward
more resilient and productive agriculture. Advances in machine learning (ML), the Internet of
Things (IoT), and open data platforms now make it feasible to develop yield-prediction models
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tailored to Nepal’s conditions. Technology can thus assist in transforming the global food produc-
tion system while mitigating its impact on the climate and environment (Lim, 2022).

Nepalese farmers lack the knowledge and tools to leverage past weather and yield data for deci-
sion-making. Existing crop-yield prediction models do not adequately capture the specific impact
of weather variability on Nepalese agriculture. This study addresses the gap by building and
evaluating predictive models using historical agroclimatic and agricultural data.

The objective is to identify problems in Nepal’s agricultural sector that can be addressed through
advanced analysis of historical data and to provide a decision-support foundation for farmers and
policymakers. The study specifically pursues the following questions:

» Can a predictive model capture the effect of weather factors (temperature, humidity, precipitation)

on crop yields?

» Which weather parameter exerts the greatest influence on agricultural yields?

« Is there a significant relationship between growing-season weather conditions and crop yield?

» What actionable recommendations can improve the future potential of Nepalese agriculture?

The study focuses on 14 districts of Koshi Province, Nepal, covering 11 crops (6 cereals, 3 cash
crops, 2 pulses) over 11 fiscal years (2011/12-2021/22). Key limitations include sampling bias toward
Koshi Province, data quality constraints, reliance on publicly available weather records, exclusion
of soil and socioeconomic variables, and the difficulty of modelling unpredictable extreme weather
events.

2 CURRENT STATE OF RESEARCH
2.1 Predictive Analytics in Agriculture

Predictive analytics has gained widespread adoption in agriculture globally, enabling more accurate
yield forecasting, resource optimization, and risk management. Machine learning models—parti-
cularly ensemble methods such as Random Forest and Gradient Boosting—have demonstrated
strong performance in non-linear regression tasks involving weather-crop relationships. Studies
across East Africa (Aworka et al., 2022), Europe (Paudel et al,, 2022), India (Sabu et al., 2020), and
Nepal (Fernandez-Beltran et al., 2021) confirm the adaptability of these approaches across diverse
agricultural contexts.

2.2 Weather and Crop Yield in Nepal

Nepal’s agriculture is highly monsoon-dependent. Rice, the dominant cereal, requires timely and
adequate rainfall; wheat is sensitive to heat and water stress during grain-filling. Climate studies
confirm that increased temperature variability and erratic rainfall reduce yields for both crops,
with effects varying by altitude and growing season. A 2016 CBS survey found that nearly 100% of
households observed increased drought over the prior 25 years, and 97.7% noted a rise in disease
incidence and irregular rainfall.

Climate change is projected to intensify these pressures through rising temperatures, altered
monsoon patterns, and more frequent extreme events—flooding in 2017 alone damaged 10% of
total paddy area (FAO, 2023).
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2.3 Key Models and Evaluation Approaches

The literature documents several modelling frameworks relevant to Nepal: CNN-based models
using Sentinel-2 satellite imagery for rice yield (Fernandez-Beltran et al.,, 2021), ARIMA and LSTM
for price/yield time-series forecasting, Random Forest and Support Vector Regression for multi-
-feature yield prediction (Ramu, K. & Priyadarsini, K, 2021); and interaction regression models
that can outperform standard ML algorithms (Ansarifar et al., 2021). Common evaluation metrics
include R? (explanatory power), Mean Squared Error (MSE), and Mean Absolute Error (MAE), vali-
dated primarily via k-fold cross-validation (Oikonomidis et al., 2022; Burdett & Wellen, 2022).

2.4 Research Gap

Despite a growing global body of work, predictive models specifically calibrated to
Nepal’s diverse agroecological conditions, fiscal-year data structure, and smallholder context
remain scarce. This study addresses that gap by building district-level, multi-crop models
from publicly available Nepalese data.

3 METHODOLOGY AND DATA
3.1 Research Approach and Design

The study combines quantitative modelling with qualitative contextualization. Quantitative analysis
is central: numerical weather and yield data are used to train and evaluate regression-based ML
models predicting yield. Qualitative insights from the literature inform feature selection, model
interpretation, and recommendations. The workflow follows a standard data-science pipeline:
data collection — preprocessing — feature engineering - model training — evaluation - tuning.

3.2 Data Sources

Two primary data sources were used: (1) annual crop yield records for 11 crops across 14 Koshi
districts, obtained from the Ministry of Agriculture and Livestock Development (MOALD); and (2)
monthly weather data—surface temperature (TS), 2-meter temperature (T2M), specific humidity
(QV2M), relative humidity (RH2M), and corrected precipitation (PRECTOTCORR)—obtained from
NASA POWER. The combined dataset spans 11 years, 14 districts, and 11 crops, and contains the
following features: Year (Fiscal year), District (Name of the district), Crop (Name of the crop), Yield
(Metric ton production over the area in Hectare), TS (Earth Skin Temperature/Surface Temperature
(°C)), T2M (Temperature at 2 Meters (°C)), QV2M (Specific Humidity at 2 Meters (g/kg)), RH2M
(Relative Humidity at 2 Meters (%)), PRECTOTCORR (Precipitation Corrected (mm/day)).

3.3 Data Preprocessing
After merging the two sources by fiscal year and district, the dataset was cleaned by removing dupli-
cate records, replacing missing numerical values with column means, and dropping remaining null

entries. All features were then normalised using the Yeo-Johnson power transformation (to appro-
ximate Gaussian distributions) and standardised with StandardScaler (zero mean, unit variance).
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3.4 Feature Engineering

Raw monthly weather data produced a large feature space detrimental to model performance.
Following Eck et al. (2020), crop-specific growing-season averages were calculated for each weather
variable, reducing the feature set to five engineered variables: GSavgTS (Growing season average
for Temperature Surface), GSavgT2M (Growing season average for Temperature at 2 meters),
GSavgQV2M (Growing season average for Specific Humidity at 2 meters), GSavgRH2M (Growing
season average for Relative Humidity at 2 meters), and GSavgPREC (Growing season average for
Precipitation Corrected). Five distinct datasets were constructed to test the individual and combined
predictive power of temperature, humidity, precipitation, and growing-season weather: Dataset 1
(Temperature + Humidity + Precipitation + Crop + Yield), Dataset 2 (Humidity + Crop + Yield), Dataset
3 (Temperature + Crop + Yield), Dataset 4 (Precipitation + Crop + Yield), Dataset 5 (Growing Season
Averages + Crop + Yield).

3.5 Models

Two ensemble regression models were selected after initial experiments: Random Forest Regressor
and Gradient Boosting Regressor (both from scikit-learn). Each model was trained on 75% of the
data and tested on the remaining 25%. Key hyperparameters include n_estimators, max_depth,
learning_rate (GBM only), min_samples_split, min_samples_leaf, and max_features.

3.6 Evaluation and Tuning
Model performance was measured using R? MSE, and MAE on the held-out test set. Generalisation
was assessed with 5-fold cross-validation (KFold). Hyperparameters were optimised via two approa-

ches: RandomizedSearchCV (faster, samples random combinations) and GridSearchCV (exhaustive but
computationally expensive). Both tuning results are reported and compared against baseline models.

4 RESULTS AND DISCUSSION
4.1 Baseline Model Performance
Table 1 summarises the performance of the two base models across all five datasets. Random

Forest consistently outperformed Gradient Boosting in R?, MSE, and MAE. The highest baseline
performance was achieved on Dataset 5 (Growing Season Averages) with Random Forest (R?=0.83,

Tab.1 Base Model Performance

Dataset RF R? RF MSE RF MAE GB R? GB MSE GB MAE
1: All weather 0.80 29.09 1.62 0.77 32.66 2.14
2: Humidity 0.79 29.83 1.70 0.79 30.93 2.11
3: Temperature 0.82 25.62 1.60 0.78 31.09 2.10
4: Precipitation 0.74 37.66 2.02 0.74 37.31 2.21
5: Growing Season Avg 0.83 25.03 1.76 0.81 27.80 2.03
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MSE =25.03) and Dataset 3 (Temperature only) also performing strongly (R?=0.82, MSE =25.62).
Precipitation alone (Dataset 4) yielded the weakest results for both models (R* =0.74).

4.2 Cross-Validation Results

5-fold cross-validation confirmed the robustness of both models. Average R? values ranged from
0.78-0.80 for both models across all datasets, with standard deviations of MSE between 8.99 and
11.09—indicating acceptable and consistent variance. The two models performed nearly identi-
cally in cross-validation, suggesting neither is prone to overfitting on this dataset.

4.3 Model Tuning Results

After hyperparameter optimization, performance improved modestly. Table 2 shows the post-
-tuning results. The best overall result was achieved by Random Forest on Dataset 5 using both
RandomizedSearch and GridSearch (R*=0.84, MSE =23.24 and 23.01, respectively), a meaningful
improvement over the baseline MSE of 25.03. RandomizedSearch generally yielded comparable or
better results than GridSearch at far lower computational cost.

Tab. 2 Performance After Hyperparameter Tuning

Dataset Model Rand. R? Rand. MSE Grid R? Grid MSE
1: All weather Random Forest 0.81 28.03 0.80 28.15
1: All weather Gradient Boosting 0.78 31.50 0.77 32.66
3: Temperature Random Forest 0.83 25.06 0.83 24.60
5: Growing Season Random Forest 0.84 23.24 0.84 23.01
5: Growing Season Gradient Boosting 0.80 28.63 0.81 28.00

4.4 Key Findings

Several key findings can be identified after detailed analysis

Temperature is the strongest single predictor of crop yield. Dataset 3 (temperature only)
achieved a near-top R*=0.82, outperforming humidity and precipitation individually.
Growing-season averages are the most informative engineered feature. Dataset 5 achieved
the best performance across both models and both tuning methods, confirming that
crop-specific seasonal weather summaries are more predictive than raw monthly records.
Precipitation has the weakest standalone predictive power. Dataset 4 consistently
recorded the lowest R? (~0.74) and highest MSE, though it still contributes in combination
with other variables.

Random Forest Regressor is the preferred model. It outperformed Gradient Boosting on
all five datasets in both baseline and tuned evaluations, with higher R? and lower MSE/
MAE in most cases.

Broad weather feature sets improve accuracy. Combining temperature, humidity, and preci-
pitation (Dataset 1) produced better results than any single variable except growing-season
averages, suggesting complementary predictive value.
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4.5 Discussion and Recommendations

The findings confirm that weather—particularly temperature and growing-season condi-
tions—is a significant driver of agricultural yield variability in Nepal’s Koshi Province. The
Random Forest model’s robustness and its ability to capture non-linear feature interactions
make it well-suited for this domain.
Recommendations for practitioners and policymakers include:
* Incorporate comprehensive weather variables in yield models, prioritising temperature and
growing-season averages.
* Use RandomizedSearchCV for hyperparameter tuning as a cost-effective alternative
to GridSearchCV.
» Extend the model with additional features (soil properties, fertiliser data, planting and harvest
season averages) to improve precision.
+ Establish feedback loops with farmers and policymakers to validate predictions and iterati-
vely refine the model.
» Design seasonal climate-resilience policies that specifically account for temperature fluctua-
tions during crop growing seasons.

5 CONCLUSIONS

This study demonstrates that machine learning—in particular, the Random Forest Regressor—can
effectively model the relationship between weather conditions and crop yields in Nepal’s Koshi
Province, achieving R? values up to 0.84 after hyperparameter tuning. Across five datasets
representing different combinations of temperature, humidity, and precipitation, the models
consistently explained 74-84% of yield variance, confirming the significant impact of weather
on agricultural productivity.

Among all weather variables examined, temperature and growing-season average weather
emerge as the most influential predictors of crop yield. Precipitation, while important in combina-
tion, contributesless when used in isolation. These results align with the broader climate-agriculture
literature and provide empirical grounding specific to Nepal’s Koshi region.

The developed framework offers a practical decision-support foundation: it can predict yields
based on historical data, quantify how specific weather patterns drive productivity, and guide
resource allocation and risk management. With continuous data updates, integration of additional
features, and collaboration between data scientists, agronomists, and policymakers, this approach
can evolve into a robust tool for sustainable agricultural planning in Nepal.

Future research should broaden the geographic scope beyond Koshi Province, incorporate more
crops and non-weather variables (e.g., soil chemistry, fertilizer application), and explore real-time
data integration via IoT sensors and satellite imagery to further enhance predictive accuracy and
practical utility.
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ABSTRACT

This study examines how selected elements of influencer marketing content affect consumer
attention and perception in the context of decorative cosmetics. Primary data were collected
through an eye-tracking experiment and follow-up in-depth interviews with 35 women
aged 18 to 34. The experiment used visual and audiovisual stimuli based on social media
content and included several A/B comparisons, such as user comments, number of hashtags,
product arrangement, product photography style, make-up application, and the use of
a well-known person’s face. The results suggest that product arrangement and photographic
style influenced visual attention, while celebrity presence and make-up application did
not lead to statistically significant differences in observation time. Interviews showed
that participants generally perceived influencer reviews positively, especially when they
appeared authentic, critical, and based on real product use. Most participants also preferred
influencers to disclose paid cooperation.

Keywords: influencer marketing; decorative cosmetics; eye-tracking; social media;

Instagram; consumer attention; sponsored content
JEL Code: C91, D91, M31

1 INTRODUCTION

In January 2019, Relatable (2019) conducted a survey of 351 marketers from around the world
and concluded that 94% of respondents considered influencer marketing to be an effective form of
promotion. The survey also indicated that Instagram was the most popular platform for influencer
campaigns. According to statistics available at that time, approximately 1 billion users were active
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on Instagram. Interestingly, 68% of Instagram users were women. The platform was particularly
popular among teenagers and people aged 18 to 29 (Aslam, 2019). For comparison, according to
surveys from the last quarter of 2018, there were nearly 4.2 billion active Internet users worldwide,
while 3.4 billion people were active on social networks (Kemp, 2018).

According to Hennessy (2018), Instagram is the platform to which the vast majority of marketing
campaigns involving influencers are directed. Aslam (2019) reports that up to 78% of influencers
prefer Instagram as a branding platform, and more than half of influencers also use the Stories
feature for sponsored campaigns.

The Influencer Marketing Hub study (Conick, 2018) shows that the value of influencer marke-
ting as an industry was USD 1.7 billion in 2016, USD 3 billion in 2017, USD 4.6 billion in 2018, and
an estimated USD 6.5 billion in 2019. In a study conducted by CPC Strategy (2018) on a sample of
1,571 Americans aged 13 and older, consumers’ perceptions of influencer recommendations were
examined. When participants knew that influencers had been paid for cooperation, the largest
group of respondents (44%) stated that it was difficult to answer without further information. They
usually indicated that it depended on how well they knew and trusted the influencer. At the same
time, the study showed that the most common reason why consumers considered influencers’
recommendations credible was that the influencers used the products themselves. In contrast, parti-
cipants reported that the number of followers played a less important role in influencer credibility.

From a global perspective, the cosmetics market has been growing steadily, with 2018 showing
the largest increase, namely a 5.5% increase in sales compared with the previous year (Statista,
2019). A study by Allied Market Research (Rajput, 2016) expected this growth trend to continue
due to factors such as the growth of global economies, lifestyle changes, increasing demand for sun
protection cosmetics related to changing climatic conditions, and a growing preference for natural
and organic cosmetics.

1.1 Influencer marketing

Newberry (2019) defines influencer marketing as a form of collaboration between a brand and
an individual whose role is to promote a particular product, service, or campaign. In general,
anyone with influence can be considered an influencer (Hennessy, 2018). According to Janouch
(2014, p. 184), influencer marketing is based on identifying leaders of key communities on social
networks. These leaders are typically able to present products and influence the opinions of others.

According to Conick (2018), influencer marketing differs from other forms of online advertising
because it is less intrusive, more flexible, and seeks to build consumer trust. It offers an opportunity to
reach a new generation of consumers who are accustomed to skipping, ignoring, or actively avoiding
online advertising. In their study, Pitz, Kéhler and Esch (2018) found that influencer campaigns affect
brand perception, with a stronger effect observed for lesser-known brands than for strong brands.

Stokes (2017) examined the success of influencer marketing from a psychological perspective.
In this respect, he refers to the mere exposure effect. In simplified terms, Zajonc’s (2001) theory
suggests that repeated exposure to certain content can increase preference for that content over
time. Another relevant phenomenon is conformity, which refers to the adaptation of an individu-
al’s behaviour to surrounding groups, sometimes at the expense of suppressing one’s own opinion.
This tendency has been rooted in human social behaviour since ancient times, when group belon-
ging was important for survival. Today, similar tendencies can be observed in the way users form
communities on social networks, follow influencers, and allow their opinions to be influenced,
either consciously or subconsciously.
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The success of influencers may also be supported by the so-called halo effect, which refers to the
formation of an overall opinion about a person based on one dominant impression that oversha-
dows other characteristics. Social media users may therefore be inclined to believe, based on what
they see online, that an influencer lives an admirable life and represents an attractive personality.

If a company is looking for a suitable influencer in its field, it is useful to observe several typical
characteristics that influencers should possess (Rezni¢ek and Prochézka, 2014). Influencers regu-
larly comment on issues and news in their field, have a broad community of people connected to
them in some way, are considered influential by others in the field, and are able to influence the
opinions of others.

A beauty influencer can be understood as a person known on social networks for expertise in
skin care, hair care, or make-up. Such influencers gather audiences that trust their beauty advice
and product recommendations. Collaboration between these influencers and brands usually
aims to create sponsored content featuring the brand’s product and to generate impact on social
networks (Mediakix, 2018).

The aim of this paper is to present the results of research focused on the use of influencer marke-
ting in the promotion of cosmetic products. Special emphasis is placed on identifying factors that
influence the perception of selected forms of product presentation on social networks. Based on
the findings, recommendations are formulated.

2 DATA AND METHODS

A combination of several techniques was used to collect primary data, namely eye-tracking
research and in-depth interviews. The eye-tracking research was conducted in March 2019 in the
ETLab eye-tracking laboratory at the Faculty of Business and Economics, Mendel University in
Brno. SMI Experiment Center and SMI iView X software were used for stimulus presentation and
data recording. A remote SMI RED 250 eye-tracker was used for the research, with the recording
frequency set to 120 Hz. Individual stimuli were presented to participants on a 22-inch monitor
with a 16:10 aspect ratio. Each experiment started with a five-point calibration followed by four-
-point validation. For calibration purposes, a calibration deviation of up to 0.6 degrees on the X and
Y axes was accepted.

A total of 13 stimuli were investigated, of which four were audiovisual and nine were visual.
This paper presents the results of six visual stimuli and two audiovisual stimuli. The research was
designed in an A/B testing mode, meaning that some stimuli were modified. Participants were
divided into two groups: one group was exposed to the original version of a stimulus, while the other
group was exposed to its modified version. Before each stimulus, a fixation cross was displayed for
1,000 ms to unify the initial gaze position of all participants. Each stimulus was followed by one
or two questions related to the stimulus. The duration of the individual experiment, including the
in-depth interview, was approximately 45 minutes.

The design of the experiment was divided into four thematically different blocks in which stimuli
of the same or similar character were grouped together. These blocks were: (i) video, (ii) post, (iii)
post comparison, and (iv) news feed. Individual stimuli within each block were randomized and
displayed in random order. The order of the blocks was always the same.

SMI BeGaze software was used to evaluate the eye-tracking data. Areas of interest (AOIs) were
created in this software. Using these AOIs, the metrics needed to verify the assumptions and hypo-
theses were obtained. The main metrics tracked for each AOI were dwell time, expressed as the
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percentage of time spent observing the selected AOI, and the sequence order of the selected AQOI in
relation to the other AOIs presented in the given stimulus. Detailed statistical data were generated
for all stimuli and processed using Statistica 12 software. Student’s t-test and the Mann-Whitney
U test were used to analyse the data obtained from the eye-tracking experiment.

In-depth interviews followed immediately after each eye-tracking experiment. Their purpose
was to identify participants’ shopping habits and preferences in the area of decorative cosme-
tics, their attitudes towards social networks and influencers, and their perception of promotion
through influencer marketing. The interviews also referred to selected stimuli displayed during
the eye-tracking experiment in order to interpret the eye-tracking results in more detail and to
obtain additional information that could not be captured by the eye-tracking device.

The research focused on women aged 18 to 34 years. A total of 35 participants aged 21 to 31
took part in the experiment. Snowball sampling was used. All participants confirmed that they
purchased decorative cosmetics, although the frequency of purchase varied among them. Most
often, participants stated that they purchased decorative cosmetics approximately once every two
months (10 out of 35 participants) or once a month (9 out of 35 participants). When asked which
social networks they used, all participants answered Facebook. The second most frequently used
network was Instagram, which was mentioned by 32 participants.

3 RESULTS AND DISCUSSION

In the first stimulus, the impact of user comments on the perceived value of the product was
examined. An Instagram post showing an Essence lip gloss together with user comments was used.
The nature of the comments differed between the two groups. Group A was exposed to a version of
the post containing positive or neutral comments about the product, such as “I am looking forward
to it”. Group B was exposed to a version containing negative comments, for example comments
mentioning the unpleasant smell of the product or problems with colour stability.

The aim was to observe whether attention paid to the comments would differ between the two
groups and whether the nature of the comments would be reflected in the perceived value of the
product, expressed as the price that participants considered acceptable. The eye-tracking results
showed that participants in Group A spent 20.4% of the total stimulus display time looking at the
comment section. In Group B, the average dwell time on the comment section was higher, reaching
32.7% of the total stimulus display time.

The average acceptable price also differed between the groups. Participants in Group A stated an
average price of CZK 133.47, corresponding to EUR 5.13 when using an exchange rate of approxima-
tely CZK 26 per EUR. Participants in Group B stated a lower average price of CZK 97.93, corresponding
to EUR 3.76. Because the data did not meet the normality assumption, the Mann-Whitney U test was
used to test the price difference. The resulting p-value of 0.0695 was higher than the significance
level of a=0.05. Therefore, the difference in the values participants were willing to offer was not
statistically significant. Although the p-value was close to the rejection region, the assumed effect of
negative comments on the perceived value of the product was not statistically confirmed.

Another stimulus used in the experiment was a post depicting Urban Decay Troublemaker
mascara. In version A, the post did not contain hashtags. In version B, a total of 34 hashtags were
displayed in the post description, for example #czechgirls, #makeupaddict, #slave2beauty, #make-
uplook, and #makeupartist. In this case, the aim was to determine whether the presence of a large
number of hashtags would influence the perceived value of the promoted product.

134



VISUAL ATTENTION TO INFLUENCER MARKETING CONTENT IN DECORATIVE COSMETICS...

Katefina Kidtilovd, Stanislav Mokry, Jana Turcinkovd, Michal PSurny

Because the input data did not meet the normality assumption required for the parametric test,
the Mann-Whitney U test was used. The resulting p-value of 0.036100 was lower than the selected
significance level of a=0.05. It can therefore be stated that there was a statistically significant
difference in perceived price between stimulus versions A and B. Based on these findings, the use
of a high number of hashtags may have a negative effect on the credibility of the post and may
consequently influence the perceived value of the presented product.

The third and fourth stimuli focused on attention paid to the person shown in the Instagram news
feed. In the third stimulus, the aim was to determine whether there was a difference in observation
time between a photograph showing an influencer without applied make-up and a photograph
showing a face with applied make-up. Version A presented the face without applied make-up, while
version B presented the same type of visual content with applied make-up, as shown in Figure 1.

Fig. 1: Attention to face without and with
applied makeup

Student’s t-test was used to test differences in observation time because the data met the norma-
lity assumption, as determined by the Shapiro-Wilk test. The resulting p-value was 0.284658. At the
significance level of a=0.05, the results did not show that the use of make-up had a statistically
significant effect on the observation time of the influencer’s face.

The fourth stimulus was used to determine whether there was a difference in observation time
between a photograph depicting an unknown person and a photograph depicting a celebrity. As in
the previous stimulus, the Instagram news feed format was used. For Group A, a photograph of
an unknown person was used. For Group B, the stimulus was modified so that a photograph of
Angelina Jolie was presented together with the product.

In version A, participants spent 7.52% of the total stimulus observation time looking at the face.
In version B, the observation time devoted to the celebrity’s face was slightly higher, reaching 8.85%
of the total observation time. The data were normally distributed, and Student’s t-test was therefore
used. The resulting p-value of 0.334962 indicated that there was no statistically significant diffe-
rence between the mean observation times for the two stimulus versions at the significance level of
a=0.05. Therefore, it can be stated that, in this Instagram news feed stimulus, the use of a celebrity
face did not lead to significantly higher attention compared with the use of an unknown face.

Another set of stimuli was presented as pairs of images, from which participants chose the
version that attracted them more. To avoid an order effect, the order of the images was reversed
between the groups. For Group A, the first image was presented on the left side, while for Group B
the same image was presented on the right side.

The content of these stimuli differed in product arrangement. One photograph showed cosmetic
products neatly and systematically arranged, while the other showed products chaotically scattered,
asif the influencer had taken them out of a handbag. The examined hypothesis concerned whether
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there was a difference in observation time between a photograph depicting organized products
and a photograph depicting unorganized products.

Based on the result of the Shapiro-Wilk test, which confirmed data normality, Student’s t-test
was used. The resulting p-value of 0.002697 indicated a statistically significant difference between
the observation times of the two photographs at the significance level of a=0.05. The photograph
with systematically arranged cosmetic products accounted for 40.86% of the average dwell time,
while the photograph with the disordered arrangement accounted for 48.81% of the total observa-
tion time. These results suggest that photographs presenting products in an unorganized way
may receive more visual attention than photographs showing products systematically arranged.
However, participants’ stated preferences differed from their visual attention patterns. A total of
23 out of 35 participants stated that they preferred the organized composition, in which the objects
were systematically arranged.

Another pair of stimuli presented the same products in two different photographic styles. The
aim was to compare attention to a detailed product photograph with attention to a still-life product
photograph. As in the previous case, the analysis tested which image received more attention.
Because the data met the normality assumption, Student’s t-test was used. The resulting p-value of
0.003683 indicated a statistically significant difference in the mean observation times of the two
stimuli at the significance level of a=0.05.

The average dwell time for the detailed product photograph was 41.04% of the total observation
time, while the still-life product photograph accounted for 48.38% of the total observation time.
It can therefore be stated that still-life product photography received more attention than detailed
product photography. In addition, 28 participants stated that they considered the still-life version
more attractive than the detailed version. Based on this finding, still-life photography appears to be
more suitable for attracting attention than a detailed product photograph in this type of presentation.

Audiovisual presentations were also included in the experiment. These consisted of video
presentations by influencers focused on fashion and beauty. The first video used in the experiment
was a video tutorial in which the presenter demonstrated the use of three products: Catrice HD
Liquid Coverage make-up, NYX HD Concealer corrector, and the NYX Ultimate colour palette. The
length of the video tutorial was 63 seconds. The first product, Catrice HD Liquid Coverage make-
up, was visible for 6,256.25 ms. The second product, NYX HD Concealer corrector, was visible for
2,377.38 ms. The third product, the NYX Ultimate colour palette, was visible for 1,292.96 ms.

For the purpose of A/B testing, the video presented to Group B was modified by removing the
original audio, which contained the presenter’s spoken commentary on the products. Music was
used instead, and no speech was audible. The video presented to Group A was the original version
without any modifications. The results for this stimulus are presented in Table 1.

Tab. 1 Attention to products in video tutorial

Product version | dwell time [ms] | test p-value
A 4,005.90

make-up HD liquid t-test 0.466899
B 4,251.44
A 351.80

corrector HD Mann-Whitney U test 0.105827
B 544.53
A 1,160.00

color palette Mann-Whitney U test 0.228328
B 1,246.59
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When looking at the mean values, there appeared to be some differences between the version
with spoken commentary and the version without spoken commentary. For the first product, the
version without spoken commentary had an average dwell time that was 245.54 ms longer. For
the second product, the dwell time was 192.79 ms longer in the version without spoken commen-
tary. The smallest difference was observed for the third product, where the average dwell time
differed by 86.59 ms.

However, according to the statistical tests, there was no statistically significant difference in dwell
time between versions A and B. Thus, the character of the audio background did not have a stati-
stically significant effect on the observation time of the products presented in the tutorial video.

The second video used in the experiment focused on the perception of a male reviewer of decora-
tive cosmetics. This video was not modified for A/B testing. Instead, it was presented in its original
version to all participants in order to collect their opinions on this form of presentation of products
primarily targeted at women. The protagonist of the video was Jeffree Star, an American YouTuber
listed among influential beauty influencers. In the video, the use of Maybelline Age Rewind liquid
concealer was demonstrated. The video was 54 seconds long, and the presented product was
visible for 11,011 ms. The mean dwell time on the presented product was 3,643.14 ms.

During the interview that followed the video presentation, participants were asked how they
perceived this type of product presentation. In total, 13 out of 35 participants stated that male
reviewers of decorative cosmetics did not fit this product category, seemed unusual to them, or
bothered them. Six participants expressed a neutral attitude. However, the largest group of parti-
cipants, 16 out of 35, reacted positively to this type of presentation. Seven participants mentioned,
based on their own experience, that male reviewers can often demonstrate make-up application
better than some female reviewers.

In general, 31 out of 35 participants perceived reviews by decorative cosmetics influencers positi-
vely. These participants considered such product presentations to be a useful source of inspiration.
Participants usually did not base their purchase decisions on only one review, but tried to collect
more information or compare multiple reviews. During the interviews, participants also menti-
oned that when a reviewer is critical and attempts to be objective, it increases the credibility of the
influencer. Participants also appreciated reviews that demonstrate products in real-life situations.

Four participants perceived influencer reviews negatively. They mentioned that there were too
many such presentations and that they considered them a waste of time. Almost two-thirds of
participants, namely 23 out of 35, stated that they had been consciously influenced by influencers
when purchasing decorative cosmetics. Half of the participants, 17 out of 35, stated that they had
purchased a decorative cosmetics product directly based on an influencer’s recommendation.

According to the interviews, 31 out of 35 participants preferred influencers to disclose paid coopera-
tion in their social media posts. Three participants stated that they did not care about this information,
and one participant stated that influencers had the right not to disclose paid partnership in the post.

4 CONCLUSION

The eye-tracking research showed that, in visually oriented social media environments such as
Instagram, consumers pay attention not only to visual content but also to accompanying text. The
findings suggest that consumers may, in some cases, pay considerable attention to textual elements
of a post. This implies that influencers should focus not only on the photograph or video itself, but
also on the quality, originality, and credibility of the accompanying description.
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The use of an excessive number of hashtags appeared to be inappropriate in the context of the
examined stimuli. Based on the findings, it is recommended to use only a limited number of hash-
tags that are relevant to the post and its content. Although textual elements received a considerable
degree of attention, the eye-tracking results also showed that participants usually looked at the
photograph first. Therefore, if the visual aspect of the post does not attract consumers’ attention
immediately, there is a risk that they may skip the post without reading the accompanying text.

The eye-tracking results further showed that products may receive more attention when they are
presented in a loosely scattered or unorganized arrangement. However, many participants stated
that they preferred images in which products were systematically arranged. This suggests that
visual attention and stated preference do not necessarily correspond. Similarly, still-life product
photography received more attention than detailed product photography and was also evaluated
as more attractive by most participants.

The results also showed that the use of a famous person’s face did not lead to significantly
higher visual attention than the use of an unknown person’s face. Likewise, a face without applied
make-up did not attract significantly more attention than a face with applied make-up. In the case
of audiovisual stimuli, the presence or absence of spoken commentary did not have a statistically
significant effect on the observation time of the presented products.

The follow-up interviews showed that most participants perceived influencer reviews of deco-
rative cosmetics positively and considered them a useful source of inspiration. Participants
appreciated reviews that appeared authentic, critical, objective, and based on real product use.
A substantial proportion of participants also stated that they had been influenced by influencers
when purchasing decorative cosmetics. Finally, the interviews indicated that most participants
preferred influencers to disclose paid cooperation in their social media posts.
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ABSTRACT

The present paper presents the design and implementation of a software tool for automatically
transcribing audio recordings, supplemented by speaker recognition (diarization). The tool
integrates two open-source components: The implementation of OpenAl’'s Whisper Al model
for speech-to-text conversion and the pyannote.audio library or, alternatively, NVIDIA NeMo -
for speaker recognition. The architecture of the system is implemented as a linear pipeline with
modules for audio preprocessing, diarization, transcription, and result merging. It is possible
to modify key processing parameters (model, language, thresholds, clustering method) via
a configuration file without modifying the code. The functionality was verified on two test
sets. The first was a short English recording with a single speaker. In this case, a quantitative
comparison of Whisper Al models was made using the Levenshtein metric. The second was
a one-minute recording with two speakers. In this case, a comparison was made of twenty
configurations in terms of transcription, diarization, and computational complexity. The
medium and large-v2 models demonstrated the highest degree of mutual agreement among
transcriptions (97.79%), while the lowest was exhibited by the tiny and large-v3 models
(82.88%). With regard to overall balance, the configuration employing the large-v2 model and
the NeMo diarization module with spectral clustering was identified as the optimal solution.
The findings substantiate the practical viability of open-source instruments for automated
transcription. However, they concurrently underscore the constraints associated with
multilingual recordings, the computational intricacy, and the susceptibility of diarization to
variations in audio quality.
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1 INTRODUCTION

In recent years, the field of automatic speech processing has witnessed substantial advancements,
largely attributable to the emergence of machine learning models. The capacity to transform
spoken language into a structured text transcript, inclusive of speaker identification, engenders
a plethora of pragmatic applications. These encompass the indexing of audiovisual archives, the
analysis of conference recordings, the facilitation of journalistic and editorial endeavours, and the
processing of qualitative data in research (Mir¢ et al., 2012; Park et al., 2022).

An open-source model that has fundamentally pushed the boundaries of accessibility in this field
is OpenAl’'s Whisper. The model is an encoder-decoder system with a Transformer architecture that
has been trained on 680,000 hours of predominantly multilingual audio, a fact that has enabled
it to deliver robust performance across a range of accents and background noise (Radford et al.,
2023). Whisper Al is distributed as open-source, allowing for free deployment in both academic
and commerecial projects without the need to adapt the model to specific input.

Speech transcription naturally involves the task of speaker identification, known as diarization.
Diarization provides an answer to the question of the speaker’s identity and temporal segmen-
tation of the recording based on the speakers’ identities (Tranter and Reynolds, 2006). Current
approaches encompass classical clustering algorithms based on i-vectors or x-vectors, as well as
end-to-end neural models (Park et al.,, 2022). An open-source tool for this task is the Python library
pyannote.audio, which combines neural segmentation with agglomerative clustering of speaker
vectors (Bredin et al., 2020).

Notwithstanding advances in individual sub-tasks, the successful deployment of integrated tran-
scription and diarization systems remains non-trivial. The following persistent challenges have
been identified: short speech segments, overlapping speech, noise, and sensitivity to sampling
rate and audio compression (Mir6 et al., 2012). The practical implementation of this technology is
further complicated by differences in speaker characteristics due to factors such as age, gender, and
accent (Church et al,, 2017). Furthermore, the synchronisation of the outputs of two independent
models — one for transcription and one for diarisation — generates a distinct class of errors related
to the temporal alignment of segments.

This paper summarises the results of a bachelor’s thesis whose objective was to design, imple-
ment, and test a functional open-source tool that combines these components into a coherent
pipeline. The emphasis was placed on three aspects: The system under discussion features the
following characteristics:

* Modular architecture, which allows individual processing steps to be swapped without
affecting the rest of the system.

+ Configurability of key transcription and diarization parameters via an external YAML file.

* Robustness when processing longer recordings using overlapping segmentation.

The impetus for this endeavour is rooted in the mounting demand for automated tools to facilitate
the transcription of textual data derived from qualitative research methods. The transcription of
an hour-long interview, a task typically undertaken by a qualified transcriber, traditionally neces-
sitates several hours of labour. The implementation of an automated solution has the potential to
markedly reduce the time investment required, albeit at the expense of necessitating human review
of the generated transcription. The reliability of such automation is contingent upon a combina-
tion of the transcription model, the diarization model, and the processing parameter settings.
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The proposed paper will address the following research questions. The first question is to
what extent the transcriptions generated by different Whisper AI model sizes differ for the same
recording. The second question pertains to the identification of the most effective combinations
of configuration parameters (Whisper Al model size, temperature parameter value, choice of
diarization module, and clustering method) that yield optimal results in terms of transcription
quality, diarization accuracy, and computational complexity. The objective of this research is not
to attain state-of-the-art results on standard benchmark data, but rather to ascertain the viability
of constructing a practically usable tool from freely available components and to delineate its
vulnerabilities.

The remainder of the paper is structured as follows. The Methodology and Data chapter provides
a comprehensive overview of the pipeline architecture, the technologies employed, audio preproc-
essing, the principles of diarization and transcription, and the evaluation metrics. The Results
chapter presents a quantitative comparison of Whisper Al models using the Levenshtein metric
and a comparative test of twenty configurations on a longer recording. The final section summa-
rises the main findings, the limitations of the chosen approach, and directions for further research.

2 METHODOLOGY AND DATA

The proposed system is to be implemented as a linear pipeline consisting of four main modules. The
initial module, designated as AudioProcessor, is responsible for the preliminary processing of the
input audio. The second module (Diarizer) performs speaker recognition. The third module, desig-
nated as Transcriber, facilitates the conversion of speech into written form. The fourth module
(ResultsMerger) functions to merge the diarization and transcription outputs, thereby generating
the final structured output in the selected format (TXT, JSON, SRT). The communication infrastruc-
ture is characterized by the implementation of clearly defined data interfaces, facilitating seamless
interaction between modules. A comprehensive logging system is in place to ensure meticulous
documentation of each phase, thus facilitating diagnostic processes. The architecture diagram is
shown in Figure 1.

Audio preprocessing can be delineated in three distinct stages. The initial procedure entails the
implementation of noise reduction through the utilization of the spectral subtraction method, with
the ‘prop_decrease’ parameter set to 0.75. This parameter serves to specify the proportion of the
identified noise that is to be subtracted from the signal. It has been demonstrated that an increase
in value results in enhanced intelligibility; however, it is important to note that overly aggressive
reduction can lead to the distortion of speech segments. The subsequent stage involves amplitude
normalization along the channel dimension of the tensor, thereby ensuring equilibrium of the
volume. The third step in the process is the conversion of the audio file to a standardised WAV
format, with a sampling rate of 16 kHz and a single channel (mono). This is a prerequisite for
the Whisper AI model. For recordings exceeding a specified size, a segmentation technique with
configurable overlap is implemented. This approach serves to mitigate the risk of context loss at
boundaries, thereby ensuring the integrity of the recorded data.

The diarization module has been designed to allow for extensibility. The abstract class, designated
as BaseDiarizer, establishes an interface that is subsequently implemented by specific modules.
Two such implementations are available within the system: the first is labelled PyAnnoteDiarizer’,
and employs the ‘pyannote.audio’ library with the pre-trained model pyannote/speaker-diariza-
tion-3.17; the second is labelled NemoDiarizer’, and is built on top of the NVIDIA NeMo library.

142



ATOOL FOR AUTOMATICALLY TRANSCRIBING INTERVIEWS WITH SPEAKER RECOGNITION

Lukds Kleveta, Jaromir Landa

Fig. 1: Diagram of a linear pipeline for audio processing with diarization and transcription
(Audio Input — AudioProcessor — Diarizer —» Transcriber —» ResultsMerger — Final Results)
(Kleveta, 2025)

The module is selected through the use of a configuration file and the DiarizationFactory class. The
present version of the PyAnnote pipeline (Bredin et al., 2020) operates in three phases: local segmen-
tation using five-second sliding windows, speaker vector extraction, and global agglomerative
clustering (Bredin, 2023). NeMo employs a similar methodology, utilizing its own models for voice
activity detection (vad_multilingual_marblenet), embedding extraction (titanet_large), and spectral
clustering. The output in both cases is a list of time segments with assigned speaker identifiers.

The transcription module utilizes Whisper Al models of varying sizes, ranging from the
compact model (39 million parameters) to the large-v3 model (1.55 billion parameters), in addi-
tion to an optimized turbo variant. The key parameters that must be considered include the task
selection (transcribe or translate), temperature (which affects output variability), compression_
ratio_threshold (for detecting excessive repetitiveness), and no_speech_threshold (which sets the
threshold for detecting silence). By default, the temperature is set to 0, thereby ensuring the output
is deterministic. In the absence of user input regarding the desired language, the system will auto-
matically detect the language of the audio. In order to utilize GPU acceleration via CUDA technology,
the system automatically switches to the hardware variant if available.

The evaluation of transcription quality was conducted through the utilization of two comple-
mentary metrics. The standard metric employed is the Word Error Rate (WER), defined as the
ratio of the sum of word substitutions, insertions, and deletions to the number of words in the
reference transcription (Ali and Renals, 2018). For languages with complex morphology or ambig-
uous word boundaries, the Character Error Rate (CER), which operates at the character level, is
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more suitable (Thennal et al., 2024). In the comparison performed, the Levenshtein distance was
additionally utilized. This is defined as the minimum number of insertions, deletions, and char-
acter substitutions required to transform one string into another (Haldar and Mukhopadhyay,
2011). Computationally, it is implemented using dynamic programming on a matrix of dimensions
(m+1)x(m+1). This metric enables a direct comparison of transcription pairs without the necessity
for a reference “true” transcription. The Diarization Error Rate (DER) is a metric employed for the
evaluation of diarization processes. It calculates the time proportions of false detections, omitted
speech, and speaker identity mix-ups (Bredin, 2017). Supplementary metrics, including purity and
coverage, facilitate the discernment of errors arising from excessive or insufficient segmentation.
The test data consists of two recordings. The initial recording is a concise, approximately
10-second recording in English featuring a sole speaker. It is characterized by clarity and absence
of substantial noise, and is employed for the purpose of comparison of Whisper Al models through
the utilization of the Levenshtein metric. The second recording is approximately one minute in
duration and features two speakers, with the first speaker dominating for approximately 90% of
the time. The audio is characterized by clarity and fluidity in the enunciation of American English,
with subtle indications of Canadian influences. A total of twenty distinct configuration files were
subjected to rigorous testing on this recording, with a particular emphasis on alterations to tran-
scription parameters (temperature, thresholds), the selection of diarization module, embedding
model, and clustering method. The limitations of the test set are discussed in the concluding chapter.

3 RESULTS

The initial experiment focused on comparing six multilingual Whisper Al models (tiny, base, small,
medium, large-v2, large-v3) using a 10-second English test recording. For each pair of models, the
Levenshtein distance between their transcriptions and the corresponding percentage match was
calculated.

The highest mutual match was observed between the medium and large-v2 pair (97.79%,
Levenshtein distance equal to 3). The transcriptions differed only in the ending of the last sentence.
In contrast, the lowest match was observed between the tiny and large-v3 models (82.88%, distance
25). This outcome merits further consideration. It is a commonly held belief that a larger model
should always provide a more accurate transcription. However, a qualitative analysis reveals
a more complex picture.

In the test recording, the tiny model terminated the transcription at the word “world”, which
corresponded to the actual end of the utterance. In contrast, the large-v3 model incorporated the
sentence “had been destroyed,” which is not present in the original recording. This phenomenon
is referred to as a hallucination, where the model generates coherent but contextually unsup-
ported text. Conversely, smaller models tend to exhibit a distinct category of errors, including
the generation of nonsensical word forms (e.g., “und” in the transcription of the tiny model) and
punctuation errors.

This analysis suggests the following partial conclusion: for brief, linguistically well-defined
recordings, increasing the model size does not guarantee an improvement in the quality of the
output. Whilst larger models have been shown to excel in the identification of punctuation,
sentence structure and complex vocabulary, there is also an increased risk of hallucinations with
increasing capacity. With regard to consistency, the medium and large-v2 pair demonstrated the
greatest stability.
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The second experiment focused on evaluating the impact of configuration parameters on a more
complex test recording featuring two speakers. Twenty configuration variants were prepared,
which sequentially varied the size of the Whisper Al model, the value of the temperature param-
eter, the diarization module used (pyannote vs. NeMo), the embedding model (titanet_large vs.
resnet), and the clustering method (spectral, sc, ahc). The evaluation was based on four criteria:
content consistency of the transcription, diarization quality, output stability, and computational
complexity. Table 1 provides a synopsis of the five optimal configurations.

The most balanced results were achieved by the Config_14 configuration, which was the
only one to achieve the maximum score in both the transcription and diarization catego-
ries, albeit at the cost of a slightly lower performance score. The most accurate transcription
was achieved by the Config_11 configuration, which combined the large-v2 model with a low
temperature parameter value and optimized thresholds for compression_ratio_threshold and
logprob_threshold. Although the Config 19 configuration showed comparable diarization
quality, it failed to detect the secondary speaker, and its performance score was the lowest
among the five configurations compared.

Three observations emerge from the analysis. First, lower values of the temperature param-
eter (typically 0 to 0.2) lead to more stable and contextually consistent transcriptions, while
higher values increase output variability and, in some cases, generate less accurate formu-
lations. Second, the NeMo diarization module achieved higher quality in the tests than the
baseline pyannote.audio, particularly in distinguishing between two speakers on a recording
with an unbalanced speaking share. Third, the choice of clustering method significantly affects
the diarization output: spectral clustering (sc) and agglomerative hierarchical clustering (ahc)
outperformed simpler approaches.

Drawing upon the findings of individual case studies, the following proposed configuration
was put forward: the Whisper Al large-v2 model, the transcribe task, a temperature set to 0.2,
the NeMo diarization module with the titanet_large embedding model, spectral clustering, and
VAD parameters set to threshold=0.45 and window_length_in_sec=0.15. This configuration
combines the strengths of successful variants from the test set; however, it cannot be claimed
that this is the universally best setting for any type of recording. The generalisability of the find-
ings is limited by two factors. Firstly, the size of the test set is small. Secondly, the predominance
of the English language in the test data is also a factor (see Discussion and Conclusions section).

Tab.1 Comparison of the best five configurations out of twenty tested. Values on a scale of 1-5; the
“Second speaker” column indicates whether the presence of a second speaker was correctly detected.
(Kleveta, 2025)

Configuration | Transcription | Diarization | Performance ofl\; :':ali(eerrs ::::I?:r Time (s)
Config_14 5.0 5.0 4.0 2 Yes 12.5
Config_11 4.6 4.9 4.5 2 Yes 11.2
Config_03 4.8 4.7 4.5 2 Yes 10.3
Config_19 4.0 4.7 2.5 2 No 13.7
Config_20 4.4 4.5 3.8 2 Yes 10.9
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4 DISCUSSION AND CONCLUSIONS

The findings of the experiments demonstrate that by integrating the open-source components
Whisper Al and pyannote.audio, or NVIDIA NeMo, it is feasible to construct a functional tool for
automatic speech transcription with speaker recognition, yielding a practical output quality for
concise, intelligible recordings of spoken English. The modular pipeline architecture ensures that
individual components can be exchanged without affecting other parts of the system, and the
external YAML configuration allows for parameter tuning without modifying the source code.

Concurrently, the experiments conducted revealed several significant limitations. Of these, the
size of the test set itself is of the greatest importance. The initial experiment is founded upon
a solitary 10-second recording, whilst the subsequent experiment is predicated upon a 60-second
recording. Consequently, any conclusions that are drawn about the relative quality of the models
and configurations must be generalised with the understanding that they may not be universally
applicable. In order to perform a more robust comparison, it would be necessary to use a more
extensive and linguistically diverse test set, ideally an established benchmark with a standard-
ized reference. In this sense, the present study is more of an exploratory feasibility study than
a rigorous evaluation.

A secondary constraint pertains to the system’s reliance on two distinct models: one for tran-
scription and the other for diarization. This approach is not without risk of temporal mismatches
between the outputs of the two modules, which can lead to inaccurate assignment of text segments
to individual speakers, particularly near speaker-switch boundaries. This problem is well-docu-
mented in the academic literature and has motivated the development of integrated approaches
such as end-to-end neural diarization (Parketal, 2022) or post-processing diarization using
language models (Wang et al., 2024). However, the implementation of such approaches would
result in a substantial increase in the requirements for training data and computational power.

The third limitation pertains to the behaviour of Whisper AI models when confronted with
multilingual content. In the course of the testing process, it was repeatedly observed that the
model consistently identified the language of the entire recording as English, even in cases where
the recording contained segments in other languages. The model then proceeded to translate or
completely mis-transcribe these segments. In certain instances, the phenomenon of “stuck” behav-
iour manifested, wherein the subsequent segments of transcription became disassociated from
the underlying content following the occurrence of a problematic segment. This issue persisted
even when the transcribe task was explicitly set. In multilingual contexts, which are prevalent in
the European environment, this behaviour poses a significant obstacle to practical deployment.
Current developments in the field of massively multilingual ASR are paving the way for models
covering hundreds of languages (Pratap et al., 2024). However, a separate task beyond the scope
of this paper is the systematic comparison of these models with Whisper AI models on recordings
containing Central European languages.

The fourth limitation pertains to computational complexity. It has been demonstrated that larger
Whisper Al models (large-v2, large-v3) require GPU acceleration when combined with NeMo
diarization in order to process data within a reasonable timeframe. In a purely CPU-based environ-
ment, processing time increases to such an extent that practical application to longer recordings is
rendered unfeasible. The necessity to divide extended recordings into overlapping segments gives
rise to a further source of error, namely the potential loss of contextual information at segment
boundaries, which may consequently lead to inconsistencies in the identification of the same
speaker across adjacent segments.
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From the perspective of practical application, these results have several implications. The utili-
sation of automated transcription with diarization facilitates the reduction of the time required
for the preparation of text transcripts in qualitative research, journalism, podcast production, and
audiovisual archive management. However, none of the tested systems provides an output that
could be published directly without human review. Errors in punctuation, capitalisation of proper
names, and hallucinations in larger models require final editing. The potential for real-world time
savings is therefore contingent on the availability of an editor proficient in the target language and
the subject matter of the recording.

It is possible to identify a number of potential avenues for the tool’s future development. The
initial approach involves the implementation of an end-to-end model that integrates diarization
and transcription, with the objective of resolving the issue of temporal alignment (Park et al., 2022).
The second is the implementation of a visual user interface that will enable interactive correction
of the transcript and re-assignment of segments to speakers. The third direction is deployment in
a cloud environment with flexible allocation of GPU resources, which would lower the barrier to
use for users without their own powerful hardware. The fourth direction is systematic evaluation
on a larger and more linguistically diverse dataset, which would allow for more reliable conclu-
sions about the relative performance of the configurations.

In conclusion, it can be stated that the proposed pipeline fulfils the objective of this bache-
lor’sthesis—namely, to verifywhetheritispossible to build apractical tool for automatic transcription
of recordings with speaker recognition using freely available open-source components. The exper-
iments conducted confirm that the choice of the Whisper Al model and the configuration of the
diarization module have a significant impact on output quality. The most balanced results on the
test data were achieved by a configuration combining the Whisper Al large-v2 model with the
NeMo diarization module and spectral clustering. The identified limitations — chiefly the modest
proportions of the test set, challenges pertaining to multilingual content, computational intricacy,
and errors at segment boundaries — delineate the agenda for future research. In view of the rapid
advances being made in the field of speech models, it is reasonable to assume that some of the
aforementioned limitations will be addressed in the near future by subsequent generations of
open-source models.
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ABSTRACT

This article deals with the design and implementation of an integration module that connects
Chronos 1.4 and 2.1-HD high-speed cameras with the MercuryRT digital im-age correlation
(DIC) system. The work responds to the previously missing integration that required manual
transfer of recordings and separate setup of both systems. The proposed solution uses the
camera REST API for control and an RTSP stream decoded by an external FFmpeg process
for live preview. A custom integer-based YUV420p-to-RGB conversion algorithm in C# was
implemented; it handles a 10 FPS preview in real time with typical latency around 300 ms.
Functionality and stability were verified by a four-hour stress test and trigger measurements
using an LED flash; the recording completed without frame loss.

Keywords: high-speed imaging, digital image correlation, REST API, RTSP, FFmpeg
JEL Code: C88

1 INTRODUCTION

Digital image correlation (DIC) is a contactless method for surface deformation measurement
that obtains full-field deformation maps from a pair of images captured before and after loading,
replacing point-based sensors. Sutton et al. (2009) summarized the mathematical foundations of
the method; later studies applied it to crack monitoring in wood (Tippner et al. 2019), in sheet metal
materials (KoTecek et al. 2022) and to volume change measurement using 2D DIC (Kotlanova et al.
2023). Combining DIC with a high frame rate enables analysis of fast events — from component
vibration (Beberniss and Ehrhardt 2016) to dynamic failure. The cost barrier of high-speed imaging
was lowered by the low-cost CMOS camera design of Duke et al. (2018, 2019), which forms the basis
of the Chronos series from the Canadian company Kron Technologies.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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The DIC laboratory at the Department of Informatics, Mendel University, uses the MercuryRT
software by Mercury MS s.r.0. Version 3.1.7 supports a range of industrial cameras (Basler, FLIR,
Photon), but no integration module existed for Chronos. Without it, the user had to switch between
the camera interface and the application and transfer frames manually via a network share. The
aim of this work was to remove this gap and enable camera control directly from the environment
where the results are evaluated.

1.1  Chronos Communication Interface

The Chronos camera contains an embedded Linux computer and exposes a REST API version 0.7.0
via the /control path. Fielding (2000) described the architecture of HTTP-based web services in his
dissertation; this is the conceptual basis of REST used by the camera API. For preview the camera
provides an RTSP stream defined in RFC 2326 (Schulzrinne et al. 1998) in H.264 format (Richardson
2011). The stream is encoded in the YUV420p pixel format, which separates the luminance compo-
nent Y from the chrominance components U, V and stores colour at half resolution; this saves
bandwidth but requires conversion to RGB for most computer vision tasks.

1.2 MercuryRT Modularity

MercuryRT is built around the abstract CameraBase class, which defines the minimum inter-
face for any connected camera (IsConnected, OpenCamera(), CloseCamera(), NewFrame).
High-speed devices add the IHighSpeedCamera interface with methods for sequential recording

Fig. 1: Chronos web user interface — the Play & Save tab for selecting the fra-
me range, output format and recording download; the left panel shows the live
preview of a high-speed scene
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(ReadyCameraRecording(), TriggerCameraRecording(), RetrieveHsFrame()). A class for a new
camera must implement both interfaces — this automatically integrates the new type into the exis-
ting pipeline (probes, storage, correlation analysis) without touching the application core.

1.3 Integration Module Architecture

Three cooperating classes were designed for Chronos. ChronosCamera inherits from CameraBase
and implements THighSpeedCamera; its constructor accepts the IP address and verifies camera
availability by querying the model and serial number. ChronosCameraAPI wraps all REST calls
(getRequest(), postRequest()) and a Server-Sent Events (SSE) listener for asynchronous notifications
about recording completion. ChronosCameraGrabber runs in its own thread, launches an external
FFmpeg process, reads raw YUV420p data from its stdout and converts them to RGB frames. The
control channel (REST) is thus separated from the data channel (RTSP) — each runs independently
and a failure in one does not block the other.

The recording sequence differs from cameras that stream every frame in real time. Chronos
records into internal RAM and only allows download after the sequence ends: (i) the user sets
parameters, (ii) the startRecording call starts a circular buffer, (iii) after the trigger the camera
completes the recording once post-trigger frames are filled, (iv) startFilesave converts data from
RAM to a file (MP4/H.264, DNG, TIFF) and (v) the MercuryRT Capture Tool offers HTTP download
and immediate import into the project.

2 REAL-TIME YUV420P TO RGB CONVERSION

The YUV420p pixel format stores one byte of luminance Y per pixel while the U and V chrominance
components are shared by four neighbouring pixels (4:2:0 subsampling); the total data volume is
1.5 bytes per pixel. For a resolution of 1280 x 1024 at 60 FPS this means about 120 MB/s — naive
iteration with floating-point arithmetic proved insufficient. The implemented algorithm went
through three optimization steps: (i) conversion coefficients (1.164, 1.596, 2.017) were stored as
constants, (ii) recomputed to integers by scaling with a factor of 2A8=256 (multiplication by 1.164
was replaced by multiplication by 298 with a subsequent right shift by 8 bits), (iii) the loop was
placed in an unsafe block with pointer arithmetic. The resulting conversion is:
@
Y/ =298 (Y — 16) + 128
R=(Y'+409-(V —128)) > 8
G=(Y'—100- (U —128) — 208 - (V — 128)) > 8
B=(Y'+516- (U —128)) > 8

Results are clamped to the 0-255 range. The grayscale version for DIC modules is computed as a weighted
sum 0.299R+0.587G+0.114B for compatibility with the other cameras supported by MercuryRT.

External RTSP decoding is handled by FFmpeg launched with parameters -r 10 -f image2pipe
-pix_fmt yuv420p -vcodec rawvideo -.Limiting the rate to 10 FPS prevents overloading the
decoder; higher frame rates produced increased latency and artifacts. The first SSE reading variant
using a long-running HttpWebRequest proved unstable — the robust implementation waits in
a loop for event: and data: lines and re-establishes the connection if interrupted.
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Fig. 2: Data flow between the Chronos camera, the FFmpeg decoder and the MercuryRT modu-
les — RTSP stream for YUV frames and HTTP/SSE for REST API control and video download

3 RESULTS

Live preview latency was measured by two methods: a digital stopwatch displayed on a monitor
that the camera filmed, with parallel capture by a reference camera. The time difference was
approximately 300 ms at a 10 FPS preview. Attempting to raise the rate to 30 FPS led to latency on
the order of seconds and frame skipping caused by FFmpeg decoder saturation — the CPU could
not keep up with 30 FPS conversion, as a counter test showed: at 10 FPS the system processed 595
frames out of an expected 600 in 60 s, while at 30 FPS the losses reached tens of percent. The frame
rate was therefore fixed at 10 FPS for stability (Kmenta, 2026).

Recording reliability was verified by a trigger - save —» import test. The camera was set to
1000 FPS at 640 x 480 resolution with a 5-second pre-trigger; a brief LED flash was generated
in the field of view. The recording captured the flash exactly in the expected frame, confirming
both the pre-trigger buffer function and correct synchronization. To verify memory stability the
preview ran for 4 hours with short recordings every 30 minutes. Application memory usage
remained stable with a minimal negligible increase matching a comparative run with a Basler
camera — the small increases stem from the MercuryRT core, not from the Chronos module.
Tab.1 summarizes the results.

Tab. 1 Summary of integration module testing results

Metric Value Note

Preview latency (10 FPS) ~300 ms Including decoding and YUV-to-RGB
Throughput (10 FPS) 595/600 frames in 60 s 0.8% loss

Latency at 30 FPS seconds Not recommended

4-hour stability no memory growth Matches Basler camera

Trigger detection no frame loss LED flash test
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4 DISCUSSION

Separating REST and RTSP into distinct classes proved valuable in practice — control communi-
cation remained stable even during debugging of the data channel and vice versa. This approach
is suitable for similar integrations of high-speed cameras that expose both interfaces simultane-
ously but lack an official C# SDK. The main limitation is decoding performance: even after three
rounds of optimization the C# code reliably handles YUV-to-RGB conversion only up to 10 FPS on
a typical development machine. For 30 FPS it would be necessary to parallelize the loop across
multiple threads, use SIMD vector instructions, or rely on the specialized libyuv library at the cost
of a native DLL dependency. For the purposes of a live preview — which serves only for setting up
the experiment, not for the recording itself — current performance is sufficient.

5 CONCLUSIONS

The work demonstrated that commercially available Chronos high-speed cameras can be fully
integrated into the existing MercuryRT DIC system using standard protocols (REST + RTSP) and an
external FFmpeg decoder, without waiting for an official SDK from the manufacturer. The key was
an architecture separating the control channel from the data channel and a custom integer-based
YUV-to-RGB conversion in C# with an unsafe block. Three results confirmed usability: a stable
preview with 300 ms latency, lossless pre-trigger recording verified by the LED test, and memory
stability over a four-hour run. Future expansions may include GPU acceleration of the YUV-to-RGB
conversion (CUDA, OpenCL) to raise the preview rate towards the native 60 FPS of the RTSP stream,
and structured logging of REST calls for post-mortem analysis.
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ABSTRACT

This article presents the results of the development and testing of a specialized web
application designed for teaching and comparing lossless data compression algorithms based
on minimum redundancy codes. The work focuses on two fundamental pillars of statistical
coding: the Shannon-Fano (Shannon 1948) and Huffman algorithms (Huffman 1952). The
main contribution of the created solution is an interactive environment that allows users
to monitor calculation steps and the creation of tree structures in real-time on identical
inputs, which supports an intuitive understanding of the differences in the efficiency of
both methods. The technical solution is built on modern Vue 3 and D3.js technologies.
Validation took place in the form of user testing, which proved the high didactic potential of
the application and its benefit for students of technical fields.

Keywords: lossless compression, Shannon-Fano coding, Huffman coding, entropy, algorithm
visualization, web application
JEL Code: C63

1 INTRODUCTION

Data compression is a fundamental process in the field of modern computer science and telecom-
munications (Cover and Thomas 2006). With the constantly increasing volume of transmitted data,
effective coding methods are becoming key to optimizing storage space and network throughput.
Despite their practical ubiquity, the teaching of basic principles of lossless compression at universities
is often limited to static theoretical interpretation, which may not sufficiently reflect the dynamics of
the algorithms themselves. The motivation for this work was the need to create an interactive and
visually attractive tool that would allow students to experiment with input data and observe how
changes in the probability of symbol occurrence are reflected in the structure of the resulting code.
The presented text describes the design of such an application, its technological implementation,
and an evaluation of its contribution to the educational process (Kolesnychenko 2026).

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
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2 CURRENT STATE AND ANALYSIS
2.1 Theoretical Foundations

Lossless compression is based on the principle of eliminating redundancy while maintaining infor-
mation integrity. A key metric in this context is source entropy, which determines the minimum
average code length per symbol required for error-free reconstruction (Farana 2014).

H(X) = - ‘é{p(w)logzp(w) &

Where p(x) represents the probability of a symbol’s occurrence in the source alphabet. Shannon-
Fano and Huffman coding then represent prefix codes that attempt to approach this theoretical
limit by assigning shorter code words to symbols with higher probability (Salomon 2007). A mini-
mum-redundancy code is better the closer its average codeword length is to the entropy.

2.2 Existing Solutions

During the analysis, a number of available visualization tools were examined. It was found that
although general platforms exist (e.g., Algorithm Visualizer), they often lack a specific focus on
information theory or do not allow a direct comparison of two methods over the same text.
Educational resources such as the Purdue University tutorial provide quality theory but lack
interactivity. These findings led to the definition of requirements for a new solution that would
combine these aspects (Mishra 2023).

3 APPLICATION DESIGN

The goal of the design was to create an environment that minimizes the user’s cognitive load and
maximizes the didactic effect. The application was designed as a single-page application (SPA) with
an emphasis on clarity and responsiveness.

3.1 Functional Requirements

Lossless compression is based on the principle of eliminating redundancy while maintaining infor-
mation integrity. A key metric in this context is source entropy, which determines the minimum
average code length per symbol required for error-free reconstruction.
* Input Data: Option to enter a custom string or select from predefined test sets (e.g., homoge-
neous distribution vs. extremely unbalanced frequencies).
 Visualization: Generation of binary trees using the D3.js library, which dynamically react to
the algorithm’s stepping.
* Comparison: Parallel display of Shannon-Fano and Huffman algorithm progress side by side.
* Metrics: Immediate calculation of entropy, average code length, and efficiency for both methods.
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4 APPLICATION DESCRIPTION AND IMPLEMENTATION

The application was developed using the modern JavaScript ecosystem. The core consists of the
Vue 3 framework using the Composition API, which allows for efficient state management and
reactivity. The entire code is written in TypeScript, which significantly facilitated the implementa-
tion of complex algorithm logic and reduced the risk of errors when manipulating tree structures.

4.1 Visualization Logic

A key element is the generation of intermediate algorithm steps. Each step is saved as a “snapshot”
of the current state of the data structures. For Huffman coding, the phases of joining two nodes
with the lowest probability are visualized, while for the Shannon-Fano algorithm, the application
displays the process of dividing the symbol list into two parts with the closest possible sum of prob-
abilities, see Fig. 1.

4.2 Graphical Interface

The D3.js library was used for tree rendering, enabling smooth transitions and node animations.
Thanks to this, the user “sees” how the nodes group or divide over time. The interface is localized
into Czech and English using the vue-i18n module, which expands the potential target group.

5 TESTING RESULTS

User testing was conducted to verify the functionality and benefits of the application. It was
attended by 15 respondents from the ranks of students (both IT and non-IT oriented) and the
general public. The methodology included solving specific tasks in the application, followed by
a structured interview with ratings of individual aspects on a scale of 1-10.

From the results, it is clear that the application was rated very highly in all monitored catego-
ries. The most significant success was recorded in the “suitability for teaching” category, where it
reached an average value of 9.27.

Tab. 1 Average rating of selected categories

Respondent Group U:;' ::::;I;?:;g f::‘.irt:abci:‘iitxg Overall Rating
IT students 9.4 9.6 8.8
Non-IT students 9.2 8.0 9.6
Non-students 9.0 8.0 8.6
Total average 8.47 9.27 9.00
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Fig. 1: Algorithm comparison

6 EVALUATION

The feedback analysis confirmed that the visual representation of the algorithm’s progress is much
more understandable for students than studying pseudocode or static diagrams. Users particularly
appreciated the ability to step back and compare the results of both methods on identical data.
Higher ability to interpret efficiency results was observed in the IT student group, while the lay
public primarily appreciated the aesthetic and technical side of the application. The created solu-
tion outperforms analyzed competition mainly in the areas of interactivity and didactic clarity.
The ability to step through the algorithm both forwards and backwards, along with comments
explaining each step, contributed most to the correct understanding of both algorithms. This
allowed the user to go back and forth through the problematic part of the algorithm several times.
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By comparing the results of both algorithms, the user will also verify the validity of the empirical
finding that the Shannon-Fano algorithm generates codes of worse average length, at most the
same as the Huffman code.

/7 CONCLUSION

The project successfully demonstrated that modern web technologies can serve as an effective
platform for teaching complex algorithmic concepts. The web application for lossless compression
visualization represents a functional tool that helps students overcome the barrier of theoretical
complexity and gain intuitive insight into the issues of information theory. Future development of
the application could move toward integrating other coding methods (e.g., LZW, arithmetic coding)
or expanding the theoretical part with interactive quizzes to further consolidate the knowledge
gained through visualization. The created tool is ready for deployment in teaching as supplemen-
tary material for subjects focused on data processing and information theory.
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ABSTRACT
In the digital era, online platforms are becoming a significant channel for environmental
consumer education. This paper aims to identify consumers’ preferred options for
environmental education through online platforms, evaluate their actual utilization,
and describe the motivations and barriers to engagement. The empirical section is based
on the quantitative questionnaire survey primary data. To statistically verify relations,
Spearman’s rank correlation coefficient and Pearson’s y-test were applied; furthermore, factor
and cluster analyses were conducted. The results indicate that 92% of respondents utilize
online platforms to obtain environmental information, with social media, and online articles
being predominant. A weak positive correlation (p=0,29) was found between the perceived
availability of eco-friendly options in the place of residence and declared pro-environmental
behavior, whereas a moderate positive correlation (p =0,53) was demonstrated between the
subjectivelevel of environmental education and pro-environmental behavior. The preferences
regarding platform types differ statistically significantly based on the respondents’ economic
activity. Factor analysis identified three dimensions of attitudes toward online environmental
education. The cluster analysis identified three distinct groups of respondents—passive online
users, highly active and university-educated learners utilizing a wide spectrum of digital
tools and disengaged non-users. The formulated recommendations are primarily directed at
educational institutions and non-profit organizations.

Keywords: environmental education, online platforms, social media, sustainability,

consumer behavior, digital literacy, cluster analysis, ecological literacy
JEL Code: Q56, 121, M31

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en

160


https://creativecommons.org/licenses/by-nc-nd/4.0/

ONLINE PLATFORMS AS TOOLS FOR ENVIRONMENTAL CONSUMER EDUCATION

Livia Kolibdrovd, Irena Baldkovd

1 INTRODUCTION

Global environmental issues rank among the most pressing challenges of the contemporary era,
and their resolution demands not only systemic measures at the state level but also responsible
behavior on the part of individual consumers (Guerra et al., 2024). A key prerequisite for pro-
-environmental behavior is an adequate level of environmental literacy, which can be developed
through education in both formal and informal settings (Kollmuss & Agyeman, 2002). In the digital
era, the significance of online platforms is expanding as a tool capable of making such education
accessible to broad groups of consumers (Hassan et al., 2024; Liu & Zhang, 2024).

Online platforms offer flexibility, visual appeal, and opportunities for interactive engagement,
enabling them to reach target groups that traditional educational paths no longer influence
(Xiaomeng, 2024). Social media, video platforms, podcasts, blogs, specialized non-profit websites,
and online courses represent diverse formats with varying depths of content and degrees of credi-
bility (Hajdukiewicz & Pera, 2020; Pabian & Pabian, 2023). Alongside these opportunities, the
digital environment introduces risks in the form of inaccurate or misleading information, high
demands on media literacy, and the phenomenon of greenwashing, which undermines the credi-
bility of sustainability communication (Yang et al., 2020). The role of information sources is further
complemented by social media influencers, whose credibility and attractiveness affect consumers’
intentions to act in a more environmentally friendly manner (Awang et al., 2021).

Empirical studies confirm that a higher level of environmental awareness is associated with
a greater propensity for pro-environmental behavior (Mkumbachi, 2020; Saptura, 2022). However,
the effectiveness of education also depends on consumers’ perceived capacity to act and their
confidence in the impact of their own behavior (Graca & Khare, 2023). Concurrently, barriers
preventing engagement have been repeatedly identified: lack of time, low trust in online sources,
and the perception that individual behavior does not exert a sufficient impact (Chung et al., 2020).

Despite the extensive literature on the effectiveness of digital environmental education, the
question remains open as to how consumers within the Central European context actually choose
among types of online platforms, what motivations and barriers guide their decision-making, and
whether segments with distinct educational preferences can be identified to be targeted by specific
communication strategies. Mapping these patterns is a fundamental prerequisite for effective envi-
ronmental awareness.

This paper aims to identify consumers’ preferred options for environmental education through
online platforms and to evaluate their actual utilization. The specific sub-objectives are: (1) to iden-
tify consumer motivations for environmental education and their preferences regarding online
platforms; (2) to determine the barriers preventing participation in educational activities; and (3)
to segment consumers based on their educational preferences.

2 METHODOLOGY AND DATA

To achieve the established objective, a mixed-methods research design was adopted, combining
secondary and primary data in the form of a quantitative questionnaire survey. Secondary sources
(DataReportal, AMI Digital, documents from international environmental organizations, and academic
publications) were utilized to contextualize the study and operationalize the research variables.

The quantitative survey was administered through an online questionnaire using the Microsoft
Forms application between February 22 and March 10, 2025. Distribution was carried out via social

161



ONLINE PLATFORMS AS TOOLS FOR ENVIRONMENTAL CONSUMER EDUCATION

Livia Kolibdrovd, Irena Baldkovd

media (Facebook, Instagram), email, and through environmentally oriented non-profit organiza-
tions and educational institutions. The questionnaire featured a branching structure: respondents
who declared at least a partial interest in environmental issues in the opening filter questions
completed an extended version consisting of 17 items (5 of which were demographic/identifying
items); respondents expressing no interest were redirected to a shortened version containing
5-6 items. Closed-ended questions with scale, single-choice, and multiple-choice options were
employed. In total, 276 complete questionnaires were obtained.

The demographic profile of the respondents reflected the nature of online data collection
(Table 1): females accounted for 66.66%, the 18-25 age group represented 60.87%, university-
-educated respondents constituted 53.26%, students made up 55.79%, and residents of major
cities with over 100,000 inhabitants comprised 51.81%. Consequently, the sample primarily
captures a young, digitally literate population, a factor that must be taken into account when
interpreting the results.

Tab. 1 Demographic profile of the questionnaire survey respondents (source: own questionnaire, n=276)

Absolute frequency Relative frequency

Gender

Female 184 66.66%
Male 89 32.25%
Other 3 1.09%

| Age

18-25 168 60.87%
26-35 48 17.39%
36-45 18 6.52%
46-55 23 8.33%
56-65 14 5.07%
66+ 5 1.81%
Place of residence

100 000 and more inhabitants 143 51.81%
50 000-100 000 inhabitants 20 7.25%
10 000-50 000 inhabitants 25 9.06%
5 000-10 000 inhabitants 17 6.16%
1 000-5 000 inhabitants 53 19.20%
Up to 1 000 inhabitants 18 6.52%
Primary education 1 0.72%
Secondary education 128 46.38%
Higher education / Universit 147 53.26%
Employee 82 29.71%
Self-employed 21 7.61%
Unemployed 2 0.72%
Student 154 55.79%
Retired 8 2.90%
Maternity / Parental leave 5 1.81%
Other 4 1.45%
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To test relationships, Spearman’s rank correlation coefficient was employed (for ordinal varia-
bles) and Pearson’s y2-test of independence was utilized (for categorical data); the significance level
was set at a=0,05. Prior to the analysis, variable coding was performed, with higher values repre-
senting a stronger pro-environmental attitude. Variables regarding the utilization of individual
online platforms were converted into binary form.

Two hypotheses were tested. H1 examined the relationship between the perceived availability
of eco-friendly options in the place of residence and the respondents’ declared pro-environmental
behavior. H2 tested the relationship between economic activity (student / employee / other) and
the utilization of specific types of online platforms for environmental education. Additionally, the
correlation between the subjectively perceived level of environmental education and the degree of
pro-environmental behavior was evaluated.

To explore motivational and barrier factors more deeply, an exploratory factor analysis was
conducted using Kaiser’s criterion (factors with an eigenvalue greater than 1 were included, and
variables with a factor loading greater than 0.7 were interpreted). For respondent segmentation,
a k-means cluster analysis was applied prior to the k-means cluster analysis, the optimal number
of clusters was assessed using the elbow method. Based on the identified elbow point in the within-
-cluster sum of squares curve, a three-cluster solution was selected. The variables included in the
analysis were pro-environmental behavior, level of environmental education, use of online plat-
forms, and the type of most frequently utilized platform. Data processing was performed using
Statistica and Microsoft Excel software.

3 RESULTS

Online platforms represent the predominant information channel for the respondents, with 92%
declaring that they utilize them to obtain environmental information. In a direct comparison of the
effectiveness of online platforms versus traditional media, respondents rated online platforms as
more effective (mean score of 1.94 on a five-point scale, where 1 =online platforms, 5 = traditional

Social media (Instagram, Facebook,. . I | 3
YouTube I 50
Online articles and blogs I (24
Podcasts (e.g. Spotify) NI 109
Specialized websites (e.g. Greenpeace,. . NI 72
Online courses (e.g. Coursera) M 16

Other NB 5

0 50 100 150 200

Fig. 1: Most frequently utilized types of online platforms for environmental education
(source: own questionnaire, n=276)
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media). Respondents primarily turned to social media, YouTube, and online articles for environ-
mental information (indicated via a multiple-choice question — Figure 1). Conversely, online courses
and specialized websites received the lowest engagement.

The subsequent question focused on the credibility of information sources. Specifically, respon-
dents indicated the highest level of trust in scientists and experts, who received 227 choices,
followed by non-profit organizations with 153 choices. Conversely, sources such as news media,
eco-influencers, and family or friends achieved substantially lower recognition, while outright
skepticism toward online environmental information remained entirely marginal.

To verify H1, Spearman’s rank correlation coefficient was applied between the perceived availabi-
lity of eco-friendly options in the place of residence and the degree of pro-environmental behavior.
The result (p=0.29) indicates a weak, statistically significant positive correlation, on the basis of
which the null hypothesis was rejected. Respondents who perceive a higher availability of eco-
-friendly options thus also declare a higher degree of pro-environmental behavior. An additional
analysis revealed a stronger relationship between the subjectively perceived level of environ-
mental education and pro-environmental behavior (p=0.53), aligning with the assumption that
education serves as an important predictor of pro-environmental behavior.

Hypothesis H2 was tested using a x>-test of independence for each type of online platform indivi-
dually (Table 2). A statistically significant relationship between the respondents’ economic activity
and platform utilization was demonstrated for social media (p =0.0014), YouTube (p =0.0073), and
online courses (p=0.031). Regarding social media and YouTube, students exhibit higher utilization
rates, whereas for online courses, the opposite is true, with employees showing higher engagement.
For online articles and blogs, podcasts, and specialized websites, no statistically significant relati-
onship was proven, indicating their cross-cutting acceptance across different economic groups.

The factor analysis identified three factors with an eigenvalue greater than 1, which collectively
explain 63.0% of the total data variance. Factor 1 (Intrinsic Motivation; 31.4% of variance) loads
heavily on a desire to contribute to environmental protection (0.837), interest in the topic (0.830),
and social responsibility (0.769), while showing a strong negative correlation with an apathetic
attitude (-0.563). Factor 2 (Information Barriers; 18.4% of variance) highlights a clear connection
between digital literacy and trust. It links a lack of knowledge on where to find quality resources
(0.749) with a general distrust of online information (0.796). Factor 3 (Intrinsic Passivity; 13.0%
variance) captures internal behavioral barriers, dominated by laziness or a lack of energy (0.865)
and further constrained by time limitations (0.530).

Among the strongest motivations for online environmental education are the perception of social
responsibility (mean score of 4.09 on a five-point scale) and the effort to know how to personally

Tab. 2 Summary of hypothesis testing regarding the relationship between economic activity and the utili-
zation of individual online platform types (source: own questionnaire processed in Statistica software)

Online platform p-value Decision Conclusion

Social networks 0.0014 HO rejected Statistically significant
YouTube 0.0073 HO rejected Statistically significant
Online articles and blogs 0.558 HO not rejected Statistically non-significant
Podcasts 0.408 HO not rejected Statistically non-significant
Specialized websites 0.161 HO not rejected Statistically non-significant
Online courses 0.031 HO rejected Statistically significant
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Tab.3 Consumer segments (source: own questionnaire processed in Statistica software)

Questions from the questionnaire Segment1 | Segment2 | Segment 3
Dq you do something for environmental protection in your 2,909 3919 2786
daily life?

Do you consider yourself to be a sufficiently environmentally 3.082 3661 2.405
educated person?

Do you use online platforms to obtain information? 1.000 0.992 0.024
What online platforms do you use for education in the field of ecology?

Social media 0.846 0.726 0.000
Online articles and blogs 0.473 0.581 0.000
YouTube 0.627 0.653 0.000
Podcasts 0.400 0.524 0.000
Specialized websites 0.118 0.476 0.000
Online courses 0.045 0.089 0.000
ewobox 0.000 0.016 0.000
EPALE 0.009 0.000 0.000
Newsletter 0.000 0.008 0.000

contribute to environmental protection (3.64). The most significant barriers identified are a lack of
time (3.15) and a lack of intrinsic motivation or energy (3.05). Consequently, consumers generally
recognize the need for education but encounter organizational and motivational obstacles.

The k-means cluster analysis segmented the respondents into three distinct profiles based
on their behaviors and platform preferences (Table 3). Segment 1 (n=110) is characterized by
a passive approach to environmental topics. Although all members actively utilize online plat-
forms, they exhibit only moderate pro-environmental behavior and self-perceived education.
Social media constitutes their dominant information channel. Demographically, this group is
predominantly composed of students and urban residents aged 18-25. Segment 2 (n = 124) repre-
sents the largest and most proactive segment, where respondents display the highest rates of both
pro-environmental behavior and self-perceived education. Unlike the other groups, they utilize
a wide spectrum of digital platforms, frequently engaging with specialized websites. This segment
includes both students and employed professionals, with university education being predominant.
Segment 3 (n=42) clusters respondents with the lowest interest in ecology. They manifest almost
no utilization of online platforms for environmental information and exhibit the lowest rates of
pro-environmental behavior and self-assessed knowledge. Within this segment, secondary educa-
tion with a school-leaving exam prevails.

Insights from the minority segment of unengaged respondents (21 individuals who declared no
interest in environmental issues) revealed that the main reasons provided were a general disin-
terest in the topic and a lack of time; according to them, the most effective motivational stimulus
would be clear, practical benefits of environmental education for everyday life.
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4 DISCUSSION AND CONCLUSIONS

The presented study confirmed that online platforms serve as the predominant information
channel for consumers to obtain environmental information; the declared utilization rate of 92%
aligns with the position of Slovakia as a highly digitalized country with a 91.4% internet penetra-
tion rate (DataReportal, 2024). These findings are consistent with the literature, which asserts that
digital tools represent an effective pathway for raising environmental awareness across various
age groups (Hassan et al., 2024; Liu & Zhang, 2024; Xiaomeng, 2024).

The moderate positive correlation between subjectively perceived environmental education and
pro-environmental behavior (p =0,53) supports the assumption that knowledge translates into daily
decisions. Similar findings were reported by Mkumbachi (2020) among university students and
Saptura (2022) within a broader consumer context. The weaker, yet statistically significant correla-
tion between the availability of eco-friendly options in the place of residence and behavior (p=0,29)
suggests that knowledge and attitude are stronger predictors than infrastructural accessibility;
therefore, infrastructure improvement and educational activities should complement each other.

A key practical finding is that the choice of an online platform is related to economic activity.
Students prefer visually interactive social media and YouTube, whereas employees seek more
professionally oriented online courses. This conclusion is aligned with the findings of Chung et al.
(2020), according to whom students utilize social media as their primary information channel. For
educational content creators, this implies a necessity to segment both the format and the channel
according to the target audience: short videos and social media campaigns for younger audiences,
and courses and professional texts for working professionals.

The factor analysis demonstrated that the effectiveness of online environmental education
depends not only on content availability but also on individual values, the digital literacy required
to identify high-quality information, and intrinsic initiative. This three-dimensional perspective
corresponds to the theoretical model of motivations and barriers to pro-environmental behavior
proposed by Kollmuss and Agyeman (2002) and the empirical results of Graca and Khare (2023),
which suggest that education operates through the consumer’s perceived self-efficacy.

Segmentation via cluster analysis uncovered three distinctly different target groups whose needs
require differentiated communication approaches. Passive social media users require concise,
visually appealing content with an emphasis on practical applicability. Active, educated consumers
represent not only recipients but also potential multipliers suitable for more advanced professional
content and community activities. Respondents with low interest require a completely distinct
strategy: engagement through emotionally powerful content highlighting specific personal bene-
fits, or a combination of online and offline formats.

Two priority recommendations for practice emerge from the results. For educational institutions,
it is advisable to integrate environmental content in the form of short interactive videos, online
quizzes, and webinars with experts, and to conduct communication through channels that students
utilize (social media, YouTube). Non-profit organizations should more intensively occupy formats
with the highest perceived credibility among respondents—given that NGOs ranked second in
credibility after scientists and experts—while simultaneously making professional content acce-
ssible through podcasts and short visual videos, i.e., formats with cross-cutting reach.

The study is subject to several limitations. The primary limitation concerns sample representa-
tiveness: the dominance of students, younger age groups, and residents of major cities reflects the
distribution method of the questionnaire via online channels, leading to an underrepresentation
of older and less digitally literate individuals. Furthermore, the subjective evaluation of one’s own
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environmental education may not accurately correspond to objectively measurable knowledge
levels. Future research should focus on capturing older age groups, utilizing gamification and
virtual reality in environmental education, and conducting longitudinal tracking of transitions
between the identified segments.

In conclusion, online platforms possess high potential to support environmental literacy and
pro-environmental consumer behavior; however, their effectiveness is conditional upon a sensi-
tive choice of channel and format regarding the characteristics of the target segment, content
credibility, and the enhancement of consumers’ digital literacy.
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ABSTRACT

This article deals with the design and implementation of the CzechUP web system that
helps foreigners prepare for the mandatory Czech language exam required for permanent
residence (level A2) or citizenship (level B1). The work responds to the lack of suitable tools
for Russian- and Ukrainian-speaking users, for whom the most popular application Duolingo
is available only via English. The system integrates a database of 4,372 words parsed from
three official CEFR textbooks, the Majka morphological analyzer (up to 347 forms for a single
adjective), exercise generation via the Gemini API, and translation via Seznam Slovnik
and DeepL. The backend is built in ASPNET Core over PostgreSQL, the frontend in Next.
js with localization into three languages. User testing with five respondents confirmed the
usefulness of the grammatical-form filter as a unique feature and estimated the error rate of
Al-generated exercises at approximately 10%.

Keywords: Czech language teaching, Czech for foreigners, CEFR, web application,
morphological analysis, Gemini API
JEL Code: 121

1 INTRODUCTION

A foreigner seeking permanent residence in the Czech Republic must pass a Czech language exam
at level A2; citizenship requires level B1 together with a test of civic knowledge (Narodni peda-
gogicky institut 2025). The exam lasts over three hours with a 60% pass threshold in each section
— reading, writing, listening, speaking. According to the Czech Statistical Office (2025), the number
of foreigners in the country grew by more than 50% after 2022, with Russian- and Ukrainian-
speaking residents making up the dominant share. For them, a paradox opens up: the most
widespread learning application Duolingo teaches Czech only via English. Users without strong
English face a double language barrier before they can start studying. A survey of 78 respondents

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en

169


https://creativecommons.org/licenses/by-nc-nd/4.0/

CZECHUP: A WEB SYSTEM FOR PREPARING FOREIGNERS FOR THE CZECH LANGUAGE EXAM...

Polina Komdrkovd

from the Brno community (Ukraine 38.5%, Russia 35.9%, Kazakhstan 15.4%) showed that 91%
plan to obtain permanent residence or citizenship, but 37% hold no Czech language certificate.
The aim of this work was to design and build a functional system that removes three repeatedly
mentioned deficiencies of existing tools: the lack of a multilingual interface, missing vocabulary
adaptability, and limited coverage of grammatical forms.

1.1 Language Level and Existing Tools

The Common European Framework of Reference for Languages (CEFR 2002) defines six levels
from A1 to C2. For Czech, official descriptions exist for levels A1, A2, and B2 (Linek and Vlasakovéa
2005; Bidlas et al. 2005; Adamovicova et al. 2005), updated by Cvejnova (2016) and complemented
by a description of A1-B2 (Novakova et al. 2022). Above B2 the available literature drops sharply.
The classical printed source remains the textbook by Holé (2016) for levels A1 to B1. Duolingo is the
most used Czech self-study application in the surveyed sample, but users repeatedly point out its
limitations: Czech only via English, often unnatural sentences, and missing systematic grammar.
Quizlet and Anki provide flashcards but no structured CEFR exercises. Molendova (2024) reached
an analogous conclusion for English taught with digital tools: what matters is not the digitization
itself, but how well the tool reflects the individual progress of the student.

1.2 Czech Morphology and Content Generation

Czech hasrich inflection — a single adjective can have more than 300 forms. The Internet Language
Reference of the Czech Language Institute offers no public API and its coverage of adjective forms
is incomplete. The Majka morphological analyzer (Smerk 2007), developed at the Faculty of
Informatics of Masaryk University, covers approximately 90% of the CZES corpus and generates
up to 347 forms for the word “hezky” with tags in a compact format (K1gFnSc7 = noun, femi-
nine, singular, instrumental). The exercise typology of the system is based on the work of Wu et al.
(2007), who described seven exercise types for a digital library of language learning exercises.

2 SYSTEM ARCHITECTURE

From the foreigner survey and the analysis of existing applications, five groups of functional
requirements were derived: account management (registration, JWT authentication), word
learning (filtering by CEFR, topic, and tags, manual additions), grammar rules with user notes,
exercises with automatic evaluation, and offline study via PDF export.

The backend is implemented in ASPNET Core over PostgreSQL with Entity Framework Core
(Code First) following the four-layer Clean Architecture model (Martin 2018). Three projects sepa-
rate the entity layer (CzechUp.EF with 19 entities), the service layer (CzechUp.Services with DTOs
and business logic), and the controller layer (CzechUp.WebApi). The frontend is built in Next.js with
the App Router and TypeScript; localization is handled by next-intl for three languages (Czech,
Russian, English), indexed in URL prefixes /cs/, /ru/, /en/. Styling uses Tailwind CSS, client-
side PDF export uses jsPDFE.

The database contains 25 tables and 19 entities in third normal form. The tables are split into
two groups: General* for static data (official vocabulary, default topics, grammar rules) and
User* for dynamic data of a specific user (personal dictionary, exercise results, notes). For a newly
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Fig. 1: USE CASE diagram of the CzechUP system (adopted from Tselishcheva 2025).

registered user, data from General* tables are copied into User* tables, so the user can edit the
default content without affecting others. This split requires more storage but dramatically simpli-
fies user data isolation.

For authentication, the system uses J[SON Web Tokens with a 1-hour validity, and passwords
are hashed with PBKDF2 with a random salt. The [Authorize] attribute protects most endpoints;
data isolation works by every CRUD endpoint operating only on records whose UserGuid matches
the identifier in the token.
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3 IMPLEMENTATION AND RESULTS

To populate the default database, a console application WordHandler was written that parses
three different formats of the official CEFR Czech reference textbooks. The merging into the shared
GeneralOriginalWords table is summarized in Tab. 1.

Tab. 1 Number of words from three CEFR reference sources after merging

Level Source 1 Source 2 Source 3 Total
A1 1094 123 156 1373
A2 1213 88 110 1411
B1 1128 0 0 1128
B2 353 0 107 460

p2 3788 211 373 4372

For automatic translation, two sources were combined: the Seznam Slovnik API as the primary
source for individual words (Czech plus 10 languages) and the DeepL API as a fallback for missing
words and for whole sentences. Testing showed that Seznam is more accurate for individual words
while DeepL is stronger on sentences; for single words DeepL has approximately 10% inaccuracy
— typically picking one of several possible translations without context. For multi-word expres-
sions, Majka supplies the morphological forms; five typical structures were identified (verb + noun,
adjective + noun, etc.) with rules for which words to inflect.

Exercise generation uses the Gemini API from Google (2025), available in a free tier sufficient
for occasional generation. Three exercises were planned per word per level — more than 13,000
exercises in total, which manual authoring could not produce. Five exercise types were imple-
mented: completing a word form in a sentence, sentence construction from words, completing key
words in a text (all via AI), choosing the correct translation from 4-8 options, and writing the Czech
translation (without Al, drawn from the database). Finding a prompt that returns consistent JSON
required more than 30 iterations — the models occasionally changed the output structure, added
comments outside the JSON, or used different field names.

The Word Forms section is a unique feature of the application. For nouns the filter offers two
criteria (number, case), for adjectives five (case, number, negation, gender, degree of comparison),
and for verbs six. For “prijatelny” in dative, plural, second degree, the application returns “nepri-
jatelnéjSim / prijatelnéjSim”. For “kocka” Majka generates 13 forms, for “hezky” up to 347.

The application was tested by five users: three Russian-speaking foreigners at levels A1, B2, and
C1 (Russian localization), one English-speaking foreigner with no Czech, and one native Czech
speaker with C1 English (who evaluated translation quality). Positive feedback highlighted the
breadth of functionality, translation quality, and especially the grammatical-form filter, which is
missing from other tools and serves as a key aid for advanced foreigners when writing in Czech. All
respondents stated they would use the application after release. Negative feedback comprised three
points: three of five users noted that the UI does not feel modern enough and requires a graphic
redesign; two suggested an instructional video, since some functions are not immediately obvious;
and the native speaker estimated that approximately 1 in 10 generated exercises contains a minor
error (Tselishcheva, 2025).
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Tab. 2 Detail of the word “akce” with translations, examples, and the Word Forms section (adopted
from Tselishcheva 2025)

For regression stability, three groups of xUnit tests were written: external API tests (URL validity,
data structure, translation quality), endpoint tests with mock objects via the Moq library, and inte-
gration tests with an in-memory database via Microsoft.EntityFrameworkCore.InMemory.

4 DISCUSSION

The feature that users named the most valuable — the grammatical-form filter — emerged
from a technical decision that originally had a different purpose. When it became clear that the
Internet Language Reference offered no API while Majka did, the complete list of forms became
a by-product. This is a general lesson: some of the most valuable features are not designed during
planning, but emerge from solving technical problems with other goals. For Al-generated content
the second lesson holds: the ~10% error rate means that Al alone is not enough as a final source
of content for language teaching — it requires either human review (expensive), a second LLM as
a validator, or a user error-reporting mechanism. The main limitations of the system remain the
missing audio for pronunciation and listening, suboptimal UI design, and the status of external
APIs, which complicates public deployment without commercial agreements.
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5 CONCLUSIONS

The work demonstrated that commonly available APIs and open-source tools can be used to build
a prototype language learning application that addresses a concrete pain point of foreigners in the
Czech Republic — the Czech language exam for permanent residence and citizenship. Multi-source
integration works, but at the cost of more complex tooling — merging three official CEFR textbooks
(4,372 words) required three different parsers, and the combination of Seznam Slovnik + DeepL
+ Majka was necessary because no single API handles both Czech translation and morphology.
Al-generated content for language teaching needs a validation layer — the Gemini API accelerated
exercise preparation, but ~10% of outputs contain errors a student would treat as authoritative.
A feature that does not seem important during planning (a filter over 347 adjective forms) can be
what users see as the deciding factor. Future expansions may include adding audio recordings via
TTS, a validation layer for Al-generated exercises, an administrator interface for bulk corrections,
and extending the localization to Ukrainian and Vietnamese.
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ABSTRACT

This paper examines the methods and intensity of Artificial Intelligence (AI) tool utilization by
Generation Z within online and offline shopping environments. The empirical investigation
employs a mixed-methods research design, combining a quantitative questionnaire survey
(n=114) and six semi-structured interviews conducted in April and May 2026 among
respondents aged 18-27 in the Czech Republic. The objective was to identify dominant Al tools,
key motivators, and barriers to their adoption, and to evaluate consumers‘ willingness to share
personal data in both environments. Online interaction with Al is more conscious, focusing
primarily on generative assistants (ChatGPT), visual search, and recommendation systems. In
stores, self-checkout counters and interactive kiosks dominate, though their utilization is often
unreflected by consumers. Statistical testing of five hypotheses revealed a higher willingness
to share personal data in the online environment (p =0.018). Surprisingly, however, it also
demonstrated statistically significantly lower privacy concerns in the offline environment
compared to online (p <0.001), which contradicts the assumption derived from the literature.
No gender differences in the frequency of Al usage were detected. Based on these findings,
a “phygital” strategy was formulated, linking a unified customer data identity, the smartphone
as a mediator between environments, and the principles of Explainable AI (XAD.
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1 INTRODUCTION

Artificial intelligence is progressively becoming an integral part of everyday consumer shopping
behavior. Recommendation algorithms, visual search, conversational agents, and autono-
mous checkouts are reshaping how individuals shop in both digital and physical environments
(Kotler et al., 2021; Knihov4, 2024). For Generation Z, having grown up within a fully interconne-
cted digital ecosystem, these tools represent a natural baseline of daily life. However, an open
question remains as to whether their utilization is truly conscious, intentional, and comparable
across both shopping environments.

Generation Z, defined in this study by the birth years 1999-2008, is characterized in the litera-
ture as the first cohort fully socialized within the digital environment and a bibliometric analysis
of current research on Gen Z consumer behavior (Halibas et al., 2025) confirms a rapid increase in
academic interest in this cohort. Their shopping behavior combines a high level of information lite-
racy, price-conscious ethical consumption, and a demand for authenticity and immediate access to
information (Grigoreva et al., 2021; Djafarova & Foots, 2022). Regarding technological innovations,
a strong orientation toward functional utility is evident: Al is adopted when it demonstrably saves
time and reduces information overload, rather than for its novelty alone.

Extant literature dedicated to Al adoption in the shopping process exhibits several substantial
gaps. Studies typically focus either on e-commerce or, in isolation, on specific technologies within
in-store retail, whereas a concurrent comparison of both environments through the lens of a single
generational cohort remains scarce. The Technology Acceptance Model (TAM) framework, as
proposed by Pavlou (2003), and its extension in the UTAUT2 model (Venkatesh et al., 2012), provide
robust theoretical foundations; however, their simultaneous application to online and offline
contexts within a single study has not yet been systematically conducted in the Czech environment.

A second significant gap is the insufficient grounding of available studies within the Czech and
Central European reality. Foreign research originates predominantly from Western European or
Asian contexts, and its transferability to the Czech Generation Z population has not been adequa-
tely verified. Concurrently, available data for the Czech market present a paradoxical picture: the
Czech Generation Z combines high adoption rates of Al tools with a strong preference for in-store
shopping, where they place an unexpectedly high emphasis on experience, thereby creating
specific demands on in-store marketing (Klanova, 2025).

The third gap lies in the inadequate empirical verification of the so-called “privacy paradox”—the
discrepancy between declared privacy concerns and the actual willingness to share personal data
in exchange for personalization (McKee et al., 2024). The literature assumes that Generation Z is
more tolerant of online tracking, while the physical presence of technology in in-store shopping
may evoke a stronger sense of surveillance. This assumption has not yet been empirically tested in
the Czech context.

The primary objective of this paper is to compare the methods and intensity of Al tool utilization
by Generation Z during shopping in online environments and in-stores, to identify the motivators
and barriers to this utilization—including the willingness to share personal data for personali-
zation purposes—and to formulate recommendations for integrating digital technologies with
physical retail spaces. The objective is operationalized into four research questions:

* (RQ1) Which specific Al tools does Generation Z actively utilize?

* (RQ2) What are the main motivators and barriers to Al adoption in both environments?

* (RQ3) How frequently does Generation Z utilize Al tools during shopping, and do gender diffe-
rences exist?
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* (RQ4) To what extent is Generation Z willing to share personal data in exchange for a personalized
shopping experience, and what are the differences between the environments?

The paper is structured as follows: the second section describes the mixed-methods methodology
and the statistical testing procedure; the third section presents the main empirical findings, inclu-
ding the results of testing five hypotheses; the concluding section contextualizes the findings within
the broader literature, formulates “phygital” recommendations for retail practice, and outlines the
limitations of the study:.

2 METHODOLOGY AND DATA

The study was conducted using a mixed-methods design that combines a quantitative questionnaire
survey with qualitative data collection via semi-structured interviews. The choice of a mixed-
-methods approach was necessitated by the nature of the formulated hypotheses—which require
statistical testing of differences between groups and environments—and the simultaneous need for
an in-depth understanding of the mechanisms underlying the statistical data. The target population
consists of members of Generation Z residing in the Czech Republic; the definition is based on the
birth years 1999-2008, corresponding to an age range of 18-27 years at the time of data collection.

The quantitative survey was administered via a structured online questionnaire using Google
Forms. The instrument comprised 21 questions divided into five thematic blocks: sociodemogra-
phic data, Al utilization in the online environment, Al experiences in in-store shopping, motivators
and barriers, and the willingness to share personal data. Scaled items were measured using a five-
-point Likert scale (1 =lowest degree of agreement or frequency, 5 =highest). Prior to deployment,
the questionnaire was piloted with five respondents from the target group. Data collection took
place in April and May 2026.

The sampling strategy combined purposive sampling via distribution within student groups
at Mendel University in Brno and the snowball sampling method. The total number of valid
responses reached n=114. The sample consisted of 56.1% women and 43.9% men; the age distri-
bution reflected the distribution channel—53.5% of respondents fell into the 21-23 age group,
27.2% into the 18-20 group, and 19.3% into the 24-27 group. In terms of education, university
students accounted for 63.2% of the sample.

The qualitative component comprised six semi-structured interviews with respondents aged
20-27, with each of the three age cohorts represented by one male and one female. The interviews
were guided by a protocol structured into five thematic blocks (shopping habits, Al in everyday life,
Al in online shopping, Al in in-stores shopping, and motivators for future utilization). The average
interview duration was approximately 15 minutes. The recordings were transcribed, anonymized
using codes R1-R6, and processed using thematic analysis, wherein recurring motifs were synthe-
sized into categories corresponding to the research questions.

The theoretical framework of the research is based on the Technology Acceptance Model (TAM)
as presented by Pavlou (2003), which extends Davis’s original formulation by incorporating perce-
ived trust and perceived risk within the e-commerce context. Trust in an e-vendor has long been
conceptualized in the literature through three dimensions: competence, benevolence, and inte-
grity (McKnightet al,, 2002). An extended framework is further provided by the UTAUT2 model
(Venkatesh et al., 2012), which incorporates hedonic motivation, price value, and habit, in addition
to performance expectancy and effort expectancy. On this basis, five hypotheses were formulated:

178



GENERATION Z AND AI-DRIVEN SHOPPING: COMPARING ONLINE AND IN-STORE CONSUMER EXPERIENCES

Benjamin Kristof, Jana Dannhoferovd

* HI: Female members of Generation Z utilize Al tools in the online shopping environment more
frequently than male members.

» H2: Male members of Generation Z exhibit a higher level of trust in Al tools within the offline envi-
ronment than female members.

» H3: The intensity of Al tool utilization by Generation Z is statistically significantly higher in the
online environment than in the offline environment.

* H4: Generation Z perceives barriers to Al utilization—particularly privacy concerns—to be more
pronounced in the offline environment than in the online environment.

* H5: Generation Z's willingness to share personal data for personalization purposes is higher in the
online environment than in the offline environment.

Statistical data processing was performed using Statistica software. First, the Shapiro-
Wilk test for normality was conducted for all variables. Due to deviations from a normal
distribution, non-parametric alternatives were employed instead of the originally planned
independent samples and paired t-tests: the Mann-Whitney U test was used for hypotheses
concerning independent groups (H1, H2), and the Wilcoxon signed-rank test was utilized for
paired comparisons between environments (H3, H4, H5). For the Wilcoxon test, respondents
with a zero difference between the two ratings were excluded from the analysis. The level
of statistical significance was set at \alpha = 0.05.

Ethical considerations of the research were strictly respected in compliance with the standards
of the Faculty of Business and Economics at Mendel University in Brno. Participation in the questi-
onnaire survey was voluntary and anonymous; consent to participate was confirmed by submitting
the form. Participants in the qualitative component provided informed consent for the recording
and processing of the interviews, and the audio recordings were deleted following transcription.

3 RESULTS

This section presents the primary findings from both empirical components of the study. The
results are organized according to the shopping environment and conclude with a summary of the
testing of the five hypotheses, complemented by additional insights from the interviews.

3.1 Al Tool Utilization in the Online Environment

In the online environment, the conscious utilization of generative assistants and visual tools
dominates. The most prevalent Al tool was ChatGPT (or an alternative Al assistant), which was
utilized by 63.2% of respondents within the last three months. The second most frequently
reported tool was visual search via photography (38.6%), closely followed by recommendation
systems such as “similar products” (37.7%). Furthermore, Al-generated review summaries were
utilized by 27.2% of respondents, and e-shop chatbots by 16.7%. Augmented reality (AR) and
virtual try-on technologies remain on the periphery, with a share of 5.3%. A total of 15.8% of the
sample conducted their online shopping without utilizing any AI tools. The distribution of these
utilized tools is illustrated in Figure 1.
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CHATGPT OR ANOTHER AI ASSISTANT

VISUAL SEARCH (E.G., SEARCHING BY IMAGE)

RECOMMENDATION SYSTEM (E.G., PRODUCT
RECOMMENDATIONS)

Al SUMMARY OR REVIEW ANALYSIS
CHATBOT OR VIRTUAL ASSISTANT
NONE OF THE LISTED OPTIONS

AR / VIRTUAL TRY-ON

0 10 20 30 40 50 60 70 80
Fig. 1: Al tool utilization in online shopping within the last three months (n=114)

The mean frequency of Al utilization in online shopping reached M =2.54 (Mdn =2.0; SD=1.03)
on a five-point scale, which corresponds to occasional usage. Conversely, the perceived benefit was
notably more positive—the mean agreement score with the statement that Al tools facilitate online
shopping was M =3.41 (Mdn =3.0; SD=1.11).

3.2 Al Tool Utilization in the Offline Environment

In in-store shopping, experience with Al technologies was paradoxically high, albeit heavily
concentrated. Self-checkout counters were utilized by 92.1% of respondents, interactive kiosks or
digital screens by 66.7%, and automated loyalty-card discounts by 57.0%. Advanced elements, such
as personalized in-store displays or voice assistants, were noted by only a minor fraction of the
sample. Merely 3.5% of respondents reported no experience with Al elements within physical
stores. The structure of these experiences is summarized in Figure 2.

I PAID AT A SELF-CHECKOUT COUNTER 105

1 USED AN INTERACTIVE SCREEN OR KIOSK

I RECEIVED A DISCOUNT OR OFFER BASED ON
PREVIOUS PURCHASES

I NOTICED PRICE TAGS THAT CHANGED PRICES
AUTOMATICALLY

I SAW A DISPLAY OR SCREEN SHOWING
PERSONALIZED CONTENT

I HAVE NOT ENCOUNTERED ANYTHING LIKE THIS IN
A STORE

I SPOKE WITH A VOICE ASSISTANT

0 20 40 60 80 100 120

Fig. 2: Respondents’ experience with Al elements in in-store shopping (n=114)
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The frequency of conscious Al utilization in the offline environment (M=2.37; Mdn =2.0;
SD =1.08) was slightly lower than in the online environment; the perceived benefit was also lower
(M=2.97; Mdn =3.0; SD=1.10). This discrepancy likely reflects the fact that numerous offline Al
technologies—such as electronic shelf labels (ESLs) or predictive analytics systems—operate in the
background, meaning consumers may not register their presence at all.

3.3 Motivators and Barriers to Al Adoption

The primary motivator for utilizing Al during shopping was speed and time savings (66.7%),
followed by convenience and comfort (46.5%), personalized recommendations (40.4%), and
discounts or promotional offers (38.6%). Hedonic motivation, manifested as curiosity toward new
technologies, was cited by only 19.3% of respondents, indicating a highly utilitarian orientation.
On the side of barriers, 35.1% of respondents reported no impediments whatsoever. The most
frequently cited barriers were distrust in the accuracy of recommendations (33.3%) and privacy
concerns (29.8%). A preference for personal contact with sales staff plays a role for 21.9% of respon-
dents, while technical complexity or a lack of familiarity with the tools deters 16.7% of the sample.

3.4 Hypothesis Testing

The Shapiro-Wilk test demonstrated significant deviations from a normal distribution across
all tested variables; consequently, non-parametric alternatives were employed. The summarized
results are presented in Table 1.

Tab.1 Results of hypothesis testing for H1-H5.

Hypothesis Statistical Test Key Statistical Values Result

H1: Females utilize AI

online more frequently Mann-Whitney U=1339.5;z=1.485; p=.137 Not Supported

H2: Males exhibit higher

trust in offline Al Mann-Whitney U U=1598.5; z=0.006; p=.995 Not Supported

H3: Al usage intensity is

higher online Wilcoxon signed-rank | T=1121.0; z=1.436; p=.151 Not Supported

H4: Barriers are more

pronounced offline Wilcoxon signed-rank | T=84.0;z=3.912; p<.001 Rejected (Inverse)

H5: Willingness to share

data is higher online Wilcoxon signed-rank | T=137.5; z=2.365; p=.018 Supported

Out of the five formulated hypotheses, only H5 was statistically supported—Generation Z‘s willing-
ness to share personal data is statistically significantly higher in the online environment (M = 2.87)
than in the offline environment (M =2.69). Gender-based differences in the frequency of Al utili-
zation were not confirmed in either the online or offline environments. Conversely, hypothesis H4
was rejected in the inverse direction of what had been originally hypothesized: privacy concerns
are statistically highly significantly lower in the offline environment (M =2.29) than in the online
environment (M =2.53). This counter-intuitive finding runs contrary to both initial assumptions
derived from the literature review and represents the primary empirical contribution of this study.
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3.5 Supplementary Insights from Qualitative Interviews

The qualitative analysis revealed several underlying mechanisms that expand upon the quan-
titative findings. First, the intensity of conscious Al utilization during online shopping is lower
than the questionnaire values might suggest; respondents perceive a wide range of interactions
with recommendation systems and algorithmic feeds as standard platform features rather than
instances of artificial intelligence.

Second, passive acceptance of Al dominates the offline environment; respondents utilize
self-checkout counters and loyalty applications without primarily identifying this interaction as an
experience with artificial intelligence.

Third, the privacy paradox exhibits a more nuanced structure than captured by the questionnaire;
respondents distinguish between preference data in the online environment (perceived as less
sensitive) and behavioral or location data collected by loyalty programs in the offline environment.
Within this dynamic, the smartphone serves as a critical mediator between both environments,
as respondents frequently use it in-store for price comparison, photographing product codes, and
retrieving reviews.

4 DISCUSSION

The findings of this study are fundamentally consistent with the framework of Marketing 5.0
advanced by Kotler et al. (2021), which defines Al as a technologically mediated yet human-centric
tool within the customer journey. The dominance of ChatGPT and visual search in the online
environment confirms that Generation Z adopts generative Al as a natural pre-purchase research
tool rather than a technological novelty—a trend that aligns with Kingsnorth’s (2022) conclusions
regarding the integration of Al into the digital shopper journey. Conversely, the low level of cons-
cious Al utilization in the offline environment resonates with the observations of Grewal and
Roggeveen (2020), who point out that in-store shopping lags behind digital channels in implemen-
ting customer-facing technologies.

The validation of hypothesis H5—indicating a higher willingness to share personal data in
the online environment—is consistent with the theoretical framing of the privacy paradox by
McKee et al. (2024). While Generation Z declares privacy apprehensions, they willingly disclose
data in practice in exchange for personalization, discounts, or time savings. The qualitative inter-
views not only illustrate this paradox but also deconstruct its underlying architecture: respondents
clearly differentiate between data types and their respective contexts. Preference data in the online
environment (such as purchase history or clothing size) are perceived as substantially less sensi-
tive than the behavioral and location data collected by loyalty programs within in-store shopping.

The most significant empirical contribution of this study, however, resides in the unexpected
outcome of hypothesis H4. The assumption derived from the literature review—that the physi-
cality and tangibility of data collection in in-store shopping (consumer movement, loyalty cards,
computer vision) would trigger a stronger sense of surveillance than invisible cookie-based
tracking—was empirically rejected. On the contrary, privacy concerns are statistically highly signi-
ficantly lower in the offline environment (p<.001). A plausible explanation is provided by the
qualitative interviews: Generation Z exhibits heightened awareness regarding the mechanisms of
online tracking, which contrasts with their less reflexive perception of in-store technologies, where
many Al elements operate subtly in the background. Paradoxically, Generation Z perceives the
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online environment as riskier to personal privacy, despite factually disclosing more data within it.
This asymmetry underscores Kranzberg’s tech thesis, which posits that technology is neither good
nor bad, nor is it neutral relative to its social environment (Pitt et al., 2023); within the available
literature, particularly in the Czech and Central European context, this phenomenon has not yet
been systematically explored.

Furthermore, these results contrast with the assumptions of the UTAUT2 model (Venkatesh et al,
2012) regarding the prominent role of hedonic motivation. In this study, utilitarian motivation—
time savings and convenience—overwhelmingly dominates, whereas curiosity and interest in
novel technologies were cited by a mere 19.3% of respondents. Consequently, Generation Z perce-
ives Al not as a source of entertainment, but as a functional utility whose value is measured by
efficiency rather than novelty. This finding likely relates to the fact that Al no longer represents
an innovation for this cohort, but rather a structural standard whose absence would be perceived
negatively.

4.1 Practical Recommendations: Phygital Strategies

Three interconnected recommendations for retail practice emerge from the empirical findings.
First, the creation of a unified consumer data identity that integrates the online user profile
with the physical store‘s loyalty program. The lower privacy concerns documented in the offline
environment (H4) provide strategic latitude for a more ambitious data convergence; however,
this integration is strictly conditional upon a clearly communicated value proposition (discounts,
personalization, or time savings).

Second, utilizing the smartphone as a mediator: the mobile application should synchronize the
shopping cart in real time, navigate the consumer through the physical store layout, and deliver
Al-generated review summaries or product visualizations via QR codes. Informants in the quali-
tative phase explicitly highlighted virtual try-ons within Augmented Reality (AR) as a key catalyst
for future Al adoption.

Third, the implementation of Explainable AI (XAI) principles: the primary barrier identified
in the online environment was distrust in recommendation accuracy (33.3%). Recommender
systems must transparently articulate why a specific product is being displayed to the consumer,
thereby eliminating the perception of the algorithm as an opaque “black box” (Knihovéa, 2024). In
this context, trust in Al is not a static state, but a dynamic process cultivated through demonstrable
system reliability and transparency (Glikson & Woolley, 2020).

4.2 Limitations and Future Research

This study encounters several methodological limitations that constrain the generalizability of its
findings. First, the sample was obtained through a combination of purposive sampling and the
snowball sampling method, primarily recruited via student communities at Mendel University in
Brno. Consequently, higher education students constitute 63.2% of the sample matrix, meaning its
generalizability to the entire population of Generation Z within the Czech Republic remains restricted.

Second, the cross-sectional research design captures consumer behaviors and attitudes speci-
fically during April and May 2026. Given the exponential evolutionary trajectory of artificial
intelligence tools, these findings may represent a transient snapshot with limited long-term validity.

Finally, the qualitative phase—consisting of six respondents—is inherently exploratory and does
not achieve full thematic saturation.
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5 CONCLUSION

This paper has demonstrated that Generation Z utilizes Al tools across both shopping environ-
ments with varying degrees of conscious awareness and intentionality. The online sphere is
dominated by generative assistants and visual search, whereas self-checkout counters and loyalty
applications prevail in in-store shopping, with their utilization often occurring passively. Statistical
testing confirmed a higher willingness to share personal data in the online environment and,
surprisingly, lower privacy concerns in the offline environment. This finding paves the way for
retailers to implement “phygital” strategies grounded in a unified data identity, the smartphone
as a mediator, and transparent algorithmic operations. Future research should expand the sample
beyond student communities, employ a longitudinal design to track the evolution of consumer
attitudes, and conduct a cross-generational comparative analysis.
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ABSTRACT

This article addresses the design and implementation of a virtual service management model
for smart building management within an enterprise environment. The work innovatively
links the ITIL 4 methodology with a containerized IoT infrastructure, edge-cloud architecture,
and predictive analytics. The objective of the research is to demonstrate that even a fully
software-defined smart building environment can be systematically managed as a complex
service with a clearly defined Service Level Agreement (SLA) and processes for effective
incident and event management. To validate the proposed approach, a fully portable
laboratory environment was developed using Docker containers, MQTT asynchronous
communication, an InfluxDB telemetry data store, Grafana visualization, and Python
modules for data generation and advanced analytics. Building behavior is dynamically
configured via configuration files, allowing a single codebase to simulate various types of
facilities with different operational priorities and SLA requirements. The proposed model
was thoroughly verified through experimental scenarios, including simulations of network
communication outages, MQTT message delays, sensor data errors, and complete physical
disasters. The results demonstrate the practical usability and benefits of ITIL 4 principles
(ITIL Foundation 2019) for digitalized building management, increasing data reliability, and
automating operations.
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1 INTRODUCTION

In recent years, the digitalization of enterprise buildings has significantly transformed how
organizations ensure operational reliability, security, energy efficiency, and user comfort. The
development of the Internet of Things (IoT) and continuous telemetry collection allows building
status monitoring at a much higher granularity than before, using the acquired data not only
for operational oversight but also for qualified operations management (Cirani 2019). Within an
enterprise environment, however, the mere availability of raw data is often insufficient. What
matters critically is whether this data is correctly interpreted in relation to the quality of the service
provided, operational risks, and the strategic goals of the organization. In practice, smart buil-
ding management is often understood merely as a technical task encompassing data collection,
status visualization, and basic automation interventions. While functional at the subsystem level,
such a concept by itself is inadequate for comprehensive and systematic service management.
There is a clear need to view smart building management as an integrated corporate service with
established responsibilities, quality parameters, response rules for anomalies, and continuous
improvement mechanisms. The ITIL 4 methodology represents a dominant and exceptionally
suitable framework for this approach, as it allows purely technical events and operational states to
be translated into the structured language of service management.

The primary goal of this work is to design and experimentally validate a service management model
for smart building management using the principles of ITIL 4 to their full extent. The core of the
research does not lie in the physical technology itself, but in the design and validation of the process
and service approach. The technological layer acts here as a means through which the proposed
model can be realized in a laboratory, simulated, and critically assessed for its real benefits and limits.

2 CURRENT STATE

Traditional Building Management Systems (BMS) are frequently proprietary, isolated, and lack
the flexibility to integrate with modern cloud platforms and advanced analytics. While the rise of
the Internet of Things opens possibilities for distributed management and detailed monitoring, it
creates a fundamental problem with interpreting the enormous amount of data generated. A smart
building is a typical example of a cyber-physical system where technical monitoring must be
closely tied to operational interpretation. A single measured value (e.g., an elevated temperature)
gains true meaning only in relation to the wider context, the purpose of the building, SLA limits,
and the actual impact on end-users.

2.1 TheITIL 4 Methodological Framework in the Context of IoT

The ITIL 4 framework defines service management as a set of specialized organizational capabili-
ties for generating value for customers in the form of services. For the smart building domain, the
following practices form the core of our proposal:
* Monitoring and Event Management: Continuous monitoring of infrastructure states, filtering
sensor noise, and capturing significant events that may indicate an emerging problem.
+ Incident Management: Rapid detection, classification, logging, and effective resolution of
operational deviations to restore standard service operations as quickly as possible (MTTR)
and minimize negative impact (Adhikari et all 2024).
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* Service Level Management (SLM): Defining clear, measurable parameters of service quality
(monitoring availability, environmental stability) and relentlessly evaluating them against
contractual obligations.

* Problem Management: Identifying and analyzing the deeper root causes of recurring inci-
dents and finding preventive solutions to prevent their further occurrence.

2.2 The Role of Predictive Analytics

Time series are the natural data model of the Internet of Things. Predictive analytics (IBM 2026)
applied to this data allows transforming reactive management into proactive and preventive
management. Early prediction of physical variables (e.g., predicting that a critical temperature
threshold in a server room will be breached within the next few tens of minutes) gives the system
or operator time to react before an SLA breach and an incident actually occur. At the same time,
however, it is necessary to view the predictive layer as a decision support tool rather than a 100%
replacement for operational judgment, due to its inherent dependence on the quality of input data
and the potential for false alarms (Géron 2022).

3 APPLICATION AND SYSTEM ARCHITECTURE DESIGN

The proposed system is conceived as a distributed edge-cloud architecture that reflects modern
trends in 10T and edge computing. The underlying idea is to divide responsibility between a local
autonomous unit (Edge layer) located directly in the facility and a central coordination and analy-
tics platform (Cloud layer).

3.1 Distributed Architecture and Communication Model

The system consists of three main structural layers:

* Building Edge Layer: Runs directly within the simulated facility. It includes virtual IoT sensors
generating telemetry (temperature, humidity, device status), a local MQTT communication
bus, and a key component—the Edge Controller. This controller possesses local decision-
-making logic, a local Telegraf/InfluxDB database, and is capable of fully autonomous building
management (e.g., HVAC control) even in the event of a total loss of cloud connectivity.

* VPN Layer: Provides a secure and isolated connection between the distributed edge loca-
tions and the central cloud via a virtual private network, closely simulating a real enterprise
deployment.

* (loud Layer: Represents the central brain of the system. It receives aggregated data, performs
advanced data quality validation, runs predictive models, maintains a global service inci-
dent log, evaluates SLAs, and provides a web-based dispatching interface for operators. The
communication model is strictly built on the MQTT protocol (Publish/Subscribe). The designed
topic model is hierarchical (format: building/floor/room/sensor_type) and strictly distinguishes
between local operations (frequent telemetry with a low QoS 0 level) and cloud communica-
tion (critical status messages, heartbeats, incidents, and reverse control commands with QoS
1 and the Retain flag).
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3.2 Data and Simulation Model

The simulation model implements a real physical runtime loop that models thermal inertia,
ambient environment influences, and the behavior of ventilation and heating. A key feature of the
design is the ability to inject faults. On demand, the system allows simulating both software and
hardware anomalies—ranging from generating invalid data and artificially delaying messages to
simulating complete infrastructure crashes.

4 APPLICATION DESCRIPTION AND IMPLEMENTATION

The application was completely implemented as a fully containerized open-source solution. The
entire system is divided into separate projects managed via Docker Compose, guaranteeing 100%
portability, service isolation, and easy replicability of the laboratory environment (Docker 2026).

4.1 Edge Layer Implementation and Double MQTT Architecture

The local building utilizes a lightweight Docker image based on python:3.9-slim to run the simu-
lation scripts and the Edge Controller. The Edge Controller is the heart of local intelligence and
implements a critical double MQTT architecture, utilizing two parallel MQTT clients:

* local_client: Communicates exclusively with the local broker (Eclipse Mosquitto) inside the
building‘s isolated network. It processes granular telemetry from all sensors at one-second
intervals.

* cloud_client: Maintains an encrypted connection through the VPN to the central cloud. It
publishes regular heartbeat messages, opens/closes incidents in the cloud registry, and sends
only smartly aggregated data, radically conserving WAN network bandwidth.

The client includes a Last Will and Testament mechanism, ensuring that if an unexpected outage
or connection breakdown occurs, the cloud broker immediately detects the OFFLINE status and
the cloud core automatically initiates a highest-priority (P1) incident—loss of facility monitoring.

4.2 Cloud Core Engine and Data Quality Control Pipeline

The central cloud core (ITIL Core Engine) is implemented in Python and functions as the main
service layer. A new and essential element of the implementation is a dedicated protective layer
of the cloud data pipeline (validator.py). This component intercepts incoming MQTT messages
from buildings before they are stored or forwarded to analytics modules, subjecting them to
strict validation:
» Syntactic Check: Verifying correct JSON structure, the presence of mandatory metadata (buil-
ding identifier, timestamp), and correct data types.
+ Semantic Check: Detecting time drift between the generation time on the edge device and the
arrival time in the cloud, uncovering hidden synchronization or network delay issues.
 Physical Validation: Checking whether measured values fall within physically possible boun-
daries (e.g., a room temperature showing a sudden jump of 50 °C within a single second),
which indicates a failure of the hardware sensor itself.
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If a message fails validation, it is immediately diverted to the error history and is not passed
further into automation schemes or linear regression predictive models. A cloud State Tracker
monitors the frequency of these errors within a sliding time window. If the number of faulty
messages exceeds defined thresholds (DQ_P3_THRESHOLD and DQ_P2_THRESHOLD), the system
automatically escalates a data quality incident because the data loses trustworthiness and cannot
be safely used to manage the building.

4.3 Observability and Data Model

An InfluxDB time-series database was deployed to store telemetry data and operational logs at both
local and cloud levels. The translation of asynchronous messages is handled by Telegraf middle-
ware, which parses topics and transforms them into tags and metrics. The visualization layer is
implemented in Grafana, where two types of dashboards are created: detailed technical monito-
ring for engineers at the local level, and managerial-dispatch reporting for tracking SLA fulfillment,
service availability, and incident overviews at the cloud level.

5 EXPERIMENTS AND RESULTS EVALUATION

To experimentally verify the functionality of the entire proposed concept and its real link
to ITIL 4 practices, an extensive set of comprehensive testing scenarios was conducted. The
behavior of the entire ecosystem was rigorously monitored and logged using a unified logging
model managed via .env configuration.

5.1 Test: Reference Autonomous Operation of the Building

The aim of the first experiment was to verify the Edge layers basic capability to function autono-
mously and correctly synchronize its state after connectivity was restored. The building started in
local mode without an immediate connection to the cloud. During this operation, the Edge Controller
successfully detected local anomalies and stored them in a local incident ledger (ledger.json).

Following a simulated establishment of the VPN and MQTT connection with the cloud, imme-
diate and flawless synchronization took place. A one-time transfer of 15 pending incident records
was delivered to the cloud layer. The central dispatch then issued reverse control commands for
the ventilation system (HVAC), leading to environmental stabilization and the successful, automatic
closure of all incidents. The incident closure success rate reached 100%, precisely demonstrating
the high reliability of local autonomy and distributed storage.

5.2 Test: MQTT Data Quality and Escalation of Data Quality
Incidents

This key experiment focused on verifying the protective function of the validator.py component in
the cloud data pipeline. Faulty and delayed sensor data were intentionally injected into the system
to test the cloud‘s ability to detect a decline in data stream trustworthiness.

The test results confirmed the 100% success of the design. The system intercepted invalid
messages, diverted them, and prevented their hazardous influence on automated building control.
When the error limit within the sliding window was exceeded, the cloud immediately and correctly
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generated a dedicated Data Quality incident (initially with P3 priority, subsequently escalated to
P2). This experimentally demonstrated that the system can effectively protect management inte-
grity and proactively alert the operator that telemetry data from the given facility is unreliable.

5.3 Test: Complex Physical Disaster in the Facility

To demonstrate the robustness of the solution in critical situations, a scenario simulating a discrete
physical disaster—specifically, a massive water leak in a data center facility (DC_Brno_1)—was
executed. This type of event poses an immediate and fatal risk to service availability, hardware
safety, and overall business continuity.

The system's reaction took place across three fully coordinated layers:

» Edge Layer: The sensor immediately detected critical humidity, the Edge Controller received
the error flag, instantly activated emergency mode, and rapidly generated a local incident
with the highest priority, P1.

* (loud Layer: The disaster message was transferred to the cloud as a priority using QoS 1. The
central ITIL Core Engine immediately registered the building as an affected Configuration
Item (CI), logged the P1 incident in the global registry, triggered a visual alarm on the Grafana
dispatch dashboard, and started the countdown for evaluating strict SLA limits.

» Network Layer: VPN and network logs (vpn_audit.log) confirmed that stable and prioritized
communication between the edge location and the cloud SLA engine occurred throughout the
incident without any packet loss.

The incident was held open and active in the system until the disaster condition was physically
resolved in the simulator and a confirming clear_fault command was sent. Upon receiving it, the
cloud core correctly closed the incident, calculating the precise duration and final MTTR metric.
This test successfully proved that the proposed model does not represent merely an isolated tech-
nical solution, but forms an integrated, auditable, and fully traceable incident process from the
onset of a physical failure to its procedural closure.

6 EVALUATION AND DISCUSSION

Experimental data clearly confirms that linking the ITIL 4 methodology with the technical capabi-
lities of the Internet of Things brings an entirely new quality to building management. The main
benefits of the designed and implemented solution can be summarized into three key points:

* Operational Continuity and Autonomy: Thanks to the implementation of the Edge Controller
with a local database and decision logic, the building is capable of operating safely and
regulating its internal environment even when completely disconnected from the cloud.
No data is lost, as incidents are stored locally and automatically synchronized immediately
upon network restoration.

» High Data Trustworthiness: Deploying the validation component validator.py resolves
a critical vulnerability in many IoT systems, which is blind trust in incoming data. The capabi-
lity to detect syntactic, semantic, and physical anomalies and translate them into data quality
incidents radically increases the security and stability of automated management.
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* Managerial Oversight and SLA Measurability: Translating raw telemetry into standardized
incidents with a clearly defined priority (P1 to P3) allows operations managers to allocate
resources efficiently, track the actual availability of buildings as corporate services, and
exactly evaluate compliance with contractual obligations to both suppliers and customers.

Regarding limitations and constraints, it must be acknowledged that the implemented solution
was operated in a laboratory setup. In a real production deployment, it would be essential to elimi-
nate certain intentional simplifications—most notably, implementing strict security for MQTT
brokers (disabling anonymous access, introducing device authentication via certificates, TLS/
MQTTS encryption, and detailed ACL rules for topic access). However, these steps were intentio-
nally omitted from our laboratory version to preserve maximum code clarity and log readability,
which in no way diminishes the validity of the scientific conclusions reached.

7 CONCLUSIONS

The goal of this research was to design, implement, and experimentally validate an innovative
way in which the principles and practices of the international ITIL 4 framework can be effectively
utilized to manage modern IoT smart building infrastructure supported by predictive analytics.
The results of our work clearly show that the ITIL 4 methodology can be applied meaningfully and
successfully far beyond its traditional domain of managing purely software and IT information
systems. In the context of the Internet of Things and smart buildings, ITIL 4 functions as a robust
translation and process framework that helps transform disparate technical data from hundreds of
sensors and operational events into a coherently managed, transparent, and measurable corporate
service. This approach creates a highly stable environment where it is possible not only to reliably
monitor the current physical state of buildings but also to proactively evaluate the real impacts of
incidents, effectively support operator decision-making, continuously increase operational data
trustworthiness, and establish a firm foundation for deploying advanced predictive and preven-
tive management for modern corporate facilities.
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ABSTRACT

This paper presents the design, implementation, and economic evaluation of a payment module
that enables merchants to accept Bitcoin payments through the Lightning Network using a self-
hosted Bitcoin node. While the Bitcoin base layer suffers from limited throughput, relatively
high transaction fees, and longer confirmation times, the Lightning Network addresses these
limitations through off-chain payment channels, enabling near-instant settlement at minimal
cost. The study combines a theoretical analysis of the Bitcoin protocol and the Lightning
Network with a comparative evaluation of traditional payment methods and cryptocurrency-
based payments. Primary data were collected from the official pricing schedules of eight
payment terminal providers and six payment gateway providers operating in the Czech
Republic. A full Bitcoin and Lightning Network node was deployed on an HP 260 G2 Mini
platform running Umbrel, Bitcoin Core, LND, and BTCPay Server. Based on this infrastructure,
a web application named Flash was developed to support payment processing and transaction
management. The functionality and usability of the application were verified through pilot
user testing. The results indicate that transaction costs associated with the Lightning Network
are several orders of magnitude lower than those of conventional payment terminals and
payment gateways while maintaining immediate settlement. Furthermore, operating a self-
hosted payment infrastructure requires only a modest initial investment. The study identifies
merchant technical expertise and the limited adoption of Lightning Network wallets among
consumers as the principal barriers to broader deployment. The findings suggest that the
Lightning Network represents a technically feasible and economically attractive payment
alternative for small and medium-sized enterprises seeking to reduce transaction costs and
Increase payment-processing autonomy.

Keywords: Lightning Network, Bitcoin, paymentinfrastructure, transaction costs,decentralized
payment systems, BTCPay Server, small and medium-sized enterprises, cryptocurrency

payments
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1 INTRODUCTION

Cashless payment methods have been steadily increasing their share of transactions in the Czech
Republic. According to the payment behavior survey conducted within the Prosperity Index project,
60% of Czech customers prefer payment cards when shopping online, while 12% choose bank transfers
and 9.3% use QR-code payments (Index Prosperity, 2024). This trend is consistent with international
findings demonstrating that the expansion of digital payment instruments systematically displaces cash
transactions, with transaction speed and perceived security representing key determinants of payment
method selection (Schuh & Stavins, 2016; Arango-Arango & Sudrez-Ariza, 2020). The diversification of
available payment methods is not only a matter of customer convenience but also has economic impli-
cations for merchants, who bear transaction costs associated with each cashless payment.

Traditional payment infrastructure based on card networks, payment gateways, and bank transfers
combines card scheme fees, interchange fees, and margins charged by payment terminal providers.
The resulting fee for a single transaction charged by a typical payment terminal provider in the Czech
Republic ranges from 0.75% to 1.95% (Dotypay Fees, 2025; KB SmartPay, 2023; CSOB START Tariff,
2022). Transaction fees charged by payment gateways range from 0.5% to 1.99% and are often supp-
lemented by setup fees or monthly subscription charges (GoPay, 2025; Barion, 2025). Furthermore,
settlement to the merchant’s bank account may be delayed by one to three business days.

One of the primary motivations behind the creation of Bitcoin was the development of a payment
system that does not require a trusted third party. In this framework, peer-to-peer transactions are
verified through cryptographic mechanisms and a decentralized network of nodes (Nakamoto,
2008). However, the base layer of the Bitcoin blockchain exhibits several well-known limitations
for everyday retail use. It processes only tens of transactions per second, maintains an average
block interval of ten minutes, and transaction fees may rise to several dollars during periods of
network congestion, making micropayments economically inefficient (Novak, 2023).

A response to these limitations is the Lightning Network, a second-layer solution built on top of
the Bitcoin blockchain. The Lightning Network operates through shared payment channels esta-
blished between pairs of nodes, where balance allocations are continuously updated while only the
opening and closing of channels are recorded on the main blockchain (Antonopoulos et al., 2021).
As a result, transactions can be settled almost instantly with fees measured in satoshis, represen-
ting fractions of a cent. The Lightning Network is among the most advanced layer-two protocols
built on blockchain infrastructure and has attracted increasing academic attention in recent
years from the perspectives of security, network topology, and economic behavior (Gudgeon et al.,
2020; Zabka et al., 2022). Empirical analyses indicate that despite a growing number of nodes and
channels, actual retail adoption remains limited.

Despite its evident technical advantages, the adoption of cryptocurrency payments among retail
merchants remains relatively low. Empirical research identifies perceived complexity, uncertainty
regarding customer behavior, and limited visibility of merchant-side benefits as the primary barriers
(Jonker, 2019). From the consumer perspective, cryptocurrency holders still represent a relatively
small segment of the population, and their motivations for ownership are heterogeneous, combi-
ning speculative interests with distrust of the traditional financial system (Auer & Tercero-Lucas,
2022). A specific challenge associated with the Lightning Network is the technical complexity of
operating a self-hosted node, the lack of documented reference implementations of integrated
payment modules, and limited awareness of the associated economic implications (Bouska, 2023).
Nevertheless, operating a proprietary Bitcoin node represents a crucial prerequisite for achieving
full sovereignty over payment acceptance. Without a self-hosted node, merchants remain dependent
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on third-party infrastructure within the Lightning Network ecosystem, which partially undermines
the primary benefits of decentralized architecture in terms of resilience and competitiveness.

In the context of small and medium-sized enterprises (SMEs), the choice of payment infra-
structure acquires a significant economic dimension. Reducing transaction costs and shortening
settlement times directly contribute to profit margins, particularly for businesses operating with
low unit margins or high transaction volumes. The adoption of blockchain technologies in business
has become an established field of research emphasizing the critical role of technical readiness and
supporting infrastructure (Wamba et al., 2020). Furthermore, independence from card schemes
and banking intermediaries increases operational resilience against technical failures or regula-
tory disruptions affecting these providers.

The objective of this paper is to present a comprehensive design and reference implementation of
a payment module enabling merchants to accept Bitcoin payments through the Lightning Network
via their own Bitcoin node, supplemented by a quantitative comparison of transaction costs with
traditional payment methods in the Czech Republic. Specifically, the paper (i) summarizes the cost
structures associated with payment terminals, payment gateways, bank transfers, and cryptocu-
rrency payments; (ii) describes the proposed system architecture integrating a Bitcoin node, LND,
and BTCPay Server with a web application; and (iii) presents the results of pilot usability testing of
the implemented application. The outcome is a set of recommendations for merchants considering
the inclusion of Lightning Network payments within their payment portfolio.

2 METHODOLOGY AND DATA

To achieve the stated objective, an engineering design and information systems development
methodology was employed, combined with a qualitative and quantitative comparison of payment
methods. The research process was structured into five consecutive stages:

(1) Deployment and configuration of a self-hosted Bitcoin node.

(2) Deployment of a Lightning Network node and establishment of payment channels.

(3) Requirements analysis and architectural design of the payment module.

(4) Implementation and pilot testing of the web application.

(5) Comparative evaluation of payment methods.

At the infrastructure level, a compact HP 260 G2 Mini desktop computer was used, equipped with
an Intel Core 13-6100U processor, 16 GB DDR4 RAM, and a 1.92 TB enterprise-grade SSD (SanDisk
MLC with power-loss protection and DRAM cache). The hardware platform was selected based on
requirements for long-term stability, sufficient storage capacity relative to the current size of the
Bitcoin blockchain (approximately 745 GB at the time of the study), and low power consumption.

The device was configured with Umbrel version 1.4.1, a specialized Linux distribution designed
for operating self-hosted Bitcoin and Lightning Network nodes through containerized deploy-
ment. The Bitcoin layer was provided by the reference implementation Bitcoin Core, while the
second layer was implemented using LND (Lightning Network Daemon) version 0.18.5. To gene-
rate invoices and integrate Lightning Network payments with the application, the open-source
BTCPay Server platform was deployed. Within the Umbrel environment, BTCPay Server operates
as a containerized service and automatically integrates with the remaining node components. The
selection of LND reflects its status as the most widely deployed Lightning Network implementation
in the production network (Gudgeon et al., 2020).
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On top of this infrastructure, a web application named Flash was designed and implemented.
The system architecture follows a three-tier model consisting of:

« + the presentation layer (frontend),

» « the application layer (backend),

» « the data layer.

The frontend was developed using React, with Vite serving as the build tool and Tailwind CSS
providing styling functionality. The server-side application runs on Node.js using the Express
framework and exposes interfaces both to the client application and to BTCPay Server. Data persi-
stence is handled through a MySQL relational database, while user authentication is implemented
using JSON Web Tokens (JWT).

The data model includes entities representing users, stores, products, categories, receipts, receipt
items, price-change history, VAT rates, and currencies. The system distinguishes between two
user roles: a standard user (cashier) and an administrator with extended CRUD privileges for user
accounts, categories, and products.

3 RESULTS

The deployed Bitcoin node achieved full synchronization with the Bitcoin blockchain and demon-
strated stable operation. The acquisition cost of the hardware solution amounted to approximately
CZK 5,100, consisting of CZK 1,500 for the computer, CZK 600 for 16 GB DDR4 memory, and CZK
3,000 for the SSD storage device. The average power consumption of the system is approximately
12'W, which, at an electricity price of CZK 6.5 per kWh, corresponds to annual operating costs
of approximately CZK 683. Consequently, energy consumption does not constitute a significant
component of the total cost of node operation.

The software layer of the node was deployed in a complete configuration. The Bitcoin Node
application, implementing Bitcoin Core, performs validation of the entire blockchain history and
actively maintains peer-to-peer connections with other nodes in the network. The Lightning Node
application, implementing LND version 0.18.5, provides the functionality of the second-layer
payment network. During operation, two public payment channels were established. At the time
of verification, balances amounted to 29,341 satoshis in the on-chain wallet and 179,670 satoshis in
the Lightning Network wallet, with two active channels and five connected peers. BTCPay Server
was automatically integrated with the LND node within the Umbrel environment and served as
the payment gateway responsible for invoice generation and payment-status monitoring.

The implemented Flash web application supports the principal operational processes required
by merchants, including order creation, selection of products from a categorized inventory,
shopping-cart management, settlement through two payment methods (cash and Bitcoin Lightning
Network), management of VAT rates and discounts, and receipt generation. The administrative role
provides complete management of user accounts, product categories, and inventory items, inclu-
ding price-change history.

For Lightning Network payments, the application invokes the BTCPay Server interface, which
generates an invoice containing a QR code. The customer scans the QR code and completes the
payment using a Lightning Network wallet. Upon confirmation of payment receipt by BTCPay
Server, the application records the transaction data in the database and generates a receipt.
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Criterion Cash Card SRV Bank QR BTC BTC LN
payment | gateway | transfer | payment

Payment

settlement * % %k Kk Kk * * Kk kkk | kkokkk * %k * %k Kk Kk
speed

:ransa“ion * % %k kK * * * * Khkkhkhk | khkhkkk | kkhkhkkx | Akkkk
ees

Technical * ok k ok k *k k *x *hkkk | kkkk *x * ok k%
complexity

Security * * k Khkhkkk | khkhkhkk | kkkhkhk | khkkkk | khkhkkk | kkkkx
Suitability

for small * % %k ok k * * * * * * * * * * % %k K Kk kkk | kkkkxk
business

The key outcome of the comparative evaluation is the quantitative comparison of transaction costs
presented in Table 1. The values for card payments were obtained from calculations performed
using the Dotypay fee calculator for a MasterCard debit card, while the payment gateway values
were based on the promotional fee rate of 1.25% published by PayU.

Tab.2 Comparison of Merchant Transaction Costs for Selected Payment Amounts

Pt CZK 100 CZK 1,000 CZK10,000 | czk2s000 | Settlement
method time
Cash CZKO CZKO CZKO CZKO Immediate
e T CZK2.33 CZK14.65 CZK137.86 CZK343.21 1-3 days
(POS Terminal) ’ ) ’ )

Payment CZK1.25 CZK12.50 CZK125.00 CZK312.50 1-3 days
Gateway

Bank Transfer / Immediate
QR Payment CZKO CZKO CZKO CZKO s
Bitcoin .
(On-Chainy* CZKO CZKO CZKO CZKO 10 minutes
Bitcoin Lightning Few satoshis Few satoshis Tens o.f Tens o'f Immediate
Network satoshis satoshis

* For on-chain Bitcoin transactions, the transaction fee is paid by the sender (customer); the merchant
incurs no fee for receiving the payment.
Source: Author’s calculations based on fee schedules published by payment service providers (Dotypay, 2025; KB SmartPay, 2023; CSOB,

2022; GoPay, 2025; Barion, 2025; PayU, 2025).
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The results demonstrate that for transactions in the range of several thousand Czech crowns—
typical of retail purchases—the transaction costs of card payments amount to approximately
CZK 14 per transaction, whereas Lightning Network transaction costs remain several orders of
magnitude lower, measured in only a few satoshis. Given that average retail profit margins are
often only a few percentage points, this difference represents a meaningful component of the
economic competitiveness of small businesses. For higher transaction values, the potential savings
increase proportionally with transaction volume.

The multi-criteria evaluation further indicates that cash payments and the Lightning Network
share the advantages of negligible fees and immediate settlement. However, they differ substan-
tially in terms of technical complexity and customer anonymity. Card payments and payment
gateways offer a high degree of convenience and broad customer acceptance but at the cost of
transaction fees and reduced privacy. Bank transfers executed through QR codes represent the
most cost-effective cashless option for merchants within the traditional banking infrastructure,
although they do not facilitate cost-efficient operation outside the SEPA area.

Pilot usability testing of the Flash application involving five participants confirmed the compre-
hensibility and usability of the interface. All participants successfully completed all ten assigned
tasks without external assistance. Completion times varied among participants, with more
pronounced differences observed during administrative operations. Older participants gene-
rally required more time to navigate the interface. User feedback indicated a need for greater
visual emphasis on inventory-management controls; however, overall usability evaluations were
positive. Given the limited sample size, the findings should be interpreted as indicative results
characteristic of a pilot study.

Additional evidence of growing cryptocurrency payment adoption in the Czech Republic can be
found in publicly available industry data. Confirmo, a cryptocurrency payment processor, reported
settlement volumes of USD 383 million in 2024, representing a year-on-year increase of 260%
(Confirmo Turnover, 2025). Similarly, the Czech e-commerce retailer Alza reported cryptocurrency
payment volumes of approximately CZK 201 million in 2021, corresponding to roughly 0.5% of
total annual revenue (Cryptocurrency Payments on Alza.cz, 2022).

4 DISCUSSION AND CONCLUSIONS

The conducted study demonstrates that the Lightning Network operated through a self-hosted
Bitcoin node represents a technically feasible and economically advantageous alternative to traditi-
onal payment infrastructures for retail transactions. For typical transactions ranging from hundreds
to thousands of Czech crowns, Lightning Network transaction costs are several orders of magnitude
lower than those associated with payment terminals and payment gateways, while maintaining
virtually instantaneous settlement. The initial investment required for the node hardware amounts
to only several thousand Czech crowns, while annual electricity costs remain in the range of a few
hundred crowns. In the context of small and medium-sized enterprises, such an investment can be
recovered within a relatively short period through savings on transaction fees alone.

From the perspective of the economic competitiveness of small businesses, a proprietary
payment infrastructure offers three principal advantages. First, reducing marginal transaction
costs improves the sustainability of business models operating with low unit profit margins, such
as small cafés, bars, or other hospitality establishments, where card-payment fees may significantly
reduce the gross profit generated by individual sales. Second, the immediate availability of funds,
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compared to the two- or three-day settlement periods commonly associated with card-payment
systems, improves operational cash flow. The importance of these two factors is consistent with
empirical findings indicating that settlement speed and perceived security significantly influence
payment-method selection from both the consumer and merchant perspectives (Schuh & Stavins,
2016). Third, independence from third-party infrastructure enhances operational resilience against
technical failures affecting payment gateways and card-processing systems. From a sustainability
perspective, it is also noteworthy that a self-hosted node does not require data-centre infrastructure
and can operate efficiently on low-power hardware.

Despite these economic benefits, several significant barriers to wider adoption remain. On the
merchant side, the primary obstacle continues to be technical competence. Although platforms
such as Umbrel are designed to simplify deployment and management, operating a fully func-
tional Lightning Network node—including channel balancing, channel-state backup, and liquidity
management—requires a deeper understanding of the protocol or access to external technical
support. This finding aligns with broader research on blockchain adoption in business environ-
ments, where technical readiness and supporting infrastructure are repeatedly identified as critical
success factors (Wamba et al., 2020).

Empirical research on cryptocurrency-payment adoption among merchants further suggests
that perceived complexity and uncertainty regarding customer demand often outweigh purely
financial incentives (Jonker, 2019). From the consumer perspective, the adoption of Lightning
Network wallets remains limited. Although the availability of both custodial and non-custodial
wallet solutions continues to grow, the majority of consumers have not yet interacted with this
technology. Contemporary research further indicates that motivations for cryptocurrency owner-
ship are heterogeneous and combine speculative interests with distrust of the traditional financial
system. Consequently, only a subset of cryptocurrency holders is motivated to actively use digital
assets for everyday payments (Auer & Tercero-Lucas, 2022).

This dual-sided adoption barrier reflects a classic network-effect problem. The economic value
of accepting Lightning Network payments increases as the proportion of customers possessing
compatible wallets grows, while customer incentives to use such wallets increase as merchant
acceptance expands.

The limitations of the present study should be interpreted in four dimensions:

* First, the pilot usability testing involving five participants represents an exploratory vali-
dation exercise intended primarily to identify major usability issues rather than provide
statistically representative measurements of user experience. A more rigorous evaluation
would require a substantially larger sample size and the incorporation of standardized
usability assessment instruments.

* Second, the multi-criteria comparison of payment methods combines qualitative expert
evaluation with quantitative cost calculations. The subjective component of the assessment
should be replaced in future research by a structured evaluation framework validated through
expert-panel review.

 Third, the economic advantage of the Lightning Network was quantified primarily through
transaction-fee comparisons. In real-world deployment scenarios, merchants must also
consider the volatility of the Bitcoin exchange rate relative to the Czech koruna, which may
introduce additional costs or risks.
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Fourth, the study does not address the regulatory dimension, which is essential for production
deployment in commercial environments. Furthermore, empirical analyses of Lightning Network
topology indicate that network capacity is concentrated among a limited number of large nodes
(Zabka et al., 2022). For newly entering merchants, this implies the necessity of carefully selecting
channel management and connectivity strategies.

Based on the findings presented above, several practical recommendations can be formulated:

* For merchants considering the inclusion of Lightning Network payments within their
payment portfolio, a sensible initial approach is to operate a self-hosted node for low-value
transactions, where transaction fees constitute a significant proportion of unit profit margins.
For more advanced deployments, combining a self-hosted node with automatic conversion
of cryptocurrency into fiat currency through a third-party service may reduce exposure to
exchange-rate volatility while preserving the economic advantages of low transaction fees.

» For the research community, the study opens several promising avenues for future investi-
gation, including:

+ longitudinal analyses of the actual operating costs of proprietary payment infrastructures,

* quantitative studies of network effects in retail Lightning Network adoption,

» comparisons of energy consumption and overall carbon footprints among alternative
payment infrastructures.

Given the ongoing development of layer-two protocols (Gudgeon et al., 2020), a natural continua-
tion of this research would be a comparative analysis of the Lightning Network and competing
layer-two solutions from the perspective of retail-payment applications.

4.1 Conclusion

In conclusion, the proposed and implemented reference architecture of a payment module demon-
strates both the technical feasibility and the economic viability of accepting Bitcoin payments
through the Lightning Network using a self-hosted Bitcoin node within a small- or medium-sized-
-business environment.

The principal contribution of the study lies in providing an accessible, reproducible, and well-
-documented implementation that lowers the entry barrier for merchants considering the
integration of Lightning Network payments into their payment mix. In addition, the study offers
an empirical comparison of transaction costs directly relevant to the Czech market environment.

Future research should focus on the long-term economic implications of node operation,
the evolving regulatory framework governing cryptocurrency payments, and customer-side
barriers to adoption. Such investigations would contribute to a more comprehensive under-
standing of the role that decentralized payment infrastructures may play within the broader
digital-payments ecosystem.

Acknowledgements

This paper was supported by the project CZ.02.1.01/0.0/0.0/16_017/0002334 Research
Infrastructure for Young Scientists, this is co-financed from Operational Programme Research,
Development and Education.

201



LIGHTNING NETWORK AS AN ALTERNATIVE PAYMENT INFRASTRUCTURE...

Tomds Lacina, Petr Jedlicka

REFERENCES

ANTONOPOULQOS, A. M., OSUNTOKUN, O., PICKHARDT, R. 2021. Mastering the Lightning Network:
A Second Layer Blockchain Protocol for Instant Bitcoin Payments. Sebastopol: O'Reilly & Associates.
ISBN 978-1-492-05486-3

ARANGO-ARANGO, C. A, SUAREZ-ARIZA, N. F. 2020. Digital payments adoption and the demand
for cash: New international evidence. Journal of Payments Strateqy & Systems. 14(4), 392-410.
ISSN 1750-1806

AUER, R., TERCERO-LUCAS, D. 2022. Distrust or speculation? The socioeconomic drivers of U.S.
cryptocurrency investments. Jjournal of Financial Stability. 62, 101066. ISSN 1878-0962.

BARION. 2025. Barion. [Accessed 2025-05-08]. https://www.barion.com/cs/

BOUSKA, K. 2023. Velkd kniha o Bitcoinu a kryptoméndch, aneb, Finanéni gramotnost pro kaZdého.
Praha: Braiins Publishing. ISBN 978-80-908709-5-6

CSOB. 2022. Cenik POS START. [Accessed 2025-05-08]https://platbakartou.csob.cz/wp-content/
uploads/2022/12/cenik-POS-START.pdf

CZECHCRUNCH. 2022. Cesi a krypto na Alze: Loni zaplatili bitcoinem za pocitace, ¢ipy i Pokémony
201 miliond, sili ale i obavy. CzechCrunch. [Accessed 2025-05-08] https://cc.cz/cesi-a-krypto-na-
alze-loni-zaplatili-bitcoinem-za-pocitace-cipo-pokemony-201-milionu-sili-ale-i-obavy/

CZECHCRUNCH. 2025. Ceskd kryptobrana vyrostla o 260 procent na devét miliard. Letos chce
byt Confirmo jesté vétsi. CzechCrunch. [Accessed 2025-05-08] https://cc.cz/ceska-kryptobrana-
vyrostla-o-260-procent-na-devet-miliard-letos-chce-byt-confirmo-jeste-vetsi/

DOTYPAY. 2025. Poplatky. CzechCrunch. [Accessed 2025-05-08]. https://dotypay.com/poplatky/

GOPAY. 2025. GoPay. [Accessed 2025-05-08]. https://www.gopay.com/cs/

GUDGEON, L., MORENO-SANCHEZ, P, ROOS, S., MCCORRY, P, GERVAIS, A. 2020. SoK: Layer-Two
Blockchain Protocols. In: BONNEAU, J., HENINGER, N. (eds.). Financial Cryptography and Data
Security. FC 2020. Lecture Notes in Computer Science, vol. 12059. Cham: Springer, pp. 201-226.
ISSN 0302-9743

INDEX PROSPERITY. 2024. Platebni chovdni. [Accessed 2025-05-08]. Available at: https://www.
indexprosperity.cz/2024/platebni-chovani/

JONKER, N. 2019. What drives the adoption of crypto-payments by online retailers? Electronic
Commerce Research and Applications. 35, 100848. ISSN 1567-4223.

KB SMARTPAY. 2023. Prehled ndkladovych sloZek celkového poplatku za transakci. [Accessed 2025-05-
08]. Available at: https://www.kbsmartpay.cz/wp-content/uploads/2023/07/KBSmartPay_Prehled-
nakladovych-slozek-celkoveho-poplatku-za-transakci-22011.pdf

NAKAMOTO, S. 2008. Bitcoin: A Peer-to-Peer Electronic Cash System. [Accessed 2025-05-08]. Available
at: https://bitcoin.org/bitcoin.pdf

NOVAK, M. 2023. Lightning network: platby budoucnosti. Praha: Brains Publishing. ISBN 978-80-
908709-4-9.

PAYU. 2025. PayU. [Accessed 2025-05-08]. https://czech.payu.com/

SCHUH, S., STAVINS, J. 2016. How do speed and security influence consumers’ payment behavior?
Contemporary Economic Policy. 34(4), 595-613. ISSN 1074-3529

WAMBA, S. F, QUEIROZ, M. M., ROUBAUD, D., PAPPAS, 1. O. 2020. Blockchain adoption in operations
and supply chain management: empirical evidence from an emerging economy. International
Journal of Production Research. 58(7), 2055-2072. ISSN 0020-7543

202



LIGHTNING NETWORK AS AN ALTERNATIVE PAYMENT INFRASTRUCTURE...

Tomds Lacina, Petr Jedlicka

ZABKA, P, FORSTER, K.-T., DECKER, C., SCHMID, S. 2022. Empirical Evaluation of Nodes and Channels
of the Lightning Network. Pervasive and Mobile Computing. 83, 101584. ISSN 1574-1192

Contact information
Petr Jedlicka: e-mail: petr.jedlicka@mendelu.cz

203



28" International Scientific Conference Economic Competitiveness and Sustainability

March 26-27, 2026, Brno, Czech Republic

FINE-TUNING ROBERTA
FOR SENTIMENT ANALYSIS
OF SUPPORT CONVERSATIONS WITH
PRIVACY-PRESERVING ANONYMISATION

Vojtech Mahdal!, Oldrich Trenz!

Department of Informatics, Faculty of Business and Economics, Mendel University in Brno, Zemédélska 1,
613 00 Brno, Czech Republic

DOI: https://doi.org/10.11118/ec0s2026_020

ABSTRACT

This article describes a prototype system for processing support-conversation text. The system
accepts a text input, classifies sentiment into three classes (positive, neutral, negative),
masks selected sensitive items such as names, e-mails, phone numbers, URLs, usernames
and long numeric strings, and stores an anonymised record. The sentiment classifier is
based on RoBERTa and was fine-tuned in three stages on public chat and dialogue datasets.
Evaluation showed that the second stage reached the best score on its internal test split, but
its accuracy on a separate combined test set fell from 83.41% to 70.06%. After a final fine-
tuning stage on a smaller dataset with a higher share of neutral examples, the model reached
92.82% accuracy on 1,573 independent samples. The anonymisation layer is rule-based and
is most suitable for structured patterns; names, especially sentence-initial capitalised words,
remain the main limitation. The result is a working demonstration consisting of a FastAPI
service, a JavaScript dashboard and an SQLite log, containerised with Docker and deployed
on Hugging Face Spaces.

Keywords: sentiment analysis, ROBERTa, fine-tuning, anonymisation, GDPR, customer support
JEL Code: C88

1 INTRODUCTION

Customer-support conversations can form a substantial body of free text that organisations may
want to analyse, for example to understand recurring problems, customer attitudes and the tone of
communication. At the same time, such texts may contain personal data, including names, e-mail
addresses or phone numbers. This paper therefore treats sentiment analysis and anonymisation as
linked tasks: the system extracts a three-class sentiment label from a text input and masks selected
sensitive items before the result is stored (Mahdal, 2026).

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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The thesis behind this paper (Mahdal, 2026) sets a narrow, practical goal: take a piece of conversa-
tion text, judge its sentiment, strip the sensitive parts, and keep only what is safe to store. Sentiment
was chosen as the first structured signal to extract because it is useful on its own and because it
lets the result be checked against published three-class models. The work is meant as a teaching
example of the whole chain, from picking a base model to deploying a running service, rather than
as a finished commercial product.

1.1 Extracting structure from conversations

Pulling structured facts out of free text sits in the wider area of information extraction, which
recent surveys frame increasingly around large language models (Xu et al., 2024). Sentiment anal-
ysis is one of its older and better-understood branches: Liu (2012) treats it as the task of deciding
the polarity that a span of text expresses. Conversational settings add their own twist, because
turn-taking and short replies carry context that a single sentence loses (Mariani et al.,, 2023). We
kept three sentiment classes rather than a positive-negative split, so that messages with no clear
stance — a large share of support traffic — have a label of their own.

The model family used here goes back to the transformer (Vaswani et al., 2017) and to BERT-style
pretraining. Among the available encoders, RoBERTa (a Robustly optimised BERT approach) drops
the Next Sentence Prediction objective, switches to dynamic masking and trains on a much larger
corpus, roughly 160 GB against 16 GB for BERT (Kotamraju, 2022). For a three-class polarity task
that trade favours accuracy over the lighter, faster DistilBERT, which is why RoBERTa was selected.
The Hugging Face Transformers library (Hugging Face, 2022) supplied both the pretrained weights
and the training loop.

1.2 Anonymisation as a constraint, not an afterthought

Because the stored text must be GDPR-compliant, anonymisation is part of the pipeline rather
than a later clean-up step. The field offers a spread of options, from rule-based masking to learned
models, with recent benchmarks comparing the two on the same data (Asimopoulos et al., 2024;
Shen et al.,, 2024). The thesis takes the simpler route: a set of regular expressions that replace
e-mails, URLs, phone numbers, usernames, long digit strings and capitalised name sequences with
placeholder tokens. This is deliberately modest, and Section 4 is honest about where it slips.

2 METHODOLOGY

The pipeline runs in Python and has four parts: load data, mask sensitive items, fine-tune the
classifier, then serve and log results. Before any model sees the text, a mask_sensitive function
applies the regular expressions, turning e-mails into <EMAIL>, URLs into <URL>, phone numbers
into <PHONE>, usernames into <USER>, long digit sequences into <NUMBER> and runs of capitalised
words into <NAME>. Labels were mapped to integers (negative 0, neutral 1, positive 2) and text was
tokenised with the pretrained RoBERTa tokenizer using padding and truncation.

Data were split in a stratified way, with roughly 70-80 % for training, 10-20 % for validation and
the rest for testing. Class weighting was added to push back against imbalance, which mattered
a great deal here: the first dataset was 75.78 % neutral, so without weighting the model could score
well by guessing neutral. Training used the Hugging Face Trainer with a learning rate of 2e-5,
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three epochs and weight decay of 0.1. The work ran on MetaCentrum (CESNET) JupyterHub with
a 6-core CPU, 32 GB RAM and Nvidia A40 GPU.

The classifier was not trained once but in three stages, each on a different dataset, building on
the previous weights:

Stage 1 used chat-sentiment-analysis (Hugging Face, about 28.8k rows), first plain and then
with class weights. Stage 2 added EmpatheticDialogues (about 25k dialogues, 32 emotions remapped
to three classes). The final stage added the small Chat Sentiment Dataset (about 500 rows), brought
in specifically because the model still read the neutral class poorly. Why the middle stage hurt rather
than helped is the more interesting part of the story, and Section 3 reports it with the numbers.

Fig. 1: UML class diagram of the main application module, showing the FastAPI service, the sen-
timent-analysis pipeline and the predict_sentiment endpoint (adopted from Mahdal, 2026)

The trained model was published to the Hugging Face Hub and loaded at runtime by a REST
API built with FastAPI, which exposes a POST /predict endpoint and OpenAPI docs. A JavaScript
dashboard sits on top of the APIL Each prediction is written to an SQLite log through a thread-safe,
regex-based anonymisation module, so the database never holds the raw sensitive text. The whole
thing was containerised with Docker and deployed to Hugging Face Spaces. Figure 1 shows the
class layout of the main module.

3 RESULTS

Two evaluation contexts have to be kept apart, because mixing them would misread the work. The
first is the internal test split measured after each fine-tuning stage (Table 1). The second is a sepa-
rate, combined test set of 1 573 unique samples that the model never saw during training (Table 2).
The internal split and the independent set do not agree, and that disagreement is the point.

On the internal split the second stage looks like the winner, with an F1 of 0.9560. Taken at face
value that would suggest stopping there. The independent set tells the opposite story.

Version 2, the one that scored highest on the internal split, dropped to 70.06% on the independent
set, a fall of 13.35% against version 1 (Mahdal, 2026). The final version recovered and went past
both, reaching 92.82%, which is an improvement of 22.76% over version 2 and the model shipped in
the deployed service. The counts are consistent with the totals (1102 +471=1573; 1460 + 113 =1573).

206



FINE-TUNING ROBERTA FOR SENTIMENT ANALYSIS OF SUPPORT CONVERSATIONS...

Vojtech Mahdal, Oldrich Trenz

The error breakdown in Table 3 shows where the trouble lived. Version 2 confused neutral with
the two poles in 353 cases, far more than the other versions; almost all of its damage was neutral
text pushed into positive or negative. The final version cut those mistakes sharply, and what
remains is dominated by a single residual type, neutral read as positive (80 cases). Figure 2 shows
the same picture as a confusion matrix for the final model.

Against two community RoBERTa sentiment models (cardiffnlp/twitter-roberta-base-sen-
timent-latest and j-hartmann/sentiment-roberta-large-english-3-classes) the trained
model read standalone sentiments more accurately, the gap being clearest on the neutral class. This
comparison is qualitative: the thesis presents it as side-by-side figures and does not report numeric
accuracy for the two baselines, so none is quoted here.

The running service behaves as intended. On the dashboard the sentence “Everything is set up
correctly!” was scored Positive with a confidence of 99.67 %, and a POST request with “FastAPI
works correctly.” returned the matching positive label. Figure 3 shows the deployed interface.

Tab.1 Metrics on the internal test split after each fine-tuning stage (not the independent set)

Metric Stagg 1 St'age 1 Stage 2 Final
baseline weighted (dataset2v2) (dataset3)

Eval loss 0.4481 0.5240 0.2030 0.3346
Accuracy 0.9243 0.9277 0.9561 0.9153
Precision 0.9282 0.9286 0.9560 0.9160
Recall 0.9243 0.9277 0.9561 0.9153
F1-score 0.9257 0.9281 0.9560 0.9152
Epochs 3 3 3 3

Tab. 2 Table 2: Accuracy on the combined independent test set (1 573 samples)
Model version Accuracy Correct Incorrect
Version 1 83.41% — —
Version 2 70.06% 1102 471
Final version 92.82% 1460 113

Tab.3 Most frequent error types by model version (count of class confusions)

Error (confusion) Version 1 Version 2 Final version
neutral 0 positive 65 212 80
neutral 0 negative 54 141 19
positive 0 neutral 72 88 5
negative 0 neutral 68 26 7
positive 0 negative 2 3 1
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Fig. 2: Confusion matrix of the best-performing sentiment classificati-
on model on the three-class task (negative/neutral/positive), reaching
92.82% accuracy (adopted from Mahdal, 2026)

Fig. 3: Deployed web interface (Hugging Face Spaces) over the POST /predict endpo-
int, returning the predicted sentiment label and confidence score for an input sentence
(adopted from Mahdal, 2026).
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4 DISCUSSION

The gap between Table 1 and Table 2 is the main result worth discussing. The second stage achieved
the strongest internal-split metrics, but the independent test set showed a much weaker result. The
thesis links this behaviour to the different class distribution after remapping Empathetic Dialogues
from 32 emotions into three sentiment classes, especially to weaker representation of neutral
examples. It is therefore more accurate to describe this as a plausible explanation supported by the
error pattern, not as a proven causal mechanism (Mahdal, 2026).

A plausible interpretation is that the final dataset helped mainly because of its class composition
rather than its size. The Chat Sentiment Dataset contained a higher share of neutral examples than
the preceding stage, and after fine-tuning on it the number of neutral-class confusions decreased
from 353 in version 2 to 99 in the final version. The conclusion should therefore be formulated
cautiously: in this experiment, adding a smaller but more balanced dataset improved generalisa-
tion on the independent test set, especially for the neutral class.

The anonymisation layer should be presented as a rule-based prototype rather than a fully
reliable GDPR solution. Regular expressions are appropriate for structured patterns such as
e-mails, URLs, phone numbers, usernames and long numeric strings, but the thesis itself iden-
tifies names as a difficult case, particularly when a capitalised word appears at the beginning
of a sentence. For stronger anonymisation, the rule-based layer should be complemented or
replaced by a trained named-entity recognition model, as suggested by recent anonymisation
research (Asimopoulos et al., 2024; Shen et al., 2024).

One more caveat bounds the whole result. The independent test set was built from generated
and public text made of short, plain sentences, so 92.82 % describes the model on simple, non-do-
main text. Sarcasm, irony, long compound sentences and the vocabulary of a specific product
line were not tested. We would not expect the same figure on raw, messy support logs, and the
work does not claim it.

5 CONCLUSION

The work produced a functional prototype for sentiment analysis and anonymised storage of
support-conversation text. A RoBERTa classifier fine-tuned in three stages reached 92.82 % accu-
racy on a combined independent test set of 1,573 samples, and the model was deployed through
a FastAPI service with a JavaScript dashboard and an SQLite log. The main transferable finding is
that inter-nal validation metrics alone were not sufficient: the second model version looked stron-
gest on its internal split but performed poorly on the independent test set. The results suggest that
the neutral class and class balance require special attention in three-class sentiment analysis. The
main limitations are that anonymisation remains rule-based and incomplete for names, and that
the reported accuracy was measured on generated and public short-text samples rather than on
real support logs. Future work should therefore evaluate the system on domain-specific conversa-
tions and replace or supplement regex masking with a trained entity-recognition component.
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ABSTRACT

Household food waste is a significant environmental and economic problem in the Czech
Republic — it is estimated that households generate a significant portion of total food waste.
The present article examines whether household income affects the level of food waste
and attitudes towards it, and complements this survey on consumer segmentation based
on purchasing and consumption behavior. The empirical basis is a questionnaire survey
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(n=294), supplemented by semi-structured in-depth interviews (n=6). The statistical
dependence between the monitored variables was verified by Pearson‘s chi-square test of
independence, and the strength of the dependence was verified by Cramer‘s coefficient;
hierarchical cluster analysis using the Ward method was used to segment respondents. The
results showed that the proportion of food thrown away per month was not statistically
dependent on income, while attitudes towards waste did depend on income and age.
A significant predictor of lower waste was the frequency of checking the refrigerator.
Cluster analysis identified three household segments with different purchasing, waste and
perception approaches. The findings suggest that quantitatively measured waste levels and
attitudes towards the problem may diverge, which has implications for the development of
targeted communication strategies.
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1 INTRODUCTION

Food waste is currently perceived as one of the most serious cross-cutting problems of the food
system, combining environmental impacts, economic losses, and the ethical dimension of food
inaccessibility for part of the population. The United Nations Sustainable Development Goal 12.3
aims to halve global food waste at the retail and consumer levels by 2030 (Eurostat, 2024). Within
the European Union, food waste generation is continuously monitored in the context of this
commitment both in the processing sector and at the levels of distribution and households, with
households consistently representing the single largest source of waste (Eurostat, 2024).

The situation in the Czech Republic is comparable. Previous studies repeatedly document that the
majority of food waste is generated at the final consumption stage (Kormanakova, RemeSova and
Vancova, 2021; Novakovd, Hak and Janouskovd, 2021). Consequently, attention is logically focused
on the purchasing and consumption behaviour of Czech households and on the socioeconomic
factors shaping such behaviour.

The economic dimension of the issue is significant: the value of food ending up in municipal waste
represents a portion of household expenditure that can be successfully reduced through relatively
simple organisational adjustments. The environmental dimension—greenhouse gas emissions
associated with the production, transportation, and disposal of unconsumed food—makes house-
hold food waste one of the measurable contributors to the carbon footprint of final consumption
(Aloysius et al., 2023). Alongside the economic and environmental dimensions, a social dimension
also plays a role, as food waste contrasts with the growing number of households facing income
insecurity (Czech Statistical Office, 2024).

Among the socioeconomic predictors of food waste, household income is frequently discussed.
However, the literature does not provide a clear conclusion regarding the relationship between
income and the level of food waste. Some studies demonstrate that higher income correlates with
larger amounts of discarded food or with less cautious stock management (Schanes, Doberning
and Gozet, 2018; Braviet al, 2020). Other studies, however, point out that the relationship is not
straightforward: the influence of income overlaps with household size, life stage, demographic
structure, and attitudes toward consumption (Aloysius et al., 2023; Gonzdales-Santana et al., 2022).
Furthermore, Qi, Roe and van Rijnsoever (2016) show that higher-income households may frame
food waste as an acceptable side effect of quality eating habits, meaning that attitudes toward the
issue may diverge from observable behaviour indicators.

Another recurring topic in the literature is the role of discount promotions and retail marke-
ting campaigns. The classical thesis (Schanes, Doberning and Gozet, 2018) describes discounts as
incentives for impulsive purchasing, leading to overconsumption and subsequent waste; however,
more recent empirical studies (Tsalis, Bouptrup Jensen and Aschemann-Witzel, 2024) question
this straightforward mechanism. A third consistently documented factor is household organisa-
tion itself—particularly stock control, shopping planning, and the use of shopping lists (Kubickova,
Veseld and Kormandakova, 2021; Kubickova et al., 2022).

In the Czech context, empirical evidence regarding the relationship between these factors and
actually measured (or at least self-reported) household behaviour remains limited. Existing studies
either rely on aggregated statistics (Czech Statistical Office, 2024) or focus on specific subpopula-
tions and regions (Novakova, Hak and Janouskovd, 2021; Kormarakova, RemeSova and Vancova,
2021). Less attention has been paid to the contemporary verification of quantitative hypotheses
concerning the effects of income and accompanying factors, as well as to qualitative insight into
the mechanisms underlying observed behavioural patterns.
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Therefore, the aim of this article is to:

(1) (verify whether the income level of Czech households is statistically associated with the self-
-reported proportion of discarded food and attitudes toward food waste;

(2) examine complementary hypotheses concerning the effects of age, education, stock control,
and the use of discounts; and

(3) identify household segments differing in the level of food waste and attitudes toward it
based on purchasing and consumption variables.

The conclusions of the article are discussed with regard to the possibilities of targeted commu-
nication aimed at reducing household food waste and build upon the general framework of
consumer decision-making (Kotler and Keller, 2013), although the primary focus remains empi-
rical and quantitative.

2 METHODOLOGY AND DATA

To fulfil the research objectives, a combination of quantitative and qualitative research methods
was employed in a sequential design.

The quantitative survey was conducted in the form of an online questionnaire using Google
Forms, distributed primarily through social media and targeted email communication during the
period from 20 January to 28 February 2025. The questionnaire was structured into three sections:
sociodemographic data, purchasing habits (shopping frequency, influence of discounts, stock
control, planning), and food waste behaviour itself (types of discarded food, reasons for disposal,
attitudes). Prior to the main data collection, pilot testing was carried out on a sample of 22 respon-
dents, and the feedback obtained was incorporated into the final version of the questionnaire. The
minimum respondent age was set at 15 years.

A total of 303 responses were collected; after excluding irrelevant and incomplete responses, the
final sample consisted of 294 units. Gender and the number of dependent children in the household
were used as quota characteristics; the sample distribution corresponded to the 2021 Population
Census data with a maximum deviation of 4.3 percentage points (Czech Statistical Office, 2024).
Women represented 51.5% of the sample and men 48.5%. Regarding age structure, the most repre-
sented groups were 15-25 years (34.0%) and 26-35 years (29.6%), whereas the groups aged 56-65
years and 66 years and above together accounted for only 7.5% of the sample. This uneven age
distribution resulted from the exclusively online distribution of the questionnaire and is discussed
as a limitation in the Discussion section. Monthly household income most frequently fell within the
range of CZK 50,001-70,000 (29.3%), while households with income below CZK 25,000 represented
10.6% of the sample.

Statistical processing relied on basic descriptive statistics and Pearson’s chi-square test of indepen-
dence. The significance level was set at a =0.05; the null hypothesis of independence between two
categorical variables was rejected when the p-value was lower than this threshold. The strength of
association was quantified using Cramér’s V coefficient. In accordance with the objectives of the
article, the following hypotheses were tested (formulated as null hypotheses):

e HO1: Household expenditure on food is not dependent on the number of household
members.

e HO02: The frequency of using discount promotions is not dependent on household income.

e HO03: The percentage of discarded food is not dependent on household income.
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e HO04: The percentage of discarded food is not dependent on the frequency of checking
food stocks in the refrigerator.

* HO5: Thepercentage of discarded food is not dependent on the use of discount promotions.

* HO6: Attitudes toward the problem of food waste are not dependent on household
income level.

e HO7: Attitudes toward the problem of food waste are not dependent on age.

* HO08: Attitudes toward the problem of food waste are not dependent on the highest level
of education attained.

The formulation of the hypotheses was based on previous literature—H02 follows Gupta
(2016), HO4 follows the methodology of Kubickova et al. (2022), HO5 follows Schanes, Doberning
and Gozet (2018), HO6 follows Qi, Roe and van Rijnsoever (2016), and HO7 and HO8 again follow
Kubickova et al. (2022). HO1 and HO3 test general assumptions regarding the relationship between
household size, household income, and consumer behaviour.

Hierarchical cluster analysis was employed among the multivariate methods for respondent
segmentation. Input variables—including shopping frequency and types of purchases, use of
discounts and loyalty programmes, stock control, frequency of discarding different food categories,
reasons for disposal, and attitudes toward the issue—were transformed onto a unified 0-1 scale.
Clustering was performed using Ward’s method with Euclidean distance.

The qualitative research followed the quantitative phase and took the form of semi-structured
in-depth interviews. Six interviews were conducted—two representatives from each identified
cluster—with the aim of deepening the understanding of attitudes and motivations typical for
individual segments. The interviews were thematically structured around food evaluation, sensiti-
vity to discounts, barriers to sustainable purchasing, and information needs. The characteristics of
the sample and the limitations of the research design are systematically discussed in the Discussion
and Conclusions section.

3 RESULTS

The purchasing and consumption behaviour of respondents corresponds to patterns typical of
Czech urban and mixed environments. Most respondents purchase food once or twice a week,
with supermarkets representing the dominant shopping location, followed by small retail stores.
Among the factors influencing purchasing decisions, quality and price were evaluated as the most
important, followed by discounts and shelf life, while brand emerged as the least significant factor.
A shopping list is always prepared by 17% of respondents, and another 40% prepare one for more
than half of their shopping trips; however, only one quarter of those who create shopping lists
follow them strictly. The remaining three quarters admitted being tempted by discounts or purcha-
sing additional items during shopping. Discount promotions are used during every shopping trip
by 26% of respondents, and during more than half of shopping trips by another 26%; only 2%
reported never using discounts. Food waste is considered a serious problem by 78% of respon-
dents, while 16% perceive it as not very serious and 6% do not consider it a problem at all.

The results of hypothesis testing concerning the relationships among the examined variables are
summarised in Table 1. Of the eight tested hypotheses, four were rejected (HO1, HO4, HO6, HO7).
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Tab. 1 Summary results of hypothesis testing (Pearson'’s chi-square test, Cramer’s coefficient V; N =294)

Hypothesis (HO) p-value Cramer’s coefficient
HO1: Spending x Number of Household Members 0,0001 0,212
HO02: Frequency of Discounts x Income 0,9694 0,104
HO03: % Food Waste x Income 0,6366 0,132
HO04: % Food Waste x Inventory Control 0,0224 0,190
HO5: % Food Waste x Discount Usage 0,3242 0,124
HO6: Attitude towards Waste x Income 0,0093 0,212
HO7: Attitude towards Waste x Age 0,0248 0,187
HO8: Attitude towards Waste x Education 0,3589 0,122

The key finding is that the direct relationship between household income level and the self-
-reported proportion of discarded food (HO3) was not confirmed—the p-value substantially
exceeds the significance threshold, and the value of Cramér’s coefficient indicates only a very weak
potential association. In contrast, attitudes toward the problem of food waste (HO6) were found
to depend on income level—the relationship is statistically significant and of moderate strength
according to Cramér’s coefficient. Attitudes are also related to age (H07), but not to the highest level
of educational attainment (HO08).

Among the variables associated with household organisation, the frequency of checking food
stocks in the refrigerator (H04) was confirmed as a significant predictor: the more frequently house-
holds check their food supplies, the lower the proportion of monthly purchased food they ultimately
discard. Neither the effect of discount usage itself on the level of food waste (HO5) nor the relation-
ship between the frequency of using discounts and income level (H02) was statistically confirmed.

Cluster analysis identified three respondent segments with n =68 (Cluster 1), n =113 (Cluster 2),
and n =113 (Cluster 3). The segments differ markedly both in shopping habits and in the level and
perception of food waste (see Figure 1).

Segment A (Cluster 1) consists predominantly of younger respondents (most strongly repre-
sented by the 26-35 age group) living in two- to three-member urban households; it contains the
highest proportion of households with incomes exceeding CZK 100,000. These respondents shop
more frequently for smaller purchases, make substantial use of online food delivery services,
and are relatively more influenced by brand in their purchasing decisions. They exhibit the
highest level of food waste among all segments—the average self-reported proportion of food
discarded monthly reaches 0.29 (on a 0-1 scale). At the same time, this segment demonstrates
the most indifferent attitude toward the issue: a smaller proportion of respondents consider
food waste a serious problem compared to the other segments. They also make the least use of
loyalty and discount programmes and prefer smaller food package sizes as a suitable measure
for reducing waste.

Segment B (Cluster 2) comprises the youngest respondents (predominantly aged 15-25 years),
with a higher proportion of university-educated individuals and a balanced income distribution.
This group demonstrates the most active use of discounts, loyalty programmes, and mobile appli-
cations, most frequently checks food supplies before shopping, and reports consistent planning

215



INCOME, ATTITUDES, AND FOOD WASTE: SEGMENTATION OF CZECH HOUSEHOLDS

Anna Martinkovd, Veronika AntoSovd, Lucie Veseld

Fig. 1: Hierarchical cluster analysis dendrogram

behaviour. The average proportion of discarded food (0.19) is lower than in Segment A. In terms
of attitudes, this segment perceives food waste as the most serious problem and considers better
shopping planning to be the most effective preventive measure.

Segment C (Cluster 3) represents the oldest age group, with a higher representation of indi-
viduals aged 56 years and above, the highest proportion of households with monthly incomes
below CZK 35,000, and more frequent residence in rural areas. This segment is characterised by
careful shopping planning, consistent monitoring of expiration dates, and the use of discounted
food products nearing the end of their shelf life. It demonstrates the lowest level of food waste
(0.08). Food waste is perceived as a problem; however, the motivation to reduce it stems prima-
rily from financial caution and practical experience rather than environmental convictions.

Across all segments, the most common reasons for discarding food include failure to consume
food in time, exceeding the use-by date, and reaching the minimum durability date. The most
frequently discarded categories are bakery products, fruit, vegetables, and dairy products.
The qualitative interviews confirmed these quantitative patterns and supplemented them with
motivational differences: whereas respondents from Segment A typically do not perceive their
behaviour as wasteful, respondents from Segment B intentionally prevent waste through various
organisational practices, and respondents from Segment C prefer traditional approaches such as
freezing, composting, and feeding leftovers to animals.
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4 DISCUSSION AND CONCLUSIONS

The empirical findings of this study offer a useful counter to the hypothesis that higher house-
hold income directly leads to higher food waste. The statistical dependence between income and
the declared proportion of monthly food waste (H03) was not confirmed in the Czech sample,
not even as a weak tendency. This result is in line with the conclusions of some foreign litera-
ture (Schanes, Doberning and Gozet, 2018; Aloysius et al., 2023), which emphasizes that income
should be interpreted together with the life stage, size and structure of the household and with
subjective attitudes. At the same time, it is necessary to point out a possible methodological expla-
nation: subjective self-estimates of the proportion of food waste tend to be systematically lower
than objectively measured values (Kubickovd, Veseld and Kormardkovd, 2021), and the underes-
timation may be different in different income groups. Moreover, the influence of income may be
better reflected in the absolute quantity or value of food thrown away than in its share in monthly
purchases — which the survey on which the article is based did not follow.

In contrast, the dependence of the attitude towards the problem of waste on income (HO6) was
statistically confirmed. This finding corresponds to the work of Qi, Roe and van Rijnsoever (2016),
according to which households with higher incomes more often frame waste as a side effect of
quality food and therefore as more acceptable. Qualitative interviews support this interpretation:
respondents in Segment A typically do not perceive waste as waste, attribute the problem to retail
chains and perceive their own behavior as neutral. There is therefore a tension between quanti-
tatively measured behavior and its subjective framing, which in itself represents a challenge for
communication in the field of waste reduction.

Among other results, it is worth highlighting the confirmed connection between the frequency
of checking the stock in the refrigerator and the share of food thrown away (H04). This finding is
consistent with the conclusions of Kubickova et al. (2022) and the broader literature on the role of
household organization in reducing waste. The practical implication is available: a simple routine
of checking inventory before shopping is among the least expensive measures that can be addre-
ssed through a communication campaign.

The data did not confirm the effect of the use of discount events on the level of waste (HO5) or
the relationship between the frequency of discounts and income (H02). This is in line with more
recent evidence (Tsalis, Bouptrup Jensen and Aschemann-Witzel, 2024), which questions the simple
thesis of “discounts = excessive purchases =waste”. Qualitative interviews in this study demonstrate
that discounts affect different segments in different ways: respondents with lower incomes actively
seek out discounts and integrate them into planning (Segment C), while for respondents with higher
incomes, discounts tend to modify specific purchasing decisions in an unplanned manner (Segment
A). The insignificant aggregate result may thus conceal conflicting mechanisms within the population.

Segmentation based on cluster analysis yielded a structured description of three distinct types
of households that systematically differ from each other in terms of both waste rates (0.29 /0.19 /
0.08), attitudes towards the problem and preferred solutions. This distinction has practical impli-
cations: measures that one segment perceives as relevant (better shopping planning — Segment B)
are not necessarily effective for the other (Segment A prefers smaller packaging; Segment C acti-
vely seeks discounted food before the end of its shelf life). For retail chains and public campaigns,
this suggests that communication should be differentiated by segment — in particular, increasing
the visibility and availability of discounted food before the end of its shelf life, expanding the range
of smaller packages of perishable food, and supplementing communication with information on
proper storage (Huang et al., 2021; Corsini et al., 2023; Eicaité et al., 2022).
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The study findings should be interpreted with a few limitations in mind. The sample of 294
respondents does not have a representative age distribution — a consequence of the questionnaire
being distributed exclusively online — and the proportion of seniors is significantly lower than in
the population. The subjective estimate of the proportion of food wasted in monthly purchases,
although methodologically economical, does not capture the absolute quantity or value of food
wasted. The six in-depth interviews provide only illustrative insight into the mechanisms iden-
tified in the cluster analysis, not their saturated description. Further research should focus on (i)
replication on a larger and more age-representative sample, (ii) addition of objective measurement
of waste (diary or weight methods), and (iii) longitudinal verification of the relationship between
attitude and behavior within individual segments.

In terms of the objectives of this study, it can be stated that empirical evidence has been obtained
that the relationship between income and food waste is not linear in the Czech context: the level
of income is not primarily reflected in the declared share of food thrown away, but rather in
the household‘s attitude towards the problem of waste and — through this attitude and related
purchasing habits — in segment-specific behavioral patterns. This finding is the basis for a diffe-
rentiated communication strategy aimed at reducing food waste in the Czech Republic.
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ABSTRACT

This article deals with the comparison of a two-degree-of-freedom (2DOF) PID controller and
the classical 1DOF PID controller for the control of integrating systems. The work responds
to the structural limitation of the 1DOF controller, which cannot simultaneously optimize
setpoint tracking and disturbance rejection. Three typical integrating plants (with transport
delay, oscillatory, non-oscillatory) and four controller variants tuned by the SIMC method
and the PID Tuner application were tested in the MATLAB Simulink environment. Control
quality was assessed using the IAE and ITAE criteria. The serial 2DOF controller improved
ITAE by 28 to 54% compared with the best 1DOF solution; the optimal tuning method,
however, depends on the plant structure.

Keywords: integrating systems, 2DOF PID, SIMC, PID Tuner, IAE, ITAE
JEL Code: C88

1 INTRODUCTION

Systems with integrating behaviour belong among the more difficult control tasks. Unlike propor-
tional plants they have no self-regulating capability: once disturbed from equilibrium, the output
keeps rising or falling until the controller intervenes. Typical examples include the liquid level in
a tank without outflow, motor position control or temperature regulation in a greenhouse, where
heat losses fully determine the energy balance.

Industrial practice relies on the PID controller with one degree of freedom (PID 1DOF), which takes the
control error e=w-y as the only input. This structure has one inherent limitation: tuning the controller for
fast response to a setpoint change yields a high gain and consequently high sensitivity to disturbances
— and vice versa. Astrom and Héagglund (1995) labelled this trade-off as the fundamental limitation
of single-input controllers. The aim of the present work is to verify experimentally whether PID 2DOF
removes this trade-off and, if so, which tuning method should be selected (Sladka 2020).

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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1.1 PID 2DOF and its advantages

PID 2DOF has structurally two parallel paths: an input filter for the setpoint w with weights b and ¢
for the proportional and derivative term, and a classical PID channel for the control error e (Sulc
and Viteckova 2004; Wang 2020). The serial variant proposed by Viteckova and Vitecek (2011)
introduces the discrete transfer functions of the input filter G, (z) and of the controller G,(z):

AV By o
A2 —Bgz+C,

K,(A,z* — Byz+ C,)
Z2Z2 — Z1z+ 2

Gr(z) = r(z) = (6))

This structure allows the tracking mode (through the filter) and the disturbance-rejection mode
(through the controller) to be tuned independently. The dissertation by Sladka (2020) demonstrated
the applicability of 2DOF on typical industrial processes; the open question remained the behaviour
on integrating plants, where long-term disturbance rejection is usually the dominant task.

Fig. 1: Block diagram of the control loop with an analog PID 2DOF controller. The set-point W/(s)
is weighted by the coefficients b (proportional) and c (derivative), the control error £(s) enters the
integral path, and the resulting actuating signal U(s) drives the plant G (s) with additive disturban-
ce V(s) (adopted from Meduna 2024).

1.2 Tuning methods

Hundreds of empirical rules exist for 1DOF controllers (O’Dwyer 2009). The present work compares
two methods used in practice. The SIMC (Simple Internal Model Control) method derives analy-
tical expressions for the parameters K, T, T, from the internal model of the plant with a single
tuning parameter T, (ViteCek and Viteckova 2011). PID Tuner from the MATLAB Control System
Toolbox searches the parameter space automatically; for the 2DOF case it adds parameters T, (time
response) and T, (robustness) (Mathworks 2024).
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2 METHODOLOGY

Simulation circuits were built in MATLAB Simulink with a sampling period of T=0.1 s for three
typical integrating plants.
Integrating plant with transport delay (Ts = 15,71 =12-5,T; = 4 -s):

_ 1 —4s
G (8) = g€ @

In agriculture this corresponds, for example, to material transport that introduces a noticeable
delay between actuator action and output response.
Oscillatory integrating plant (T = 1s,T = 5s,£ = 0.8) :

_ 1
Gs2 (S) 2583488245 ° ®)

Non-oscillatory integrating plant (s = 1s,T7 = 10s,T5 = 6s) :

1
( ;’ o 4
s3 (S) 60s3+16s245 ° @

Four controllers were run in parallel for each plant: PID 1DOF (SIMC and PID Tuner) and serial
PID 2DOF (SIMC and PID Tuner). A signal shaper acting as a D/A converter followed the controller
output. A disturbance v(?) entered the loop in front of the plant as a step change at t=200s. To test
robustness, one time constant was changed at t=250s (for the transport-delay plant T, from 12 s
to 14 s), simulating plant ageing.

Control quality was assessed by four metrics: settling time with 1% tolerance, overshoot, and the
integral criteria IAE and ITAE:

Iag = [, le(t)|dt, Irag = [, tle(t)|dt. @

IAE penalises the absolute magnitude of the control error, ITAE weights later errors more heavily.

Fig. 2: Schematic of the simulation circuit with a serial PID 2DOF controller realised by transfer
functions G(z) and G,(z) in MATLAB Simulink (adopted from Meduna 2024).
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3 RESULTS

Tables 1 to 3 summarise the results for a setpoint step at t=0s; the best variant for each plant is
shown in bold.

The serial 2DOF controller won across all three plants. For the transport-delay and non-oscilla-
tory plants the best method was SIMC, for the oscillatory plant PID Tuner. The robustness test
under parameter change, however, yielded a different picture for the transport-delay plant: after
the change of T, from 12 s to 14 s the most stable result came from PID 1DOF tuned by PID Tuner
(settling 75.4 s vs 105.8 s for SIMC 2DOF), while the 2DOF controllers lost 50 to 130 % of their
original speed. For the oscillatory plant PID Tuner 2DOF held the leading position even after the
parameter change (ITAE 180 vs 285 for 1DOF Tuner) (Meduna, 2026).

Tab. 1 Plant with transport delay

Tuning method Settling [s] Overshoot [%] IAE ITAE[s]
PID Tuner 1DOF 83.42 33.9 14.12 253.11
SIMC 1DOF 94.89 29.4 15.70 315.52
PID Tuner 2DOF 77.38 8.7 17.86 228.27
SIMC 2DOF 45.40 11.9 10.95 147.73

Tab.2 Oscillatory integrating plant

Tuning method Settling [s] Overshoot [%] IAE ITAE[s]
PID Tuner 1DOF 96.79 28.2 12.34 242.50
SIMC 1DOF 121.22 21.4 17.38 473.08
PID Tuner 2DOF 64.71 4.7 11.95 111.49
SIMC 2DOF 96.38 7.7 14.68 363.85

Tab.3 Non-oscillatory integrating plant

Tuning method Settling [s] Overshoot [%] IAE ITAE[s]
PID Tuner 1DOF 124.61 25.9 16.73 451.93
SIMC 1DOF 140.23 27.0 22.56 699.64
PID Tuner 2DOF 89.79 11.2 20.28 319.73
SIMC 2DOF 62.66 8.4 15.62 324.95
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Fig. 3: Control response for the integrating plant with transport delay — comparison of PID
2DOF tuned by SIMC against PID Tuner. The disturbance step v(t) enters at t=200s (adopted
from Meduna 2024).

4 DISCUSSION

The structural advantage of the 2DOF controller was confirmed quantitatively: overshoot dropped
from 25-35 % to 5-12% and settling time shortened by 25-50% across all three plants. The reason
is the independent tuning of the tracking mode through the input filter G, and of the disturbance-
-rejection mode through the controller G,. A 1DOF controller must choose a higher gain to achieve
the same disturbance rejection, which yields an oscillatory response to a setpoint change.

The choice of tuning method depends on plant structure. SIMC produces deterministic, repro-
ducible results whenever an analytical formula exists for the given structure; for the oscillatory
integrating plant the formula has to be approximated from a 1*-order template instead of the original
2rd-order one, which explains why PID Tuner outperformed it in this case. The practical rule reads:
if SIMC covers the structure, use it as the primary method; otherwise reach for PID Tuner.

Robustness comes at a price. A 2DOF SIMC controller tuned precisely to specific dynamics dete-
riorated more after a 17% change of T, than a less precisely tuned 1DOF Tuner. For processes
with substantial model uncertainty (such as agricultural greenhouses with seasonal parameter
drift), the more conservatively tuned 1DOF or a 2DOF with an adaptive identification mechanism
is preferable.
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5 CONCLUSION

The work compared four PID controller variants on three typical integrating plants in MATLAB
Simulink. For integrating systems, the serial PID 2DOF is structurally the better choice than the
classical PID 1DOF: across all tested plants, it improved ITAE by 28 to 54% and reduced overshoot
fivefold. The choice of tuning method, however, depends on the structure — SIMC for transport-
-delay and non-oscillatory plants, PID Tuner for oscillatory ones. Robustness against parameter
changes is lower for 2DOF than for a conservatively tuned 1DOF, which represents the price for
precision. Future extensions may include verification of 2DOF on non-linear plants with actuator
saturation, adaptive tuning from a continuously identified model, and experimental verification
on a physical system such as DC motor position control.
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ABSTRACT

This article deals with the design and implementation of a web application for ticket
management based on a local Ethereum-compatible blockchain. The work responds to the
gap between marketing claims about blockchain as a universal document verification tool
and limited knowledge of real transaction costs. The frontend uses React.js, the backend Node.
js with Express and MongoDB, and the logic consists of two Solidity 0.8.10 smart contracts
(EventContract, TicketContract) deployed through Truffle into the Ganache environment
(Chain ID 1337). Measurements showed that creating a single event with a typical description
costs 0.0078 ETH (~546 CZK at the 2024 exchange rate), while ticket purchase and resale
require an order of magnitude lower fees. The main finding: transaction cost is dominated
by the length of text strings, which for document verification in general means storing only
hashes and short identifiers on the chain.

Keywords: blockchain, Ethereum, smart contracts, Solidity, document verification, gas cost
JEL Code: 033

1 INTRODUCTION

Two widely reported cases illustrate the same problem. In 2017, tickets for the Rammstein concert
in Prague reappeared in secondary sale at several times the original price, and the organizer had
no way to verify who had actually sold what to whom. In 2019, the forensic expert Jir{ Zavora
presented a forged document to 66 offices in the Czech Republic; in 51 cases the officials accepted
it as authentic. Both cases share the same root — there is no single source of truth about which
document (a ticket, a diploma, a power of attorney) is genuine and to whom it currently belongs.
Blockchain —a distributed and cryptographically secured registry — appears as a candidate solution
thanks to record immutability and smart contracts for automation. The aim of this work was to build
a functional prototype that demonstrates this approach on a concrete use case (ticket management), to
measure real transaction costs, and to generalize the results for document verification at large.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
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2 BUILDING BLOCKS AND CONSENSUS

A cryptographically secured chain of timestamps for digital documents was described by Haber
and Stornetta (1991); Merkle (1988) added a tree structure of hashes for efficient integrity verifi-
cation. These concepts were combined by Nakamoto (2008) in the Bitcoin whitepaper. To reach
consensus about network state, various algorithms are used: Proof-of-Work (high security at the
cost of energy consumption comparable to the annual demand of Pakistan according to CCAF 2023),
Proof-of-Stake (energy efficient), and Proof-of-Authority (for private networks with validated iden-
tity of validators, highly scalable). Ganache uses a simplified PoA variant — confirmation latency
is eliminated and transactions confirm within milliseconds.

3 EXISTING DOCUMENT VERIFICATION SYSTEMS

Academic reviews (Catalini and Gans 2017; Houben and Snyers 2018) and commercial systems
confirm the same pattern — the document is hashed and only the digest with metadata is stored
on the chain. Dock uses decentralized identifiers DID with Issuer/Holder/Verifier roles. The Czech
Certoo uses the Litecoin blockchain with a maximum file size of 500 MB. Diplomachain cooperates
with the Czech Ministry of Industry and Trade, the Chamber of Commerce, CTU Prague and TBU
7lin. Blockademia runs on Cardano with the ACI token. None of these systems stores entire docu-
ments on the chain — only the hash, identifier, and metadata, which ensures a constant transaction
cost regardless of document size.

4 METHODOLOGY
4.1 Technology Stack

For the prototype, a combination enabling rapid development and measurement of real transac-
tion costs was chosen: React.js (frontend), Node.js with Express.js and MongoDB (backend with
user data), Ganache (local development blockchain with ten preset accounts of 100 fictitious ETH
each), Truffle (compilation, migration, and contract testing), Solidity 0.8.10 (with built-in overflow
protection), and MetaMask (browser wallet). Ganache listens on 127.0.0.1:8545 with Chain ID
1337; MetaMask is configured with the network name “TicketBlock”.

4.2 Two Smart Contracts

The application architecture separates event management and ticket management into two inde-
pendent contracts. EventContract owns the Event structure with the eventID field (bytes32),
name, date, ticket count, price, description, category, and owner address; the key function
buyTicket(eventID) delegates the call to TicketContract. TicketContract owns the Ticket structure
with ticketID (bytes32), eventID, owner, purchase date, and flags isRedeemed, isvalid, and
forSale; key functions include createNewTicket, transferTicket, setTicketForSale, and
verifyTicket. The separation has a practical reason — events and tickets have different lifecycles,
which would lead to more complex logic and higher gas overhead in a monolithic contract.
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Fig. 1: Resale marketplace in the web application — each entry shows the event name,
on-chain event ID, current owner address (Ethereum account) and asking price in CZK,
which is converted to ETH/wei at confirmation time.

Fig. 2: Result of ticket verification after entering a valid ID — the system immediately
returns the status (“valid”), event ID, owner address, original price, creation date and
redemption status. Verification is a view function that consumes no gas and can be in-

voked by anyone.
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4.3 Identifier Generation and Audit Trail

Identifiers are built by hashing the combination of attributes using the Keccak-256 function, which
produces a 32-byte output (bytes32):
)
seventID“=“keccak256“ (,abi.encodePacked” (,eventName* ,“block.timestamp® )).
)
yticketID“=“keccak256“ (,abi.encodePacked” (,eventID“,“userAddress“,“block.timestamp® ))

The collision risk at this size is negligible; before writing into the map, require(!eventExists[_
eventID]) is checked, which would formally catch a collision should it occur. Each contract emits
structured events permanently written into the blockchain as an audit trail — TicketContract emits
ten event types (TicketCreated, TicketBought, TicketTransferred, TicketRedeemed, and others).
The frontend obtains the history by calling getPastEvents(,allEvents®, { filter: { ticketID },
fromBlock: @, toBlock: ,latest® }).

4.4 Gas Cost Measurement

After truffle migrate, the addresses of deployed contracts and their ABI are generated. Web3.js
initializes the blockchain connection; state-changing functions use .send({ from: userAddress,
gas: ,500000° }), view functions only .call(). For each key operation (event creation with
various description lengths, purchase, resale, verification), gas usage, gas price, and total cost in
ETH and CZK were measured according to the Coinbase 2024 exchange rate.

5 RESULTS
5.1 Transaction Costs

For the full workflow (event creation - purchase — resale — verification), the values in Tab. 1 were
measured. The cost of event creation is dominated by description length, while purchase and resale
have a relatively constant cost given by hashing and map update. In Solidity, each additional byte
of a string represents about 17 gas units, which scales the cost linearly with the volume of text data
(Mrakava, 2026).

Tab.1 Measured transaction costs (Ganache, gas price 2.5 gwei, Coinbase 2024 exchange rate)

Operation Cost (ETH) Cost (CZK) | Note

Event creation — short description (30 chars) ~0.002 ~140 minimal payload
Event creation — typical description (200 chars) 0.0078 ~546 gas usage ~3,305,129
Event creation — long description (500 chars) ~0.015 ~1,050 festival program
Ticket purchase ~0.001 ~70 no payload

Ticket resale ~0.001 ~70 no payload
Verification (view) 0 0 off-chain
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5.2 Stability and Auditability

The application was tested on 30 tickets across 5 events; all transactions completed successfully
and no identifier collision occurred. In a simulation of two concurrent purchases of the last avai-
lable ticket, the second purchase reverted with “Not enough tickets left”. For a randomly selected
ticket, four history records were retrieved through getEventsForTicketID (creation, two transfers,
redemption) including transaction hashes, block hashes, and timestamps. Third-party verification
without access to the UI was possible through a Web3.js call directly to Ganache — auditability
without trusting the system operator is the main value blockchain adds over a centralized solution.

6 DISCUSSION

The measurements revealed a practical boundary for economic deployment: the size of data stored
on chain must be as small as possible. For tickets this was not a problem — ID, owner, and state
flags fit into tens of bytes. For event creation with a long description, the cost rises sharply because
each byte of text is expensive on Ethereum. For document verification in general, a practical pattern
emerges: the document is stored off chain (IPFS, server, archive), its hash (SHA-256 or keccak-256)
is computed, and only the hash, identifier, issuer, and timestamp are stored on chain. Verification
then means comparing the hash from the file with the hash on the chain.

Economics matters more than technology. The cost of 546 CZK per event may seem negligible, but
for an organizer with 1,000 events per year this means 546,000 CZK only for the blockchain, and
at tickets priced 50-200 CZK the viability is questionable. For high-value documents with long vali-
dity (diplomas), the situation differs — a one-off cost against the document’s value is reasonable,
which explains the interest of CTU and TBU in Diplomachain. For production deployment, Polygon
would be worth considering, as it preserves the Ethereum API while reducing fees by an order of
magnitude. Permanent on-chain storage also conflicts with the right to be forgotten under GDPR;
Czech law does not explicitly regulate blockchain (Hospodka 2020) and no Czech court has offici-
ally accepted blockchain as evidence (Handk 2022).

/7 CONCLUSION

The work showed that a functional blockchain application for ticket management can be built with
a common stack (React, Node.js, MongoDB, Truffle, Solidity) in a reasonable time, and measured
specific transaction costs that marketing materials rarely disclose. The cost of event creation ranges
from ~140 CZK for a short description to ~1,050 CZK for a long one — text dominates the gas cost.
Architectural separation into two contracts (EventContract, TicketContract) reduces overhead in
repeated operations and simplifies code audit. For document verification at large the rule holds:
store only hashes and metadata on chain, keep content off chain. Future extensions include
deploying an identical contract on Polygon to measure real transaction costs under competitive
operation and implementing a combined on-chain hash plus off-chain payload mechanism with
deletion option for GDPR compliance.
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ABSTRACT

The paper deals with the perception of the credibility of environmental claims of fash-ion
brands among Czech consumers of generation Y and Z and the possibilities of communication
that minimizes the risk of greenwashing. The aim is to identify the key factors influencing the
purchasing behaviour of these generations in the sustainable fashion market and to describe
their attitudes towards the credibility of sustainability marketing messages. A combination
of situational analysis of secondary data and a primary questionnaire survey in the period
March-April 2024 is used. The sample con-sists of 368 respondents born between 1980
and 2010 selected according to their age. Dependencies are tested by Pearson’s chi-square
independence test at a significance level of 5%, the intensity of association is measured by
Cramér’s V. It was found that 68% of respondents are more likely to distrust marketing claims
about the sustainabil-ity of fashion brands, and 65.5% say they would not buy from a brand
convicted of greenwashing. Confidence in environmental claims is not statistically dependent
on the age of the respondent or the frequency of purchases of slow fashion, but it is weakly
but statistically significantly dependent on the knowledge of the concept of greenwash-
ing and on the frequency of its feeling when buying clothes. Transparent communica-tion
about the origin of materials and production processes increases consumer trust for 58.7%
of respondents. The results support the conclusion that greenwashing risk reduction is
based primarily on the transparency, authenticity and traceability of the message, not on the
intensity of the communication itself.
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1 INTRODUCTION

Sustainability has become an important part of corporate strategies and consumer decisions in
recent years. In response to the growing demand for environmentally friendly products, compa-
nies are adapting their products, production processes and marketing communications to reflect
environmental issues. However, when these claims are unfounded, simplistic or misleading, gree-
nwashing occurs, which is defined in the literature as the dissemination of misleading or false
information about a company‘s environmental activities or about the environmental benefits of its
products and services (de Freitas Netto et al., 2020). This phenomenon undermines consumer trust,
damages brand reputations, and weakens the position of honest producers, whose claims are lost
in a flood of generic phrases such as ,sustainable“ or ,natural.”

The fashion industry is one of the sectors where the issue of greenwashing is particularly serious.
The global fashion industry is responsible for 4-10% of global greenhouse gas emissions from
human activities, and the entire value chain is characterised by high water consumption, pollution
of water resources and textile waste production (Niiniméki et al., 2020). Almost 60% of all newly
produced garments are thrown away within one year of production, and textile materials make
up a substantial part of mixed waste, making fashion one of the most unsustainable consumer
segments. Fast fashion builds on low prices, short production cycles and frequent changes of
collections, which motivates impulsive purchases and short lifespans of clothes. An alternative
is the concept of slow fashion, which emphasizes quality, production ethics and a longer product
life cycle (Jung and Jin, 2014; Stefko and Steffek, 2018). In response to the increased demand for
sustainable products, some fast fashion brands have expanded their offerings to include so-called
sustainable collections, but their credibility is often questioned in connection with greenwashing.
In this context, there is a growing focus on how brands communicate their environmental commit-
ments and how consumers respond to such communications.

Generation Y (born approximately 1980-1995) and Generation Z (born approximately 1996—
2010) represent segments with high sensitivity to environmental issues and corporate social
responsibility. Generation Z is often referred to as the ,green generation“ — sustainability influ-
ences their purchasing decisions, prefers manufacturers with responsible strategies, and actively
monitors the environmental impacts of their behavior (Wawer et al., 2022). Generation Y is already
fully involved in the market in terms of purchasing power, and both generations account for
a growing share of the sustainable clothing market. At the same time, skepticism about environ-
mental claims is increasing: consumers are increasingly critical of general ,green® formulations
and are more likely to verify that real brand practices correspond to them (Samal and Bhalala,
2023). Adamkiewicz et al. (2022) confirm that reducing greenwashing, together with increasing
the transparency of marketing communications, significantly contributes to strengthening trust in
green products.

On the regulatory level, the European Commission responded to the expansion of greenwashing
in 2023 with a proposal for a directive on green claims, which aims to increase the reliability,
comparability and verifiability of environmental communications (European Commission, c1995-
2023). At the same time, however, there is a lack of primary data on how generations Y and Z in
the Czech Republic perceive the credibility of fashion brands‘ marketing claims and how these
perceptions are related to their knowledge of greenwashing and experience with it. International
studies suggest that familiarity with greenwashing leads to higher skepticism and a departure
from the brands in which it has been detected (Nosto, 2022; Zhang et al., 2018), but the Czech
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empirical evidence in the fashion segment remains limited. Existing domestic studies focus mainly
on general consumer attitudes towards sustainability, not on the relationship between knowledge
of greenwashing, the perceived credibility of environmental claims and subsequent purchasing
decisions. This post tries to fill that gap.

The aim of the paper is to identify the key factors influencing the purchasing behavior of gene-
rations Y and Z on the Czech fashion market and to evaluate their attitudes towards the credibility
of marketing claims about the sustainability of products and brands. In particular, attention is
paid to whether trust in environmental claims depends on age, on the frequency of purchases of
slow fashion, on the knowledge of the concept of greenwashing and on the frequency of its feeling
when buying clothes. Based on these findings, communication principles for sustainable fashion
businesses are formulated that minimize the risk of greenwashing.

2 METHODOLOGY AND DATA

To fulfil the aim of the paper, a combination of situational analysis of secondary data and primary
quantitative questionnaire survey was chosen. The situational analysis was based on freely avai-
lable statistical sources, in particular data from the Czech Statistical Office on the age distribution
of the population (CZS0O, 2022), and provided a framework for defining target generations and their
quota representation. The main empirical conclusions are based on the primary investigation.

The target population consists of Czech consumers born between 1980 and 2010, who corre-
spond to generations Y and Z. To capture the internal heterogeneity of these cohorts, the population
was divided into four age quotas: 2003-2010, 1996-2002, 1988-1995 and 1980-1987. The relative
abundance of individual quotas in the basic population was determined according to the CZSO as
of 31 January 2022 (see Table 1).

Data collection took place electronically via the Google Forms platform in the period from 25
March to 16 April 2024. The questionnaire was preceded by a pilot phase on two people from
each age quota to identify ambiguities or errors in wording. The distribution took place via social
networks Facebook, Instagram and the streaming platform Twitch, as well as by e-mail and in
person at the youth home. A total of 376 responses were obtained, of which 368 valid observations
remained after discarding incomplete or inconsistent records. In terms of representativeness, the
sample in the 2003-2010 and 1988-1995 quotas is in very good agreement with the basic popula-
tion; Larger deviations are evident in the 1996-2002 quota (7.04 percentage point higher) and in

Tab. 1 Structure of quota sampling by age — comparison of the population of the CZSO and the question-
-naire survey

Generations Year of birth :z zz:laRtei;:bc:ifctg/eo) Surveys (%)
Generation Z 2003-2010 23,76 25,00
Generation Z 1996-2002 18,23 25,27
Generation Y 1988-1995 27,35 26,63
Generation Y 1980-1987 30,66 23,10

Source: own processing according to the Czech Statistical Office (2022) and data from the questionnaire sur-vey (n=368).
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the 1980-1987 quota (7.56 percentage point lower).

The questionnaire contained a total of 22 questions structured into three thematic blocks. The
first block (9 questions) examined the knowledge of the concept of greenwashing, the assessment
of its severity, the frequency of its feeling when buying clothes, perceived suspicious practices and
claims, and the impacts of detecting greenwashing on purchasing decisions and trust in the brand.
The second block (4 questions) concerned shopping behaviour in relation to slow fashion and the
importance of individual factors and aspects of sustainability in the selection of clothing. The third
block (3 questions) focused on preferred communication channels, verification of sustainability
claims and the importance of selected elements in sustainable fashion advertising. The conclusion
of the questionnaire included identification questions. A seven-point scale was used to evaluate
preferences and attitudes.

MS Excel and TIBCO Statistica 14 were used for statistical evaluation. The analysis included
descriptive statistics and pivot tables for dependency testing. The existence of dependencies between
variables was verified by Pearson‘s chi-square independence test at the chosen significance level of
a=0.05 (Tahal, 2022). In the case of statistically significant dependence, the intensity of the associa-
tion was measured by the Cramér coefficient V (Hendl, 2015), which takes values from the interval
(0; 1), where a zero value means no dependence and a value close to one strong dependence.

Based on existing knowledge about the relationship of trust, greenwashing awareness and
buying behavior (Jacobson and Harrison, 2022; Samal and Bhalala, 2023), four null hypotheses
have been established:

e HO1: The degree of trust in sustainability marketing claims from fashion brands does not depend
on the age of the consumer.

e HO02: There is no relationship between the degree of trust in marketing claims from fashion brands
and the frequency of purchases of slow fashion.

e HO03: There is no correlation between the degree of trust in sustainability marketing claims made
by fashion brands and the knowledge of the concept of greenwashing.

e HO04: There is no correlation between the level of trust in marketing claims from fashion brands
and the frequency of feeling greenwashed when buying clothes.

3 RESULTS

The sample (n = 368) consists of 30.4% men, 68.5% women and 1.1% persons of other gender iden-
tity. In terms of economic status, the most numerous are employees and the self-employed (48.4%),
students (42.4%) and people on maternity or parental leave (7.6%). The distribution across the four
age quotas ranges from 23.1 to 26.6 %, ensuring comparability of findings across generations.

3.1 Awareness of greenwashing and perception of its seriousness

A total of 72.6% of respondents have heard of the term greenwashing, with 55.2% saying they
know exactly what the term means. The youngest group of 14-21 years of age has the lowest
knowledge. Greenwashing is perceived as a serious problem — 48% of respondents rate it on
a scale of 1-7 at levels 6 and 7. Three-quarters of participants (69%) report that they encounter
greenwashing when shopping either frequently (for about half of purchases) or rarely (less than
half of purchases); 16.6% of respondents believe that they have never encountered it.
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3.2 Trust in the environmental claims of fashion brands

A seven-point rating of trust in sustainability marketing claims from fashion brands (1 =no trust,
7 =full trust) shows significant skepticism: 68% of respondents chose values 1, 2 or 3, i.e. rather
distrust. Less than 2% of respondents chose high trust values (6 and 7).

3.3 Hypothesis Testing Results

The relationship between confidence in environmental claims and selected variables was tested
by a chi-square independence test. The null hypotheses HO1 and HO2 cannot be rejected because
the corresponding p-values exceed the determined significance level of 5% (HO1: p =0.24137; HO2:
p =0.43007). Therefore, it cannot be concluded that confidence in marketing claims about sustaina-
bility is statistically dependent on the age of the consumer or on the frequency of purchases of slow
fashion. On the other hand, hypotheses H03 and HO4 are rejected: for HO3 a p-value of 0.00045
and a Cramér V=0.2184 were found, for HO4 a p-value of 0.04753 and a Cramér V=0.1578. In
both cases, it is a weak, statistically significant dependence. The pivot tables show that the better
the respondent knows the concept of greenwashing and the more often they feel it when buying
clothes, the less confidence they have in marketing claims about sustainability.

3.4 Implications of greenwashing for purchasing decisions and
brand reputation

When asked directly whether a respondent would buy products from a brand that noticed

greenwashing, 65.5% answered that they would rather or definitely not buy them. Repeated gree-
nwashing is perceived as a very negative impact on brand reputation (levels 6 and 7) by 51.4% of

60%

50%

40%
30%
20%
| il I|
"L M e 1

Yes, it doesn't Rather yes Don't know Rather no Definitely no
affect me

share of respondents

X

W 14-21 years M22-28 years MW29-36years M 37-44 years

Fig. 1: Effect of greenwashing detection on the decision to purchase brand products by
age group (n=368).
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respondents. A total of 35.3% of participants said that they had personally identified greenwashing
in a brand they considered sustainable. Of this subgroup, 50.8% say that disclosure has fundamen-
tally eroded their trust in the brand and reduced their willingness to endorse or recommend it in
the future (levels 6 and 7). The distribution of responses by age group is illustrated in Figure 1.

3.5 Key factors when choosing clothes

The seven-point scale of importance is dominated by functional-qualitative factors: comfort
(average 6.21), quality (5.99), size (5.95) and material (5.14). The price averages 5.09; sustaina-
bility 4.44; mark 2.98; Recommendations from influencers only 1.97. This preference structure
shows that sustainability is not the top priority among the separately assessed factors, but it is
significantly linked to the attributes that consumers put first — quality and durability. Among the
aspects of sustainability, respondents consider quality and durability to be the most important
(73.9% report values 6-7), natural materials and timeless design. The least importance is given to
recycled materials and the general socially responsible behavior of the brand.

3.6 Perceived suspicious practices and claims

When evaluating specific marketing formulations typical of greenwashing, respondents perceive
the use of unknown eco-certificates and general ,green promises for the future® (for example,
reducing the carbon footprint by the following year) as the most suspicious. These findings suggest
that non-specific aspirational formulations without a third party as a verifying actor are perceived
as a red flag by consumers in this age group.

3.7 Communication channels and verification of claims

When shopping for sustainable fashion, respondents across age groups especially prefer social
media, recommendations from friends and family, and retailer websites — these three channels
dominate all four age subgroups. The younger segment of 14-21 years also adds recommendations
from influencers as an important channel, while the oldest group of 37-44 years more often appre-
ciates informational emails and newsletters. To verify sustainability claims, respondents most
often use brand and certification websites; About a quarter of respondents (97 out of 368 people)
also verify information on the brand‘s social networks and a slightly smaller share (71 people) with
sustainable fashion influencers. Almost a third of respondents (30.2%) do not verify sustainability
claims at all, with this share being highest in the youngest group of 14-21 years. The importance
of selected elements in sustainable fashion advertising — information on materials, price, expla-
nation of environmental terms, certificates and links to more detailed information — varies across
age groups and is summarised in Figure 2.

Brand transparency has a strong effect on trust: 58.7% of respondents gave a score of 6 or 7 on
a scale of 1-7 when asked whether transparent communication about the origin of materials and
production processes increases their trust in a brand‘s sustainability claims.
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Fig. 2: Importance of individual elements in sustainable fashion advertising by age group
(n=368).

4 DISCUSSIONS AND CONCLUSIONS

The findings of the paper confirm that the Czech generation Y and Z are mostly sceptical about the
environmental claims of fashion brands: 68% of respondents tend to distrust and 65.5% would
not buy from a brand convicted of greenwashing. This finding is consistent with international
evidence that familiarity with greenwashing increases skepticism about green claims and leads to
a willingness to break the purchasing relationship with the problematic brand (Samal and Bhalala,
2023; Nosto, 2022). Also, the strong negative impact of exposed greenwashing on brand reputation
corresponds to a model according to which greenwashing erodes trust and loyalty and leads to
a deterioration in the customer relationship (Zhanget al,, 2018).

A surprising finding is that confidence in marketing sustainability claims in this study is not
statistically dependent on the age of the respondent (HO1 cannot be rejected). Generations Y and
Z therefore form a relatively homogeneous whole within the Czech fashion market in terms of
the level of scepticism towards green claims. Also, the frequency of slow fashion purchases is
not related to trust in marketing claims (H02 cannot be dismissed) — this means that the deci-
sion to buy slow fashion products is not primarily driven by deep trust in the brands‘ message,
but rather by other motives, such as quality, durability or natural materials, which dominate the
ranking of factors in clothing purchases in this study. This conclusion corresponds to the view
of Domingos et al. (2022), according to which slow-fashion consumers combine an emphasis on
uniqueness, quality and authenticity with an interest in ethical and environmental values.

On the contrary, hypotheses HO3 and H04 were rejected with a weak, statistically significant
dependence. Respondents who are more familiar with the term greenwashing or, according to
their own experience, encounter it more often when buying, have reduced trust in marketing
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claims about sustainability. The weak intensity of the association (Cramér‘s V=0.2184 for HO3 and
0.1578 for HO4) suggests that knowledge of greenwashing influences trust, but is not its sole or
dominant source; The general level of media literacy, value orientation or experience with specific
brands probably also play an important role.

Ahigh proportion of respondents (58.7%) for whom transparent communication about the origin
of materials and production processes increases trust in the brand is in line with the conclusions
of Adamkiewicz et al. (2022), according to which more transparent marketing and reduction of
greenwashing strengthen trust in green products. This result is a well-usable signal in practice:
transparency is not just a defense againstlegal risks, but an active tool for building brand credibility.

4.1 Recommendations for practice

Based on empirical findings, four key communication principles for sustainable fashion businesses
can be formulated that minimize the risk of greenwashing:

1. Transparency and traceability. Sustainability communications should be supported by
easily traceable information on the origin of materials, production processes and certifica-
tions. A suitable tool is the publication of product stories based on life cycle analysis (LCA) on
the brand‘s website, or linking the product to a detailed description via a QR code.

2. Authenticity. Brand credibility is strengthened by open communication about gradual steps,
achieved goals and uncoordinated areas. Vague or aspirational promises for the future, on
the other hand, are worth avoiding — according to the survey, respondents perceive them
as clearly suspected of greenwashing.

3. Caution in visual communication. Visual greenwashing — the overuse of green color,
nature motifs, leaves, and general ,,eco“ aesthetics with no substantiated content — is a sepa-
rate form of greenwashing (de Freitas Netto et al., 2020). Therefore, visuals and text claims
should be pre-tested with representatives of the target group.

4. Differentiation of channels by generation. For the youngest segment of 14-21 years old,
social networks (Instagram, YouTube) are key, for older representatives of Generation Y,
sellers® websites and recommendations from friends and family are becoming increasingly
important. Collaborating with selected micro-influencers in the sustainability segment can
strengthen brand credibility, provided that the influencer has an authentic relationship to
the topic — the influencer‘s perceived authenticity towards sustainability is key to follower
trust, while combining sustainable and unsustainable partnerships weakens credibility
(Jacobson and Harrison, 2022).

4.2 Contribution limits

The study should be interpreted with three main limitations in mind. First, the sample is not fully
representative, with the representation of respondents in two of the four age quotas deviating
from the population by more than 7 percentage points. Second, the segmentation was carried out
exclusively by age, without psychographic or behavioral variables that can influence the percep-
tion of greenwashing more significantly than age; Further research could use cluster analysis
methods over attitude and value scales. Third, the perception of what is and is not greenwashing
is itself subjective and controversial in the literature (de Freitas Netto et al.,, 2020); Therefore, it is
advisable to supplement the quantitative view with qualitative methods, such as semi-structured
interviews, in follow-up research.
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4.3 Conclusion

The paper presents an empirical picture of the trust of generations Y and Z in the environmental
claims of fashion brands on the Czech market. Trust is low (68% tend to distrust), statistically depen-
dent on knowledge and the perceived frequency of greenwashing, but not on age or frequency of
slow fashion purchases. For sustainable fashion brands, this means that preventing a loss of trust
is not about increasing the volume of sustainability messages, but about their quality — transpa-
rency, authenticity, traceability and visual caution.
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ABSTRACT

The paper deals with the design and implementation of an extension to the Spatial Lens web
application, which is used to prepare 3D educational materials displayed in virtual reality.
The subject of the extension is editing spatial layers stored in the 3D Tiles format, specifically
their displacement, rotation and scaling directly in the scene preview, which eliminates the
need to use external tools. Three-dimensional geodata is not always perfectly prepared for
a specific scene and may have a different axis orientation or incorrect scale. The entire 4x4
transformation matrix is not transferred between the frontend and backend, but a more
economical data structure containing the position (longitude, latitude and altitude), rotation
and scale. This solution reduces cumulative rounding errors, increases accuracy for large
numbers, and facilitates input validation. The backend recalculates the resulting matrix
each time from the beginning from the saved original matrix and a stable pivot point, thus
ensuring idempotence of repeated saves. The usability of the extension was verified through
scenario-based user testing with ten participants. The results confirm the usability of the tool
while identifying areas for further improvement of the user experience.

Keywords: 3d tiles, cesiumjs, web gis application, spatial data transformation
JEL Code: C88, L86

1 INTRODUCTION

The development of geospatial technologies has led to the wider use of three-dimensional geogra-
phic data in a number of areas, such as spatial planning, environmental monitoring and navigation
systems (Biljecki et al., 2015). The ability to visualize and manipulate 3D geographic data allows for
a more realistic and detailed representation of the real world, which supports decision-making
and analysis (Ketzler et al,, 2020). This is accompanied by the growing importance of web geogra-
phic information systems (Web GIS), which make complex spatial datasets accessible directly in
the browser without the need to install specialized desktop software; map creation on the web has
undergone rapid development in recent decades from simple static map services to fully-fledged
interactive systems (Veenendaal et al., 2017).

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
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One such platform is Spatial Lens, formerly known as Spatial Data Service, designed for prepa-
ring 3D educational courses that are subsequently displayed in virtual reality (Chylikova, 2025).
The system builds on the work of Spatial Data Browser for Metaverse, which was created as part of
a bachelor’s thesis by Mitter (2022) as a client-server application for visualizing 3D spatial data in
virtual reality using the 3D Tiles format and open web standards. Chylikova (2025) subsequently
expanded this system to support the creation of educational materials.

Three-dimensional geodata and 3D models are not always perfectly prepared for a specific scene.
For example, they may have different axis orientations or incorrect scales. If editing is not avai-
lable directly in the application, the user must use an external tool, which complicates the entire
workflow. The ability to move, rotate, and scale a layer allows you to adapt the scene to a specific
learning goal. The 3D Tiles standard is designed primarily for streaming and visualization, not for
editing geometry (Open Geospatial Consortium, 2023). However, it is possible to move, rotate, or
scale an entire tileset by editing the root transformation matrix in the tileset.json file.

The main objective of the paper is to describe the design and implementation of an extension
to the Spatial Lens application that allows users to perform editing operations with spatial layers
(shift, rotate, and scale 3D objects) directly in the application, with a live preview of the scene. The
usability of the proposed solution was subsequently evaluated through user testing.

2 METHODOLOGY AND DATA

The Cesium]S library (CESIUM, 2026) uses several coordinate systems to work with the position
of objects. The geodetic system determines the position of a point using longitude, latitude, and
altitude, taking into account the fact that the Earth is not a perfect sphere. The Earth-Centered,
Earth-Fixed (ECEF) system describes the position in Cartesian coordinates relative to the center of
a reference ellipsoid and rotates with the Earth, so that a point fixed on the surface has constant
coordinates in this system (Van Sickle, 2017). Because the global Z axis points to the North Pole and
does not coincide with the local vertical at any point, the East-North-Up (ENU) system is introduced
for local orientations and transformations. In Cesium]s, it is generated by the Transforms.east-
NorthUpToFixedFrame function, which returns a 4x4 transformation matrix.

In computer graphics, linear transformations in three-dimensional space are usually represented
by 4x4 matrices in homogeneous coordinates and are divided into three basic types: translation,
rotation, and scaling. Rotation can be expressed in several ways — using a transformation matrix,
a triple of Euler angles, or quaternions. Euler angles are intuitive for users, but they can lead to
a phenomenon called gimbal lock, in which one degree of freedom is lost. Quaternions prevent this
problem and serve as a robust intermediate step in the calculations (Zara et al., 2005). However,
for the user interface, Euler angles were chosen because they provide an intuitive way for users to
input precise numerical values via sliders.

The entry point for each tileset is the tileset.json file, whose root.transform property contains
a 4 x4 matrix stored in column order that places the local coordinate system of the model in the
ECEF system (Open Geospatial Consortium, 2023). The primary format for the content of the tiles is
the native gITF 2.0 in the 3D Tiles 1.1 specification (The Khronos Group, 2021). Due to the enormous
scale of the virtual globe, 32-bit floating-point numbers cannot be reliably used for coordinates;
therefore, Cesium]S operates at the processor level with 64-bit precision and employs techniques
such as Relative-to-Center and Relative-to-Eye (Cozzi and Ring, 2011).
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The above features lead to a key design decision: the backend does not receive the entire 4 x4
matrix from the frontend, but the more efficient data structure shown in Listing 1, which contains
position, scale, and rotation.

“transform”: {

“position”: {
“longitude”: 16.613117421768894,
“latitude”: 49.19078110708189,
“altitude”: 220.1149262056975

}s

“Scale”: { “X”: 1, l‘y.'): 1, (‘zJ): 1 }’

“rotation”: { “yaw”: 90, “pitch”: 0, “roll”: o }

Listing 1 Transform data structure designed for communication between frontend and backend.

There are four reasons for this solution. The structure can be easily extended with future features,
such as pivot point selection. It also prevents the accumulation of errors: if the frontend were to
repeatedly multiply the current matrix and send it for storage, this would lead to gradual distortion
(skew or rotation drift) after several saves. The third reason is accuracy for large numbers — ECEF
coordinates are in the millions of meters, and transmitting a 4x4 matrix in JSON could lead to a loss
of decimal precision, while transmitting geographic coordinates is more secure. The last reason is
easier validation and security of inputs on the backend side.

The application is built on the Vue.js framework (frontend) and FastAPI (backend), the MongoDB
database is used for data storage. Data validation on the backend is provided by the Pydantic
library, and the vue-cesium component library is used on the frontend to work with Cesium]s.

The usability of the extension was verified by a scenario usability test combined with the think-
-aloud method. The method is based on cognitive psychology (Ericsson and Simon, 1980) and has
become a standard in the field of usability testing (Nielsen, 1994). Evaluating the usability of web
mapping applications through a combination of expert judgment and user testing is an established
procedure in this domain (Nivala et al., 2008). Ten people participated in the testing as part of our
research; the total time to complete the task was measured, and success was monitored qualitati-
vely and supplemented with a questionnaire.

3 RESULTS

The proposed solution consists of two tightly coupled parts. On the backend, a dedicated compu-
tation pipeline translates the compact Transform structure into a precise 4x4 root matrix. On the
frontend, the same transformation parameters drive a real-time scene preview, giving the user
immediate visual feedback. The following subsections describe both layers in detail, followed by
the results of the usability evaluation.

3.1 Calculating the transformation on the backend
The main computational logic is located on the backend in the geo_utils.py module, whose func-

tions are called when the PUT /layers/{id} endpoint is queried. On the first save, the root matrix
root.transformgenerated by the processing pipelineis storedinthe asset.extras.originalRoot
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array and is never overwritten on subsequent saves. This value serves as a stable reference point
representing the original position of the model. Each subsequent save recalculates the entire trans-
formation matrix from the beginning from this reference, rather than incrementally modifying the
previously saved matrix. This prevents the accumulation of rounding errors that would otherwise
manifest as gradual geometric deformations.

A prerequisite for proper rotation and scaling is the determination of a stable pivot point. Without
it, rotation around an arbitrary origin would cause the model to “orbit” through space, rather
than rotating in place. The pivot point is defined as the center of the enclosing body of the tile
set expressed in ECEF coordinates, calculated once from originalRoot and constant throughout
the lifetime of the set. The resulting matrix is then composed according to relation (see Listing 2),
where ENU(pos) denotes the ENU matrix at the target position, HPR the rotation matrix, Scale the
scale matrix, and bsCenter the center of the enclosing body:

new_root =ENU(pos) x HPR x Scale x inv(ENU(bsCenter)) x originalRoot

Listing 2 Composing the resulting matrix.

This logic is written in the geo_utils.py module as shown in Listing 3.

new_root=(+
enu_target
@ rot_4x4
@ scale_4x4
@ np.linalg.inv(enu_bs_center)
@ original_root

data[“root”][“transform”] =new_root.flatten(order="F?).tolist()

Listing 3 Folding the resulting root matrix on the backend (“full-bake” method).

A less obvious complication arises from the region type wrapping body, which uses geographic
coordinates instead of Cartesian coordinates local to the tiles. Cesium]S derives tile visibility from
these coordinates independently of root.transform, so after saving a new position, the culling
system continues to evaluate visibility at the original position and the model sometimes disappears
from view. The solution is to replace the region definition with an oriented wrapping box expre-
ssed in the local tile space, which is correctly transformed using root.transform according to the
3D Tiles specification (Open Geospatial Consortium, 2023). This conversion only happens once, on
the first save, when the region type wrapping body is detected.

3.2 Real-time preview on the frontend

The frontend dynamically updates the 3D preview of the layer based on how the user interacts
with the controls. When the tileset is finished loading, the onReady callback explicitly downloads
the tileset.json file from the server. This additional request is necessary because the Cesium]JS
rendering engine optimizes the tile hierarchy internally, often omitting its own extras array, which
holds the original transformation parameters.

To make the operations idempotent, the model matrix is recomputed from scratch from
the full stored transformation state (position, rotation, and scale) for each change using the
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calculateModelMatrix function (Listing4). Because the rendered state is always a pure func-
tion of the stored values, rather than an accumulation of incremental changes, repeated save-load
cycles produce the same visual result. This approach eliminates the initial problem of errors gradu-
ally accumulating as the scale changes.

export const calculateModelMatrix= (transform: Transform): Matrix4 | null => {

const targetPos=Cartesian3.fromDegrees(
transform.position.longitude,
transform.position.latitude,
transform.position.altitude

)

const newENU=Transforms.eastNorthUpToFixedFrame(targetPos);

const scaleMatrix=Matrix4.fromScale(
new Cartesian3(transform.scale.x, transform.scale.y, transform.scale.z),
new Matrix4()

)s

const hpr=new HeadingPitchRoll(
CesiumMath.toRadians(transform.rotation.yaw),
CesiumMath.toRadians(transform.rotation.pitch),
CesiumMath.toRadians(transform.rotation.roll)

)s

const rotationMatrix4=Matrix4.fromRotation(
Matrix3.fromHeadingPitchRoll(hpr, new Matrix3()),
new Matrix4()

)s

const localTransform=Matrix4.multiply(
rotationMatrix4, scaleMatrix, new Matrix4()

)s

return Matrix4.multiply(newENU, localTransform, new Matrix4());

};

Listing 4 Calculating the model matrix on the frontend for real-time preview.

Fig. 1: The resulting implementation of a layer detail with position, scale and rotation settings
and a 3D scene preview. (Nedélova, 2026)
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The transformation control user interface (see Figure1) includes separate components for
translation, rotation, and scaling. For precise adjustments, a custom VariableSlider component
has been created that supports dynamic step sizes — both linear and logarithmic behavior based
on the distance of the slider from the center. This allows the user to quickly make coarse adjus-
tments as well as fine micro-adjustments. The flyToLayer function dynamically calculates a new
bounding sphere for objects outside the originally defined area from the transformed coordinates
and the changed radius to correctly point the camera at the current spatial extent.

3.3 User testing results

Ten people (aged 26 to 40) participated in the test. Six of them were educators from primary school
to university. The remaining four were technically proficient users with experience with GIS
applications. All participants successfully completed the assigned tasks, in some cases with minor
assistance. The duration of the testing phase ranged from 15.22 to 42.31 minutes, with an average
of 27.33 minutes and a median of 25.90 minutes. The upper limit fell on the first session, during
which several critical problems were identified and subsequently eliminated.

The evaluation of transformation functions and related interface aspects from the questionnaire
is summarized in Table 1. Columns 1 to 5 indicate the number of participants who chose a given
evaluation on a five-point Likert scale (1 = strongly disagree, 5 = strongly agree).

The results show that the best rated were rotation adjustment (4.3) and confidence in future
work efficiency (4.5). Scale adjustment received 3.8 points; position adjustment (3.6) and inter-
face orientation (3.4) received the lowest ratings with a greater variance of responses. Qualitative
findings indicated that participants were unsure of which direction the layer would move, as it
depended on the current camera orientation; most had to move the slider and observe the result.
Three participants preferred the increase and decrease buttons to dragging the slider. Three parti-
cipants experienced incorrect caching behavior, where the layer did not reflect the changes after
saving, and a hard page reload was required. The most frequently mentioned wish was the ability
to edit layers directly in the scene preview.

Tab.1 Evaluation of questionnaires related to transformations (selection from results).

Questionnaire item 1 2 3 4 5 Average
Future work efficiency 0 0 1 3 6 4.5
Rotation adjustment 0 0 0 7 3 43
Scaling 1 1 1 3 4 3.8
Position adjustment 0 2 2 4 2 3.6
Interface orientation 0 3 2 3 2 3.4
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4 DISCUSSION AND CONCLUSIONS

The aim of the paper was to describe the design and implementation of an extension to the Spatial
Lens application that allows moving, rotating and scaling layers in 3D Tiles format directly in the
scene preview. The key design decision was to transfer the economical Transform structure instead
of the entire 4x4 matrix and to recalculate the resulting matrix on the backend from scratch, always
from the saved original matrix and a stable pivot point. This “full-bake” approach has proven itself
in practice: repeated save-load cycles led to identical visual results, thus confirming the idempo-
tence of operations and eliminating the accumulation of round-off errors and initial distortion when
changing the scale. At the same time, it was necessary to solve a less obvious complication with the
region-type wrapping body, which led to the model disappearing from the view after its movement.

The results of the user testing confirm the usability of the tool. Of the transformation functions,
rotation was rated best (4.3), followed by scaling (3.8) and position adjustment (3.6). The high rating
of confidence in future work efficiency (4.5) indicates that participants expected to complete the
task significantly faster in subsequent sessions, which indicates a manageable learning curve.
However, the lower and more scattered ratings of position adjustment and orientation in the inter-
face indicate room for improvement of the user experience, especially regarding the dependence
of the direction of movement on the camera orientation. The finding that interactive work with
3D objects places different demands on users than working with static displays is consistent with
research on the differences between interactive and static 3D maps (Herman et al., 2018).

The testing resulted in several recommendations for further development. It would be benefi-
cial to add an interface with a manipulator (gizmo) for direct manipulation of the object, preset
camera modes, support for keyboard shortcuts for placing layers, and a snap to terrain function.
Although the sample of ten participants was sufficient for identifying key usability issues (Nielsen,
1994), a larger and more diverse group would strengthen the generalizability of the findings. The
developed extension is functional, meets the set goals, and represents a solution that can be built on;
future development should therefore focus on implementing improvements based on feedback from
testing.
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ABSTRACT

A mid-sized company that tripled its number of organizational units over five years outgrew
its spreadsheet-based budgeting. Centre managers planned in their own Excel files, the
finance department merged them by hand, and errors surfaced only after the fact. This paper
reports the design and implementation of an on-premise web application that sits between
the company ERP system and the centre managers, replacing the manual consolidation with
a single validated planning workflow. The work follows a standard software-engineering
process: analysis of the existing routine, requirements (22 functional, 12 non-functional),
a make-or-buy assessment of three commercial vendors, Ul design in Figma, implementation,
testing, and deployment. The application is built on ASP.NET Core (NET 8) with Razor Pages,
a Microsoft SQL Server database, SOAP integration with the ERP, integrated Windows
authentication, and Power BI reporting embedded through OAuth 2.0. None of the three
vendors covered the on-premise requirement, customization, and integration at once, so
a tailored solution was developed and is now in production. We describe the architecture,
the integration and authentication decisions, and five concrete problems solved during
development. No quantitative performance metrics were measured; the contribution is the
engineering design.

Keywords: financial planning, ASPNET Core, ERP integration, on-premise deployment,

Power BI, Razor Pages
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1 INTRODUCTION

Budgeting in a small company often starts as a single shared spreadsheet. It works until the
company grows. The firm behind this case study tripled its number of organizational units in
five years (Pavlik, 2025), and the spreadsheet routine did not scale with it. Each centre manager
planned in a separate Excel file, the files arrived in different layouts, and the finance department
merged them manually into a company-wide plan. Mistakes in a single cell propagated into the
consolidated figures and were usually caught only during a later review, when correcting them
meant another round of e-mails.

The aim of the work was to design and implement a web application for managing and planning
corporate budgets and investments that acts as an intermediary between the company ERP system
and the centre managers. It was to replace the manual consolidation with a centralized overview
and validate entries as they are made, rather than after submission. Two constraints shaped every
later decision: the system had to run fully on-premise, and it had to fit the company’s existing
Microsoft-based infrastructure instead of forcing new processes onto the staff.

1.1 Why not a commercial product

The cost of bad financial data is a recurring theme in the management-information literature: data
that cannot be trusted forces manual rework and erodes the value of every report built on top of it
(Redman, 2008; Laudon and Laudon, 2020). Centralizing the planning data was therefore the first
goal, ahead of any new feature. The make-or-buy question came next. Romero et al. (2021) show
that financial web applications are commonly assembled on top of a business-intelligence layer
rather than written from scratch, which is one argument for buying.

Three commercial vendors active on the Czech market were assessed against the company’s key
requirements, together with the planning module of the existing ERP. The comparison was qualita-
tive; it is reproduced in Section 3 as Table 1. None of the options met the on-premise requirement,
the demand for deep customization, and integration with the existing systems at the same time.
Cloud dependence was the most frequent disqualifier. The ERP planning module was too rigid to
model the company’s centre structure. This led to the decision to build a tailored solution, which
the requirements analysis (Sommerville, 2015; Gorbachenko, 2021) then turned into 22 functional
and 12 non-functional requirements.

2 METHODOLOGY

The project followed a sequential software-engineering process with an iterative testing phase:
analysis of the current process, requirements definition, Ul design, implementation, testing, and
deployment. The non-functional requirements fixed the technology before the first line of code,
because the firm already ran a Microsoft stack and Power BI licences and wanted to keep them.
The backend is an ASP.NET Core application on .NET 8, built as a monolith with Razor Pages and
server-side rendering and hosted by the integrated Kestrel server (Freeman, 2023; Karpenko, 2025).
A monolith was a deliberate choice for a single internal tool with one team; the trade-offs against
a service-oriented split are well documented (Richards and Ford, 2020; Newman, 2021; Bass et al,
2012), and none of the drivers for splitting applied here. Persistent data lives in Microsoft SQL
Server. The schema was designed first as a conceptual model abstracted over four main sections
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of the system and then as a physical ER diagram. Database rows are mapped onto domain models
through a dedicated mapping layer, and the services are wired together with dependency injection.

Integration with the ERP uses a SOAP API with scheduled synchronization. The SOAP client is
configured dynamically rather than from a fixed endpoint, so the same code reaches different ERP
environments without recompilation, and the channel is secured for the data it carries. Sensitive
configuration is kept out of source control with User Secrets, and the application logs through Serilog.

Authentication reuses the company’s Active Directory. With integrated Windows authentica-
tion, a user who is already signed in to the domain reaches the application without logging in
again. Reporting is handled by Power BI, embedded under OAuth 2.0 in the Service Principal mode,
where the application authenticates as itself and requests an embedded token carrying an Effective
Identity so that each manager sees only the figures for their own centres. The deployment topology,
including the link to the reporting service, is shown in Figure 1.

The frontend stays inside the same Razor Pages application. Layout uses Tailwind CSS with
Heroicons, and the dynamic parts are plain JavaScript, without a separate framework. The interface
was designed first in Figma, where the colour scheme, logo, wireframes, and clickable prototypes
were checked with users before implementation; Figure 3 shows one of the resulting screens, the

Fig. 1: Deployment architecture of the financial-planning web application integrating
the ERP system, SQL Server, Active Directory and Power BI across the internal network
and VPN (adopted from Pavlik, 2025).
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investment-creation form. Reporting needed two Power BI variants, because paginated reports
render differently from interactive ones and require their own embedding path.

The application is deployed on-premise on IIS, installed with the .NET Core Runtime and the Hosting
Bundle and run from a dedicated application pool with in-process hosting. Historical data from the old
spreadsheets was migrated during rollout, and every module was first released to a separate UAT (User
Acceptance Testing) server. Testing combined MSTest unit tests on the key components, use-case scena-
rios that replay real planning situations, and isolated checks of the API against unexpected inputs. The
thesis reports no test counts, coverage, or timing figures, and none are claimed here (Patton, 2002).

3 RESULTS

The outcome of the project is a working, deployed application, so the results are described qualitatively.
Table 1 documents the vendor assessment that led to the in-house decision. It is the single table in the
thesis and reports ordinal judgements, not measurements; no row is a winner, because every commer-
cial option was rejected.

The tailored application replaced the Excel-based routine in production. Centre managers now enter
their plans through the cost-planning screen shown in Figure 2, the entries are validated on the spot,
and the consolidated view is built from the database instead of by hand. The application reads source
data from the Business Central database and uploads planned data back to Business Central over SOAP,
signs users in through their domain accounts, and presents the financial statements through embedded
Power BI. The company reported that the time saved in some areas was higher than it had expected;
that statement was not quantified in the thesis, and no figure is attached to it here.

Five concrete problems were solved during development, and they are part of the result because
they shaped the working system. The default .NET Core limit on the number of form fields was reached
by the largest plans and had to be raised explicitly. Loading large plans was slow until the database
indexing was reworked (Mukherjee, 2019). Power BI paginated reports did not render through the
interactive embedding path and needed a separate one. Logging silently failed on IIS until the applica-
tion pool was given write permissions to the log directory. The frontend constraints rendered correctly
only in Chromium and required extra work for Safari and Firefox. None of these is dramatic on its own;
together they are most of the distance between a prototype and a tool people use daily.

Tab. 1 Qualitative comparison of the three assessed commercial vendors against the client's key require-
-ments (adopted from Pavlik, 2025)

Criterion Sophia Solutions TARGETTY GIST

On-premise operation Partly supported Possible, mostly not Yes

Customization flexibility Low Medium Very high
Integration with existing Standard connectors §trong MS-ecosystem Any custom interface
systems + API integration

Implementation speed Medium Fast Long

Initial price Higher Medium High

Cloud dependence Optional Yes Optional
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Tab. 2 Annual cost-planning screen of the deployed application, showing planned expense items per
accounting period (adopted from Pavlik, 2025)

Tab. 3 Investment-creation form with depreciation parameters and reinvestment milestones
(adopted from Pavlik, 2025)
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4 DISCUSSION

The decisive constraint was not technical but organizational: the company wanted to keep
its processes and its infrastructure. That single requirement explains most of the design. It
ruled out the cloud-leaning vendors in Table 1, it made integrated Windows authentication
the natural sign-in mechanism, and it made Power BI the obvious reporting tool, since the
licences and the staff’s familiarity with it were already there. A greenfield project would likely
have chosen differently; here, fitting the existing environment mattered more than picking
the theoretically best component.

The monolith deserves a second look, because microservices are often treated as the default
for new systems. For one internal application maintained by one team, the usual reasons to split
(independent scaling, separate release cycles, multiple teams) were absent, and a split would have
added deployment and operational cost for no return. The Power BI choice is more debatable. It
was right given the existing licences, but it ties the reporting to a paid product and to an embedding
model that, as the paginated-report problem showed, is not uniform across report types. A company
without those licences might reasonably build its own reporting instead.

We should be honest about what this work can and cannot claim. It shows that a tailored on-premise
application can replace a manual budgeting process and run in production, and it documents the
decisions and the obstacles in enough detail to be reusable. It does not show by how much the new
process is faster or less error-prone, because those quantities were never measured. The qualitative
statement that time savings exceeded expectations is the client’s, not a result of this study, and trea-
ting it as a number would overstate the evidence. The most useful part for a reader facing a similar
problem is probably the make-or-buy reasoning together with the list of five concrete obstacles,
which are easy to underestimate at the planning stage.

5 CONCLUSION

A web application for corporate budgeting and investment planning was designed, implemented,
and deployed in a company’s own infrastructure, replacing a manual, spreadsheet-based consoli-
dation that no longer scaled with the firm’s growth. The on-premise requirement, combined with
the need for customization and ERP integration, was the reason no commercial product fit and
a tailored solution on ASPNET Core, SQL Server, and Power BI was built instead. For practiti-
oners weighing the same decision, the lesson is that infrastructure fit and account integration
can outweigh feature checklists, and that the unglamorous problems (form-field limits, indexing,
report embedding, IIS permissions, cross-browser rendering) are where much of the implemen-
tation effort actually goes. The work was not evaluated with quantitative metrics; that is its main
limitation. Useful next steps are clear and were identified during the project: ADFS account fede-
ration for single sign-on to Power BI, a possible in-house reporting layer to drop the Power BI
dependency, form-based or OAuth 2.0 authentication for access from outside the local network,
a React frontend to lift the interactivity limits of Razor Pages, and a CI/CD pipeline, for instance on
Azure DevOps (Manolov et al,, 2025), to make releases routine.
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ABSTRACT

This article compares three families of methods for authorship verification, the binary decision
whether two texts share one author. We frame the task as pairwise classification and test
traditional stylometric pipelines (bag-of~words and TF-IDF with scikit-learn classifiers), fine-
tuned transformers (Longformer, BigBird-RoBERTa, ModernBERT), and large language models
used through prompting. Training used the PAN 2020 corpus, testing the disjoint PAN 2021
corpus, together 295,800 English text pairs. A fine-tuned Longformer classification head reached
the highest F1 of 92.38%, but a much cheaper TF-IDF pipeline with a linear classifier trailed it
by less than one percentage point at 91.50%. The way two text vectors are combined into one
feature vector mattered more than the classifier itself: absolute difference beat element-wise
multiplication everywhere. The three open large language models we tried produced unusable
output. Because hosting was constrained, the deployed web application runs TF-IDF with
logistic regression (F1 91.28%), which returns the probability the interface needs.

Keywords: authorship verification, stylometry, TF-IDF, transformers, Longformer, large
language models
JEL Code: C45

1 INTRODUCTION

Authorship verification asks a narrow question with wide consequences: were these two texts
written by the same person? In this article we treat the task as an instance-based pairwise binary
classification problem, without constructing au-thor profiles. The setting is relevant to forensics,
law, cybersecurity, and identity-theft detection (Stamatatos, 2008; Koppel et al., 2004).

The practical question behind this work is which method a developer should actually pick.
Traditional stylometry counts words and syntactic patterns and feeds them to a classifier; it is
cheap and well understood (Savoy, 2020). Transformer language models promise stronger text

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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representations but cost far more to train and serve (Vaswani et al., 2017; Devlin et al., 2018). Large
language models can be prompted to answer directly, with no training at all (Huang et al., 2024).
This work therefore compares these three families on the same PAN-based corpus and then takes
the selected model one step further, into a running web application.

1.1 Related work

Stylometric verification has a long record. Koppel et al. (2004) cast it as one-class classification; later
surveys traced the field as it moved from hand-crafted features toward learned representations
(Stamatatos et al., 2016; Tyo et al., 2022). The PAN shared tasks have set the common benchmark for
cross-domain verification, including the 2020 and 2021 editions on fanfiction text whose corpora
we use here (Kestemont et al,, 2020; Kestemont et al.,, 2021). Ensembles of traditional classifiers
have stayed competitive: Abbasi et al. (2022) report strong results from ensemble learning, and the
best PAN 2021 entry was itself an ensemble.

Neural approaches have grown alongside. Siamese networks learn a similarity space for author
identification at scale (Saedi et al., 2021), and graph-based features encode syntax explicitly through
integrated syntactic graphs (Gémez-Adorno et al., 2016). The most recent thread asks whether large
language models can judge authorship by prompting alone; Huang et al. (2024) report over 88 %
F1 on an attribution variant using a proprietary model. Whether smaller open models reach that
bar, and whether a fine-tuned encoder beats classical stylometry by enough to justify its cost, is
what this work tests.

2 METHODOLOGY

We frame verification as pairwise binary classification. Each text becomes a feature vector;
the two vectors of a pair are merged into one, and a classifier labels the pair as same-author or
different-author. We compared two merge operators throughout: the absolute difference of the
two vectors and their element-wise multiplication. The intuition is that multiplication highlights
features the texts share, while absolute difference captures where they diverge.

Four experimental directions were run on identical data. The first used bag-of-words and TF-IDF
representations (unigrams) with classifiers from scikit-learn: Multinomial Naive Bayes, Logistic
Regression, LinearSVC, k-Nearest Neighbors, Random Forest, and XGBoost. The second replaced
those representations with integrated syntactic graphs built per text by the text2graphapi library,
turning each text into a frequency vector over a node dictionary and reusing the same classifiers.
The third fine-tuned a classification head on three long-context transformers: Longformer-
base-4096, BigBird-RoBERTa-large, and ModernBERT-large. The fourth prompted three open large
language models (Llama-2-70B-chat-GPTQ, Gemma-3-4b-it, and Qwen3-4B-Instruct-2507) with no
fine-tuning, using conservative decoding (low temperature, low top-p).

Hyperparameters were tuned with Optuna, 30 trials per representation-and-classifier combina-
tion, optimizing F1. Transformer trials trained on a reduced set of 19,999 pairs and validated on
2,500, with input capped at 4096 tokens; BigBird-RoBERTa and ModernBERT can take 8192 tokens,
but we kept 4096 to hold training time down. We report accuracy, precision, recall, and F1, with F1
as the deciding metric, plus normalized confusion matrices.

The corpus is the PAN fanfiction dataset: the larger PAN 2020 variant for training and the disjoint
PAN 2021 set for testing (Kestemont et al., 2020; Kestemont et al., 2021), 295,800 English pairs in
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total. The test set holds 19,999 pairs (10,000 same-author, 9,999 different-author), and its authors
do not appear in training. Texts are long, with mean and median length around 21,000 charac-
ters, which is why long-context transformers were a natural fit. Experiments ran on e-INFRA CZ /
MetaCentrum (CESNET): NVIDIA H100 GPUs for transformers and language models, A10 and A40
cards for the stylometric and graph runs.

The verification model also had to run, not just score well offline. The best practical model was
wrapped in a two-tier web application: a React 18.3.1 frontend in TypeScript and a FastAPI 0.128.0
backend exposing a /predict endpoint with Pydantic validation, deployed on the Railway cloud.
The architecture is shown in Figure 1.

Fig. 1: System architecture of the authorship-verification web application, showing the lay-
ered flow from the web browser through the React frontend (HTTPS) and the FastAPI backend
(RESTful API) to the Al authorship-verification module and the local file storage (adopted from
Pokorny, 2026).
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3 RESULTS

Table 1 lists the strongest run in each of the four directions, ranked by F1; the best overall row is in
bold. The winner is a fine-tuned Longformer classification head at F1 92.38%. Second is the clas-
sical TF-IDF pipeline with LinearSVC at 91.50%, less than a percentage point behind. Two TF-IDF
variants even posted higher accuracy (93.33% and 93.25%) than the Longformer (92.48%), though
lower F1 (Pokorny, 2026).

Inside the stylometric direction (Table 2) the merge operator decided more than the classifier.
With absolute difference, TF-IDF and LinearSVC reached F1 91.50%; the best multiplication run
(BoW with LinearSVC) fell to 86.68%, and k-Nearest Neighbors collapsed to 63.75% with Bow and
multiplication. TF-IDF beat plain bag-of-words across the board, since it weights author-specific
words more heavily.

Among transformers (Table 3) Longformer led, BigBird-RoBERTa followed closely at 91.48%, and
ModernBERT came last at 90.56% despite more than three times the training time of the others. The
graph direction was weakest: its best result was Logistic Regression with absolute difference at F1
86.69%, and LinearSVC with multiplication dropped to 50.00% accuracy, no discriminative power
at all. The three large language models all failed; their outputs were inconsistent or merely echoed
the prompt, so they carry no numeric table.

Tab.1 Best experiment per direction, ranked by F1

Representation/model | Combination Classifier Accuracy | Precision Recall F1

Longformer-base-4096 — Classification head 92.48% 93.58% 91.22% 92.38%
TF-IDF Absolute difference LinearSVC 93.33% 89.39% 91.32% 91.50%
BigBird-RoBERTa-large — Classification head 91.64% 93.28% 89.76% 91.48%
TF-IDF Absolute difference Logistic Regression 93.25% 89.00% 91.08% 91.28%
ModernBERT-large — Classification head 90.72% 92.18% 88.99% 90.56%

Tab.2 Best BoW / TF-IDF results, absolute-difference combination

Representation Combination Classifier Accuracy | Precision Recall F1

TF-IDF Absolute difference LinearSVC 93.33% 89.39% 91.32% 91.50%
TF-IDF Absolute difference Logistic Regression 93.25% 89.00% 91.08% 91.28%
TF-IDF Absolute difference XGBoost 91.18% 88.96% 90.05% 90.17%
BoW Absolute difference Logistic Regression 90.21% 87.29% 88.73% 88.91%
BowW Absolute difference LinearSVC 90.72% 83.88% 87.17% 87.65%

Tab. 3 Best transformer results (classification head)

Representation Classifier Accuracy | Precision Recall F1

Longformer-base-4096 Classification head 92.48 % 93.58 % 91.22 % 92.38 %
BigBird-RoBERTa-large Classification head 91.64 % 93.28 % 89.76 % 91.48 %
ModernBERT-large Classification head 90.72 % 92.18 % 88.99 % 90.56 %
BoW Logistic Regression 90.21% 87.29% 88.73% 88.91%
Bow LinearSvC 90.72% 83.88% 87.17% 87.65%
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Fig. 2: Normalised confusion matrix of the best TF-IDF model (TF-IDF representation with
LinearSVC and absolute-difference vector combination), reaching 93.6 % true positives and
89.4% true negatives (adopted from Pokorny, 2026)

4 DISCUSSION

The headline number favours the transformer, but the gap is too small to be the whole story. Less
than one percentage point of F1 separates a fine-tuned Longformer from a TF-IDF pipeline that
needs a fraction of the compute and no GPU to serve. If the only criterion is maximum F1 and suffi-
cient GPU resources are available, the Longformer is the strongest tested option. For a service that
must fit a modest cloud plan, the classical TF-IDF pipeline offers a better cost-performance trade-off
without giving up much accuracy. That is why the deployed model is neither of the two top scorers
but TF-IDF with logistic regression at F1 91.28 %: LinearSVC scores marginally higher yet returns
only a hard label, while the interface needs a probability to show how confident the verdict is.

Why did the merge operator outweigh the classifier? Absolute difference keeps the dimensions
where two texts disagree, which is exactly the signal verification needs: two different authors
should differ somewhere. Multiplication rewards shared features, and shared vocabulary says
little about identity when both texts come from the same genre. The same logic explains why
TF-IDF beat bag-of-words: down-weighting common words sharpens the author-specific tail that
carries the style.

The two disappointments are worth naming. The integrated syntactic graph never matched
the stylometric baselines; we attribute this to not reproducing the exact construction of Gémez-
Adorno et al. (2016), and the representation was left untuned. The large language models failed
outright. Huang et al. (2024) got past 88 % F1, but they used a strong proprietary model on an attri-
bution task; our open models, chosen partly to avoid sending text to a third-party service, were not
up to pairwise verification by prompting alone. We are not sure how much of that gap is model size
and how much is the prompting format itself.

261



AUTHORSHIP VERIFICATION OF ENGLISH TEXT...

Jiri Pokorny, Michaela Veseld, Oldrich Trenz

Set against the field, the best result here would rank near fifth among PAN 2021 entries, whose
top score was 95.45 % from a five-classifier ensemble (Kestemont et al., 2021). The comparison is
loose, since that contest let systems leave hard cases undecided and we did not, but it places the
work in a believable range. One detail stands out: no PAN 2021 team used a fine-tuned transformer
head, so the Longformer result adds a data point the contest did not have.

The limits are real. Everything was measured on long English fanfiction (~21,000 characters), so
short messages and other languages remain open, and there was no systematic out-of-distribution
test. The transformer head also offers little interpretability, which matters in forensic and legal use
where a verdict may need to be explained.

5 CONCLUSION

Across one corpus of 295,800 English pairs, a fine-tuned Longformer gave the best authorship-veri-
fication F1 at 92.38%, but classical TF-IDF stylometry came within a percentage point at a small
fraction of the cost. For most deployments that trade-off points to the classical pipeline, which
is what we shipped: TF-IDF with logistic regression, serving a probability through a React and
FastAPI application on the Railway cloud. The choice of how to combine the two text vectors, abso-
lute difference over multiplication, turned out to matter more than the choice of classifier. Open
large language models prompted without training were not usable for this task, and the syntactic-
-graph route underperformed. Worthwhile next steps include pairing transformer embeddings
with traditional classifiers, testing short-text and multilingual robustness, building a Czech corpus,
and adding retrieval-grounded explanations so a verdict can be justified, not just stated.
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ABSTRACT

The problem of product name matching belongs to the area of entity matching which is
one of the data integration tasks. It plays an important role in the analysis of data available
on the internet and it combines various techniques and data preprocessing. Gathering and
analyzing customer reviews about products published on the internet is challenging task,
because particular e-shops offer the products under a bit different names and it could be
complicated to match identical products. The article aims at selecting the identical products
identified by their names and introduces methods for product name matching based on
machine learning using the combination of token-based and character-based functions.

Keywords: customer reviews, product name, entity matching, machine learning
JEL: 186

1 INTRODUCTION

The string-matching problem appears in many applications, e.g. systems for the automated detec-
tion of possible plagiarism, data cleaning, information retrieval or comparison of DNA/protein
sequences. Such systems describe Wise (1993), Panditet al. (2020) or Moussiades (2005). In this
article we focus on finding similar strings in set of product names offered by e-shops. The motivation
is we need to union the reviews of products published by the customers. There we try to identify
discussed topics and opinion and help other customers to select optimal product without the need
to read all customers reviews on the internet. Similar problem is discussed by Yao (2016). Methods
of finding string similarities are listed in Deng (2013). Bergsma and Kondrak (2007) propose an alig-
nment-based discriminative framework for string similarity. They gather features from substring
pairs consistent with a character-based alignment of the two strings. Yu (2016) present an extensive
set of algorithms for string similarity search and join. Wang (2011) propose a new similarity metrics,
called “fuzzy token matching based similarity”, which extends token-based similarity functions (e.g.,
Jaccard similarity and Cosine similarity) by allowing fuzzy match between two tokens. Kopcke et al.
(2010) investigate the degree the machine learning helps semi-automatically determine suitable
match strategies with a limited amount of manual training effort. The product pairing problem
on web portal ZboZi.cz discusses Bumba (2021). Their approach is based on usage of the CatBoost
library developed by the machine learning team at Yandex. This library deals with the generation of

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en

264


https://creativecommons.org/licenses/by-nc-nd/4.0/

PRODUCT NAME MATCHING

Jan Prichystal

so-called gradient boosted decision forests. Generating decision forests is supervised machine lear-
ning method, so they need to have enough annotated data to train the model. Then they generate
signals (features) from this data. The trained model is using 77 different signals, which arise from
various comparisons of the attributes of the offer and the product candidate, such as title, descrip-
tion, product number, price, EAN, ISBN, manufacturer and others. Although the approach looks
promising, the disadvantage is obvious — it is not automatic but supervised.

2 DATA

The data was downloaded from various web portals including Czech and international shops. We
work with two types of collections. First collection contains the complete list of products in certain
segment —the reference set. The second collection is the set of downloaded reviews for each product
in the segment identified by the product name. To get the widest possible data set of products and
reviews we focused on the segment of cell phones, digital cameras and lenses. The primary refe-
rence set containing the list of all introduced products was obtained from mobilmania.cz (cell
phones), digicamdb.com (digital cameras) and dpreview.com (lenses). The reviews of products
were downloaded from czc.cz, alza.cz, heureka.cz, fotoguru.cz, mobilmania.cz, michalkupsa.cz.
The data was downloaded and saved to NoSQL document-based database MongoDB! because of
different structures of web pages. Together with the product names and reviews we obtain the
product properties such as weight, dimensions and others as described in example below. The idea
was to use such properties to simplify the process of matching both sets. Unfortunately, we found
the properties are not filled properly on many e-shops, we cannot rely on their accuracy and as
a result they rather complicate the pairing process.
An example of record we save into the MongoDB database could be seen below:

{

“name”: “Samsung Galaxy A1l@s”,
“brand”: “Samsung”,
“dimensions”: “157x76x7.8”,
“weight”: “168”,
“battery_capacity”: “4000”,
“screen_size”: “6.2”,
“screen_resolution”: “720x1520”,
“introduced”: “2019”

Problems with matching product names arise mainly because different sellers offer products
under slightly different names. It is always a single product, but is identified by different names
that omit or add certain product features. This problem could be expressed by the examples listed
below. The first set shows the product “Samsung Galaxy S10+” different variants that could be found
in various e-shops. The last two items show different products, but with similar product name, they
can cause the confusion and wrong assignment. For example, the similarity of “Samsung Galaxy
S10 Plus black” could be higher to “Samsung Galaxy S10 128 GB black” than “Samsung Galaxy
S10+” which is in the reference set.

'https://www.mongodb.com/
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+ Samsung Galaxy S10+

* Samsung Galaxy S10 Plus

« Samsung Galaxy S10 Plus black

* Samsung Galaxy S10+ 128GB

» Samsung Galaxy S10+ Dual SIM Cerna

» Samsung Galaxy S10+, 8GB/128GB, Cerna

* Samsung Galaxy S10+ 128GB+8GB RAM SM-G975F/DS Dual Sim 6.4” LTE
* Samsung Galaxy S10 128 GB black

* Samsung Galaxy S10e

As can be seen in list above the product name consists of separate parts. If we focus on cate-
gory of mobile phones the product name usually starts with the name of the manufacturer. In
our example it is “Samsung”. Then follows the product line — “Galaxy”, the product itself — S10.
Then there could be product model, here it is symbolized by “Plus” or “+”. The vendors sometimes
add more information about color — “black”, memory size — “128GB” or “8GB/128GB”, “Dual SIM”,
product code — “SM-G975F/DS”, display size — “6.4”” or network capability — “LTE”.

It is obvious the product name could vary and the same product may have significantly different
product name and on the other hand the different products may have almost identical names.
For example, if we use simple character-based function to compare such strings it finds higher
similarity between “Samsung Galaxy S10+” and “Samsung Galaxy S10e” than between “Samsung
Galaxy S10+” and “Samsung Galaxy S10+, 8GB/128GB, ¢ernd”. This causes problems in identifying
and matching products.

The example below shows the same problem again. The similarity of “Apple iPhone Xs 64 GB
gold” will be higher to “Apple iPhone X 64GB gold” than to “Apple iPhone Xs”.

» Apple iPhone Xs
» Apple iPhone Xs 64 GB gold
» Apple iPhone X 64GB gold

Sometimes we face the problem of identifying different product versions expressed by the year. The
example below shows the different products (different versions for two years) but with the same name.
The problem could appear when the e-shop doesn’t reflect the strategy of Samsung company and uses
only the name Samsung Galaxy A3. Then identifying of right customers reviews could be problematic.

* Samsung Galaxy A3 (2016)
» Samsung Galaxy A3 (2017)

Such problems are more emphasized in the digital camera lenses as could be seen in the example
below where each item is different product. The last item is the general product name sometimes
used in e-shops. Then the assignment is also complicated.

* Canon EF-S 18-55mm F4-5.6 IS STM

* Canon EF-S 18-55mm f/3.5-5.6 IS STM

* Canon EF-M 18-55mm {/3.5-5.6 IS STM

* Canon EF-S 18-55mm {/3.5-5.6 III

* Canon EF-S 18-55mm £/3.5-5.6 IS II

* Canon EF-S 18-55mm £/3.5-5.6 1S

* Canon EF-S 18-55mm £/3.5-5.6 11

* Canon EF-S 18-55mm £/3.5-5.6
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The last example shows the list of digital cameras where the first item is particular product
but sometimes used for the rest of products listed below. The names distinguish the evolution of
product during the years.

* Sony Cyber-shot DSC-RX100

* Sony Cyber-shot DSC-RX100 II

* Sony Cyber-shot DSC-RX100 IIT

* Sony Cyber-shot DSC-RX100 VA

* Sony Cyber-shot DSC-RX10

3 METHODS AND RESULTS

Existing studies mainly use the following functions to quantify similarity of two strings (Wang, 2011):
* Token-based similarity functions: They first tokenize strings as token sets (“bag of words”),
and then quantify the similarity based on the token sets, such as Jaccard similarity and Cosine
similarity. Usually if two strings are similar, their token sets should have a large overlap.
Token-based similarity functions have a limitation that they only consider exact match of two
tokens and neglect fuzzy match of two tokens.

* Character-based similarity functions: They use characters in the two strings to quantify
the similarity, such as edit distance which is the minimum number of single-character edit
operations (i.e., insertion, deletion, and substitution) needed to transform one to another. In
comparison with token-based similarity, edit distance is sensitive to the positions of the tokens
in a string.

The similarity of strings could be also measured as the longest similar substring — sequence-
-based similarity. Such methods are longest common subsequence similarity, longest common
substring similarity or Ratcliff-Obershelp similarity. (Mayank, 2019)

The algorithms and approaches mentioned in the introduction doesn’t provide sufficient results.
The problem appears in minor differences of distinct product names and major differences in
names of the same product. Also, the constantly changing set of reference products plays important
role and prevents the creation of training set.

We decided to propose new algorithm avoiding listed problems. The algorithm first identifies
suitable candidates and then chooses the right one.

Before matching the product names, it is necessary to preprocess the data to increase the chance
of match. We apply removing of the special characters e.g. commas or apostrophes, replacing the
slash with space and lowering the case of text. The “Samsung Galaxy S10+, 8GB/128GB” is trans-
formed to “samsung galaxy s10+ 8gh 128gb”.

An algorithm itself consists of these steps:

(1) Finding 100% match — if the product name from review set is completely equal the algo-

rithm assigns it directly.

(2) Tokenization and Sorensen-Dice (Sgrensen, 1948) — the product names of both sets are
tokenized by the spaces and the Sorensen-Dice score is calculated for each product from
reference set. Only the products of certain company (e.g. Samsung) are selected. Top 5
products with the highest score are selected.

(3) Longest common substring similarity (LCSTR) — for the purpose of score determination the
spaces in the string are removed to avoid false similarity. The longest match of the product
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from review set and products selected in previous step is calculated. The product with the
longest match is picked. If there are two or more products with the same longest match
value, the product with higher Sorensen-Dice score is selected.

3.1 Results

The table below shows the partial results of process of identification of similar products. In the
first column there is a title of product from the reference set saved in the database we use to
match product name from downloaded review. The second column shows the similarity score of
reference title and the name of product being compared calculated by Sorensen-Dice in 2. step.
The third column shows the longest substring of product name from downloaded review matched
to reference title in 3. step. The last column presents the score calculated in 3. step using LCSTR
function. The product name from downloaded review we try to match is “Xiaomi Mi 8 Pro 128GB

transparentni”.

Reference title

Sorensen-Dice

Result substring

Substring score

score
xiaomi mi 8 pro 0.80 xiaomimi8pro 12
xiaomi mi 8 128gb 0.80 xiaomimi8 09
xiaomi mi 8 lite 128gb 0.73 xiaomimi8 09
xiaomi mi 8 0.67 xiaomimi8 09
xiaomi mi 8 lite 0.60 xiaomimi8 09

The matched product title from reference set is therefore “Xiaomi Mi 8 Pro” — the first row in

table with the highest substring score.

The second example shows matching of the product name downloaded from review “Tamron AF

18-200mm 3.5-6.3 Di I VC pro Nikon”.

Reference title

Sorensen-Dice

Result substring

Substring score

aspherical (if) macro

score
tamron 18-200mm f3.5-6.3 di iii vc 0.800 ;géﬁg?mf3'5' 22
tamron 18-200mm f3.5-6.3 di iii vc 0.660 égjﬁiommf&s' 20
tamron 18-270mm f3.5-6.3 di ii vc pzd 0.625 0mmf3.5-6.3diiivcp 18
tamron 18-400mm f3.5-6.3 di ii vc hid 0.625 00mmf3.5-6.3diiivc 18
tamron af 18-200mm f3.5-6.3 xr di ii Id 0.600 af18-200mmf3.5-6.3 18

The matched product title from reference set is therefore “Tamron 18-200mm £3.5-6.3 Di II VC”

with the highest substring score.
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4 DISCUSSION

The proposed algorithm has more than 90% efficiency when all items in reviews set are also in
reference product set. If there appear the products that are not listed in reference set we face the
problem with false positives. It means when the product is not listed another (with similar name)
product is assigned. For example, to the “Aligator S6000 Duo” the “Aligator s5070 Duo” is assigned.

The algorithm was implemented using the Python programming language using the textdi-
stance? library.

We still make experiments with the combination of methods and their settings. Now we focus
to third step of our algorithm, where the longest common substring does not provide sufficient
results. The aim is to have different weights for different parts of string, because similarity of
certain parts of string is less important (e.g. “mm” or “GB”).

The problem also appears in situation where the product specification influences the tokeniza-
tion of product name e.g. “Xiaomi Mi9” vs “Xiaomi Mi 9”.

We also experiment with the information gathered from e-shop aggregators like Heurekas®, where
the list of different product names for each product can be found on individual e-shops.
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ABSTRACT

The Summary of Financial Articles (SFA) application is intended for obtaining articles in the
field of financial markets published by various online media and their subsequent analysis.
The aim is to facilitate the work of financial analysts, who have to process a large amount
of information on a daily basis, use it to create a picture of the state of financial markets
and individual securities, and then issue recommendations to customers on their trading
strategy. Gathering the articles and news from online sources is very demanding process
due to the technologies used there and ever-changing structure of these web sites. Not only
the web application but also the API for integration into customer applications is available.

Keywords: natural language processing, machine learning, sentiment analysis, text
summarization, SFA application, web application
JEL Code: L86

1 INTRODUCTION

Every day, financial analysts and advisors process a large amount of information from the finan-
cial markets and related areas, so that they can make timely and correct decisions, adjust their
trading strategies or advise clients. Their daily activities include the analysis of published articles
and reports. However, a large number of them are currently published on the Internet and it is
practically impossible to read and analyze them all in a short time.

Summary of Financial Articles is a system designed to speed up the process of obtaining and
processing information for these experts and thus facilitate their work. This system obtains articles,
news or tweets from selected sources, especially in the field of financial markets, and analyzes
their content. The aim is to offer a summarized view of individual documents in the form of several
sentences summarizing the main ideas, to determine their sentiment and to provide aggregated
data for specified time periods.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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2 SYSTEM DESIGN

The application creates (articles and short reports) abbreviated summaries describing the essence
of the text from the obtained documents and analyzes their sentiment. It regularly downloads docu-
ments and displays them in the web application in the form of a clear list. Users are not presented
with full articles, but only a summary. It is available in several forms. If the author of the article
summarizes the topic in the introduction, this section is displayed (Author tab). It is similar with
a possible conclusion at the end of the article, which also often contains important information
(Conclusion tab). However, the most important is the summary generated by the SFA application
(Generated tab). It is created whenever an article contains enough text to create a summary. For
example, this is not always necessary for short messages. The individual summaries are available
clearly on separate tabs, so the user has the opportunity to easily choose what interests him.

For each document, there is also information about the date of publication, keywords characteri-
zing the area covered by the report, and a link to the full article available through its title. It is also
indicated whether it is an article (Analysis) or a short report (News). Individual documents can be
filtered in the application according to:

+ the date they were published (Date range),

+ ticker — the names of the securities to which they relate (Tickers),

* tags —the area to which they belong (Tags),

» category — article or news (Category),

* sentiment — positive, negative or neutral evaluation (Sentiment),

* domains — web resources from which it is downloaded (Domains),

and sort by date ascending or descending.

The application also displays an overview of the sentiment of the obtained documents for a
certain period in the header. In the left graph, it is possible to analyze the ratio of positive and nega-
tive messages. The right graph contains information on the most discussed tickers for the selected
period, or those for which there was the largest change in the number of comments. In the initial
settings, the most discussed are displayed regardless of sentiment. Using the Change button, it is
possible to specify a sentiment and an overview of the most discussed with the given sentiment is
displayed. For each ticker, a value is also displayed indicating whether the number has increased
or decreased (positive/negative value).

2.1 Frontend implementation

The frontend and backend of the system are two standalone applications that communicate via thin
REST API on the web server. Heavy frontend is delivered to client browser just once and the content of
the website is then partially updated, in places that require change, directly in the browser. This concept
is called Single Page Application (SPA) and can be implemented in various JavaScript libraries or frame-
works. In our case, to deal with view layer in MVC software architecture, we chose React]S library.

2.1.1 Used technologies

React]S is still a popular open-source library that is used for building web (and mobile) compos-
able user interfaces. In React]S, the user interface is broken down in a large number of reusable
components. These components manage their states to handle both the logic and the view itself.
Their hierarchical structure clearly defines unidirectional flow of data in the application and their
APIs and lifecycle hooks describe the behavior.
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The state of the component is changed after data mutation or by executing a user action and this
update triggers a smart and controlled rendering process. In the background, React]S engine tries to
improve performance by minimizing expensive manipulation with real DOM as much as possible, so
it first renders the changes to the virtual DOM represented in JavaScript. Then its job is to reconcile
the recent changes against the old one and only the necessary ones applied to the real DOM.

To get the best of React]S world, we used JSX (syntax extensions to JavaScript), TypeScript, func-
tional components and React hooks. To manage application-level state we injected Redux into
application. Redux is a predictable state container which plays a helping hand while developing
large scale JavaScript application. To keep a similar look and feel to our previous apps, we selected
Ant Design as the UI framework. This framework is known mostly in the East and does not follow
ubiquitous and shabby material design.

2.1.2 User interface

We decided to render the individual article records into easily expandable card components. The
grid design seems to be the best choice for large amounts of purely textual data (without any
graphics). Each article can have up to three types of summaries (author, generated and author’s
conclusion), which are displayed as quickly switchable tabs component. The coloring of the cards
at first glance corresponds to the sentiment of the article.

To enhance the user experience, article feed is updated automatically by infinite vertical scrolling
and a potentially huge number of tags and tickers associated with the article are rendered in a
horizontal virtual scrollbar. The application is completely responsive, including specific elements
rendered only on smaller devices, and user settings are remembered in the browser storage.

Fig. 1: Article feed with filters
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2.2 Data scraping

Other parts of the system are web scrapers. Their task is to automatically retrieve documents
from various internet sources. Specifically, these are newspaper articles and short reports from
the financial markets.

The articles are fetched at regular intervals, which are appropriately set according to the
frequency of publication. Around these scraping modules are therefore created complex dev-ops
mechanisms in the form of various pipeline jobs and schedulers that combine the practices of
continuous integration and continuous delivery. Scrapers store data in a well-defined structured
format in our databases, from where it is consumed by text analysis in the following step.

Scrapers were created in two different fashions. One group of crawlers is implemented in the
Apify framework and interpreted in the Node]S runtime environment, the other makes use of the
Scrapy library and the Python programming language. It is also possible to identify two different
web scraping approaches prevalent in our solution. In the first one, the scraper starts on a certain
web page and, in addition to data scraping, simultaneously collects new links to other documents
or subpages. These are recursively visited later and the whole process is repeated. The second
approach assumes that a list of URLs to be crawled is available in advance. In this case, the scraper
does not look for subsequent links but just crawls the list. This approach was preferred when
suitable sitemaps were available. Its significant advantage is the possibility of parallelism and
concurrency. To provide incremental crawling functionality and ensure that the already crawled
page won’t be visited again we implemented middleware for URL filtering.

One of the most efficient ways of preventing access to a public website is IP address blocking. It is
very common to encounter during web scraping. To solve this problem, we implemented a custom
module to rotate the proxies. Proxy manager runs in parallel with scrapers, searches the internet
for freely available proxies, automatically tests them and filters out dead ones. After the crawler
detects that the page is blocking access or loading significantly slower, it automatically replaces the
proxy with fresh one and repeats the action.

2.3 Application backend

Server-side applications provide several services such as web-scrape (see above), text summariza-
tion (SFA Summarization), sentiment classification (SFA Sentiment) and, most importantly for the
user, provide a communication interface to the results of the data analysis (SFA Rest API).

The technological complexity and computing power requirements vary dramatically between
applications; for example, the SFA Rest API, which responds to a client request with a preprocessed
result stored in a database, has only minimal performance requirements on the machine on which
the application runs. SFA Sentiment Analysis, on the other hand, provides outputs based on the
computations of a complex BERT neural network.

However, the workload of each application varies throughout the day. While the Rest API
is queried virtually constantly during normal business hours (8AM—-4PM), Sentiment Analysis
classifies a new batch of articles every hour. Not only from the point of view of application
sustainability and robustness, but also from the point of view of cost-effectiveness, we did not
implement the SFA system as a single monolith but opted for a “micro services” architecture.
Although there is no strict definition of the term micro service, but we can talk about the frame-
work that this architecture should fulfill:
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» services communicate via HTTP (Fowler, 2015),

 services are independent of each other (Nadareishvili, 2016),

 services can be implemented using different programming languages, databases, environ-
ments and technologies, depending on the task they are supposed to solve (Chen, 2018),

* services are small, communicate only in a bounded context, autonomous, built and deployed
by an automated process (Nadareishvili, 2016).

We implemented the fulfillment of these requirements using Docker technology. In Docker
jargon, each service represents a so-called container. The container is a small simple standalone
software package and as a monolith contains everything needed to run the application — runtime
environment code, system libraries and configuration. Containers isolate software and the envi-
ronment, ensuring platform independence. Containers can be shut down, restarted and changed
independently without directly affecting the running of any other service.

It also allows us to run each service individually and thus efficiently optimize costs — e.g. by
scaling performance or shutting down servers completely when the service is not in use. This
would not be possible with a monolith architecture.

We provided the automated build requirement for the deployment using Github CI/CD, which
provides tools to automate this process in addition to versioning the code. Thus, the developer’s
only concern is to upload code changes to the main repository. To minimize errors in the code,
automated tests are run before each deployment to prevent changes from being introduced to the
code if they fail.

2.4 Communication interface

Fig. 2: Auto-generated documentation
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The Flask framework! was used for development, which implements the usual best-practices in
the field of web application development. It also enables fast deployment thanks to the WSGI
communication interface, which is supported by an Apache web server. The framework works
as a REST-AP], i.e. that, based on the URI and HTTP method of the request performs action and
returns the appropriate response, usually structured in JSON format. As a result, a single backend
implementation can handle both web and mobile client requests.

During the development we put emphasis on the creation of documentation, which is often
neglected resulting in a mismatch between the actual and documented functionality. To avoid this,
we used tools that document individual API endpoints automatically. The result is the Swagger
framework user interface (Fig. 2), which clearly specifies how one can interact with our REST API.

2.5 Data storage

Two different repositories are used for the storage of persistent data. Articles are automatically
retrieved by scraping from various websites. Unfortunately, each site has a different structure,
which also changes over time, so we cannot rely on the consistency of the data obtained. Therefore,
in the first phase, the data is stored in the non-relational database MongoDB. Non-relational data-
bases do not store data in tables, but as so-called documents. Each document then stores the data
in key-value form, but the internal structure of the documents may not be uniform (i.e., each docu-
ment may contain different keys).

In the second phase, the data is normalized and stored in the traditional PostgreSQL relational
database. In this database, we store structured information about each article, such as the title, date
of publication, author abstract and, of course, the textual content of the article.

To avoid having to modify the scraper every time the site structure changes, we implemented an
intermediate step where we transform data from a non-relational MongoDB database into a rela-
tional PostgreSQL database. In addition to changing the structure, this intermediate step allows us
to keep track of changes to the article content itself that may have occurred over time.

2.6 Text processing

For each article, the system performs 2 operations:

* « Summarization: the original long text is shortened by the extractive summarization tech-
nique to a paragraph containing a few sentences. The technique is based on identifying and
selecting the most important parts from the original text.

* + Sentiment classification: for the summarized content of the article, the sentiment is
evaluated into one of 3 classes: positive, negative or neutral. The sentiment of each news
can be evaluated from different perspectives, for example, information about the decline in
electric car sales will not please Tesla shareholders, but on the other hand, oil company shares
will probably rise.

Our model classifies sentiment from the perspective of the investor who owns the stock, so the
example above would be evaluated as negative.

"https://flask.palletsprojects.com/
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2.6.1 Text summarization

We analyzed several different approaches from the point of view of both abstractive and extractive
summary creation. We compared outputs of our own solutions and commonly available libraries
(e.g. Sumy?, Python Text Summarizer?) in Chochula (2021).

The summary, which contains essential information from the whole article, is created in an
extractive way. The Gensim library from the Python programming language is used to create the
summary. The extraction is based on the TextRank algorithm (Mihalcea and Tarau, 2004), which is
a variant of the PageRank (Brin and Page, 1998) algorithm used by Google to evaluate the relevance
of websites.

Algorithm process:

» preprocessing (stop words elimination, stemming),

* creating a graph, sentences forming vertices,

* edges indicating the similarity between two sentences in vertices,

» run the PageRank algorithm on this weighted graph,

« the highest score is selected and added to the summary,

+ the number of vertices to be selected is determined based on the ratio or number of words.

Although we identified more successful algorithms in our research, unfortunately it is not
possible to use them in the application. Their deployment prevents technical issues related to the
outdated processor architecture on the dedicated computer.

We are currently working on our own solution that combines both approaches (abstractive and
extractive) and takes advantage of both. The summary includes unchanged key information, which
is very important for financial analysts and at the same time the sentences follow each other smoo-
thly. We will offer this solution in the web application as an alternative summary.

2.6.2 Sentiment analysis

For sentiment analysis, we used several deep learning algorithms according to the state of the art
in this field, such as BERT (and its derivatives) or LSTM (Stastna, 2022). In general, the drawback
of machine learning is the need for a large amount of labeled data to train and build the model.
Sentiment analysis is a domain-oriented task; a model trained with data from a certain domain (e.g.,
movie reviews) usually performs poorly in another domain (e.g., financial news). On the other hand,
data from the financial domain is limited and manual labeling is expensive and time-consuming.

Therefore, we collect data from available sources on the Internet. Specifically, we use the web
scraper tool (described in Section 2.2) to obtain data from seekingalpha.com The articles on this
site are categorized into “Bearish” (market declines) and “Bullish” (market rising) (see Fig. 3). In this
terminology, we consider bullish news to be positive and bearish news to be negative. In total, we
have collected more than 8.5 thousand articles that we can use to train the model.

We compared several algorithms and inputs for this task and tried to uncover how article length
affects the accuracy of sentiment prediction. We attempted to classify sentiment for three types
of inputs — article title only, article summary, and full article text. As shown in Fig. 4, all methods
achieved the highest F1 score for article summaries, which suggests that the article title does not
contain enough information; on the other hand, the raw article text is likely to contain unusable
features that are not relevant for sentiment analysis.

2https://pypi.org/project/sumy/
3https://www.geeksforgeeks.org/python-text-summarizer/
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Fig. 3: Bearish and bullish news on Seeking alpha website

Fig. 4: Performance of methods depending on input length

2.6.3 Process pipeline

The whole process can be summarized as follows. Scrapers get a new batch of articles from selected
sources. These are then stored in a non-relational MongoDB database since we cannot guarantee
a fixed data structure at the time of download. Some aspects of the article are downloaded after-
wards (list of related assets, tags etc.). Once the article is complete, the data is transformed into a
relational Postgres database with a fixed structure.

The new records from the PostgreSQL database are taken as input by the summarization method,
then the sentiment is classified. The results of both the processes are again stored in the Postgres
database. At the last level, a presentation application figures, which clearly displays the analysis
results in a user-friendly web browser environment.

Graphically, the pipeline is illustrated in Fig. 5.
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Fig. 5: Illustration of process pipeline

3 DISCUSSION AND CONCLUSIONS

The presented system is currently used by Cyrrus Corporate Finance, a.s. for their daily usage.
Based on client requirements, additional information sources are regularly added and the port-
folio of analyzed articles is still expanding. The list of long-term analyzes presented in the form
of graphs is also under development. The goal is also to integrate the created API into a complex
application. This will allow regular users to create their own business strategies, where one of the
key attributes may be the sentiment of published articles

There are a number of similar projects available on the Internet that offer analysis of articles
in the area of financial markets and securities trading. Sentimentrader provides daily sentiment
report and ad hoc reports if there is anything especially timely or unusual. The Daily Sentiment
Report includes an overview of where short- and intermediate-term sentiment is each day, along
with updates on indicator extremes or studies focused primarily on sentiment, breadth and price
action (Sentimentrader, 2021).

Sentdex (2021) is an application providing the sentiment analysis in Finance, Politics and
Geographical area. The Financial analysis shows the sentiment for selected companies and long-
-term analysis od S&P 500 Index. The analysis is available for 7 days, 30 days, 6 months and 1 year
interval. The stock price is available in presented chart too.

Stockgeist is an interactive platform for monitoring the current popularity of 2200+ publicly
traded companies. It provides ranking based on the number of published messages about compa-
nies, stock overview, aggregated news from various websites, stock sentiment analysis based upon
social media messages, wordcloud with the most popular topics the crowd is talking about, funda-
mentals such as market capitalization and P/E ratio, short story on the selected company to give a
general idea of what they do and charts that display historical data about social media messages
and positivity. Stockgeist (2021)

Stocktwits is a platform focusing on the same problematic. It shows what actual investors and
traders are saying in real time about the stocks, crypto, futures and forex. (Stocktwits, 2021)

We can see from this overview the sentiment analysis is very important task in natural language
processing and the financial analysts are really interested in information published in articles and
news. We know from a discussion with our customer that even a summarized view of published
texts is very important. However, other applications do not provide this functionality, which we
consider an important advantage of our solution. The prototype of our application is available at
https://mta.pef. mendelu.cz/trading/#/feed.
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ABSTRACT

This article deals with the description of NLP Studio software. This web application allows
users to prepare their own textmining experiments for the natural language analysis
without the need to use the programming language. There is a development environment
in which the user can work in the form of visual programming. Preprocessing, training
or visualization components are available. The software is designed primarily for teaching
natural language processing and aims to help students navigate this area even if they do not
have a deep knowledge of programming.
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1 INTRODUCTION

The field of natural language processing is very much discussed nowadays and text analysis tools are
used in many fields of human activity. However, there are not many experts who are able to perform
text analysis using commonly available tools, and often they do not have sufficient domain knowledge
related to the area in which the texts are published. On the other hand, domain experts often do not have
knowledge of the necessary tools (currently often programming languages) and therefore find in-depth
analysis of the texts under study difficult. Thus, the gaze of the professional community is currently
turned towards tools that would facilitate the process of analyzing textual data in a simple way. One way
may be to provide an accessible environment that allows experiments to be carried out at a higher level
of abstraction without knowledge of programming languages. This may be a development environment
using visual programming principles.

Theidea of visual programming isnot new, it was first used in programming teaching. Charntaweekhun
and Wangsiripitak (2006) found that most students were more willing to accept flowcharts as the carrier
of programming instead of writing codes directly. There are tools using the same concept mentioned in
Boshernitsan (2004). The closest approach that is proposed in this study was proposed by VisComposer
(Mei, 2018) which uses the visual programming interface for data transformations and layout construc-
tion. At the same time authors inherited the popular visualization tools disadvantages user interface
heterogeneity, big number of additional panels with different settings and interaction models.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Ivanov (2020) presented the concept of visual programming data visualization authoring envi-
ronment that completely relies on a node-based visual editor and allows the separation or reuse of
any part of the workflow graph inside a single or multiple environments.

The main goal of this application is to simplify the process of creating textmining experiments
especially for users not familiar with traditional programming languages but wanting to analyze
the textual data.

2 SYSTEM DESIGN

The application is designed for creating experiments in natural language processing. A develop-
ment environment using the concept of visual programming is available. This approach is intended
to make it easier for users without knowledge of common programming languages to create their
own tasks for analyzing text documents.

The application is divided into several parts. The main part contains the development environ-
ment, where the user places individual components (tasks) to solve specific tasks. These tasks are
subsequently interconnected with each other through links to create a complex dataflow. Each
component has defined inputs, outputs or both and performs a specific activity. From the broadest
perspective, components can be divided into three groups:

* input component,
* transformation component,
* output (visualization) component.

Input components allow the user to specify the data source to work with. Examples of these
sources include JSON, CSV, or plain text file format. Input data can be imported from existing files,
from a document database located on the server where the application runs or defined manually.
Currently, the set of input formats is limited, but in the future, it will be possible to connect to, for
example, a relational database, a web resource containing text data, etc.

The core of the application is of course the transformation components, which further differ
in their purpose depending on the natural language processing tasks they solve. Thus, these are
primarily components providing preprocessing, classification, cluster analysis, etc. Each of these
components allows the user to configure the parameters of a given task in the form of a clear
menu. Each task also has specific requirements for the format of input and output data.

The task of the output components is to clearly display the results of analyses in the form of
tables, graphs, maps or other formats. These components are usually the final element in the data-
flow and do not allow the linking of other components.

The components are available in the left part of the application in a separate menu from where
the user can select them as needed.

In the right part of the application there is a menu allowing modification of user data in the basic
settings and in case a specific component is selected there is an option to make its settings. As such,
the application allows you to manage the user accounts of registered users. The main point is that
the user can save the experiments in progress and their results. A registered user has the possibility
to work on multiple experiments and save datasets at will. An unregistered user is only allowed to
create one experiment and is not allowed to save any data on the server where the application runs.
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Fig. 1: Development environment
Source: own elaboration

2.1 Frontend implementation

The frontend is implemented as a standard single-page application. For this reason, a whole range
of interactions and application logic is performed directly in the browser and the server faces
significantly less load. Conversely, a significant load is transferred to the heterogeneously powerful
end-user computers, which leads to a visible slowdown and decrease in the user experience if opti-
mization is neglected. In applications with a one multi-interactive page (e.g., photo or text editor),
this applies many times more. Therefore, with such an application concept, memoization, optimi-
zation of calculations, or avoidance of unnecessary renders play an important role.

This client application belongs to the category of so-called visual programming. The focus is
oriented on visual objects and especially various relationships between them. Other features are
concreteness, directness, explicitness and immediate visual feedback.

2.1.1 Used technologies

The implementation of the user interface is built on the JavaScript framework Vue]S 3, which is
used to create web Uls. This is the most up-to-date version that provides improved reactivity and
change detection, a typed and better optimized core and a new Composition API syntax.

The key library is the open source vue-flow, which provides an engine for building interactive
diagrams and complex node-based editors. It includes a workspace, graph controls and a dynamic
viewport with custom elements. In this case, the elements are not rendered into the HTML canvas,
but are normal DOM elements positioned dynamically using traditional CSS styles.

Communication between remote parts of the application is managed by the Pinia library, an
alternative to the traditional Vuex. It is a global state manager that centralizes data, serves as the
main source of truth and solves a programming anti-pattern called props drilling. The Ant Design
framework provides the initial design of the component. Type checking from TypeScript makes the
source code of higher quality.
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2.1.2 User interface

The user interface is based on the Canvas plus palette design pattern. Its principle consists of a canvas on
which nodes and edges are added, manipulated and their state changed in real time. A similar Microsoft
Azure Machine Learning Designer application was designed with this idea in mind.

Nodes represent an input dataset, a processing task, or an output point. The user can define his own
dataset or use one of the prepared ones. The growing list of supported tasks includes e.g. tokenization,
lemmatization, POS tagger or stop-words removal. Edge between nodes means a connection enabling
mutual communication and data transfer through the universal interface of input and output points.

The user can create multiple canvases within one workspace and solve different tasks at the
same time. In the lower panel there is a visualization of the data of the active node and a log with
last events. The user interface is currently localized into English and Czech languages and the new
visitor is guided through it using quick onboarding. The layout of the entire flow is continuously
saved in the localStorage of the browser, so the user does not lose his progress even after closing.

2.2 Application backend

The server part of the system is responsible for solving various tasks required by the user. From
this perspective, the backend architecture can be divided into two levels.

The first level is the communication interface with the frontend and the database. Basically, it
is a conventional web server that communicates using the REST API. At this level, the application
receives and responds to requests, authenticates the user but also queues required tasks.

The second level is made up of a more complex, analytical part. The system is used for solving
various NLP tasks and it is oriented towards processing large amounts of data, which is usually
both time-consuming and computationally complex. Therefore, we implemented this part of the
application as independent software. The analytic part picks up tasks from a queue and solves
them based on the specified parameters in the background. It stores the intermediate state as well
as the final result in a database. Thus, the first level is practically not involved in the actual task
solving. If it did, the API would respond to requests with high latency. Additionally, such an arran-
gement does not allow for efficient task management or running in the background.

2.3 Communication interface

The Rest API is implemented in Python language in the modern FastAPI framework. One of the main
reasons for choosing FastAPI is that it allows asynchronous handling of HTTP requests. Normally,
Python executes code sequentially. For example, in the case of HTTP, this means that the server will only
accept a new request when the previous request has been completely handled. However, asynchro-
nous methods can be temporarily suspended (e.g. while waiting for data from the database), thus they
do not block other, so-called competing requests waiting in the queue to run (Hattingh, 2020). Thus, the
asynchronous paradigm significantly reduces the time required to handle a request and is well suited
to a concurrent task environment such as a web server. The tasks are handled by the analytical part of
the application at the second level, as we mentioned in the introduction of this chapter.

The communication is initiated by the client, by sending a POST request to the API endpoint/
task. The endpoint accepts requests for all task types. The specific specification and parameters are
sent in the request body in JSON format. For example, the following request illustrated in Figure 2
invokes the “Word tokenize” task over the dataset ID 622, which is stored in the database. A request
body can contain any number of parameters depending on the type of task.
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Fig. 2: Example of task request data
Source: own elaboration

Instead of executing the request directly, i.e., running the corresponding method, the API
creates a new object for the task and inserts a new record in the Mongo database containing
the necessary metadata. The API returns the ID of the created task to the user, but the result is
processed asynchronously in the background.

The running of the task itself is handled by Celery, an implementation of a queue of tasks
which asynchronously executed in the background. However, Celery requires a message trans-
port system to send and receive messages between the client and the so-called worker (the
thread that executes the code itself). For these purposes, we used Redis, in which the API stores
the job record. This is an important of system since the API and the analytics layer works
independently. Redis, thus, acts as a communication interface between them. The data flow is
illustrated in Figure 3.

Once the job is completed, Celery writes the result to MongoDB. The client can retrieve the
result by addressing the API at the appropriate endpoint, as it is shown in Figure 3. In this
case, we no longer require Celery since it is a simple process, which only reads records from
the database.

Fig. 3: Flowchart for processing a task request
Source: own elaboration
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Fig. 4: Flowchart for processing a task request
Source: own elaboration

2.4 Data storage

Similarly, to the application layer, the data layer can be divided into two levels. Permanent data
storage is provided by the non-relational Mongo database.

Temporary data, related to the task passing between the API and Celery is handled by
Redis technology.

One of the key aspects of the system is the processing of data based on the user’s needs. In
order to provide the best user experience, we do not require any data structure that the user
must follow in order to interact with the system. The user can upload their data stored in a text
file in txt (plain text), JSON, or CSV format. The API recognizes the uploaded file’s format and
automatically executes the appropriate parser. To be able to work with the data regardless of
its input format, the parser converts content of each file into a uniform internal format that the
various system components are prepared for. An example of converting a CSV file to an internal
format is illustrated in Figure 5. Content of each uploaded file is labeled by an ID and name as
user’s reference.

The internal format is designed so that the data is structured and stored in a table. This makes
it possible to use popular libraries for working with tabular data such as Pandas or Numpy.
Moreover, it gives the user the ability to use features that he is used to from common office appli-
cations — column removal, numeric operations on column values, row filtering, transformation
of data types, etc.

The API always returns the processed data in JSON format, however, in the future we plan to
extend the output to other formats.
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Fig. 5: Transformations of CSV (upper) to internal format (below)
Source: own elaboration

3 DISCUSSION AND CONCLUSIONS

Of course, the presented application is not the only one currently available. There are similar
projects available on the Internet that offer visual programming environments for machine lear-
ning or similar projects. The closest representatives of this type of applications are e.g. Azure ML
Studio (2023), BotX (2023) or Datablocks (2023).

Azure Machine Learning Studio (ML Studio) is a graphical, collaborative, drag-and-drop web inter-
face from Microsoft for building machine learning models. It does not require coding knowledge of
R or Python, and the cloud interface can be used to build models through ML Studio. ML Studio lets
user to train machine learning models, evaluate trained model performance, launch new experi-
ment and view the results of past experiments, deploy trained models, monitor deployed models,
track datasets and models, provision and manage compute resources, conduct data science experi-
ments in online notebooks. The most important part of ML Studio is the Designer a drag and drop
tool to create ML workflow from the input of a dataset to the evaluation. It is easy to use and has
many features which can be searched via text or found by clicking on the arrows and captions on
the left. For the Designer, there are currently more than 60 Modules that can be divided into data
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transformation, data input and output, feature selection, statistical functions, regression, cluste-
ring, classification, model training, and model evaluation/scoring. The whole machine learning set
is covered by the designer modules, so the user can build models without coding. He can simply
choose the modules and connect them and then get the pipeline ready to be tested and interfered.
The designer is attractive to people who would like to think at a higher level and don’t want to
worry about specific Python or R code for executing standard tasks. However, users still need to
know a lot of machine learning concepts as far as normalizing data, feature engineering, splitting
data for training and validation, and various machine learning algorithms. Additionally, it’s worth
noting that there are code nodes for both Python and R code that users can include into a machine
learning pipeline. These nodes allow user to execute custom code in a machine learning pipeline
for certain steps while still taking advantage of the drag and drop and visual nature of the designer
(Hucker, 2021), (Eland, 2022).

The Datablocks is a node based editor with several blocks for processing data. It’s based on our
open source library React Flow. The editor is divided into four parts. On the left user has the sidebar
with the different blocks. In the center there is the editor pane and at the bottom there is the data
output view and a terminal.

The blocks are divided into the groups Input, Transform, Geo, Visualization and Misc. The input
group gives user blocks to read in data. Either by pasting text content or by file upload. Currently,
datablocks can handle json, csv, topojson and geojson files. There is also an example data block for
testing and playing around. The transform blocks handle tabular data. Users can filter data entries
or merge different data sets for example. The geo blocks help them to simplify data or convert geo
formats. With the visualization blocks you can create simple visualizations like a histogram or
a bar chart. The misc section contains markdown and a simple statistics block for now.

The editor pane is the place where users are working most of the time. On the editor pane user
can connect different blocks to create a data flow and you can configure the blocks. In the current
version all configuration happens in the blocks. At the bottom the user can find the data output view.
This view shows the output of the selected block. It can display tabular data, JSON objects and geojson
data. Users can also export data as csv, json or geojson. In the right bottom corner is the terminal. It is
used to display application errors or logs from the Javascript block (Datablocks, 2023).

This overview reveals the development of experiments in the area of machine learning and Al
without coding is a very important challenge. This and similar areas related to data analysis are
being addressed by several commercial companies that see an opportunity to offer solutions for
ordinary users on the market. As we know from discussions with our students, the small knowledge
of programming languages limits their ability to analyze the various types of data including the
textual. The applications discussed above offer only limited functionalities for the free users. This is
an opportunity to apply our application, which is free and offers all functions without limitations.
Now, there is a noticeable difference in the number of functions offered between the application we
have developed and commercial solutions. However, intensive development and communication
with potential users will allow us to offer a competitive solution that will stand up to comparison
with others in the foreseeable future.

The prototype of our application is available at https://mta.pef. mendelu.cz/lab/.
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ABSTRACT

This article presents the results of an empirical study of consumer behavior in the Czech
craft beer market. The primary objective was to identify the key factors influencing the
selection of craft beer and, based on these factors, to perform a market segmentation
analysis. The research was conducted through a quantitative survey combining online
distribution via social media platforms and offline distribution using QR codes placed in
craft beer pubs in Brno. After the application of screening criteria, a total of 458 respondents
aged 18 to 57 years were included in the statistical analysis. Ten formulated hypotheses
were tested using non-parametric statisti-cal methods (Pearson’s chi-square test, the Mann-—
Whitney U test, the Wilcoxon signed-rank test, and the Kruskal-Wallis test). The principal
analytical method was exploratory factor analysis with Varimax rotation, which extracted
four factors explaining 43.45% of the total variance: price sensitivity and conservatism,
taste and sensory attributes of beer, authenticity and exclusivity, and social and visual
influences. Taste and aroma emerged as the most influ-ential individual determinants of
craft beer selection, whereas recommendations from influ-encers were found to be the
least influential. Generational segmentation revealed that Genera-tion Y constitutes the
most active market segment, while Generation Z consumes craft beer significantly less
frequently. The findings suggest that value-based attributes, such as authen-ticity and
regional origin, outweigh price sensitivity and traditional forms of advertising among craft
beer consumers in the Czech Republic.

Keywords: consumer behavior, craft beer, factor analysis, market segmentation, authenticity,
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1 INTRODUCTION

In recent years, the craft beer market has become one of the most dynamically growing segments
of the European brewing industry. In the Czech Republic, the number of craft breweries has nearly
tripled since 2013, reaching a total of 508 microbreweries by the end of 2023 (Czech-Moravian
Association of Microbreweries, 2025). This growth reflects a broader global phenomenon known
as the craft beer revolution, which originated in transformations within the American brewing
industry in the mid-1960s and subsequently spread to other regions of the world. The defining
characteristic of this transformation is not production volume but rather an emphasis on quality,
authenticity, and regional identity of production (Wojtyra et al., 2020).

The growing popularity of craft beer is accompanied by a paradox of globalization. Although
consumers have easy access to beer brands from around the world through global distribution
networks, demand is increasingly directed toward regional products (Villacreces et al., 2022). This
shift reflects changing consumer preferences, particularly among younger generations, who seek
authentic, distinctive, and high-quality products. At the same time, industrially produced beer
maintains a strong market position primarily due to its lower price and widespread availability,
placing small and independent breweries in a competitive environment where they must differen-
tiate themselves from mass-produced alternatives through value-based attributes.

A key distinguishing feature between craft and industrial beer lies in the production process. Craft
breweries are typically small and independent enterprises that experiment with ingredients and
brewing techniques to achieve unique flavor profiles, whereas industrial breweries focus on standardi-
zation and large-scale production (Rosales et al,, 2021). Sensory, chemical, and process-related differences
between the two categories are comprehensively documented in the review by Baiano (2021).

Within the Czech Republic, the beer market has long represented an important component
of both the national economy and cultural heritage. In a study focused on the establishment of
craft breweries, Brezinova (2021) identified the motivations of brewery founders as well as the
structural characteristics of this market segment. SvatoSova et al. (2021) examined broader factors
influencing consumer behavior in the Czech beer market and highlighted, among other findings,
reduced price sensitivity among craft beer enthusiasts. International studies focusing specifically
on craft beer attributes, such as Lerro et al. (2020), employing the Best-Worst Scaling method, iden-
tified taste, bitterness, ingredient composition, and regional origin as the most important product
attributes. In the Italian context, Pilone et al. (2023) demonstrated that consumer preferences vary
according to the level of market knowledge and familiarity with the craft beer segment.

From the perspective of psychological mechanisms underlying consumer decision-making, the craft
beer segment is strongly influenced by the principles of authenticity (Newman, 2019; Bartsch et al.,
2022), the storytelling effect (Ahmed et al., 2024), and the scarcity principle (Goldsmith et al., 2020).
Simultaneously, the demographic composition of beer consumers is changing. Livingston et al. (2024)
and Caluzzietal. (2024) document a gradual decline in alcohol consumption among the youngest
generations, a trend that may lead to long-term structural changes within the market.

Although individual aspects of the craft beer market have been examined in both Czech and interna-
tional literature, a comprehensive study integrating the identification of key selection factors, the testing
of psychological effects, and generational market segmentation has thus far been absent in the Czech
context. The primary objective of the present research was to identify the factors influencing consumer
behavior in the selection of craft beer in the Czech Republic and, based on these factors, to perform
a segmentation of this market. Secondary objectives included describing consumer attitudes and pref-
erences and formulating recommendations for business entities operating in the craft beer sector.
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2 METHODOLOGY AND DATA

The empirical study was conducted as a quantitative survey targeting beer and craft beer consu-
mers in the Czech Republic. The questionnaire consisted of 28 questions organized into four
sections: consumption frequency and purchasing locations, factors influencing craft beer selec-
tion, perceptions of promotional forms and marketing elements, and demographic characteristics.
Seventeen questions were closed-ended, two were open-ended, and six item batteries comprised
a total of 40 statements evaluated using a seven-point Likert scale (1 =completely unimportant,
7=very important). Prior to the official launch, a pilot study was conducted, and questions that
respondents found difficult to understand were reformulated.

The questionnaire was distributed using a mixed-mode approach. The online version was dissem-
inated through Google Forms via social media platforms, particularly Facebook groups focused on
brewing and beer-related interests. An additional offline distribution channel consisted of flyers
containing QR codes placed in craft beer pubs located in the center of Brno. Before completing the
questionnaire, respondents were informed about the purpose of the study, its anonymous nature,
and the distinction between industrially produced and craft beer.

A total of 506 completed questionnaires were collected. To be included in the main analytical
sample, respondents had to meet three criteria: be at least 18 years of age, consume beer at least
occasionally, and consume craft beer at least occasionally. Thirty-three respondents failed to
meet these criteria. An additional 15 respondents aged 58 years and older were excluded due to
the non-representatively small size of this age group. Consequently, the final analytical sample
consisted of 458 respondents. Generational segmentation was based on the classification developed
by the research agency STEM/MARK (2024), distinguishing Generation X (43-57 years), Generation
Y (28-42 years), and Generation Z (18-27 years). The quota sampling procedure was designed to
achieve a relatively balanced distribution across generations.

Data analysis was performed using Statistica 14 and Microsoft Excel. Ten research hypotheses
were formulated and tested using four non-parametric statistical methods selected according to
the nature of the variables: Pearson’s chi-square test, with the strength of association assessed
using Cramér’s V; the Mann-Whitney U test for comparisons between two independent groups;
the Wilcoxon signed-rank test for paired observations; and the Kruskal-Wallis test for comparisons
across multiple groups, followed by post hoc analysis with Bonferroni correction. The hypoth-
eses focused on relationships between beer-type preference and income, purchasing location,
consumption frequency, generational cohort, and selected value-related factors (regional origin,
environmentally friendly packaging, brewery history, and limited-edition products). The signifi-
cance level was set at a=0.05. Prior to applying Pearson’s chi-square test, assumptions regarding
expected cell frequencies were verified according to the recommendations of Bolboaca et al. (2011);
when these assumptions were not met, adjacent categories were merged. The use of non-para-
metric methods was motivated by the ordinal nature of the data and the violation of the normality
assumption (Field, 2013).

To achieve the primary research objective—namely, identifying the factors influencing consumer
behavior—an exploratory factor analysis (EFA) was conducted. The analysis included 31 varia-
bles comprising both factor ratings obtained from Likert-scale items and attitudinal statements.
Principal component analysis (PCA) with normalized Varimax rotation was employed. The number
of extracted factors was determined using the scree plot criterion. Variables with factor loadings
of at least 0.60, or those falling slightly below this threshold, were considered relevant indicators
of a given factor.
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Market segmentation was originally intended to be conducted using cluster analysis. However,
due to the insufficient distinctiveness and substantial similarity of the resulting clusters, this
approach was rejected. Instead, segmentation was performed based on generational cohorts,
which proved to be more interpretable and more accurately reflected differences in consumer
behavior.

3 RESULTS

The structure of the research sample corresponded to the demographic profile of craft beer consu-
mers in the Czech Republic. Of the total 458 respondents, 73.9% were men and 26.1% were women.
The generational distribution was relatively balanced: Generation Y (28-42 years) was represented
by 175 respondents, Generation Z (18-27 years) by 166 respondents, and Generation X (43-57
years) by 153 respondents. Nearly half of the respondents (47.3%) had attained a university degree,
while employment was the predominant economic status (67%). In terms of net monthly income,
the largest proportion of respondents (25.5%) belonged to the CZK 30,001-40,000 income category.

The survey revealed that 95.5% of respondents consume beer and nearly 93% consume craft
beer. When both industrial and craft beer are available in a hospitality venue, 83.4% of respondents
choose craft beer, although only 54.8% identify it as their primary preference. The most common
place of purchase for craft beer is restaurants and pubs (36.6%), followed by breweries (22.4%) and
specialized beer stores (pivotéky). The most frequently reported consumption occasion is informal
socializing with friends, cited by 51.7% of respondents.

3.1 Relationship Between Income and Beer Preference

The hypothesis concerning the association between beer-type preference (craft vs. industrial beer)
and net personal income was tested using Pearson’s chi-square test. The analysis revealed a stati-
stically significant relationship (x*=19.902; df=6; p=0.003), with a weak-to-moderate effect size
(Cramér’s V = 0.220). Respondents with lower incomes (up to CZK 30,000) were more likely to prefer
industrial beer, whereas respondents with incomes exceeding CZK 40,000 exhibited a substantially
stronger preference for craft beer.

3.2 Generational Differences in Consumption Frequency

The Kruskal-Wallis test demonstrated statistically significant differences in median craft beer
consumption frequency across generations (H(2, n =469) = 66.120; p < 0.001). Post hoc analysis with
Bonferroni correction confirmed that significant differences existed between Generation Z and
both older generations, whereas no significant difference was found between Generations X and
Y. Generation Z consumes craft beer significantly less frequently than older generational cohorts.

3.3 The Storytelling Effect

The Mann-Whitney U test was used to compare the perceived importance of brewery history
between two groups of respondents: those who identified an engaging brewery story as the most
persuasive promotional element (n=200) and all remaining respondents (n=258). The analysis
revealed a statistically significant difference (Z = 5.731; p < 0.001). This finding may be interpreted
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as empirical support for the storytelling effect within the craft beer market. Respondents who are
more receptive to narrative-based marketing also attribute greater importance to brewery history
in their purchasing decisions.

3.4 Evaluation of Selection Factors

The assessment of 40 selection factors using a seven-point Likert scale indicated that taste and
aroma constitute the mostimportant factor influencing craft beer choice (mean =6.11; median = 7;
SD =1.43). Other highly rated factors included originality and uniqueness (mean = 4.98), traditi-
onal recipes, ingredient composition, regional origin, and support for local producers. In contrast,
recommendations from influencers and celebrities (mean =1.94), the availability of a non-alco-
holic craft beer version, and environmentally friendly packaging were identified as the least
important factors.

3.5 Factor Analysis
The scree plot of eigenvalues (see Figure 1) supported the extraction of four factors, which together

explained 43.45% of the total variance. The structure of the extracted factors and their principal
items are summarized in Table 1.

Fig. 1: Scree Plot of Eigenvalues Obtained from the Exploratory Factor Analysis
Source: Questionnaire survey data (n=458).
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Tab. 1 Extracted Factors and Their Key Items with Factor Loadings

. Explained
Factor Key Items (Factor Loadings) -
F1 - Price Sensitivity | price (0.672); I choose beer based on price (0.703); I prefer 21.77%
and Conservatism well-known and easily available beers (0.649) I
F2 - Taste taste and aroma (0.639); I select beer carefully (0.711); I prefer
and Sensory bitter beers (0.649); I prefer a strong and full-bodied flavour 9.62%
Attributes (0.712)
F3 - Authenticity regional origin (0.709); support for local producers (0.638); 6.90%
and Exclusivity seasonal offerings (0.626); limited editions (0.590) IV
F4 - Social and Visual | packaging design (0.605); recommendations from friends/ 5 16%
Influences family (0.575); recommendations from influencers (0.657) 170

Source: Authors’ own calculations based on questionnaire survey data (n=458).

3.6 Generational Segmentation

Generation Y emerged as the most active market segment. Among respondents in this age group,
37.8% consume craft beer several times per week, and more than half spend over CZK 500 per
month on craft beer purchases. This generation places particular emphasis on sensory characte-
ristics, authenticity, and small independent breweries. Generation X exhibits stable consumption
habits and a strong preference for regional origin and support for local producers. Generation
Z represents the least active segment; its members consume craft beer irregularly, demonstrate
greater price sensitivity, and more frequently prefer well-known and easily accessible brands. This
tendency may be related to their lower average income, as more than half of Generation Z respon-
dents reported a monthly income below CZK 20,000.

4 DISCUSSION AND CONCLUSIONS

The identification of key factors influencing craft beer selection confirmed the dominant role
of sensory attributes. The finding that taste and aroma constitute the most influential factor
is consistent with the results of Lerro et al. (2020), who, using the Best—-Worst Scaling method,
demonstrated that flavor-related characteristics form the core of consumer evaluations. Likewise,
the importance of traditional recipes, ingredient composition, and the production process aligns
with the characterization of the craft beer segment as a quality-oriented form of production
(Villacreces et al., 2022; Baiano, 2021).

The statistically significant relationship between beer-type preference and income level complements
and confirms the findings of Steinbach et al. (2023), according to which price is one of the principal
reasons why consumers who primarily prefer industrial beer consume craft beer only occasionally.
Furthermore, a statistical test (Wilcoxon signed-rank test) demonstrated that respondents who prefer
craft beer attach greater importance to regional origin than to price. This finding is consistent with
the conclusions of SvatoSova et al. (2021), who reported that price is not a decisive criterion for craft
beer enthusiasts. Thus, value-based attributes—namely authenticity and local provenance—outweigh
price sensitivity among consumers who are oriented toward quality and product storytelling.
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The finding of significantly lower craft beer consumption among Generation Z corresponds
with international studies documenting declining alcohol consumption among the youngest
cohorts (Livingston et al., 2024; Caluzzi et al., 2024). This trend represents a structural chal-
lenge for the entire segment, as Generation Z will constitute the core of the beer market in the
coming decades.

In contrast, the hypothesis derived from the study by Nieto-Villegas et al. (2024), which suggested
that consumers with positive attitudes toward sustainability would prefer both craft beer and
environmentally friendly packaging, was not supported in the Czech context. Respondents who
preferred craft beer did not assign significantly greater importance to environmentally friendly
packaging than consumers who preferred industrial beer. This finding suggests that conclusions
drawn from sustainability-focused studies are not automatically transferable across markets and
require contextual verification.

Among the most important psychological mechanisms identified in the study were the story-
telling effect and the principle of authenticity. The storytelling effect was supported by a statistically
significant relationship between preference for narrative-based promotion and the importance
assigned to brewery history as a selection criterion, which is consistent with theoretical assump-
tions regarding the influence of storytelling on brand relationships (Ahmedetal., 2024). The
principle of authenticity, as conceptualized by Newman (2019) and Bartsch et al. (2022), emerged in
the analysis as an independent extracted factor (F3 — Authenticity and Exclusivity), encompassing
regional origin, support for local producers, and exclusive product offerings. The scarcity principle
(Goldsmith et al., 2020) was supported by the finding that regular consumers attributed greater
importance to limited-edition products than occasional consumers.

With regard to promotional activities, the findings clearly favored experiential forms of commu-
nication. The most persuasive promotional elements identified by respondents were collaborations
between craft breweries and local businesses (mean =4.94), brewery visits accompanied by beer

Fig. 2: Most Preferred Promotional Elements of Craft Beer (n = 458)
Source: Questionnaire survey data (n=458).
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tastings (4.87), and participation in beer festivals (4.78). In contrast, recommendations from influ-
encers, newspaper advertising, and billboards were evaluated as relatively unpersuasive. These
findings suggest that effective craft beer marketing relies primarily on authentic experiences and
direct interaction with the brand rather than on traditional mass advertising.

The study is subject to several limitations. The purposive sampling strategy does not permit
generalization of the findings to the entire population of beer consumers in the Czech Republic.
The online mode of data collection may have underrepresented older generations with lower levels
of technological familiarity, which ultimately led to the exclusion of respondents aged 58 years and
older. The substantial representation of respondents from the South Moravian Region and the
Vysocina Region may have influenced certain results, such as brand preferences. Furthermore,
the research employed an exclusively quantitative design, which may have overlooked deeper
consumer motivations and emotional dimensions of decision-making. Future research should
therefore incorporate qualitative interviews and behavioral experiments to provide more robust
testing of psychological effects, particularly the availability heuristic (Shahetal, 2012), which
received only partial support in the present study.

The principal managerial implication for businesses operating in the craft beer market is the need
to focus promotional activities on experiential marketing, authentic brand storytelling, and the
sensory quality of the product. Generation Y represents the key target segment, while Generation
X constitutes a stable segment characterized by a preference for tradition and local provenance.
In contrast, attracting Generation Z requires a combination of affordable offerings and inclusive
experiential formats. Craft beer consumers do not perceive the product merely as a beverage but
rather as an experience characterized by quality, narrative, and authenticity.

In discussion, please provide a confrontation of the achieved results with previously published
papers, author’s opinion of established differences, his/her attitude to the results. The discussion
section also provides a space to outline the need of further potential solution or importance for the
development of science, society or practice.
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ABSTRACT

Higher Education Institutions (HEIS) are currently navigating the complexities of the global
“Twin Transition” (green and digital). However, a significant “implementation gap” persists
between strategic sustainability declarations and operational reality. This paper scrutinizes
this phenomenon within the University of Hradec Kralové (UHK), analyzing the misalignment
between the university‘s “Sustainable Development Strategy 2030” and actual workforce
perception. Drawing on the duality of project and process approaches in institutional
adaptability, this study utilizes qualitative data from 15 in-depth semi-structured interviews.
The findings delineate a critical asymmetry: while respondents widely recognize tangible
infrastructure improvements (“hardware”) such as waste sorting stations and energy-saving
technologies, they report a profound lack of awareness regarding the strategic vision. The
analysis identifies key barriers preventing behavioral adoption, specifically “bureaucratic
inertia” where digital goals clash with persistent analog administrative processes, and a “skill
gap” where staff lack the know-how to operate new technologies (e.g., smart thermostats),
leading to frustration and disengagement. The study argues that without addressing the
behavioral dimension through specific internal marketing strategies, the potential of green
infrastructure remains untapped, resulting in institutional decoupling. The paper concludes
that leadership must pivot towards an Industry 5.0 mindset, leveraging digital tools not
just for management, but as internal marketing instruments to “nudge” the sustainable
workforce towards active participation.

Keywords: change management, institutional adaptability, Industry 5.0, internal marketing,
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1 INTRODUCTION

In the contemporary landscape of tertiary education, Higher Education Institutions (HEIs) are
increasingly recognized not merely as centers of knowledge creation but as critical drivers of
the global sustainability transition. Following the framework of the UN Agenda 2030, specifically
Sustainable Development Goals 4 (Quality Education) and 12 (Responsible Consumption and
Production), universities are expected to transcend their traditional pedagogical roles to become
living laboratories of sustainable practice. As highlighted by Purcell et al. (2019), universities act as
the “engine of transformational sustainability”, bearing the responsibility to model best practices
for the wider society.

However, the adoption of ambitious sustainability declarations does not automatically translate
into institutional reality. A growing body of literature suggests that HEIs are particularly prone to
a “rhetoric-reality gap”, where high-level policy commitments fail to permeate the daily opera-
tional fabric of the institution (Aleixoetal.,, 2018). Recent reports highlight that a significant
challenge facing universities in the post-pandemic era is the “implementation gap”—the profound
disconnect between policy intentions and practical execution. This gap represents a failure of insti-
tutional adaptability—the capacity of the university to adjust its internal operations, culture, and
governance structures to meet external strategic goals.

While university leadership may formulate ambitious policies aligned with the European Green
Deal, these strategies often face substantial barriers during the deployment phase, leading to
stalled initiatives and wasted resources. this paper approaches sustainability through the dual lens
of change management and internal marketing, specifically examining the dichotomy between the
project approach (technical execution) and the process approach (people-side adoption).

The research focuses on the University of Hradec Kralové (UHK) as a representative case study
of a Central European public university facing these transition challenges. The central research
question driving this study is:

Does the current internal marketing strategy effectively support the process side of
change, ensuring the adaptability of the sustainable workforce, or does it contri-
bute to institutional decoupling and sub-optimal asset utilization?

2 THEORETICAL BACKGROUND

To understand the mechanics of the implementation gap, this study synthesizes theories from
change management, sustainable leadership, and the emerging paradigm of Industry 5.0. The
proposed theoretical framework posits that institutional adaptability is contingent upon the
harmonization of project and process management styles. Higher Education Institutions (HEIs)
are characterized by complex governance structures, often described as “loosely coupled systems”,
making them historically resistant to rapid transformation (Cai & Mehari, 2015). Within this context,
a core theoretical distinction exists between project and process approaches to change. The Project
Approach is primarily focused on technical deliverables, rigid timelines, budgets, and the installa-
tion of physical “hardware”, such as thermal insulation, solar panels, or new waste containers. As
noted by Hornstein (2015), project management provides the structure and discipline required for
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execution. In the context of university sustainability, this relies heavily on “Hard” change manage-
ment tools and is often perceived as the straightforward component of transformation.

In contrast, the Process Approach focuses on the “people side of change”, addressing the intan-
gible but critical elements of organizational culture, resistance management, and behavioral
adoption. As Al-Haddad and Kotnour (2015) argue, effective change requires the seamless inte-
gration of these two approaches; without the process dimension, sustainability initiatives remain
superficial “bolt-on” projects rather than “built-in” adaptive capabilities. Furthermore, an exclusive
focus on project management risks creating a ,compliance culture,” whereas a process approach
aims for a ,commitment culture where sustainable behavior is internalized. Stouten et al. (2018)
emphasize that while project management ensures the installation of change, process manage-
ment ensures the realization of benefits. The disconnect between these two approaches is often
where the implementation gap widens.

Transitioning towards a sustainable university requires leadership that acts as a “change
agent” to bridge this dichotomy. Sustainable leadership focuses on developing a “sustainable
workforce”, where employee competencies, well-being, and engagement are directly corre-
lated with organizational performance. According to Di Fabio and Peird (2018), “Human Capital
Sustainability Leadership” is essential for promoting healthy and resilient organizations, foste-
ring an environment of trust rather than relying solely on transactional models. In the context
of HEIs, where the workforce possesses a high degree of autonomy, leaders must facilitate rather
than command. However, significant barriers remain; Blanco-Portela et al. (2017) identify that
the lack of clear communication channels and resistance to change are primary barriers to insti-
tutionalizing sustainability. This resistance often stems from a lack of understanding of why the
change is necessary, pointing to a failure in internal marketing.

To bridge the gap between vision (project) and engagement (process) and overcome these
barriers, effective communication is essential. Internal marketing views employees and students
as “internal customers” whose buy in is a prerequisite for external success. If internal marketing
fails, the institution suffers from institutional decoupling, a state where the formal structure
(strategy) is detached from daily work activities. Papadas et al. (2019) introduce the concept of
“Internal Green Marketing Orientation”, suggesting that for an organization to achieve compe-
titive advantage through sustainability, it must first successfully market these values internally.
However, traditional internal marketing is frequently insufficient in the digital age. This is where
the concept of Industry 5.0 becomes relevant. Unlike Industry 4.0, which focused heavily on
automation, Industry 5.0 places the human being back at the center of the production process,
emphasizing well-being and resilience (Brequeetal., 2021). In an HEI context, this means
leveraging technology not to replace human decision-making, but to “nudge” it. While current
literature defines Digital Twins primarily as models of physical assets, this paper proposes a theo-
retical extension: the use of digital feedback loops as internal marketing tools. By moving from
passive dissemination to active, data-driven behavioral influence (digital nudging), universities
can effectively close the process gap.
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3 METHODOLOGY

To deeply investigate the “implementation gap” and the misalignment between strategic intent
(Project Approach) and operational reality (Process Approach), a qualitative research strategy
was deemed most appropriate. Unlike quantitative methods, which might measure the volume of
energy saved, this qualitative inquiry seeks to understand the underlying reasons behind workforce
behavioral adoption or resistance. Consequently, this research employs a qualitative single-case
study design focusing on the University of Hradec Kralové (UHK). The choice of a single-case study
is justified by the need for a “thick description” of the organizational context (Rashid et al., 2019),
allowing for an in-depth exploration of the complex social dynamics that quantitative methods
might miss. This qualitative inquiry serves as a necessary exploratory phase to identify latent
behavioral variables, such as cognitive dissonance in bureaucracy. UHK, as a dynamic mid-sized
public university in the Czech Republic, serves as a representative example of an institution under-
going rapid modernization while grappling with historical administrative legacies. The university
has recently adopted a rigorous “Sustainable Development Strategy 2030”, making it an ideal envi-
ronment to test the alignment between strategic intent and operational reality.

The data collection was conducted between September and November 2025 using a design that
consisted of two distinct phases to ensure methodological triangulation. First, a comprehensive
document analysis was performed, reviewing the Sustainable Development Strategy of UHK until
2030. This analysis aimed to identify key strategic goals across the university‘s strategic pillars and
establish the “Project” baseline - essentially mapping what the university claims it is achieving
regarding green infrastructure and digitalization. The second phase involved collecting primary
data through semi-structured interviews with a purposive sample of 15 internal stakeholders
(N=15). The sample was constructed to ensure maximum heterogeneity and avoid echo cham-
bers, consisting of three distinct cohorts: Academic Staff (R1-R5), whose perspective was crucial
for understanding the “frontline” implementation of sustainability in education and research;
Administrative Staff (R6-R10) from the Rectorate and Faculty offices, who provided insights into
the operational and bureaucratic bottlenecks; and Student Representatives (R11-R15), who repre-
sented the voice of the primary “customer” of the university‘s services.

To ensure the data collected was sufficiently granular, the interview protocol was designed based
on the ADKAR model (Awareness, Desire, Knowledge, Ability, Reinforcement) as suggested by Hiatt
(2006), utilizing six thematic blocks to assess the maturity of the process approach. The specific
inquiries included questions on Awareness & Leadership (e.g., “How well were you acquainted
with the Sustainable Development Strategy?” and “Do you perceive that the university manage-
ment actively supports and communicates this strategy?”); Alignment & Communication to identify
gaps between rhetoric and reality (e.g., “Do the marketing campaigns correspond to the strategic
goals?” and “Does the campaign appear authentic to you, or do you perceive it as greenwashing?”);
Engagement & Participation to assess the “people side” of change (e.g., “Do you feel, as an employee/
student, part of the change towards sustainability?” and “Was there space to participate in the stra-
tegy or activities?”) ; and finally, Impact & Reinforcement to evaluate tangible results (e.g., “Have you
noticed specific changes in operations, communication, or infrastructure?” and “What should the
university change in communicating the topic of sustainability?”).

The interview transcripts were subsequently analyzed using Reflexive Thematic Analysis
following the updated guidelines by Braun and Clarke (2022). This involved a recursive six-phase
process: familiarization with the data, generating initial codes, searching for themes (such as
“bureaucratic frustration” or “visible hardware”), reviewing themes, defining and naming themes,
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and producing the report. Data were manually coded using a semantic approach to identify latent
themes regarding organizational behavior. To ensure the trustworthiness of the findings, the
study adopted the criteria proposed by Nowell et al. (2017) . Credibility was established through
prolonged engagement with the field and investigator triangulation, ensuring that the findings
reflected the participants‘ reality, while transferability is supported by the detailed description
of the organizational context. Ethical considerations were strictly adhered to; participation was
voluntary, and all data were anonymized. Finally, regarding the use of technology, generative Al
tools were utilized during the preparation of this manuscript exclusively for linguistic refinement
and stylistic editing to enhance the clarity, flow, and readability of the text. The author verified the
Al-generated output to ensure it accurately reflected the original research findings, and the study
design, data collection, analysis, and final scientific conclusions remain the original work of the
author, who assumes full responsibility for the content.

4 RESULTS

The thematic analysis revealed a stark dichotomy between the physical transformation of the
university and the behavioral adaptation of its workforce. The findings are summarized in Table 1
and categorize the current state into two main themes: the success of the “Hardware” (Project
Approach) and the failure of the “Software” (Process Approach).

In terms of the Project Approach, respondents universally recognized the tangible, phys-
ical changes occurring on campus. Investments in infrastructure—such as thermal insulation,
photovoltaic panels, and visible waste sorting stations—were widely cited as evidence of the
university‘s commitment. One participant remarked, “When I see the new solar panels on the roof,
I feel the university is taking it seriously” (R3). This sentiment was echoed across all respondent
groups, indicating that the university excels in the visual legitimacy of sustainability (Miotto et al.,

Tab.1 The Asymmetry between Project and Process Approaches at UHK

waste stations).

Dimension Project Approach Process Approach Representative Evidence
(Hardware & Strategy) (Software & Behavior) / Quote
High Visibility: Tangible Low Awareness: Strategic | “When I see the new solar
Visibility & assets are prominent goals are abstract; panels, I feel the university
Perception (solar panels, insulation, internal marketing is is serious... but I don‘t know

viewed as “spam”.

the plan.”

Administrative

Digital Goals: “Digital
Strategy 2030” and ERP

Analog Reality: Persistent
bureaucracy requiring

“It is schizophrenic...
We have smart lights, but

Interaction

thermostats) operate on
algorithms.

Workflow systems are technically paper forms and physical | I need a physical stamp for
implemented. stamps. a digital ticket.”
Automated: Smart Resistant: Users lack p o
. . s ; The automatic blinds
User technologies (blinds, training and override

systems due to
frustration.

go down... so I turn on
artificial lights. It's absurd.”

Change
Management

Delivery-Focused:
Projects are completed on
time and within budget
(CAPEX).

Adoption-Lag: Behavioral
change is neglected,
leading to low utilization
(ROI).

“Tech is ready, people are
not.” (Observed gap in
skills)

Source: Author’s own processing
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2020). The physical assets serve as powerful symbols. This observation aligns with recent research
by Vaverkova et al. (2023), which suggests that visible waste management infrastructure acts not
only as a functional tool but as a primary pedagogical instrument for environmental awareness on
campuses. Consequently, UHK demonstrates high competence in delivering technical solutions on
time and within budget; the “Hardware” is effectively installed.

Conversely, the “human side” of the transition revealed significant deficiencies, hindering true
institutional adaptability. A primary driver of this failure is bureaucratic inertia, which creates
a state of cognitive dissonance for employees who are asked to be sustainable but are forced by
internal processes to be wasteful. Despite strategic goals emphasizing digitalization, administrative
processes remain rigid and paper-heavy, a phenomenon partly attributed to the path dependency
often observed in post-socialist Central European institutions. The most frequently cited example
was the travel order process. “I fill out the digital request in the ERP system, but then I must print it
sign it, and carry it to three different offices for physical stamps. It makes the strategy feel like a marke-
ting facade”, noted one administrative staff member (R6). Another respondent (R8) highlighted
the absurdity of the situation: “We have smart lights in the hallway, but I need a physical stamp
to approve a digital conference ticket. It is schizophrenic.” This paradox undermines the credibility
of the internal marketing narrative, causing employees to disengage and view sustainability as
a management buzzword rather than a core organizational value.

Furthermore, beyond administrative hurdles, the study identified a critical lack of behavioral
adoption regarding green technologies. Interviews revealed that employees often lack the specific
know-how to interact with new energy-saving systems, leading to a loss of control and frustration.
For instance, staff members reported fighting with automated systems: “The automatic blinds go
down when the sun shines to save cooling costs, but I need light to work. So I turn on the artificial lights.
It’s absurd”, noted a researcher (R4). Similarly, a skill gap was observed in waste management;
while sorting stations are present, unclear rules for specific materials (e.g., coffee cups with plastic
lining) lead to the contamination of recycling bins. This evidence confirms that while the “project”
(delivery of the new thermostat or blinds) was completed, the “process” (training, adoption, and
habit formation) was neglected. Without the “soft skills” to operate the “hard tech”, the technology
remains underutilized, indicating a clear implementation gap where top-down goals are met, but
bottom-up adoption lags significantly.

5 DISCUSSION AND CONCLUSIONS

The findings of this study provide critical insights into the dynamics of institutional adaptability
and the role of internal marketing in the sustainability transition. The results confirm that UHK
faces an “implementation gap” caused by a significant imbalance between project and process
management. While the university demonstrates high technical adaptability, evidenced by the
successful installation of physical infrastructure, it exhibits low social adaptability. This misalign-
ment supports the theory of institutional decoupling, where strategic ambitions remain detached
from daily operational reality. More importantly, this gap poses a severe threat to the strategic
effectiveness of the institution. Unlike passive infrastructure, such as thermal wall insulation which
delivers benefits independently of user behavior, active technologies—like smart thermostats,
sensor-based lighting, and advanced waste sorting—depend entirely on workforce interaction to
function correctly.

304



CLOSING THE GREEN GAP: HARMONIZING PROJECT AND PROCESS APPROACHES IN HIGHER EDUCATION...

Petra Skofepovd, Petra Maresovd

As noted by organizational theorists, “culture eats strategy for breakfast”. In the context of
university sustainability, we can add that culture also determines the utility of technical innova-
tion. If internal marketing fails to secure buy in and behavioral change, the actual utility of green
investments remains unrealized (Bromley & Powell, 2012). A smart building filled with users who
behave “dumbly” (due to lack of training or motivation) is not a smart building; it represents a failure
of resource utilization. This emphasizes that physical assets cannot become a source of advantage
unless they are complemented by the necessary organizational capabilities and “human software”.

To address this operational disconnect, the identified failure of traditional internal marketing
points to a need for a shift in leadership style and tools. Leadership must move from passive
dissemination of information to active behavioral influence. This is where the transition from
Industry 4.0 to Industry 5.0 offers a viable solution. While Industry 4.0 focused on digitizing
processes, Industry 5.0 focuses on the collaboration between humans and machines to enhance
human well-being and sustainability (Psarommatisetal., 2020). In this context, the study
proposes the implementation of a “Behavioral Green Digital Twin”. Just as digital twins in indu-
stry optimize machinery by using real-time data, a digital twin of employee behavior allows for
personalized, non-intrusive feedback. Unlike industrial systems that monitor machine health,
a ,Green Employee Digital Twin‘ would aggregate anonymized behavioral data to provide gami-
fied feedback. Instead of a reprimand, the system might suggest: “You utilized 10% less paper than
last month — you saved 2 kg of CO,.”

The psychological impact of such a system is profound. It shifts the locus of control from external
regulations (compliance) to internal motivation (commitment), fostering a sense of ownership over
the university‘s carbon footprint. This concept relies on Nudging theory, altering the “choice archi-
tecture” to guide behavior without forbidding options (UNEP, 2020). As demonstrated by Hummel
and Maedche (2019), digital nudging can significantly enhance user compliance and adoption
rates. Consequently, to close the “Green Gap”, university leadership must adopt a multi-faceted
strategy. Internal marketing should be viewed strictly as a crucial management tool to prevent
asset underutilization. Furthermore, resources must be harmonized; for every unit of effort spent
on “Hardware”, a proportional investment must be made in the “Software” of training and adop-
tion, as the “Sustainable Workforce” must be cultivated, not just bought. Finally, the current state of
“bureaucratic schizophrenia”, where digital goals clash with analog processes, must be resolved by
leveraging these Industry 5.0 principles to “nudge” employees towards sustainable habits without
intrusive surveillance (Adam et al.,, 2021).

6 DISCUSSION AND CONCLUSIONS

This study evaluated the alignment between UHK's sustainability strategy and workforce percep-
tion, contributing to the broader discourse on institutional adaptability in Higher Education. The
research concludes that while the project approach has successfully delivered green infrastructure,
the process approach lags behind due to ineffective internal marketing and insufficient focus on
behavioral change. By harmonizing these approaches and leveraging digital internal marketing,
universities can transform from mere purchasers of green technology into truly adaptive, sustai-
nable organizations, thereby securing the ROI of their green investments.

305



CLOSING THE GREEN GAP: HARMONIZING PROJECT AND PROCESS APPROACHES IN HIGHER EDUCATION...

Petra Skofepovd, Petra Maresovd

REFERENCES

ADAM, M., WESSEL, M., BENLIAN, A. 2021. Al-based chatbots in customer service and their effects on
user compliance. Electronic Markets. 31, 427-445. https://doi.org/10.1007/s12525-020-00414-7

ALEIXO, A. M., LEAL, S., AZEITEIRO, U. M. 2018. Conceptualization of a sustainable university by
institutional leaders: A systematic review. International Journal of Sustainability in Higher Education.
19(6), 1192 1216. https://doi.org/10.1016/j.jclepro.2016.11.010

AL-HADDAD, S., KOTNOUR, T. 2015. Integrating the organizational change literature: A model for
successful change. Journal of Organizational Change Management. 28(2), 234-262. https://doi.
org/10.1108/JOCM-11 2013-0215

BLANCO-PORTELA, N., BENAYAS, J., PERTIERRA, L. R.,, LOZANO, R. 2017. Towards the integration of
sustainability in Higher Education Institutions: A review of drivers of and barriers to organisational
change and their comparison against found of companies. journal of Cleaner Production. 166,
578. https://doi.org/10.1016/j.jclepro.2017.07.252

BRAUN, V., CLARKE, V. 2022. Thematic analysis: A practical guide. SAGE Publications.

BREQUE, M., DE NUL, L., PETRIDIS, A. 2021. Industry 5.0: Towards a sustainable, human-centric
and resilient European industry. European Commission, Directorate-General for Research and
Innovation. https://doi.org/10.2777/308407

BROMLEY, P, POWELL, W. W. 2012. From smoke and mirrors to walking the talk: Decoupling in the
contemporary world. Academy of Management Annals. 6(1), 483-530. https://doi.org/10.5465/19
416520.2012.684462

Cai, Y., Mehari, Y. 2015. The use of institutional theory in higher education research. In: HUISMAN, J.,
TIGHT, M. (Eds.). Theory and Method in Higher Education Research. Emerald Group Publishing,
pp. 1-25. https://doi.org/10.1108/52056-375220150000001001

DI FABIO, A, PEIRO, J. M. 2018. Human Capital Sustainability Leadership to promote sustainable
development and healthy organizations: A new scale. Sustainability. 10(7), 2413. https://doi.
org/10.3390/su10072413

HIATT, J. M. 2006. ADKAR: A model for change in business, government and our community. Prosci
Learning Center Publications.

HORNSTEIN, H. A. 2015. The integration of project management and organizational change
management is now a necessity. International journal of Project Management. 33(2), 291-298.
https://doi.org/10.1016/j.ijproman.2014.08.005

HUMMEL, D., MAEDCHE, A. 2019. How effective is nudging? A quantitative review on the effect sizes
of cognitive biases within e-commerce. Journal of Decision Systems. 28(2), 127-159. https://doi.
org/10.1016/j.socec.2019.03.005

MIOTTO, G., DEL-CASTILLO-FEITO, C., BLANCO-GONZALEZ, A. 2020. Reputation and legitimacy: Key
factors for Higher Education Institutions’ sustained competitive advantage. Journal of Business
Research. 112, 342-353. https://doi.org/10.1016/j.jbusres.2019.11.076

NOWELL, L. S, NORRIS, J. M., WHITE, D. E. 2017. Thematic analysis: Striving to meet the
trustworthiness criteria. International Journal of Qualitative Methods. 16(1). https://doi.
org/10.1177/1609406917733847

PAPADAS, K. K., AVLONITIS, G. J., CARRIGAN, M. 2019. The interplay of strategic and internal green
marketing orientation competitive advantage. Journal of Business Research. 104, 632-643. https://
doi.org/10.1016/.jbusres.2018.07.009

306



CLOSING THE GREEN GAP: HARMONIZING PROJECT AND PROCESS APPROACHES IN HIGHER EDUCATION...

Petra Skofepovd, Petra Maresovd

PSAROMMATIS, F., MAY, G., DREYFUS, P. A,, KIRITSIS, D. 2020. Zero defect manufacturing: State-of-
the-art review, shortcomings and future directions in research. International journal of Production
Research. 58(7), 1917-1953. https://doi.org/10.1080/00207543.2019.1605228

PURCELL, W. M., HENRIKSEN, H., SPENGLER, J. D. 2019. Universities as the engine of transformational
sustainability toward delivering the sustainable development goals. International journal of
Sustainability in Higher Education. 20(8), 1343-1357. https://doi.org/10.1108/]JSHE-02-2019-0103

RASHID, Y., RASHID, A., WARRAICH, M. A., SABIR, S. S., WASEEM, A. 2019. Case study method: A step-
by-step guide for business researchers. International journal of Qualitative Methods. 18, 1-13.
https://doi.org/10.1177/1609406919862424

STOUTEN, J.,ROUSSEAU, D. M., DE CREMER, D. 2018. Successful organizational change: Integrating the
management practice and scholarly literatures. Academy of Management Annals. 12(2), 752-788.
https://doi.org/10.5465/annals.2016.0095

UNEP. 2020. The Little Book of Green Nudges. United Nations Environment Programme & The
Behavioural Insights Team. https://www.unep.org/resources/publication/little-book-green-nudges

VAVERKOVA, M. D., ELBL, J., KODA, E.,, ADAMCOVA, D. 2023. Closing the loop: A case study on
pathways for promoting sustainable waste management on university campuses. Science of the
Total Environment. 892, 164349, https://doi.org/10.1016/j.scitotenv.2023.164349

Contact information
Petra Skotfepova: e-mail: petra.skorepova.2@uhk.cz

307



28" International Scientific Conference Economic Competitiveness and Sustainability

March 26-27, 2026, Brno, Czech Republic

CLASSIFYING SCANNING
ELECTRON MICROSCOPE DEFECTS
WITH A CNN AND A CUSTOM
FOURIER-TRANSFORM LAYER

Magdaléna Skriciloval, Oldfrich Trenz!

Department of Informatics, Faculty of Business and Economics, Mendel University in Brno, Zemeédeélska 1,
61300 Brno, Czech Republic

DOTI: https://doi.org/10.11118/ec0s2026_033

ABSTRACT

A scanning electron microscope has to be checked periodically, and two of its most common
image faults, defocus and astigmatism, are tedious to judge by eye. This article presents
a convolutional neural network that sorts pairs of microscope images into four focus and
astigmatism classes so the check can run without an operator. Each sample is two shots of
the same spot: one in the base position and one with a shifted working distance, because
the shifted shot is what makes astigmatism visible. The decisive ingredient is a custom
Fourier-transform preprocessing layer that converts each input to its magnitude spectrum
before the convolutional part sees it. On a dataset of about three thousand image pairs,
the base model variants with-out the Fourier layer reached 49-65% test accuracy, while
the corresponding variants with the Fourier layer reached 89-94%; the best result was
94% with channel-axis concatenation. The same shallow model beat three pretrained
ImageNet networks (MobileNetV2 87%, EfficientNetV2L 52%, ResNet50 44%), which we
did not expect. The best fusion of the two images was concatenation along the channel axis
together with the Fourier layer.

Keywords: convolutional neural network, scanning electron microscope, Fourier transform,
image classification, astigmatism
JEL Code: C45

1 INTRODUCTION

In the development and testing of scanning electron microscopes, repeated regression tests
are needed to check whether microscope functions continue to work correctly after software
or parameter changes. Two image faults addressed in this work are defocus and astigmatism;
both can occur for several reasons, including sample or detector contamination, incorrect elec-
tron-source settings, magnetic-lens hysteresis or unsuitable microscope parameters. Their visual

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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similarity makes manual assessment difficult, which motivates testing whether a neural network
can classify the image states automatically and support an automated regression-testing frame-
work for the microscope.

A single shot is ambiguous: a focused image with astigmatism and a defocused image without it
can be visually identical. Software testing treats this kind of input-dependent behaviour as some-
thing to exercise systematically rather than check once (Ammann and Offutt, 2008), which is the
spirit of running the classifier as a repeatable test. The way out is to take two pictures of the same
position and let the network compare them. The aim is to build such a classifier, push its accuracy
high enough to be useful, and find which design choices matter.

1.1 Focus and astigmatism correction in the SEM

Automatic focusing and astigmatism correction for electron microscopes is an old problem. Erasmus
and Smith (1982) built an early hardware system for it, and Ogasawara et al. (1999) showed that
the Fourier transform of an SEM image carries a clean signature of both faults, because defocus
and astigmatism reshape the frequency spectrum in characteristic ways. Lu, Zhang and Li (2018)
later turned this into a simplified single-image correction method based on the spectrum. The
shared idea, that the frequency domain rather than the raw pixels is where focus information
lives, is the starting point here.

Recent work has moved the same task onto deep learning. Naetal. (2021) used a network to
discriminate refocused SEM images for materials science, Leeetal (2021) built a dual deep-
learning network for robust autofocusing, and Schubert, Saxena and Kornfeld (2024) reported fast
focus and astigmatism correction. Most of these read a single image. The classifier described below
instead reads a pair and asks a four-way question, focused or not and stigmatic or not, which is
why two shots are needed.

1.2 Convolutional networks and blur detection

Convolutional neural networks (CNNs) are the standard tool for image classification (LeCun,
Bengio and Hinton, 2015; Aggarwal, 2018). The deep ImageNet architectures, AlexNet (Krizhevsky,
Sutskever and Hinton, 2012) and ResNet (Heetal, 2016) among them, win on natural-image
benchmarks with tens to hundreds of layers. Detecting blur is narrower, and there the picture is
less one-sided: Szandata (2020) showed that a CNN can replace the classical Laplacian sharpness
measure. Whether a deep pretrained network or a small purpose-built one fits the SEM defect task
is one of the questions answered here.

2 METHODOLOGY

The task was framed as a four-class classification of image pairs. Each sample is two pictures
of the same position: a base (focused) shot and a second shot taken with the working distance
shifted, which throws the image out of focus on purpose. The four classes are focused-stigmatic,
focused-astigmatic, defocused-stigmatic and defocused-astigmatic. The second shot disambiguates
the hard pair from the introduction, since astigmatism shows up as a sideways elongation once the
image is defocused. A focused-astigmatic and a defocused-stigmatic sample, identical in the first
shot, separate in the second.
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Data were collected by a script hooked into the microscope-control software, which cycled
through commands to take the four image types at various positions and magnifications. Defocus
was induced by shifting the working distance by 0.05 to 0.9 mm depending on magnification.
Images were then checked and sorted by hand, which was slow and not error-free, since the label-
ling task is hard for a person too. The final dataset held about 3000 image pairs, balanced across
classes, shuffled and split into training, validation and test parts, with 80% used for training. The
standard tin-balls-on-carbon sample was used throughout, because its regular round shape makes
defects easy to see.

Everything ran in Python with TensorFlow and its Keras API on a GPU. Each image was decoded,
resized to 128x128 pixels, cast to float and normalized to the range [0, 1]. On the training set only,
both images of a pair were augmented with the same random seed (horizontal and vertical flips,
an occasional 90° rotation, a brightness change, a random crop) so the pairing stayed consistent.

The base network is deliberately small: three convolutional layers (3x3 filters, 32 then 64 then
96 of them) interleaved with 2x2 max-pooling, then four fully-connected layers ending in the
four-class output. It uses ReLU activations, He-normal initialization, L2 weight regularization and
a single dropout layer. The whole model is about 1.3 million parameters and 5.04 MB on disk.
Training used the Adam optimizer (Kingma and Ba, 2014) with an exponentially decaying learning
rate, sparse categorical cross-entropy loss, and roughly 50 epochs on average, with learning-rate
reduction and early stopping on the validation loss.

Two design axes were varied. The first is how the two images are fused into one input: side
by side (horizontal), stacked as extra channels (channel-axis), or processed in separate branches
whose outputs are concatenated. The second is the Fourier-transform layer described below, tested
on and off for every fusion type. For comparison, three pretrained ImageNet models from Keras
Applications (MobileNetV2, EfficientNetV2L and ResNet50) were also tried as feature extractors.
Fine-tuning them gave very poor results, probably because the dataset is small, so only feature
extraction is reported.

2.1 The Fourier-transform layer

The key addition is a custom Keras preprocessing layer, with no trainable weights, placed right
after the input. For each image it converts to grayscale, runs a two-dimensional FFT, shifts the
zero frequency to the centre, takes the log-magnitude spectrum and normalizes it. For the fused
inputs the combined image is first split back into its two images, each transformed on its own,
then put back together. The point is what the spectrum looks like: a sharp focused image keeps its
high frequencies, a defocused one loses them, and astigmatism turns the spectrum into an ellipse
stretched to one side. The network therefore sees the defect almost drawn out for it, instead of
learning the same cue from raw pixels. Figure 1 shows where the layer sits in the model, and
Figure 2 gives a defocused-stigmatic example with its spectrum.
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input_21 input: | [(None, 128, 128, 3)]
InputLayer | output: | [(None, 128, 128, 3)]

fourier_transform_layer 14 | input: | (None, 128, 128, 3)
FourierTransformLayer output: | (None, 128, 128, 3)

y
conv2d_24 | input: (None, 128, 128, 3)

Conv2D | output: | (None, 126, 126, 32)

max_pooling2d_16 | input: | (None, 126, 126, 32)
MaxPooling2D output: | (None, 63, 63, 32)

conv2d 25 | input: | (None, 63, 63, 32)
Conv2D | output: | (None, 61, 61, 64)

max_pooling2d 17 | input: | (None, 61, 61, 64)
MaxPooling2D output: | (None, 30, 30, 64)

conv2d_26 | input: | (None, 30, 30, 64)
Conv2D | output: | (None, 28, 28, 96)

max_pooling2d 18 | input: | (None, 28, 28, 96)
MaxPooling2D output: | (None, 14, 14, 96)

flatten 6 | input: | (None, 14, 14, 96)
Flatten | output: (None, 18816)

dense_28 | input: | (None, 18816)
Dense output: (None, 64)

dropout_13 | input: | (None, 64)
Dropout output: | (None, 64)

dense_29 | input: | (None, 64)
Dense output: | (None, 128)

dense_30 | input: | (None, 128)

Dense output: | (None, 256)

y
dense_31 | input: | (None, 256)

Dense output: | (None, 4)

Fig. 1: Architecture of the proposed convolutional neural network with a custom Fourier-
transform layer, classifying 128x128 electron microscope images into four focus and astigmatism
classes (adopted from Skricilova, 2024)
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Fig. 2: Example electron microscope image of the defocused-stigmatic class with its correspond-
ing Fourier magnitude spectrum used as model input (adopted from Skricilova, 2024)

3 RESULTS

All accuracies were measured on the held-out test set and are rounded to whole percent. Table 1 reports
the base model across the three fusion types, with and without the Fourier layer; Table 2 sets the best
base model against the three pretrained networks. The best row in each table is shown in bold.

The Fourier layer changed the outcome on every fusion type, and by a wide margin. Channel-
axis fusion went from 55% to 94%, the output-layer variant from 49% to 93%, and horizontal
fusion from 65% to 89%. Without the layer the ranking of the fusion types is reversed, with
horizontal best at 65% and channel-axis near the bottom at 55%. There is no single best way to
combine the two images; it depends on whether the Fourier layer is present (Skricilova, 2024).

The small custom model came out on top at 94%, ahead of all three pretrained networks.
Among those, the lightest one, MobileNetV2, did best at 87%, while the two heavier networks
landed near chance for a four-class problem (ResNet50 44%, EfficientNetV2L 52%). The Fourier
layer did not help the pretrained models, since their best results all came with it switched off, the
opposite of what it did for the shallow model. The chosen model for the framework is the custom
network with channel-axis fusion and the Fourier layer.

Tab. 1 Base model accuracy by input fusion type, without and with the Fourier-transform layer

Fusion type Accuracy without FFT Accuracy with FFT
Horizontal 65% 89%
Channel-axis 55% 94%
Output-layer 49% 93%

Tab. 2 Best base model against pretrained ImageNet models (feature extraction, best parameter combi-

nation per model)

Model Fusion FFT layer Accuracy
Custom base model channel-axis yes 94%
MobileNetV2 output-layer no 87%
ResNet50 output-layer no 44%
EfficientNetV2L output-layer no 52%
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Fig. 3: Confusion matrix of the trained model on the test set across the four classes (focused
or defocused x stigmatic or astigmatic) (adopted from Skricilova, 2024)

Where the errors fall (Figure 3) tells the rest of the story. Focused-stigmatic images, the easy case,
were classified correctly in almost 100% of cases. Astigmatism was the hard part: images containing
it accounted for more than 82% of all misclassifications. The single most common mistake was
a focused-astigmatic image read as defocused-stigmatic, the pair that looks identical in the first shot
and can only be told apart from the second.

4 DISCUSSION

The FFT-based preprocessing layer appears to help because it changes the representation of the
inputimages before the convolutional layers process them. Defocus is associated with a loss of high-
-frequency information, while astigmatism can appear as an elongated pattern in the frequency
spectrum. This is also why Fourier-based representations have been used in classical focusing and
astigmatism-correction methods (Ogasawara et al., 1999; Lu, Zhang and Li, 2018). In this study,
adding the FFT layer substantially improved the base model across all tested fusion strategies:
the best non-FFT variant reached 65%, whereas the best FFT variant reached 94%. This should
be interpreted as an empirical result for the tested configurations, not as proof that the FFT layer
alone would always produce the full difference.

A notable result was that the small custom model outperformed the tested pre-trained ImageNet
models, and that the Fourier layer improved the custom model but not the best-performing
pretrained configurations. A plausible reading is that ImageNet pretraining teaches a network to

313



CLASSIFYING SCANNING ELECTRON MICROSCOPE DEFECTS WITH A CNN...

Magdalena Skricilova, Oldrich Trenz

chase fine natural-image detail that is not present in a frequency spectrum of a defect. The deep
networks keep looking for structure the transformed input has thrown away, whereas a shallow
model with few parameters takes the spectrum at face value. This fits the wider observation that
a purpose-built CNN can match or beat heavier machinery on a narrow task like blur detection
(Szandata, 2020). It is a useful caution against reaching for the largest pretrained model by default.

Two images are the cost of asking a richer question. Single-image spectrum methods (Lu, Zhang
and Li, 2018) need only one shot but cannot pull apart a combined astigmatism-and-defocus state;
the pair makes that separation possible at the price of a second exposure. Data scarcity was the
other constraint: the model overfitted early, and only enlarging the dataset fivefold together with
augmentation and L2 regularization brought it under control. L2 alone was the most effective
single regularizer but not enough on its own.

The 94% should be read with one caveat. The study used a single sample type, tin balls on carbon,
whose round regular shape makes defects stand out. On an irregular natural sample the Fourier
layer might read the sample’s own shape as astigmatism, so the figure holds for this well-behaved
specimen rather than for arbitrary samples. The model is presented as suitable for the regres-
sion-testing framework; its behaviour once deployed there was not measured here.

5 CONCLUSION

A three-convolution CNN using image pairs, channel-axis fusion and a custom Fourier-transform
layer achieved 94% test accuracy when classifying SEM images into four focus and astigmatism
classes. This result indicates that the proposed approach is promising for integration into an auto-
mated regression-testing framework, although the study was limited to one sample type and
the behaviour of the classifier inside a deployed testing workflow was not measured. The tested
FFT variants substantially outperformed the corresponding variants without FFT, and the small
custom model also outperformed the three tested pretrained ImageNet models. Useful next steps
are training on more varied and irregular samples, adding further defect classes and evaluating
the classifier in the target testing framework.
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ABSTRACT
The paper reviews the quantum computing advances and their impact on classical
cryptography. the aspect of potential breaking of present (believably secure) cryptographic
algorithms. Recent progress in the abilities of quantum computers as well as the
standardization of new generation of cryptographic algorithms resistant to quantum-
computing attacks is summarized. The classical cryptographic algorithms are reviewed and
corresponding threats from quantum algorithms were summarized. In addition, existing
symmetric and hash algorithms under quantum attacks is discussed and recommendations
for improving security in long-term are formulated.

Keywords: quantum computing, cryptographic algorithm, post-quantum cryptography,
symmetric cryptography, asymmetric cryptography, hashing, key exchange
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1 INTRODUCTION

Communication through the internet (as well as through of other computer networks) is often
vulnerable to various types of attacks ranging from eavesdropping through blocking up to silent
modifications. Original insecure application protocols belonging to TCP/IP protocol suite (like telnet,
FTP, SMTP, later prevailed by HTTP) massively used in early stages of internet have been later
gradually replaced by their more secure alternatives (e.g. SSH and HTTPS) so that the above risks
were eliminated. However, even the design of such secure protocols has been proposed decades
ago reflecting the 1990’s knowledge in cryptography when potential breaking of cryptographic
algorithms like RSA, SHA and DES (or later AES) seemed to be aeons away.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Nevertheless, recent progress in quantum computing (as described e.g. by Gill et al. 2025) has
changed the perspective a lot. Now, the question does not seem to sound whether quantum
computers will be able to perform computational operations for wide public but when they
are going to do so. As a result, so far rather theoretical algorithms applicable to quantum
computers able to solve some problems much quickly than classical computers (like factori-
zation of large integers) will become widely available not only for researchers, academia and
industry, but also for hackers. This could pose a significant threat to the security of information
and communication systems relying on classical cryptography and therefore it is necessary
to reflect this threat in near-future improvement of them, namely by implementation of
quantum-attack-resistant algorithms.

2 RELEVANT EXISTING RESEARCH

Despite quantum computers of various types have been investigated for at for several decades,
the real implementations started to emerge just in recent years. Although all present quantum
computers are still rather experimental devices with very limited (inf any) practical impact, it is
almost impossible when they overcome their experimental status and start their availability for
real calculations.

Among the most promising applications, in addition to simulation of complex physical, chemical
and other natural systems, there are calculations allowing significant simplifying (lowering the
complexity) of computations problems having non-polynomial (exponential) computational
complexity. Most of such non-polynomial-complex problems (e.g. problem of factorization of
large numbers) have been and still are a fundament of various cryptographical systems, starting
from RSA in 1970’s (see Rivest, Shamir, Adleman 1977).

Such a threat (in the form of future potential availability of quantum computers being able
to decrypt/break such cryptosystems quickly) poses a significant risk to all systems relying on
cryptographic algorithms potentially prone to quantum-computing break. The reason is simple:
many systems cannot change their cryptographic algorithms to more resistant quickly enough.
Moreover, even if the decryption of vulnerable communication is not feasible now, still potentially
sensitive communication can be captured by attackers now and decrypted later. This approach is
called “Harvest now, decrypt later” (see Singh, 2024). For certain portion of data, it is still a signifi-
cant risk, even though most of the encrypted communication would not feel compromised when
decryption will happen in, say, 5 or 10 years from now, as demonstrated by Mascelli& Rodden M.
2025. Among the identified use-cases, bitcoin and its underlyying middleware blockchain could
be at risk because of later unauthorized decryption of their communication.

There are numerous papers and articles devoted to the topic of post-quantum cryptography
focusing on various aspects thereof. Among them, Kumar& Pattnaik (2020) provides a review
of existing solutions, Joseph et al. (2022) focuses on PQC transition, and Lysenko et al. (2024)
emphasizes general security aspects of post-quantum cryptography.
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3 CRYPTOGRAPHIC ALGORITHMS REVIEW FROM QUANTUM
COMPUTING PERSPECTIVE

3.1 Symmetric encryption algorithms

Currently, AES (as standardized by National Institute of Standards and Technology 2001) is the domi-
nant symmetric encryption algorithm, definitely (see e.g. Ganesetal. 2025) and in fact, there is no
real competition for it since 3DES as the last remaining alternative was deprecated by NIST in 2023.

Several recent studies (e.g. Hosseini, S.M. and Pilaram, H., 2024.) demonstrate that AES is relati-
vely well prepared for quantum cumputing era. Despite the fact that Grover quantum algorithm
reduces the time necessary for cracking AES encryption order of this type of search from 0(n) to
0(¥n), no other risks for AES have been presented. Therefore, one can conclude that for the near
“quantum” future, it is sufficient to increase (ideally diouble) the key length to keep the same secu-
rity level. Even though the current AES standard offers only three key lengths (128, 192 and 256
bits, respectively), with mostly used the maximum, it would not be difficult to extend the algori-
thms for its usage with longer keys.

3.2 Asymmetric encryption and digital signature algorithms

Asymmetric encryOption applications do not date far in the history because RSA as the first asym-
metric cryptographic algorithm was described in Rivest, Shamir, Adleman 1977. Since then, other
asymmetric cryptosystems, namely Elliptic Curve Cryptography (ECC) and ElGamal, have been
developed (see e.g. Zhang 2021), and asymmetric cryptosystems have spread rapidly because they
have a significant advantage over symmetric algorithms, namely they can operate safely without
having a covert channel for distributing a shared secret that is necessary for symmetric algorithms.

On the other hand, a significant drawback of asymmetric algorithm lies in their higher compu-
tational complexity reflecting in significantly higher number of operations necessary to encrypt
or decrypt a chunk of data in comparison to adequately strong symmetric algorithm. Therefore,
a combination of symmetric and asymmetric encryption is massively applied in practical imple-
mentations. The more detailed description of the combination is given in section 4.

There is a significant threat from a quantum-computer-run Shor algorithm because it converts
the exponentially complex problem of finding of secret factors into a problem with polynomial
complexity. Therefore, public availability of quantum computers that is expected in the near
future, will pose a threat to the security of any cryptosystem that does not replace them with post-
-quantum alternatives that are summarized in Section 3.5.

To summarize those observations and findings, one must conclude that virtually all classical
asymmetric encryption algorithms are not quantum-attack-resistant and therefore they must be
replaced with post-quantum alternatives so that to keep the cryptosystem security in the long-
-term. The same is true for digital signature algorithms because they are mostly based on the same
or very similar mathematical fundaments to asymmetric encryption.

Unlike for symmetric algorithms, here, replacement is necessary. Fortunately, despite of the fact
that there is no direct replacement algorithm among those standardized as post-quantum (see
section 3), we can still find a solution in combination of FIPS203 that can efficiently replace the
asymmetric cryptography in the most frequent use-case, namely the key negotiation (key exchange)
as a part of TLS handshaking between www server and a web browser.
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3.3 Hashing algorithms

Together with encryption algorithms, hashing completes the cryptographic algorithmic triad
necessary to perform a safe encryption. Similarly to encryption, hashing algorithms could be also
potentially threatened by quantum simplification of certain operations necessary to break hashing
algorithms, typically by simplifying finding collisions.

The most significant threat come from Grover quantum algorithm that can reduce the time necessary
for performing pre-image or collision attacks to 0(vn), or 0(¥n), respectively (see Hosseini&Pilaram
2024). This means that a short-term solution to mitigate the threat could be an increase of the hash
length (with existing hashing algorithm offering a reasonable reserve for that) while in long-term,
replacing of existing hashing algorithms with quantum-resistant is the only feasible way.

3.4 Key exchange algorithms

Among cryptographic protocols, key exchange plays and important complementary role. Key
exchange algorithms do not serve only for seldom operation of replacing the oldy keys with new
ones, but they are employed every day, for instance at every key negotiation phase of TLS connec-
tion that is mentioned in section 4.

The most commonly key exchange algorithm class, Diffie-Hellman, is based on similar mathema-
tical problem like RSA and therefore it is also threatened by Shor algorithm when run of a quantum
computer. Therefore, the recommendation for Diffie-Hellman algorithm is almost the same as for RSA:
the only way how to keep any cryptosystem long-term secure is the replacement of Diffie-Hellman
algorithm with its post-quantum alternatives. Here, the new FIPS203 standard provides a solution.

3.5 Standardization of quantume-resistant algorithms

In response to rapidly emerging threat to classical algorithms from rapidly improving quantum
computers, several new quantum-attack-resistant algorithms have been developed and some of
them have been NIST-standardized recently. Despite the standardization process started already in
2016, first final PQC standards were presented in 2024. The following specifies the first generation
of post-quantum cryptography:

» FIPS 203: Module-Lattice-Based Key-Encapsulation Mechanism (ML-KEM), derived from the
CRYSTALS-KYBER submission. ML-KEM is a KEM (for key establishment) based on module-
-LWE. It includes parameter sets ML-KEM-512, ML-KEM-768, and ML-KEM-1024 (increasing
security levels). This KEM can be used in hybrid TLS or other protocols for key exchange (e.g.
combining with X25519). (National Institute of Standards and Technology 2024a)

* FIPS 204: Module-Lattice-Based Digital Signature Algorithm (ML-DSA), derived from
CRYSTALS-Dilithium. ML-DSA provides three parameter sets (ML-DSA-44, -65, -87) correspon-
ding to different security categories. It yields signatures comparable in size to existing ECC
schemes and is intended for general-purpose signing (certificates, code signing, etc.) (SEE
National Institute of Standards and Technology 2024B).

« FIPS 205: Stateless Hash-Based Digital Signature Algorithm (SLH-DSA), derived from SPHINCS+.
SLH-DSA is a hash-based signature scheme with parameter variants (128s/128f, 192s/192f,
256s/256f) that trade off signature size and speed. It provides long-term security even against
quantum adversaries, at the cost of larger signature sizes. Details are available in National
Institute of Standards and Technology 2024c.
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Tab. 1 Overview of NIST Post-quantum cryptographic standards

Algorithm Purpose Security Parameter sets Deployment
name P assumption (FIPS) ploy
TLS key exchange (incl.
i Key-encapsulation i ML-KEM-512, hybrid with X25519);
?gll-ngzl\(/)g) (key exchange/ ?I{la\(:ggtlfbl:a\vsvgd) ML-KEM-768, larger key shares may
establishment) ML-KEM-1024 impact bandwidth/
latency.
PKI, code-signing,
- . Module-lattice ML-DSA-44, firmware signing;
?QILPSD%@ Flg:}t:i;ll_gr;?ttgses) (Module-LWE / ML-DSA-65, larger signatures/public
9 purp Module-SIS) ML-DSA-87 keys than ECDSA/
Ed25519.
Hash function ]Sg:ﬂggi Conservative choice;
Stateless properties ! suitable for long-term
SLH-DSA hash-based digital | (preimage/ 2565/256f signatures (e
(FIPS 205) \ 9 preimag (SHA-256 / '9 > (€9,
signatures collision SHAKE-256 firmware); larger
resistance) . signatures.
variants)

Sources: National Institute of Standards and Technology 2024a- 2024c

The description of new post-quantum standards by NIST is provided in Table 1.

As the research results mentioned in section 2, there are quantum-attack-resistant algorithms
available. On the other hand, available implementations in existing systems are still quite rare — see
details in section 5.

4 APPLICATION OF CURRENT CRYPTOGRAPHIC
ALGORITHMS

Among the applications of current cryptographic algorithms, the Transport Layer Security protocol
(TLS) plays a dominant role because it is a fundamental component of HTTPS (Secure HTTPS) that
is massively used (nowadays at about 95% of HTTP traffic uses TLS as statistics show, e.g. Google,
2026, and Kerschbaumer et al. 2025). TLS was standardized by IETF in several versions starting
with version 1.1 in 1999, followed by version 1.2 in RFC5246 in 2008. Currently last version 1.3
comes from 2018, 8446 (Rescorla E., 2018).

The operation of TLS combines multiple cryptographic techniques so that the encryption operates
both securely and quickly. In the beginning, the TLS client should rely on the asymmetric key of
the server from its certificate only. Here, the client can send the small data chunks to the server
(encrypted using slower asymmetric algorithm) as a part of Diffie-Hellman key-exchange process
in establishing the session key. After successful key exchange, the rest of the communication invol-
ving encryption of large data files is performed using a symmetric encryption algorithm that is
significantly faster.

Other secure protocols (like SSH, and even IPSecure) follow a similar pattern: they use classical
asymmetric cryptographic algorithms for distribution or exchange of temporary session key, and
symmetric cryptography for payload encryption. All these classical asymmetric cryptographic
components (certificates, key exchange etc.) need post-quantum cryptography replacements.
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5 AVAILABLE IMPLEMENTATIONS

The above-mentioned post-quantum cryptographic algorithms have been implemented partly in
some major software packages (see Demir 2025). Another recent study (Ahmed et al 2025) demon-
strates that for some libraries, developers work hard on supporting post-quantum cryptography.
A recent news from OpenSSL developers announced that starting April 2025, the above mentioned
standard post-quantum cryptographic algorithms are implemented since version 3.5. It seems
likely that implementations in other popular libraries will follow but it is a good idea to verify the
status before use of a specific library.

6 CONCLUSIONS

As the above results demonstrate, all classes of cryptographic algorithms, with a small expectation
of relatively few impacted symmetric ones, are threatened by potential availability of quantum
computers in relatively near future. Therefore, it is critical so that the existing cryptosystems are
modified so that potentially weak cryptographic algorithms are promptly replaced with post-
-quantum alternatives. These alternative cryptographic algorithms are already available thank to
their recent standardization by NIST so there are no formal obstacles preventing information and
communication system administrators and owners to start the process of replacement.

In summary, the transition to quantum-safe cryptography is underway. With standards in hand
and growing support in cryptographic libraries, organizations can begin implementing post-
-quantum cryptography now to safeguard against the coming quantum era.
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ABSTRACT

Human pose estimation works well on benchmark datasets but loses accuracy once
amodel is deployed on real footage with varying distances, crowds and occlusion. Building
a labelled dataset for each new deployment is expensive, so this work asks whether
existing pre-trained detectors can be combined to generate such a dataset cheaply, without
retraining any of them. The proposed Unified Format runs three public detectors (PoseNet,
MoveNet, MMPose), maps their native keypoints into one common 27-keypoint skeleton,
matches detected people across models and fuses them by weighted average. The method
was evaluated on the COCO WholeBody validation subset (2,693 images with humans,
11,004 ground-truth instances) using OKS, average percentage error and mean squared
error. The fused skeleton provides usable positional localisation (APE 3.3%, MSE 1,213.84)
and predicts slightly more pose instances than MMPose alone (70.39% vs 69.84%), but it
remains weaker than MMPose on the main accuracy-oriented metrics (OKS 0.23 vs 0.28;
correct keypoints 37.93% vs 43.62%). The result is an honest, reproducible tool chain rather
than a new state of the art.

Keywords: human pose estimation, neural networks, dataset generation, data fusion, COCO
WholeBody, OKS
JEL Code: C45

1 INTRODUCTION

Human pose estimation has achieved strong benchmark results, but its deployment in real-world
footage remains difficult. On curated benchmarks such as COCO the leading networks reach high
scores, yet the same networks drop in accuracy when they meet conditions the benchmark never
contained: people far from the camera, several bodies overlapping, a limb hidden behind furni-
ture. Public datasets simply do not cover these cases (Alinezhad Noghre et al., 2022).
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The usual remedy is to collect and annotate a dataset for the specific site. That is slow and
costly. Manual labelling of joint positions takes hours per hundred frames, and sensor-based
motion capture needs laboratory hardware and controlled lighting (Zheng et al., 2020). For a small
company that wants to deploy a pose detector in, say, a care home, this cost is often the part of the
project that does not get funded. The present work grew out of exactly such a setting: a healthcare
start-up interested in detecting people who fall. The company later withdrew and supplied no
production data, so the downstream retraining could not be carried out; the dataset-generation
method described here was nonetheless fully built and tested on public data.

The idea is to avoid new annotation altogether. Several pre-trained detectors already exist, each
with its own strengths and its own skeleton definition. If their outputs are standardised into one
common format and fused, the combination can label real footage automatically, and the labelled
frames then serve as a custom dataset. No detector is retrained. The aim of this paper is to describe
that pipeline and to report how close the fused output gets to ground truth, including where it falls
short of a strong single detector.

1.1 Pose detectors and their skeletons

Modern pose estimators are convolutional networks, typically following one of two designs: regress
joint coordinates directly (Toshev and Szegedy, 2014), or predict heatmaps and read off the peaks
(Sunetal, 2019). Top-down variants first detect a person with a region-proposal network such as
Faster R-CNN (Ren et al., 2015) and then locate joints inside each box. The three detectors used here
span this range. The MediaPipe Pose landmark model, referred to in the source thesis as PoseNet,
is a lightweight single-person detector producing 33 body landmarks (BlazePose, 2020). MoveNet,
also from Google, is a fast single-person model with 17 keypoints (Movenet, 2024). MMPose from
OpenMMLab is heavier and multi-person, with 133 keypoints covering body, face, hands and feet,
built on the HRNet backbone (Sun et al., 2019; MMPose Contributors, 2020).

1.2 Combining detector outputs

Fusing the predictions of several models is not a new idea in pose estimation. Zhang and Chen
(2022) report decision-level fusion of detector outputs, and automated dataset generation for real-
world pose estimation has been proposed before (Alinezhad Noghre et al.,, 2022). What differs here
is the framing: the goal is not a higher benchmark score but a cheap, reusable labelling tool, so the
design favours simplicity (a fixed common skeleton, a weighted average) over a learned fusion
model that would itself need training data.

2 METHODOLOGY

The pipeline has four stages, shown in Figure 1: run each detector on the input frames, map
every model’s native keypoints into the Unified Format, match the people detected by different
models against each other, and fuse the matched detections into one skeleton per person. A final
stage scores the fused output against ground-truth annotations.

The Unified Format is a 27-keypoint skeleton primarily derived from the 17 MoveNet body joints
and extended with selected hand, foot and face points, so that the richer MMPose output can be
reduced to a common representation while the sparser models remain compatible. Each keypoint
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Fig. 1: Overall processing pipeline of the proposed evaluation framework, from existing detec-
tion models (MMPose, PoseNet, MoveNet) through the Unified Format and weighted-average
instance unification to OKS / APE / MSE scoring against COCO WholeBody annotations (adopted
from Sova 2024).

is stored as a triple [x in pixels, y in pixels, visibility]. The skeleton is multi-person. Its layout, with
the ID assigned to every joint, is given in Figure 2.

Matching people across models is the awkward part. MMPose returns a bounding box for every
detected person, so its instances can be compared by box overlap (intersection over union). PoseNet
and MoveNet return no box and only one person, which makes the correspondence harder and is,
as the results show, a source of error. Once instances are matched, the fused keypoint is a weighted
average of the per-model coordinates and visibility. The weights reflect trust in each model: MMPose
0.5, PoseNet 0.3, MoveNet 0.2 (Table 1). MMPose carries the highest weight because the thesis eval-
uation and manual inspection identified it as the most reliable of the three input detectors for the
processed data. The weighted average is used only where all three models supply a keypoint; for
hand and foot points, which MoveNet does not produce, a plain average is taken.

Evaluation used the COCO WholeBody validation 2017 subset (Xu et al. 2022): 5,000 images, of
which 2,693 contain people, giving 11,004 ground-truth pose instances. A predicted instance is
matched to a ground-truth instance when their bounding boxes overlap with IoU above 65%.
Three metrics are then computed per matched pair. Object Keypoint Similarity (OKS) is the COCO
standard, normalised by joint-specific constants (COCO Consortium 2024); because COCO ships
these constants only for 17 keypoints, they were recomputed for all 27 from an initial run, and
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Fig. 2: Structure of the proposed Unified Format skeleton with 27 keypoints and their IDs, pro-
viding a common pose representation across heterogeneous detection models (adopted from
Sova 2024)

a keypoint counts as correct when its OKS exceeds 0.45. Average percentage error (APE) and mean
squared error (MSE) measure positional distance in pixels. Invisible ground-truth keypoints are
skipped. All experiments ran on a MacBook Pro M1 Max (64 GB RAM); no NVIDIA GPU was avail-
able, which is why NVIDIA BodyPoseNet from the original assignment could not be included.

Tab. 1 Table 1: Input detectors and their weights in the Unified Format fusion

Model Keypoints Multi-person Weight
PoseNet 33 No 0.3
MoveNet 17 No 0.2
MMPose 133 Yes 0.5
Unified Format 27 Yes -
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3 RESULTS

Table 2 compares the Unified Format against MMPose alone on the full evaluation set. MMPose is
the reference here, not a competitor: it is the strongest of the three inputs, so the question is how
much the fusion costs or gains relative to its best single member. The accuracy-oriented columns
favour MMPose, and the table marks them in bold.

Two readings come out of this. The fused skeleton reaches acceptable positional localisation in
the context of dataset-generation support (APE 3.3%, MSE 1,213.84), but it is clearly less pre-cise
than MMPose alone (APE 0.95%, MSE 123.73). On the strict similarity metric, it is behind: OKS 0.23
against 0.28, and 37.93% correct keypoints against 43.62%. The one place where fusion helps the
count is coverage. The Unified Format predicted 7,746 instances (70.39%) against 7,685 (69.84%)
for MMPose alone, so adding the lighter detectors recovered a few people that MMPose missed
(Sova, 2024). The number of instances that actually matched ground truth, 5,833, is the same for
both, which already hints that the extra detections were not the well-localised ones.

Tab. 2 Overall evaluation on COCO WholeBody (2,693 images, 11,004 ground-truth instances) — Unified
Format vs MMPose alone

Statistic Unified Format MMPose
Object Keypoint Similarity (OKS) 0.230 0.280
Average percentage error (APE) 3.30% 0.95%
Mean squared error (MSE) 1,213.84 123.73
Correct keypoints detected 37.93% 43.62%
Matching poses (instances) 5,833 (53.01%) 5,833 (53.01%)
Predicted poses (instances) 7,746 (70.39%) 7,685 (69.84%)
Ground-truth poses (instances) 11,004 11,004

Fig. 3: Example of multi-person skeleton detection in a cluttered real-world scene, illustrating
estimation under realistic conditions (adopted from Sova, 2024)
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4 DISCUSSION

Why does a fusion of three detectors land below its own best member on OKS? The averaging is
the cause, and it works against the method in two ways. First, the input detectors were picked for
speed and small size, not accuracy: the lightning versions of PoseNet and MoveNet run at 10 to 30
FPS on a CPU but were never the most precise option the vendor-reported figures are not directly
comparable across these models and datasets; in the thesis evaluation on COCO WholeBody,
MMPose was the strongest component and therefore received the highest fusion weight. Feeding
a fast-but-rough estimate into a weighted mean pulls the result away from the accurate MMPose
detection rather than toward it. Second, OKS is unforgiving. A pose that looks right to a human can
still score low, because OKS shrinks fast with distance once the joint-specific tolerance is exceeded.
The combination of mediocre inputs and a strict metric explains most of the gap.

The matching step is the other weak point, and it is more interesting because it is fixable. When
PoseNet or MoveNet returns no bounding box, the pipeline has to guess which of their single-person
detections belongs to which MMPose person. Get that wrong and the average fuses two different
people into one skeleton. A single image made this failure visible: one bad single-person prediction,
averaged with an otherwise correct MMPose pose, drove that image’s APE to 84.22% and its OKS
to zero. That case is not representative of the dataset, but it shows the mechanism cleanly. So the
honest reading of the positional numbers is that the fused output localises people satisfactorily and,
on the matched instances, slightly better than the individual lighter models, yet there is no evidence
of a real improvement over the benchmark performance of a strong single detector.

Where does this leave the practical goal? For generating a custom dataset cheaply, coverage and
plausible localisation matter more than topping a leaderboard, and on those terms the tool is usable:
it labels real footage with no new annotation and recovers a few extra people. But the accuracy
ceiling is set by the inputs. Replacing speed-oriented input detectors with accuracy-oriented alter-
natives would likely improve OKS, although at the cost of runtime and hardware requirements.
One detail worth recording for anyone reusing the code: an early version squared the OKS object
scale by mistake, which pushed OKS into an implausible range; removing the square restored sane
values. Small bug, large effect on the headline number.

5 CONCLUSION

This work built and tested a way to turn three off-the-shelf pose detectors into a single labelling tool,
without retraining any of them. The Unified Format maps PoseNet, MoveNet and MMPose into one
27-keypoint skeleton, matches people across models and fuses them by weighted average. On COCO
WholeBody it keeps positional error low (APE 3.3%, MSE 1,213.84) and detects marginally more poses
than the strongest single model, but it does not reach that model’s similarity score (OKS 0.23 vs 0.28).
The contribution is therefore a reproducible, honestly evaluated pipeline, not a new accuracy record.

The two limits found here also point the way forward. Instance matching should not rely on
bounding boxes that two of the three detectors never produce; a similarity-based vote across
keypoints would be more reliable. The fusion itself could weight detectors per instance instead
of globally, and flag outliers before averaging so that one wrong pose cannot spoil a correct one.
With those changes, and with accuracy-oriented detectors as inputs, the same framework could be
further tested as a candidate pipeline for generating datasets suitable for training or fine-tuning
a deployable model.
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ABSTRACT
Large information systems accumulate knowledge that is often transferred informally rather
than stored in the system itself. This article describes the design and working prototype
of Treestorage, a reusable hierarchical storage component for INET, the economic and
personnel information system of Masaryk University. Treestorage is intended to organise
agenda-related HTML notes, references to binary documents and parameterised SQL reports
in a tree structure, with read and edit rights inherited from parent nodes and version history
stored for edited nodes. Before implementing the component, available alternatives at the
university were assessed, especially Google Drive, OneDrive and git-based services such as
GitHub/GitLab; these options were not selected because they would either keep data and
authentication outside INET or fail key requirements such as fine-grained folder-level read
access. The implemented data model uses an adjacency list, reads nodes as a flat list and
rebuilds the tree in the front end, while inherited rights are resolved through a PostgreSQL
materialised view based on a recursive query. The result is a functional prototype that can
be tested internally and further integrated after related INET 2.0 components are completed.

Keywords: information systems, hierarchical storage, access control, versioning, materialized
view, adjacency list
JEL Code: C88

1 INTRODUCTION

INET, the information system of Masaryk University, has grown since 1998 and was opened to
users in 2000 (Méchacek and Kohoutkova, 2000). Today it runs hundreds of applications across
economics, personnel and study agendas. With that scale comes a problem that has little to do with
code. The knowledge of how a particular specialised application is meant to be used, together with
the rarely-run SQL reports that answer recurring administrative questions, is held by individual
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people. When one of them leaves or changes role, the knowledge often goes too. The system offers
no shared, access-controlled place to keep notes, document links and reusable reports next to the
agenda they belong to.

That is the gap Treestorage was built to close. The thesis set out to design and implement a hier-
archical storage component that any INET application can embed, with read and edit rights set on
a parent node cascading to everything below it and an earlier state of any node recoverable from
its history. One constraint shaped everything else: the component had to live inside INET rather
than beside it, so that this supporting knowledge stays under the same authentication and the
same data umbrella as the agenda it serves.

1.1 Why not an existing product

The first question is whether a ready-made tool would do. The thesis examined storage options
available in the university environment, especially document-management services such as Google
Drive and OneDrive and git-based services such as GitHub/GitLab. For the most relevant API-based
options, small proof-of-concept clients were prepared to test basic operations such as listing,
creating, moving and deleting nodes and setting permissions. Google Drive and OneDrive provide
storage and inheriting permissions, but integration would depend on external service accounts,
OAuth/Microsoft Entra mechanisms and data stored outside INET. Confluence and Outline were
considered only as contextual knowledge-base tools and were not treated as direct replacements
for report-aware hierarchical storage.

The git family, represented mainly by GitHub/GitLab, looked promising because versioning
is its native strength, yet it fits this task only partially. Git-based services cannot naturally grant
read permission on a single folder; access is typically handled at the repository level. They also
do not track empty folders, which complicates the preparation of an empty tree structure, and
binary documents are not handled as efficiently as textual files. These limitations, together with
the need to keep the component inside INET and under its existing authentication and agenda
context, were the main reasons for building a custom component rather than adopting an
external product directly.

1.2 Storing a tree in a relational database

A hierarchy is a rooted tree, and a relational database can keep one in several ways. The thesis
weighed four classical patterns (adjacency list, path enumeration, the closure table and the
nested set model) against the tree idioms of a graph database such as Neo4j with its Cypher
language and of a document database such as MongoDB (Samoilenko, 2025; Neo4j n.d.; MongoDB
n.d.). The MongoDB single-document tree caps at a 16 MB document, which rules it out for an
open-ended store.

An adjacency list was chosen: every node simply stores the identifier of its parent. It is the
simplest model to write against and the cheapest to keep correct. It also sidesteps the usual
objection, that reading a subtree needs recursion in SQL, by not doing the recursion in SQL at all.
The whole space is read as one flat list and the tree is reassembled in the front end, a linear-time
operation on the client. For the expected size of a Treestorage space this is more than enough, as
the next sections show.
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2 METHODOLOGY

The work followed an engineering path, not an experimental one: requirements analysis, a survey
of existing solutions, database design, and a prototype implementation, closing with an outlook
chapter. There is no quantitative benchmark, because the deliverable is a working component
inside an existing framework rather than a measured model.

The component sits inside INET 2.0 and is implemented in Java 25, while data are stored in
a PostgreSQL relational database. The user interface uses INET’s internal web-UI framework,
whose components are rendered to HTML through XSL transforms. The dynamic tree is handled
on the client side in JavaScript/React and supports node movement through the native HTML drag-
and-drop API. Persistence is implemented through JPA entities, which reduces the need to write
SQL manually for standard data operations.

Treestorage tables carry the prefix wdoc_, the cross-agenda report tables a_. A wdoc_space row
splits storage into independent spaces, one tree per major INET agenda such as Economics, each
tied to a domain. The central wdoc_node table holds the space, the parent (the nearest ancestor),
the node type, a bilingual name in Czech and English, four generic content columns (str_val_1,
str_val_2, int_val_ 1, int_val_2) and audit columns. Every change copies the data columns
into a new row of wdoc_node_log, and that is how version history is kept. Access rights live in
wdoc_node_acl, one row per node and person with two booleans, can_read and can_edit. Reports
are defined in a_query with their parameters in a_query_param. Figure 1 shows the full model.

Fig. 1: Entity-relationship diagram of the Treestorage data model, showing the core node table with
its versioning log, node types, access-control list and dynamic-query tables (adopted from Straka 2026)
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A node is one of four types in this first version: DIR (a folder), HTML (text or rich-text content
intended to be edited through the INET WYSIWYG component), DOCUMENT (a reference to binary
data expected to be handled through DMSX) and QUERY (a reference to a dynamic SQL report).
The four generic content columns allow a single table to carry different node types and make later
extension possible without changing the basic structure. The use-case model defines three roles.
A reader views permitted nodes, browses history and runs reports. An editor edits and adds nodes
and manages rights on relevant parts of the tree. A superuser creates level-zero nodes and main-
tains the top-level structure.

Inherited rights are the part of the design worth dwelling on, because they are resolved without
paying for recursion on every request. Rights cascade from parent to child, but recomputing that
for each page load would be wasteful. Instead the effective rights are precomputed in a PostgreSQL
materialised view, wdoc_node_acl_effective, built from a recursive query: it starts at the root
nodes paired with every person who holds at least one explicit right anywhere, then walks down
the tree, inheriting the parent’s rights unless an explicit ACL row overrides them. A unique index
on the person-and-node pair keeps lookups fast, and the view is refreshed only when rights actu-
ally change (a database trigger on the ACL table is noted as a likely later addition). Reports get
one more safeguard: when a report is saved, an SQL checker parses the body and blocks the save
unless every declared variable is also defined in the parameter table, so a report cannot be stored
in a state that would fail at run time.

Fig. 2: UML use case diagram of the Treestorage system with the Reader, Superuser and Editor
roles and their operations over hierarchical nodes (adopted from Straka 2026)
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3 RESULTS

The outcome is a functional prototype, not a set of measurements. Treestorage works as a reusable
INET component: it embeds a hierarchical tree into any INET application and, for each node, shows
a rich-text note, a document link, or a dynamic SQL report tied to that agenda. Version history
is in place (earlier states sit in wdoc_node_log and can be reopened), and the inheriting read/
edit access control runs through the materialised view rather than per-request recursion. The first
version ships four node types, three user roles, three report-parameter input types (text, numeric
and a person-id select), and two new report tables (Straka, 2026). Figure 3 shows the dynamic-
-report component with a generated result table.

A second concrete result is the survey that justified building the component at all. Table 1
should be read as an authorial synthesis of selected figures and constraints reported in
chapter 5 of the thesis, not as a direct vendor table. The comparison is primarily functional:
whether a service can be integrated into INET, whether it supports the required access-con-
trol model, and whether it can hold the intended types of content. Storage capacities and
commercial prices are not fully comparable across the alternatives because they use different
licensing models and institutional arrangements.

Fig. 3: Web user interface of the dynamic-report component, listing queried nodes with their
bilingual names, type and versioning metadata (adopted from Straka, 2026).
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Tab. 1 Off-the-shelf storage options surveyed before building Treestorage (authorial synthesis of figures
cited in chapter 5; “—" = not stated). Commercial list prices are per user and are not the rates the university

actually pays

Criterion

Google Drive

OneDrive (MS 365)

GitHub / git

Education storage

100 TB shared / org
(Fundamentals, free)

100 GB staff,
30 GB students

repo limit 10 GB

API / integration

Drive API v3

Microsoft Graph
(+ MS Entra)

GitHub REST (git trees)

API rate limit

20000req/100s

3000req/5 min
(+100GB down/h,
50GBup/h)

metered

File-size limit

warning>1MB,
cap 100 MB;
LFS 10-250GiB

List price (per user)

14USD / 2TB tier

12.5USD (M365 Copilot
Standard)

4USD / user

Per-folder read control

yes (inheriting), Google
accounts only

yes, also outside MS
account

no (whole repo only)

only b
Move a node yes yes deIZtey+ recreate
Empty folder yes yes no
. - inefficient
Binary + versioning yes yes

(full file per version)

Indicative cost for all
of MU

~3.5 mil. CZK/yr (33 000
students x 5 USD edu)

~5.2 mil. CZK/yr (2024
university licence)

hard to cost

The status is honest about its limits. The component is a functional prototype, testable internally
at the university computing centre, and it waits on two INET 2.0 pieces, the WYSIWYG editor and
the DMSX binary-upload component, before it can go to real users. It has not yet been measured
under load; the assumptions behind that are spelled out in the discussion.

4 DISCUSSION

Why an adjacency list, when the textbook objection (no cheap subtree query in SQL) is so well
known? In Treestorage, the objection is weakened by the intended use case. The component reads
the nodes of a space as a flat list and rebuilds the tree in the browser, so the server does not repea-
tedly assemble subtrees through recursive SQL. The expected size of a space is relatively small, and

335



TREESTORAGE: HIERARCHICAL STORAGE WITH VERSIONING AND INHERITED ACCESS CONTROL...

Petr Straka, Oldrich Trenz

the design therefore favours simplicity, easy updates and maintainability. More elaborate alterna-
tives such as a closure table or the nested set model would improve some query patterns, but at the
cost of more complex write operations and maintenance.

Access control makes the opposite trade. Inheritance is genuinely recursive, so a materialised
view backed by a recursive query precomputes it once and refreshes only when rights change,
instead of recomputing it on every request. This is the right call when reads vastly outnumber rights
changes, which is the normal pattern for stored knowledge: people read notes and run reports far
more often than they regrant permissions. The cost is staleness between refreshes, handled for
now by refreshing from inside the application. The moment rights start changing often, a database
trigger on the ACL table becomes the cleaner answer, and the design already flags that path.

The survey result is worth dwelling on because it is tempting to assume that a hosted service is
always the pragmatic choice. For an internal, access-controlled and report-aware store, this is not
straightforward. Google Drive and OneDrive solve document storage but do not naturally solve the
INET-specific problem of keeping notes, document references and reusable reports directly inside
the agenda context. Git solves versioning well, but not fine-grained folder-level read rights or effi-
cient binary-document handling. Treestorage’s value is therefore not only storage capacity, but the
integration of knowledge, documents and reports into the same controlled INET environment.

5 CONCLUSION

Treestorage delivers a working prototype of a component that a large information system lacked:
a hierarchical place where supporting knowledge, document references and reusable reports can
be kept under the same authentication and rights model as the agenda they explain. The design
uses an adjacency-list tree, browser-side reconstruction, node-level versioning and inherited rights
materialised in PostgreSQL. Existing university tools were useful reference points but not direct
substitutes because they either externalise the data or do not pro-vide the required integration and
permission model. The next step is to complete the dependent INET 2.0 components, verify perfor-
mance under realistic load and pilot the tool in one agenda before wider use.
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ABSTRACT

This paper investigates the viability of leveraging large language models (LLMs) to generate
formal corporate documents, moving beyond rigid, traditional template-based approaches.
The study aims to verify whether combining reference samples, natural language
instructions, and parallel multi-model processing can yield a practical enterprise tool. The
proposed microservices architecture utilizes a Node.js/LangChain backend to abstract calls
across four LLM providers (OpenAl, Anthropic, Gemini, and Ollama). This is supported
by Python microservices for input parsing and multi-format document generation (Word,
PDF, Excel), a Vue.js frontend wizard, and PostgreSQL/Redis persistence. System validation
involved end-to-end scenarios across five document types, benchmarking seven models, and
user testing with ten participants. Results demonstrate the solution’s efficacy. Furthermore,
comparative analysis reveals that local open-source models achieve generation quality
comparable to mid-range cloud services for Czech-language tasks, albeit with trade-offs in
increased latency and initial hardware investments.

Keywords: large language models, document generation, web application, microservices
JEL Code: C88, L86

1 INTRODUCTION

Companies work with a large number of formal documents every day — technical documentation,
protocols, emergency plans or notes. These documents need to be created, updated and maintained
regularly, typically by a worker taking an older document of a similar type, manually editing it,
adding current data from various sources and compiling the resultinto the required form. The whole
process is slow and prone to errors. At the same time, there is empirical data that the deployment
of generative language models in writing processes significantly increases worker productivity
and output quality (Noy and Zhang, 2023), while extensive field experiments in companies have

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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recorded double-digit productivity increases even for routine text tasks (Brynjolfsson et al., 2025).
These observations have framed a broader debate about the opportunities and risks of generative
Al in professional practice (Dwivedi et al., 2023).

Available tools for creating corporate documents only partially solve this problem. Template
generators such as Docupilot (Docupilot, 2026) operate on the principle of predefined fields into
which the system fills in data — an approach useful for repetitive documents with a fixed structure,
but failing when it is necessary to adapt the content to a new context or generate text that was not
in the template. Document extraction and analysis tools such as Azure Al Document Intelligence
(Azure Al, 2025) only solve the opposite direction of the flow, i.e. converting existing documents
into structured data. Platforms with integrated artificial intelligence (Writer, 2026) handle content
generation, but they mainly focus on marketing and business output, not technical documentation.

Large language models bring new quality, as they can analyze the structure of input documents
and generate new content based on requirements formulated in natural language (Ke et al., 2025;
Min et al., 2023). However, the LLM market is experiencing rapid development and the number
of commercially and locally available models is in the hundreds (Chang et al., 2024), which for
practical deployment means the need to introduce an abstraction layer above a specific provider
so that model replacement does not require rewriting of application logic. Prompt-based learning
has emerged as the central paradigm, where the behavior of the model is controlled by carefully
designed system instructions and templates for user inputs without the need for fine-tuning
(Liuetal., 2023). At the same time, empirical evaluations across dozens of NLP tasks show that
the quality of LLM outputs varies significantly by task and language (Kocon et al., 2023), which
justifies conducting our own comparison on a specific scenario of generating formal documents
in Czech. It also remains an open question to what extent current local open-source models
available through runtime environments such as Ollama (Ollama, 2026) are able to compete with
cloud services in this task.

The aim of the work (Sulc, 2026) on which this contribution is based was to design and imple-
ment a web application that fills the gap identified in the market overview. The user uploads older
sample documents, formulates requirements in natural language, and the application generates
a new formal document in the selected format (Word, PDF or Excel) using LLM. Key assumptions
were support for several providers including local deployment, the possibility of parallel compar-
ison of multiple models on the same assignment, a primary focus on the Czech language, and
a user interface usable even for participants without detailed knowledge of artificial intelligence.
The intention was not to create a production-ready product, but to explore currently available
technologies, demonstrate their practical use for a given purpose, and verify the functionality of
the resulting solution on real documents of a specific company.

This paper summarizes the design and selected results of the comparison of language
models and user testing. The Methodology and Data chapter describes the chosen development
approach, the microservices-based architecture, the technologies used, and the testing method-
ology. The Results chapter presents a comparison of seven models from three cloud providers
and four on-premises variants, and selected conclusions from user testing. The Discussion and
Conclusions then summarize the achievement of the objectives, identified weaknesses, and
recommendations for further development, including considerations of the economic and envi-
ronmental dimensions of LLM deployment.
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2 METHODOLOGY AND DATA

The application was developed using an incremental approach (Hoda et al., 2017), where func-
tionality is delivered gradually in smaller units. The choice is based on the nature of the project,
as many design decisions (for example, the optimal structure of the system instruction or the
scope of the data model) depend on the knowledge gained only during experiments with real
documents. A fully sequential waterfall approach was not suitable here, as some requirements
were refined continuously based on the behavior of specific language models.

The system architecture is implemented as a set of microservices run via Docker Compose.
This arrangement follows the principles described in Newman (2015) and allows for leveraging
the strengths of different technologies where it makes the most sense, ensuring that the failure
of one service does not affect the rest of the system, and facilitating independent scaling and
deployment of individual components (Jamshidi et al., 2018).

The core of the application is a back-end on the Node.js platform with the Express applica-
tion framework and the LangChain.js library. This provides a unified abstraction over language
model providers (OpenAl, Anthropic, Google Gemini and locally operated Ollama), so that
adding another provider only requires implementing the corresponding adapter without inter-
fering with the rest of the application logic (Topsakal and Akinci, 2023). The behavior of the
model is controlled by a central system instruction passed to each call along with the user input,
which corresponds to the prompt-based learning paradigm (Liu et al., 2023): a single carefully
designed instruction maintains output consistency (language, formatting, rules for subsequent
modifications) across all models and eliminates duplication in the code. Communication with
the client is carried out via REST API and WebSocket connection through the Socket.10 library,
which allows sending continuous notifications about the processing status without burdening
the server with periodic polling.

Specialized document operations are separated into two Python microservices. MarkItDown
Parser uses the open-source MarkItDown library from Microsoft (MarkItDown, 2024) to convert
input documents (PDF, DOCX, XLSX, PPTX, RTF) into a unified Markdown format, which is the
optimal input for language models, as it preserves the structure (headings, lists, tables) in read-
able text form without noise. Document Generator then creates output files from structured
data in Word (python-docx library), Excel (openpyxl) and PDF (reportlab) formats. The choice of
Python for these operations is based on significantly more advanced libraries for working with
document formats, which do not have a full-fledged equivalent in the Node.js ecosystem.

The front-end is implemented in Vue.js with the Quasar application framework, which
provides an extensive set of components ready for creating a multi-step wizard without the need
to integrate third-party libraries (Kaluza and Vukeli¢, 2018). Persistence combines a PostgreSQL
relational database for all persistent data (sessions, files, instructions, results, conversations) with
an in-memory Redis storage, which serves as a fast cache, a priority queue for asynchronous
instruction processing, and a communication channel for WebSocket notifications. All services
are containerized and executable with a single command (Merkel, 2014), eliminating prob-
lems with inconsistent environments between development and production installations. User
interaction takes the form of a four-step wizard: uploading files and assigning roles, entering
instructions, configuring the model (with the possibility of parallel selection of multiple models
for comparison), and reviewing the results with export. The architecture of the entire system is
depicted in Figure 1.
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Fig. 1: System architecture with indication of main services (back-end, Python microservices, data
layer, client) and their communication links (Sulc, 2026)

Testing was carried out in three layers. Unit and integration tests in the Jest application frame-
work cover validators, provider configuration, REST API endpoints and input file parsing.
End-to-end verification of generation quality was performed on five types of documents (tech-
nical report, annual report, multi-file project documentation, completed form and additional
variants) using prepared scenarios with defined tasks and checklists. Comparison of language
models included seven representatives — three cloud-based (OpenAl GPT-5.4, Anthropic Claude
Sonnet 4.6, Google Gemini 3 Flash) and four local ones available via Ollama (Qwen 3:32b, Gemma
3:27b, Llama 3.1:8b and Mistral 7b). The design of evaluation criteria (quality of Czech, adherence
to the required structure, processing speed, operational cost) is based on the approach of multidi-
mensional LLM assessment across tasks described by Kocon et al. (2023). The measurement was
performed on a workstation with an NVIDIA RTX 5090 graphics card with 32 GB VRAM. User
testing was based on Nielsen’s (2024) recommendation for a combination of task scenarios and
a think-aloud protocol and was conducted on a sample of ten participants (seven with an IT back-
ground, two economists, one translator), who were tasked with creating a template for future use
from the completed form.
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3 RESULTS

The result of the work is a functional application that meets the main objectives of the assign-
ment. The application allows uploading documents in key formats (PDF, DOCX, XLSX, CSV, RTF,
Markdown), converting them to Markdown via a Python microservice, compiling instructions
with the ability to target a specific file or section, parallel calling of several language models from
different providers and subsequent generation of structured outputs in Word, Excel and PDF
formats. The user interface guides the user through the entire process linearly, and the Socket.10
library sends continuous notifications about the processing status. The specific form of the finished
application is illustrated in Figure 2.

3.1 Comparison of language models

Key findings from the comparative testing of the models are summarized in Table 1. Several conclu-
sions emerge from the measured values. Cloud models show significantly lower response times
(typically 5-25 seconds) than local models (1-3 minutes), which corresponds to the computing
capacity and optimization of the infrastructure of individual providers. The quality of the gener-
ated Czech and the ability to adhere to the specified structure are at a high level among the cloud
models and reach the highest values in the Claude Sonnet 4.6 model. The observed variability in
performance across models corresponds to the general finding from larger comparative studies,
according to which no current model represents a clear winner in all tasks and metrics (Kocon et al,
2023; Min et al., 2023).

Fig. 2: Sample wizard user interface - first step with drag-and-drop file upload and role assignment
(Sulc, 2026)
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Tab.1 Comparison of language models according to key features for generating formal documents in Czech

Model Type Context Price / Specifications Czech Structure | Speed

10-20
GPT-54 cloud ™ $2.50/%$10 per 1 M stream | 8/10 8/10

seconds
Clue cloud ™ 3/15USD for 1M flow 9/10 8/10 e
Sonnet 4.6 seconds
Gemini3 5-15
Flash cloud ™ $0.50/ %4 per 1 M flow 8/10 7/10 seconds
Qe local 32,768 | 32B/24GBVRAM 8/10 7/10 2
3:32b minutes
Gemma local 128K 27B/24 GB VRAM 7/10 6/10 2-3
3:27b minutes
Lt local 128K 8B/8GB VRAM 6/10 4110 [l
3.1:8b minutes
Mistral 7b | local 8,192 7B/8GB VRAM 3/10 2/10 z2

minutes

Among the local models, Qwen 3:32b and Gemma 3:27b show significantly the highest quality of
Czech and structured output, but they require a graphics card with at least 24 GB VRAM (typically
NVIDIA RTX 3090 or 4090). Smaller models (Llama 3.1:8b and Mistral 7b) running on a regular
consumer graphics card with 8 GB VRAM are on the verge of usability for generating longer formal
texts in Czech — Mistral 7b in particular proved to be insufficient in tests. These findings have
a direct impact on the decision to deploy in an organization with strict data protection require-
ments: a high-quality local alternative to cloud models is available, but at the cost of higher initial
investments in hardware and several times longer response times.

3.2 User testing

Of the ten participants in the user test, all completed the task without external assistance. The appli-
cation was generally rated as clear and no participant was visibly lost in the guide. Most participants
used the parallel processing feature and compared the outputs of one local model (Qwen 3:32b
or Gemma 3:27b) with the cloud-based GPT-5.4 simultaneously. This functionality provided users
with immediate feedback on the differences between the models and made it easier to choose the
appropriate variant for a specific type of task.

At the same time, two specific areas with a worse user experience were identified. The first is
the file role selection in the initial step, where the labels template, source and target were not intu-
itively understandable for the task of creating a template from an existing document — the term
template does not make intuitive sense here, since a template is only supposed to be an output, not
an input. The second is the screen for selecting the output type before starting processing, where
the labels of the individual options and their mutual relationship were not easily distinguishable,
which led to uncertainty among some participants as to whether the settings were correct. This
observation was consistent across professions and there was no significant difference between
participants with and without an IT background.

343



WEB APPLICATION FOR GENERATING TECHNICAL DOCUMENTS USING LARGE LANGUAGE MODELS

Martin Sulc, Ivo Pisarovic

Fig. 3: Document Viewer - preview of an uploaded document along with user’s prompt (Sulc, 2026)

A useful side benefit of testing was the discovery of a bug that was not replicated more often
during actual development: some generated documents contained fragments of language model
meta-comments (for example, sentences like “if you want, I can add...”), even though the system
instruction explicitly prohibits such introductory and accompanying phrases. The cause is the
undefined behavior of specific models and the need to handle this additionally at the level of
subsequent response processing.

The Document Viewer component (see Figure 3), which allows viewing the input document along-
side the instructions, was explicitly identified by participants as one of the most beneficial features.
The difference in response speed between the cloud and on-premises models was perceived by
participants, but in most cases was not considered a barrier. There were minor stylistic differences
between the outputs of individual models, but the structure was maintained consistently across
all models in most cases, which can be considered an achievement considering the comparison
of a top-of-the-line cloud model with on-premises variants running on commonly available hard-
ware. The ability to complete the task depended more on the nature of the specific input document
than on the user’s experience with information technology, suggesting that the wizard successfully
lowers the barrier to entry for users without detailed knowledge of artificial intelligence.

4 DISCUSSION AND CONCLUSIONS

The verification demonstrated that the combination of an abstraction layer over language model
providers, a microservice architecture, and a wizard interface represents a functional approach to
automating the generation of formal documents that goes beyond the traditional template approach.
The application is a fully containerized multi-component solution ready to run with a single
command, significantly reducing the need for manual configuration. It fills the gap identified in the
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market analysis: a complete open-source solution that would combine input document analysis,
new content generation via LLM, support for multiple providers including local deployment, and
a focus on technical documentation in Czech was not available at the time of development.

The main value of the resulting application, as revealed by user testing, is the combination
of a clear guide, support for multiple AI providers including local variants, and the function of
parallel comparison of models on the same assignment. The Document Viewer for simultaneous
display of the input document and entered instructions was appreciated by the users as one of the
most beneficial functions. The choice of the Vue.js application framework with Quasar proved to
be suitable for the rapid creation of a comprehensive guide, which corresponds to the conclusions
of comparative studies of front-end technologies (Bielak et al., 2022).

The identified weaknesses also indicate the direction of further development. The highest priority
should be to rework problematic labels in the initial and final steps of the wizard, or to add contex-
tual help directly in the interface, and to integrate subsequent output processing, which would
automatically filter out meta-comments of the language model. The second significant topic is the
stability of subsequent modifications within a single session, as the current version works reliably
only for the initial instruction, while subsequent modifications of the same session are sensitive
to the specific behavior of the model and do not achieve the same stability. The proposed solution
includes dividing extensive modifications into smaller steps and more thorough work with the
context of previous versions, or the use of structured output and function calls.

From the point of view of economic competitiveness, the work provides empirical evidence for
deciding on the strategy for deploying LLM in a company. Selected local open-source models (espe-
cially Qwen 3:32b and Gemma 3:27b) achieve a quality comparable to mid-range cloud services for
tasks of generating formal documents in Czech, albeit at the cost of several times longer response
times and the necessary initial investment in hardware. This trade-off needs to be interpreted in
the broader context of computing costs. Schwartz et al. (2020) introduced a distinction between
Red AI (oriented to maximum performance at the cost of increasing computing demands) and
Green Al (taking into account energy and operational efficiency) for deciding on the effective-
ness of Al systems. A more detailed analysis of the energy and carbon footprint of operating large
models (Patterson et al., 2022) shows that choosing a smaller local model can be an economically
and environmentally rational alternative for organizations whose tasks do not require top-quality
output or that work with sensitive data for which sending content to third-party servers is unac-
ceptable. Conversely, for tasks with high document volumes and tolerance for cloud processing,
cloud providers remain the choice with the best balance of speed, quality and operating costs. At
the same time, growing empirical evidence on the productivity benefits of generative Al in the
corporate environment (Noy and Zhang, 2023; Brynjolfsson et al., 2025) suggests that investing in
document creation automation, whether via cloud or local deployment, represents a rational deci-
sion with a demonstrable return.

In conclusion, it can be stated that the main objectives of the work — design, implementation and
verification of a web application for generating formal documents with support for large language
models — have been fulfilled. The application was tested on five document types, end-to-end
scenarios, seven language models and user testing with ten participants covering both technical
and non-technical professions. The identified areas of further development (editing the interface
labels, post-processing of the output, stabilization of subsequent edits and deeper integration of
reasoning models) represent a direct continuation of the design described here.

345



WEB APPLICATION FOR GENERATING TECHNICAL DOCUMENTS USING LARGE LANGUAGE MODELS

Martin Sulc, Ivo Pisarovic

Acknowledgements

This paper was supported by the project CZ.02.1.01/0.0/0.0/16_017/0002334 Research
Infrastructure for Young Scientists, this is co-financed from Operational Programme Research,
Development and Education.

Anthropic Claude was used to summarize the text of the final thesis (Sulc, 2026) and transform it
into the form of this compact paper. The paper was then reviewed and fine-tuned by the authors.
The authors are responsible for the correctness of the final text.

REFERENCES

AZURE Al 2025. Azure Al Document Intelligence documentation. Microsoft. [Accessed: 2026-02-14]
https://learn.microsoft.com/en-us/azure/ai-services/document-intelligence/

BIELAK, D., BOREK, K., PLECHAWSKA-WOJCIK, M. 2022. Web application performance analysis using
Angular, React and Vue.js frameworks. journal of the Computer Sciences Institute. 23, 100-106.
https://doi.org/10.35784/jcsi.2827

BRYNJOLFSSON, E., LI, D., RAYMOND, L. R. 2025. Generative Al at Work. Quarterly Journal of Economics.
140(2), 889-942. https://doi.org/10.1093/qje/qjae044

CHANG, Y., WANG, X., WANG, J.,, WU, Y., ZHU, K., CHEN, H., YANG, L. et al. 2024. A Survey on Evaluation
of Large Language Models. ACM Transactions on Intelligent Systems and Technology. 15(3), 1-45.
https://doi.org/10.1145/3641289

DOCUPILQT. 2026. Docupilot. [Accessed: 2026-02-19]. https://www.docupilot.com

DWIVED], Y. K., KSHETRI, N., HUGHES, L., SLADE, E. L., JEYARAJ, A, KAR, A. K.etal. 2023. “So what if
ChatGPT wrote it?” Multidisciplinary perspectives on opportunities, challenges and implications of
generative conversational Al for research, practice and policy. International Jjournal of Information
Management. 71, art.102642. https://doi.org/10.1016/j.ijinfomgt.2023.102642

HODA, R., SALLEH, N., GRUNDY, J., TEE, H. M. 2017. Systematic literature reviews in agile software
development: A tertiary study. Information and Software Technology. 85, 60-70. https://doi.
org/10.1016/j.infsof.2017.01.007

JAMSHIDI, P, PAHL, C.,, MENDONCA, N. C., LEWIS, J. W., TILKOV, S. 2018. Microservices: The Journey So
Far and Challenges Ahead. IEEE Software. 35(3), 24-35. https://doi.org/10.1109/MS.2018.2141039.

KALUZA, M. VUKELIC, B. 2018. Comparison of front-end frameworks for web applications
development. Zbornik VeleuciliSta u Rijeci. 6(1), 261-282. https://doi.org/10.31784/zvr6.1.19

KE, W., ZHENG, Y., LI, Y., XU, H., NIE, D., WANG, P, HE, Y. 2025. Large Language Models in Document
Intelligence: A Comprehensive Survey, Recent Advances, Challenges, and Future Trends. ACM
Transactions on Information Systems. 44, 1-64. https://doi.org/10.1145/3768156

KOCON, J., CICHECKI, 1., KASZYCA, O., KOCHANEK, M., SZYDLO, D., BARAN, J.etal. 2023. ChatGPT:
Jack of all trades, master of none. Information Fusion. 99, art.101861. https://doi.org/10.1016/j.
inffus.2023.101861

LIU, P, YUAN, W., FU, J., JIANG, Z., HAYASHI, H., NEUBIG, G. 2023. Pre-train, Prompt, and Predict:
A Systematic Survey of Prompting Methods in Natural Language Processing. ACM Computing
Surveys. 55(9), 1-35. https://doi.org/10.1145/3560815

MARKITDOWN. 2024. MarkItDown - Python tool for converting files and office documents to
Markdown. Microsoft. [Accessed: 2026-03-14] https://github.com/microsoft/markitdown

MERKEL, D. 2014. Docker: Lightweight Linux Containers for Consistent Developmentand Deployment.
Linux Journal. 2014(239).

346



WEB APPLICATION FOR GENERATING TECHNICAL DOCUMENTS USING LARGE LANGUAGE MODELS

Martin Sulc, Ivo Pisarovic

MIN, B., ROSS, H., SULEM, E., VEYSEH, A. P. B.,, NGUYEN, T. H., SAINZ, O., AGIRRE, E., HEINTZ, I,
ROTH, D. 2023. Recent Advances in Natural Language Processing via Large Pre-Trained Language
Models: A Survey. ACM Computing Surveys. 56(2), 1-40. https://doi.org/10.1145/3605943

NEWMAN, S. 2015. Building Microservices: Designing Fine-Grained Systems. Sebastopol: O'Reilly Media.
ISBN 978-1-491-95035-7

NIELSEN, J. 2024. Usability Testing 101. Nielsen Norman Group. [Accessed: 2026-04-15] https://www.
nngroup.com/articles/usability-testing-101/

NQY, S., ZHANG, W. 2023. Experimental evidence on the productivity effects of generative artificial
intelligence. Science. 381(6654), 187-192. https://doi.org/10.1126/science.adh2586

OLLAMA. 2026. Ollama - Get up and running with large language models. Ollama. [Accessed:
2026-03-08]. https://ollama.com/

PATTERSON, D., GONZALEZ, J., HOLZLE, U,, LE, Q., LIANG, C., MUNGUIA, L.-M., ROTHCHILD, D., SO,
D. R, TEXIER, M., DEAN, J. 2022. The Carbon Footprint of Machine Learning Training Will Plateau,
Then Shrink. Computer. 55(7), 18-28. https://doi.org/10.1109/MC.2022.3148714

SCHWARTZ, R., DODGE, J., SMITH, N. A, ETZIONI, O. 2020. Green Al. Communications of the ACM.
63(12), 54-63. https://doi.org/10.1145/3381831

SULC, M. 2026. Webovd aplikace pro generovdni formdinich dokumenti za podpory Al Diploma thesis.
Brno: Mendel University in Brno.

TOPSAKAL, O., AKINCI, T. C. 2023. Creating Large Language Model Applications Utilizing LangChain:
A Primer on Developing LLM Apps Fast. In: Proceedings of the International Conference on Applied
Engineering and Natural Sciences (ICAENS), pp. 1050-1056.

WRITER. 2026. Writer - The enterprise Al platform. [Accessed: 2026-02-21]. https://writer.com

Contact information
Martin Sulc: e-mail: xsulc2@mendelu.cz
Ivo Pisarovic: e-mail: research@pisarovic.cz

347



28" International Scientific Conference Economic Competitiveness and Sustainability

March 26-27, 2026, Brno, Czech Republic

AI METHODS FOR STOCK-PRICE
FORECASTING IN THE INDIAN
MARKET: THE EFFECT
OF MACROECONOMIC FACTORS

Ankit Tripathi?, Oldfich Trenz!

Department of Informatics, Faculty of Business and Economics, Mendel University in Brno, Zemeédeélska 1,
61300 Brno, Czech Republic

DOI: https://doi.org/10.11118/ecos2026_038

ABSTRACT

This article compares four artificial-intelligence forecasting methods (LSTM, SARIMAX,
XGBoost and FB-Prophet) on a decade of daily prices of Reliance Industries, one of the largest
companies on the Indian stock market. Most published forecasting studies use US, Chinese
or European data; the Indian market is less frequently used as a test bed. In the source
thesis, a Scopus query for “time series forecasting in India” refined by “financial market”
returned 137 documents, while the broader bibliometric dataset contained 2,202 documents.
The dataset covers 2 December 2013 to 30 November 2023 (over 2,600 trading days). Each
model was first trained on price features alone and then re-evaluated after merging five
macroeconomic indicators (gold price, USD/INR, the 10-year government-bond yield, the
Wholesale Price Index and the Consumer Price Index). Accuracy was measured by MSE, MAE
and the coefficient of determination R?. Adding macroeconomic factors did not help every
model. XGBoost improved across all three metrics (MSE 39.35 to 24.58) and was the only
method that gained without producing implausibly perfect numbers; LSTM improved only
with the larger 90% training split, while FB-Prophet overfitted badly (MSE 11.17 to 1,912.35).
The results are specific to one company and a retrospective forecasting experiment on
historical data; they do not represent live trading performance.
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1 INTRODUCTION

Stock-price series are hard to predict. They are non-stationary, nonlinear and noisy, and they
jump on political and economic news that no model sees coming. The classical statistical approach
assumes a fixed data-generating process; financial markets rarely cooperate with that assumption.
This is the reason machine-learning and deep-learning methods, which learn the structure from
the data rather than imposing it, have moved into the field over the past decade.

There is a geographical imbalance in the published work. Forecasting models are usually tested
on the US, Chinese or European markets, and far less often on India, even though India was the
world’s fifth-largest economy by GDP in 2023. The source thesis reports that a Scopus query for
“time series forecasting in India” refined by “financial market” returned 137 documents; in contrast,
its broader bibliometric dataset for time-series forecasting, artificial intelligence and financial
markets contained 2,202 documents. The earlier bibliometric survey by Jankova (2021) drew on
353 articles for the global topic. Part of the explanation lies in infrastructure rather than interest.
The source thesis cites the Digital Quality Index 2023 as a contextual limitation: India ranked 52nd
overall, 91st of 121 countries for electronic infrastructure, and its internet-affordability rank fell
from 8 in 2020 to 28 in 2023. Add the full source to the references, or omit this contextual sentence
from the conference version. The aim of this work is to benchmark four Al forecasting methods
on Indian data and to test a concrete question: does adding macroeconomic context improve the
forecast, and for which method?

1.1 Forecasting methods and prior results

The four methods cover the main families used in practice. Long Short-Term Memory (LSTM)
networks were introduced by Hochreiter and Schmidhuber (1997) to keep gradient information
over long sequences; Fischer and Krauss (2018) applied them to S&P 500 constituents and found
they beat memory-free classifiers, which is also why that paper is among the most-cited in the area
(1,007 citations). ARIMA and its exogenous extension SARIMAX follow the Box-Jenkins tradition
(Boxetal, 2015) and remain a strong linear baseline. XGBoost, the gradient-boosted tree ensemble
of Chen and Guestrin (2016), has become a default tabular learner and was used for stock predic-
tion together with LSTM by Gumelar et al. (2020). FB-Prophet decomposes a series into trend and
seasonal components and was applied to forecasting by Sharma et al. (2022).

Hybrid models recur in the literature. Zhang (2003) and Khashei and Bijari (2011) combined
ARIMA with neural networks to capture linear and nonlinear structure at once; the latter work has
accumulated 1,493 citations. For India specifically, Aithal et al. (2019) identified the macroeconomic
indicators that move the Indian market, Srivastava et al. (2023) and Kumar et al. (2023) compared
machine-learning models on Indian exchanges, and the second of these contrasted ARIMA with an
RNN-LSTM directly. These studies motivated both the model selection here and the decision to test
macroeconomic factors as inputs.
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2 METHODOLOGY

The case study uses Reliance Industries Ltd. (ticker RELIANCE.NS), with daily historical prices from
Yahoo Finance for 2 December 2013 to 30 November 2023; the source thesis describes the dataset
as containing over 2,600 rows after preprocessing. The columns are Date, Open, High, Low, Close,
Adjusted Close and Volume; the target is Adjusted Close. All models were implemented in Python
on Google Colaboratory and scored with the same three metrics: mean squared error (MSE), mean
absolute error (MAE) and the coefficient of determination R2

LSTM was tried in two forms. The first fed the network three past values of the target (input shape
3x1) through one LSTM layer of 30 memory units and two dense layers; it overfitted, with test MSE
1,825.23 against training MSE 574.16. The second form learned from the correlated price features
(Open, High, Low, Close), used a StandardScaler, LSTM and dense layers of 64 and 32 units and
20% dropout, and removed the overfitting. SARIMAX followed a Box-Jenkins identification from
the ACF and PACF plots, giving order (p=0, d=1, q=2), that is no autoregressive term, first-order
differencing and two moving-average terms, with price columns added as exogenous regressors.
XGBoost used the XGBRegressor; two rows with missing values were dropped and Volume was
removed for low correlation. FB-Prophet was set to model weekday data only, with trend, weekly,
yearly and daily components, the last 500 rows held out for testing,.

The second part of the experiment added five macroeconomic indicators from Investing.com
India: the gold price, the USD/INR exchange rate, the 10-year government-bond yield, the Wholesale
Price Index (WPI) and the Consumer Price Index (CPI). Their correlations with Adjusted Close range
from strong to weak: gold 0.93, USD/INR 0.90, WPI 0.48, CP1 0.16 and the bond yield —0.29. The two
price indices are published monthly, which limits their resolution against daily prices. Each model
was scored twice, once on prices alone (“before”) and once on the merged dataset (“after”), so that
the contribution of the macroeconomic context could be read off the change in the metrics.

Fig. 1: Box-Jenkins iterative workflow for ARIMA-based time series forecasting; model identification,
parameter estimation and diagnostic checking are repeated until the model is adequate for forecast-
ing (adapted from Tripathi, 2023).
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3 RESULTS

Table 1 lists the baseline accuracy of each model on prices alone. The two tree- and decomposi-
tion-based models (XGBoost, FB-Prophet) started far ahead of the sequence models on MSE, which
already hints that for this single, fairly trending series the harder-to-train recurrent network was
not the obvious winner.

Table 2 reports selected before/after metrics after the five macroeconomic indicators were
merged in. Because the compact conference table does not include every metric for every model,
the text should state explicitly that it presents the key metrics needed for comparison. XGBoost (in
bold) is the only method that im-proved on the reported MSE, MAE and R? values while keeping
plausible, non-perfect scores.

The training-split size mattered for LSTM. At the 80% split the macroeconomic inputs made it
worse (MSE rose from 628.12 to 1,070.10); at the 90% split they helped (MSE fell from 577.59 to
323.08, R? rose to 0.9796). SARIMAX reported MSE and MAE of zero with R? of 1 after the merge.
For daily stock prices that perfect fit almost certainly signals information leakage from the strongly
collinear Open/High/Low/Close regressors rather than genuine predictive skill, so it cannot be read
as a real improvement. FB-Prophet moved the opposite way and overfitted, its MSE jumping from
11.17 to 1,912.35. XGBoost gained quietly and consistently: MSE 39.35 to 24.58, MAE 4.75 to 3.27,
R?0.9999 to 0.99996.

Tab. 1 Baseline accuracy on price features only (80% training split; LSTM second approach)

Model MSE MAE R?

LSTM 628.12 21.45 0.9602
SARIMAX 59.22 6.08 1.00
FB-Prophet 11.17 2.39 1.00
XGBoost 39.35 4.75 0.9999

Tab. 2 Effect of macroeconomic factors on each model, before vs. after merging (Tripathi, 2023)

Model Training Metric Before After
LSTM 80% MSE 628.12 1070.10
LSTM 90% MSE 577.59 323.08
LSTM 90% MAE 21.37 14.66
LSTM 90% R? 0.9607 0.9796
SARIMAX 80% MSE 59.22 0
FB-Prophet 80% MSE 11.17 1912.35
FB-Prophet 80% R? 1.00 0.88
XGBoost 80% MSE 39.35 24.58
XGBoost 80% MAE 4.75 3.27
XGBoost 80% R? 0.9999 0.99996
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Fig. 2: Actual vs. predicted adjusted close prices on the held-out test set (LSTM, second approach).
The forecast tracks the level and most turning points of the 2023 price path but lags the sharpest
moves (adopted from Tripathi, 2023)

Fig. 3: Actual vs. predicted adjusted close prices over the full 2013-2023 sample after merging mac-
roeconomic factors; the predicted curve overlaps the actual one across the whole range, including the
steep rise after index 1,500 (adopted from Tripathi, 2023)
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4 DISCUSSION

Why did the same five macroeconomic factors help XGBoost but hurt FB-Prophet? The answer
is in how each model treats extra inputs. XGBoost can treat additional regressors as candidate
split features and may re-duce their influence when they do not improve the objective function;
therefore, a weak monthly series such as CPI (correlation 0.16) is less likely to distort the fit than in
a model that explicitly adds external regressors to its trend structure. FB-Prophet, by contrast, folds
external regressors into an additive model on top of its trend and seasonality; a noisy low-reso-
lution input there shifts the whole fit, and the held-out 500-row test then pays for it. The increase
in FB-Prophet’s MSE from 11.17 to 1,912.35 is much larger than five-fold; it is more accurate to
describe it as an approximately 170-fold increase, consistent with severe degradation after adding
the macroeconomic regressors.

The LSTM result is about data, not architecture. The recurrent network has many more parame-
ters to estimate than a tree ensemble, and its gates can only learn the relationship between, say,
the USD/INR rate and the price if they see enough examples. At 80% training the extra inputs were
closer to noise and the network degraded; the additional ten percentage points of data at the 90%
split were enough for the gates to start using them, and the error dropped by almost half. This is
the familiar behaviour of deep models on small tabular problems: they reward more data more
steeply than shallow models do.

The SARIMAX numbers deserve scepticism rather than celebration. A reported MSE of zero on
out-of-sample daily adjusted closing prices is not plau-sible in a real forecasting setting and there-
fore requires a leakage or evaluation-protocol check. The most likely cause is that the exogenous
Open, High and Low values for the same day are near-perfect predictors of the Adjusted Close of that
day, so the model is partly reading the answer from its inputs. This should be treated as a potential
leakage or evaluation artefact rather than as genuine predictive superiority. The practical ranking
in this study should there-fore rest mainly on XGBoost, whose improvement is large enough to be
useful and small enough to be plausible.

Two limits frame all of this. The evaluation is a retrospective forecasting experiment on one
company, Reliance Industries, so the numbers say nothing directly about live trading, portfolio
performance or other firms, where firm-specific variables and political shocks would matter. And
the macroeconomic set is small and partly monthly; richer or higher-frequency indicators might
change which model benefits. The geographical gap that motivated the study, few Indian fore-
casting papers and weak digital infrastructure, also means there is little local work to compare
against, so these results are a starting point rather than a settled benchmark.

5 CONCLUSION

Within the single-asset experiment on a decade of Reliance Industries prices, XGBoost produced the
most defensible improvement after adding macroeconomic factors. It gave a strong baseline and
was the only one of the four methods that improved on every metric once macroeconomic factors
were added, without the suspiciously perfect output that made the SARIMAX result unusable. For
a practitioner testing a single Indian equity with a limited set of macroeconomic series, gradient-
-boosted trees appear to be a cautious first modelling choice in this proof-of-concept; the recurrent
network benefited only when the training split was increased, while FB-Prophet degraded after
adding low-resolution regressors. The SARIMAX results should be reported as requiring further
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verification, be-cause a perfect score on financial data usually indicates an evaluation artefact
or information leakage rather than genuine forecasting ability. The next steps are to repeat the
test across several companies and markets, to add firm-specific and event-based variables, and to
replace monthly indices with higher-frequency macroeconomic data.
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ABSTRACT

This article asks whether an OpenAl GPT model can act as a conversational investment
advisor when it reads structured stock data instead of free text. A pandas DataFrame of
daily prices for Reliance Industries (RELIANCE.NS), spanning 1 April 2019 to 28 March 2024,
was enriched with the signals of four hard-coded technical strategies: gap trading, trend
following, Fibonacci retracement and mean reversion. Each strategy was backtested with
Pyfolio, and three LangChain DataFrame agents wrapping GPT-3.5-Turbo, GPT-4 and GPT-4-
Turbo answered the same seven plain-English questions. Trend following gave the highest
backtest return (annual 13.60%, cumulative 86.60%), while Fibonacci retracement was the
least risky (max drawdown only -1.10%, Omega ratio 6.33). The GPT-4-Turbo agent gave the
most context-aware answers; GPT-3.5-Turbo was inconsistent and once misread a signal. The
results hold for a single asset and a no-cost in-sample backtest, so they describe a feasibility
study rather than live trading performance.

Keywords: large language models, GPT agents, algorithmic trading, technical analysis,

backtesting, Indian stock market
JEL Code: C58

1 INTRODUCTION

A beginner who opens a brokerage account faces two questions at once: which trading rule to
follow and which tool to trust for advice. Generative artificial intelligence has reached finance
quickly. JPMorgan filed for a service named IndexGPT, and surveys now track a whole family
of finance-specific large language models (Lee et al,, 2024; Lietal.,, 2023). What stays unclear is

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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whether a general-purpose model, handed nothing but one company’s price history, can turn that
data into advice a non-expert can act on.

This work builds such a tool and tests it. Three GPT agents read a single stock’s daily prices,
already marked up with the entry and exit signals of four technical strategies, and answer ordinary
investment questions. The setup is deliberately narrow. It is an offline backtest on one asset paired
with a qualitative comparison of three models, not a live trading record and not a benchmark of
model accuracy in the abstract.

A second motive is geographic. Most published work on algorithmic and LLM-based trading
focuses on larger and more frequently studied markets, while the Indian market remains less
represented in this specific research stream. A Scopus search reported in the source thesis returned
445 documents for “Trading in Indian stock market”, 15 docu-ments for “Algorithmic trading in
Indian stock market” and no records for the specific queries “FinLLMs in Indian stock market” and
“FInPLMs in Indian stock market”.

1.1 Large language models in finance

The transformer architecture (Vaswani et al., 2023) and the pre-trained encoders that followed it
(Devlin et al., 2019) made it practical to apply general language models to specialised domains.
Recent surveys map this move into finance and list both the opportunities and the failure modes,
hallucination chief among them (Lee et al., 2024; Li et al,, 2023; Kalyan, 2024). Most of these systems
read unstructured text: news, filings, social posts. Whether a model can instead read clean tabular
data and reason over it is the question taken up here, in line with the agent-based view of Wang et al.
(2024) and the deep-learning trading models of Pan et al. (2024).

1.2 Technical trading strategies

The four strategies were chosen because each rests on published evidence and each reacts to
a different market regime. Overnight gap behaviour is documented by Akbasetal. (2022) and
Ho et al. (2023). Trend following through moving averages has a long empirical record (Eggebrecht
and Lutkebohmert, 2023; Zakamulin and Giner, 2020). Mean reversion and the combination of
technical rules with portfolio construction round out the set (Macedo et al.,, 2017; Banik et al., 2022).
The point is not to find one winning rule but to see how the agent’s reason across several, so that
the advice can weigh return against risk rather than chase a single number.

2 METHODOLOGY

Daily OHLCV data for Reliance Industries Limited (ticker RELIANCE.NS on the National Stock
Exchange of India) were pulled from Yahoo Finance for 1 April 2019 to 28 March 2024 and exported
to CSV. The five-year window holds 1235 trading days. After the strategy signals and technical indi-
cators were added, the agents operated on a DataFrame of 1235 rows and 27 columns.

The work was done in Google Colaboratory using Python with pandas (pinned to 1.5.3 for Pyfolio
compatibility), NumPy, Matplotlib, the ta technical-analysis library and Pyfolio for the risk and
return tear sheets. Four strategies were coded as columns of buy and sell signals and then each
was backtested separately:
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Gap trading acts on overnight returns: it buys when the opening gaps down between -1% and -2%
and sells one day later when the signal clears. Trend following uses two simple moving averages,
a 10-day fast line and a 50-day slow line in the final implementation, and trades on their crossover.
Fibonacci retracement levels were calculated from the maximum and minimum closing prices in
the sample and combined with MACD based on 10-day and 30-day EMAs and a 12-day signal line.
Mean reversion pairs Bollinger Bands (20-day mean, +2 standard deviations) with a 6-day RSI,
buying when RSI falls below 30 below the lower band and selling when RSI passes 70 above the
upper band.

Three agents were built with LangChain’s experimental pandas DataFrame agent, each wrapping
a different OpenAl model: Agentl=GPT-3.5-Turbo, Agent2=GPT-4, Agent3=GPT-4-Turbo.
Temperature was set to 0 to suppress randomness and reduce the chance of fabricated output. For
a user query, the agent assembles the relevant indicators, recent price moves and strategy signals
into a prompt and the model returns a plain-language answer (Figure 1).

Evaluation used seven predefined natural-language queries: dated buy or sell recommendations,
an explanation aimed at a five-year-old in exactly ten sentences, a Fibonacci explanation for an
experienced investor, and single-strategy versus all-strategy advice. The three agents’ answers
were compared query by query for accuracy, use of context, personalisation and any sign of hallu-
cination. The choice of models followed third-party benchmarks current at the time (a MindsDB
comparison from March 2024 and the LMSys Chatbot Arena leaderboard from April 2024), with
GPT-3.5-Turbo kept as the cheaper baseline.

Perception Environment
Input Agent
Data with signals \ Follow the context| .
and indicators to retrieve the Reasoning
from different

Query data

strategies used
throughout the
thesis

\

hN

Prompt LLm
OpenAl API
Prompt
Summary/Re(cal/ \\%mﬂetrieve
Response < Pre-Trained Acquired
Knowledge Knowledge

N o

Decision/Reasoning

Fig. 1: Architecture of the LLM-based trading agent, showing the perception, environment and large
language model layers communicating through the Open AL API (adapted from Tripathi, 2024)
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3 RESULTS

Each strategy produced a different number of trades over the window: gap trading generated
48 buy and 48 sell signals, trend following generated 15 buy and 14 sell signals, Fibonacci retra-
cement generated 7 buy and 6 sell signals, and mean reversion produced the largest number of
short-term signals; the detailed entry-exit table in the source thesis reports 34 complete buy-sell
pairs. This value should be checked against the original notebook before final submission. Table
1 reports the consolidated Pyfolio metrics; trend following is shown in bold as the highest-return
variant (Tripathi 2024).

The strategies split cleanly by what they optimise. Trend following earned the most (annual
13.60%, cumulative 86.60%, Sharpe 0.79) but carried the highest volatility (18.10%) and the deepest
drawdown (-26.80%, reached in early 2023). Fibonacci retracement earned little (2.50% annual)
yet was the steadiest and safest: drawdown stayed within -1.10%, with the best Omega (6.33),
Calmar (2.24) and Sortino (3.81) of the four. Mean reversion sat in the middle, with a moderate
3.50% annual return and a contained -9.50% drawdown. Gap trading was the only loser, at-1.60%
annual and -7.80% cumulative, with negative risk-adjusted ratios across the board.

The agent comparison was qualitative, over the seven queries. Agent3 (GPT-4-Turbo) gave the
strongest answers: it used the available indicators more consistently, addressed the full intent of
the questions and is therefore the preferred model for the proposed proof-of-concept tool. Agent2
(GPT-4) was accurate to the strategy signals but less aware of the surrounding indicators, satisfactory
rather than strong. Agent1 (GPT-3.5-Turbo) was the weakest: on one query it read a trend-following
signal value of “1” as a sell instruction, and on another it ignored both the “five-year-old” and the
“ten sentences” constraints, which Agent2 and Agent3 both honoured exactly. No agent fabricated
data on the first query; all three fetched the correct values from the DataFrame (Figure 3).

Tab. 1 Backtest comparison of the four trading strategies on Reliance Industries, 2019-2024 (NaN =value
not defined in the source)

Metric Gap Trading Trend Following Rel:ti:)a(::':::int Mean Reversion
Annual Return -1.60% 13.60% 2.50% 3.50%
Cumulative Returns -7.80% 86.60% 12.90% 18.50%
Annual volatility 7.00% 18.10% 4.20% 7.50%
Sharpe ratio -0.20 0.79 0.61 0.50
Calmar ratio -0.10 0.51 2.24 0.37
Stability 0.36 0.42 0.84 0.84
Max drawdown -15.70% -26.80% -1.10% -9.50%
Omega ratio 0.85 1.21 6.33 1.48
Sortino ratio -0.29 1.23 3.81 0.78
Skew 2.39 NaN 22.90 0.27
Kurtosis 99.54 NaN 554.41 110.50
Tail ratio NaN 1.10 NaN NaN
Daily value at risk -0.90% -2.20% -0.50% -0.90%
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Fig. 2: Example reasoning output of the GPT-powered Agent Executor, which retrieves the strategy
signals for a given date and concludes whether to sell (adapted from Tripathi, 2024).

4 DISCUSSION

Why did the larger model read the data better? The likely reason is not finance knowledge but
instruction-following. GPT-3.5-Turbo’s two errors were both about following the prompt — treating
anumeric flag as a verb, dropping an explicit length limit — rather than about the market. The newer
models did not need to “understand trading” to win; they needed to respect the structure of the
question and the columns they were given. That points to a practical takeaway for anyone building
such a tool: the gain from a better model shows up as fewer misreadings of the user’s instructions,
which for a beginner is exactly where damage would happen.

The backtest also warns against reading “best” off a single column. Trend following looks like the
winner on return, but its -26.80% drawdown is the kind of swing a new investor rarely sits through.
Fibonacci retracement generated a lower absolute return, but its Omega ratio of 6.33 and maximum
drawdown of only -1.10% indicate a substantially different risk profile. The strategies should there-
fore not be compared only by return, be-cause they optimise different combinations of profitability,
volatility and down-side risk. A reasonable reading is that a blend (trend following for upside, mean
reversion for steady participation, Fibonacci for rare low-risk entries) would give more balanced
advice than any one rule, which is the direction the agent’s recommendations leaned.

The main methodological result is that an LLM agent primarily designed for lan-guage tasks
can provide useful explanations over a clean structured price table. This matters because stock
data are already tabular; the contribution of the agent is therefore not price prediction itself, but
the conversion of structured signals into understandable investment-oriented explanations. All
reported figures come from an in-sample backtest on a single stock without brokerage fees, taxes
or slippage, and should therefore be interpreted as optimistic feasibility results rather than as
live trading performance. Only proprietary OpenAl models were tried, with no Llama, Mistral
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or Falcon, so nothing is known about open-source behaviour. And a backtest is not a live record:
slippage and intraday dynamics are absent. Gap trading is the cautionary case. It lost money over
the full window yet was profitable for roughly its first three years, which suggests it might still earn
its place inside a diversified portfolio rather than being dismissed outright.

5 CONCLUSION

A GPT agent reading a marked-up price table can answer a beginner’s investment questions, and
the model behind it decides how well. On Reliance data over five years, GPT-4-Turbo handled
context and instructions best, GPT-4 stayed accurate to the signals, and GPT-3.5-Turbo made the
kind of mistakes that would mislead a novice. Among the strategies the data refuse a single answer:
trend following pays the most and risks the most (13.60% annual, -26.80% drawdown), while
Fibonacci retracement trades rarely but safely (-1.10% drawdown, Omega 6.33). For a tool aimed at
beginners, the results support a design in which a stronger language model explains and compares
several strategy signals, rather than presenting any single rule as universally superior. The next
steps are the ones this study could not take: open-source models alongside the OpenAl ones, more
than one Indian stock, transaction costs and taxes in the backtest, and a path from backtest toward
forward testing under real execution.
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ABSTRACT

In the context of large language models (LLMs) being utilized within organizations that
manage sensitive data, two notable limitations of commercial cloud solutions become
evident. Firstly, there is the risk of confidential information being disclosed when content
is transmitted to external servers. Secondly, there is the issue of the models‘ propensity to
hallucinate in the absence of reliable context. The present paper proposes and implements
a prototype of a fully offline RAG (Retrieval-Augmented Generation) system using exclusively
open-source components. The architecture is predicated on the Agentic RAG approach,
which substitutes linear query processing with a multi-agent system orchestrated using the
LangGraph framework. A hybrid (dense + sparse) approach over the Qdrant vector database
is used for search, and the parallel relational database DuckDB is used for tabular data.
The system is containerized using Docker Compose and runs a local LLM via the Ollama
platform. The evaluation of the output quality was conducted through a comparative
analysis with three existing tools (LM Studio, AnythinglL.LM, NotebookLM) on a set of ten
extensive PDF reports on climate change. The evaluation process involved the utilization of
five complex questions, necessitating the synthesis of information from multiple sources.
The implemented prototype achieved a level of accuracy comparable to the cloud-based
NotebookLLM tool and significantly outperformed solutions employing local LLMs. It also
maintained transparency of answers through citations of source documents and ensured
that data remained on the user‘s local device.
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1 INTRODUCTION

Recent years have seen a rapid development of generative artificial intelligence and large language
models (LLMs), which are gradually transforming the way users and organizations work with
large-scale text data. The foundational technological principle underpinning these models is the
Transformer architecture (Vaswani, 2023), which has facilitated a substantial enhancement in
the quality of language understanding and generation. Commercial tools such as NotebookL.M*
now commonly allow users to upload documents and ask complex questions about their content.
However, it should be noted that this functionality is operated as a cloud service, which necessitates
the transmission of document content to external servers. For organizations handling confidential
information, personal data, or corporate know-how, such a processing regime poses a serious secu-
rity risk, particularly in sectors subject to regulatory obligations regarding data sovereignty.

A second limitation of LLMs that hinders their deployment in processes requiring accuracy is
their tendency toward so-called hallucinations, whereby convincing formulations are produced,
but lack substantiation or are false. The prevalence of hallucinations has been documented in
the extant literature as a systemic problem inherent to all current generative models (Zhang et al.,
2025; Huang et al,, 2025). The likelihood of hallucinations increases in circumstances where the
model lacks access to the current domain context and is compelled to rely exclusively on parame-
ters acquired during the training process.

A potential solution to the aforementioned risks is the deployment of open-source language models
in conjunction with a Retrieval-Augmented Generation (RAG) architecture, executed at a local level.
RAG first searches the provided documents for text segments relevant to the users query and only
then passes them to the language model as a basis for the response (Chai, 2024). The dual benefit
of this approach is twofold: firstly, it narrows the scope for the model to fabricate information (the
response must be grounded in the found context); and secondly, it increases the verifiability of the
output by allowing for a reference to a specific source document. Concurrently, the local deployment
of components guarantees that the content of the documents and the user queries remain within the
organization’s isolated environment.

The practical implementation of this approach is encumbered by several interrelated limitations. It is
evident that locally executable models generally possess a more limited context window and a compar-
atively diminished capacity to synthesize information from multiple sources in comparison to the most
advanced commercial models. Furthermore, a naive implementation of RAG, where the system performs
a single semantic search and directly passes the obtained context to the model, fails for more complex
queries that require combining information from a larger number of text fragments or switching between
semantic search and aggregation operations on structured data (Jeong et al,, 2024). In order to overcome
these limitations, more advanced variants of RAG are emerging. One such example is Agentic RAG, which
shifts from a linear pipeline to the orchestration of specialised agent nodes (Xu et al., 2025).

The goal of this thesis is to design and implement a prototype RAG system that processes unstruc-
tured text data in various formats (PDF, DOCX, PPTX, CSV, XLSX), allows users to:

 ask complex queries across the entire set of documents simultaneously,

» runs all data processing components (text extraction, embedding models, and LLM) exclu-
sively locally without relying on cloud services,

+ provides citations of source documents for each answer, thereby increasing the verifiability
of the output.

'https://notebookim.google.com/
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The implemented prototype is then subjected to a comparative evaluation against three existing
tools—LM Studio?, AnythingL.LM3, and Google’s cloud-based NotebookLLM* using the same set of
large-scale documents. The following section describes the proposed architecture, the technologies
used, and the evaluation procedure. The Results section presents the comparison results and key
observations. The Discussion and Conclusions section interprets the findings, analyzes architec-
tural trade-offs, and summarizes recommendations for practical deployment.

2 METHODOLOGY AND DATA

The system is divided into two pipelines. The ETL pipeline is responsible for processing documents,
with text extraction performed using the Docling library, which has been demonstrated in an inde-
pendent comparison (Javanmard, 2025) to be the most accurate open-source tool for converting
PDF, DOCX, and PPTX documents. Semantic segmentation is achieved through the use of the SpaCy
library with the en_core_web_sm model, which divides the text based on cosine similarity between
adjacent sentences. Parallel storage is facilitated in the Qdrant vector database and the DuckDB
relational database. Tabular data (CSV, XLSX) is stored in both databases, as semantic search is
unable to efficiently handle aggregation queries on structured data.
The proposed system is composed of several parts:

* The Router is responsible for classifying the intent of the query, which is determined by the
following categories: GENERAL — casual conversation; RAG - factual query; RAG_EXHAUSTIVE
—enumeration request; RAG_SUMMARIZATION - summarization.

* The Query Planner determines the search strategy, which may be a semantic search over
a vector database, an SQL query over a relational database, a hybrid combination of both, or
the loading of all fragments of a specific source for summarization queries.

* Analytical Query is responsible for generating and executing SQL queries on a relational
database (with the exception of modifying INSERT and DELETE statements) and formatting
the retrieved rows into text. In the event of failure, the node is restarted, with an error message
being appended to the prompt. In the case of the SQL strategy, the process advances directly to
the Synthesizer node; in contrast, the HYBRID strategy passes control to the Research Worker
node to obtain further context from the vector database.

» The Research Worker operating in parallel for each query generated by the Query Planner,
performs a hybrid search using both dense and sparse embeddings. Documents that have
been found in previous iterations are automatically excluded in order to prevent the creation
of duplicates.

+ Scroll Retriever circumvents the utilization of semantic search, instead retrieving all fragments
from the source specified. These fragments are then reordered by the FlashRank model based on
their relevance to the original query, and subsequently directed to the Fact Extractor node.

* Retrieval Grader employs the FlashRank model to deduplicate and reorder fragments, with
the number of retained fragments being dynamically derived from the size of the context
window utilized by the LLM.

2https://Imstudio.ai
3https://anythingllm.com/
“https://notebooklm.google.com/
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* The Fact Extractor then extracts useful information from the fragments and applies a cosine
similarity check (threshold value 0.15) between the extracted information and the original
text to prevent hallucination at this stage.

* The Synthesizer is responsible for generating the final answer, and it is required to provide
a list of the names of the source files for each statement.

* The Completeness Checker and Hallucination Grader form self-correcting mechanisms:
the former initiates supplementary searches, if necessary (up to three iterations), while the
latter verifies that the response is based exclusively on the provided context; if not, it triggers
a regeneration of the response (up to two correction attempts, after which a warning about
the potential unverified nature of the information is appended to the response).

Fig. 1: A detailed visualization of the multi-agent system used within RAG. (Vlastnik, 2026)
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The Ollama platform is utilized for the operation of local LLMs, ensuring seamless integration
with Python and providing support for a comprehensive range of open-source models. The system
is entirely containerized using the Docker Compose tool, a practice that facilitates its deployment
across diverse operating systems without the necessity of installing dependencies.

For the purpose of comparative analysis, a set of ten extensive PDF documents containing reports
on climate change and meteorological phenomena was selected. It should be noted that the size of
some of these files exceeded 100 MB. A comparative analysis was conducted on four tools:

+ LM Studio is a local tool with an integrated RAG plugin.

* AnythingL.LM is an open-source platform that utilizes LanceDB and the Ollama or LM Studio
platforms as a backend for LLM.

* NotebooKkLM is a cloud solution from Google that serves as a reference benchmark.

* The implemented prototype.

For tools supporting the local model, ministral-3:14b was utilized in all cases. The evaluation was
conducted using five complex questions, the answers to which required the synthesis of informa-
tion from multiple datasets simultaneously (e.g., the trend in Antarctic Sea ice minimum extent
between 2022 and 2024 across three independent reports).

LLM-as-a-judge script was implemented for the automated evaluation of responses. The eval-
uation model receives the user‘s query, the generated response, the extracted context, and the
reference answer. It then assesses the output on a 1-5 scale across two dimensions: relevance
(whether the response addresses the query and aligns with the reference answer) and fidelity
(whether the response is based exclusively on the extracted context). The evaluation is deemed
successful if both dimensions attain a score of at least 4. To mitigate evaluation indeterminism, the
evaluation model‘s temperature is set to zero (PatronusAl, 2026).

3 RESULTS

Table1 summarizes the overall results of the comparative evaluation. Detailed observations
regarding each tool are discussed below.

Tab.1 A Comparison of RAG-Supporting Tools Using a Set of Five Complex Questions Across Ten PDF
Reports on Climate (Vlastnik, 2026)

_ LM Studio AnythingLLM NotebookLM | Prototype
Document processing | Limited (limit of 31.48MB) | Complete Complete Complete
Question 1 Completely incorrect Incomplete Complete Full
Question 2 Completely incorrect Completely incorrect |Complete Correct
Question 3 Completely incorrect Incomplete Complete Full
Question 4 Completely incorrect Incomplete Complete Full
Question 5 Completely incorrect Incomplete Complete Full
Provide citations Yes No Yes Yes
Final evaluation Unsatisfactory Partially satisfactory |Satisfactory Satisfactory
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LM Studio

The tool encountered an error during the dataset preparation phase, resulting from a hard limit
of 31.48 MB per file. The language model was unable to access the relevant information required
to provide correct responses to the test questions, with the result that it generated mostly hallu-
cinations. This finding indicates that integrated RAG functionalities in tools primarily designed
for local chat with LLMs may be ineffective for working with large documents, even if this is not
immediately apparent.

AnythingL.LM

The process of document uploading was accomplished without encountering any issues and
required a time period of approximately minutes. This can be attributed to the utilization of fixed
text segmentation, a method that is less computationally demanding in comparison to semantic
segmentation (Quetal, 2025). It was evident that while some responses were factually correct,
others contained what could be termed ‘confident hallucinations’, i.e. information that was not
found in any of the provided documents. A significant systemic deficiency is the absence of cita-
tions in the generated responses, which hinders the distinction between unsuccessful searches and
failed syntheses of the responses, thereby complicating system tuning in a production environment.

NotebookLM

The cloud-based tool processed all documents with great rapidity and provided correct answers to
the five test questions. Consequently, it functioned as a reference benchmark for the attainment of
quality. From the perspective of the original thesis assignment, the fundamental drawback remains
the necessity of sending documents to a cloud environment, thereby eliminating the protection of
sensitive data — precisely the limitation that motivated this work.

The implemented prototype

A direct comparison of the two solutions reveals that the proposed solution performs comparably
to the NotebookLM tool. The system was capable of searching for relevant information across
multiple documents, linking them together, and generating responses that included citations of
the source files. In a single subcase, the language model demonstrated a prioritization of detailed
meteorological data over summary humanitarian and economic statistics, resulting in a partially
incomplete response. The most significant limitation of the prototype is document processing time:
the complete processing of the test set took approximately two hours, which is a consequence
of using semantic text segmentation. While this strategy does extend the ETL phase, preliminary
observations suggest that it improves the quality of subsequent responses by preserving the
semantic coherence of stored fragments (Qu et al., 2025).

The impact of hardware configuration is a subject that merits further investigation. The devel-
opment and initial testing were conducted on a MacBook M3 Pro with 18 GB of shared memory.
On this particular platform, the system attained a success rate of 80-90% by employing local
models with 8B parameters. An analysis of unsuccessful tests indicated that the search gener-
ally yielded relevant information; however, the model was incapable of synthesizing it correctly.
Subsequent repetition of the evaluation on a device equipped with a dedicated Nvidia GeForce
RTX 5090 graphics card and larger VRAM capacity yielded identical models achieving success
rates of 95-100%. The probable cause of the issue appears to be disparate memory management.
On the MacBook, shared memory was required to support the operating system, the database
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and the agent system. In certain instances, this could result in the clipping of the context window
when a substantial number of fragments were supplied. This phenomenon was compensated for
in the implementation by dynamically configuring the number of fragments and the context size
according to the currently used model.

The following conclusions can be drawn from the comparison. Firstly, it is imperative to
acknowledge the pivotal role that document preprocessing plays in ensuring the efficacy of the
entire system. The failure of the LM Studio tool when confronted with file size limitations serves
to underscore the limitations inherent in the ETL phase, thereby negating the potential benefits of
even a sophisticated LLM. Secondly, hallucinations were identified as the predominant cause of
failure in the LM Studio and AnythingL.LLM tools. In the implemented prototype, their occurrence
was significantly reduced by combining more precise hybrid search, extraction of relevant facts,
and self-correcting mechanisms to verify the completeness and accuracy of the response. Thirdly,
cross-document synthesis necessitates a high-quality search. In the event of retrieval failure,
a more powerful language model is unable to compensate for the information deficit. Fourthly,
it is imperative to incorporate citations in order to ensure the verifiability and calibration of the
system. In conclusion, a local solution that is built on open components has demonstrated compet-
itiveness against the cloud-based NotebookL.M, despite utilizing a considerably reduced language
model and offering a mere command-line interface.

4 DISCUSSION AND CONCLUSIONS

The transition from the Naive RAG to the Agentic RAG approach (Xuetal,, 2025) was identified
as a pivotal architectural decision. In the context of more complex queries, the linear sequence
of context retrieval and response generation reaches a limit imposed by the model‘s context
window and the one-time nature of the search. The replacement of the pipeline with a multi-agent
system featuring a planning node (Query Planner), parallel search (Research Worker), filtering
(Retrieval Grader), and iterative supplementary search (Completeness Checker) resulted, according
to observations made during the development process, in the most significant enhancement to the
system‘s overall success rate in a single step. These findings are consistent with the broader trend
of RAG architectures shifting from a static to an agent-based paradigm, as described in the litera-
ture (Jeong et al., 2024).

A secondary, yet substantial, decision was the integration of semantic and lexical search compo-
nents. The utilization of metadata extracted by a language model as a pre-filter, a process which
was subjected to initial testing, paradoxically resulted in outcomes that were inferior to those
achieved by a pure hybrid search combining dense and sparse embeddings, a combination that is
natively supported by the Qdrant database. The probable cause of this issue is the lack of reliability
of smaller local models in the process of keyword extraction, in addition to errors in the specialized
agent that had to link these words between the query and the metadata in the database.

The processing of structured data necessitated the integration of a parallel relational database.
Semantic search has not been designed for aggregate queries on tables of the type “select the
ten highest values”. Following an unsuccessful attempt to deploy PostgreSQL, whose syntax and
schemas smaller local models could not consistently generate, the built-in analytical database
DuckDB was selected. This proved effective even with less powerful models when interacting
with the SQL agent.
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The evaluation yielded several management-relevant implications for organizations considering
the deployment of RAG on sensitive documents. Firstly, it is evident that local deployment with
open LLMs is currently a viable alternative to cloud solutions, at least for organizations that can
tolerate longer document processing times and the absence of a graphical user interface. Secondly,
the accuracy of responses is contingent on computational power, particularly graphics memory
capacity. The disparity in memory capacity between 18 GB of shared memory on a laptop and
the dedicated VRAM of a high-performance graphics card resulted in a notable enhancement in
success rates, from 80-90% to 95-100%, for models of identical design. Consequently, investment
in hardware constitutes an indispensable component within the cost calculation for such a solu-
tion. Thirdly, the choice between RAG and model fine-tuning remains open. RAG is suitable where
the document corpus grows dynamically and a cited response is required. Conversely, fine-tuning
is advantageous when consistent style and deep domain expertise are needed (Ailoitte, 2026).

The selected architectural design is also subject to inherent limitations. Reasoning models, which
engage in an internal chain of reasoning prior to outputting a result, have been demonstrated to
be ineffective within Agent RAG. The high latency of these models, which is exacerbated by the
number of agent nodes, results in a disproportionate overhead for simple decision-making tasks
(such as intent classification in Router). In the context of multi-agent systems, it is therefore more
appropriate to employ standard models and, if necessary, reserve the reasoning model solely for
the final synthesis of the response. The limitations of the system are evident in a number of ways.
Firstly, the test set is limited in size, comprising a mere five questions across a single domain,
namely climate reports. Secondly, the absence of formal statistical evaluation is notable. Thirdly,
the restriction to a command-line interface hinders usability for non-technical users.

The present paper has demonstrated that a RAG system prototype built exclusively on open-source
components and operated entirely offline can achieve a quality comparable to that of a leading
cloud-based competitor when performing factual queries on a large collection of unstructured
documents. The key building blocks that were identified in this study are: firstly, the Agentic RAG
architecture; secondly, hybrid search over a vector database; thirdly, a parallel relational database
for tabular data; and finally, a multi-stage self-correcting mechanism (which includes a cosine simi-
larity check during fact extraction, response completeness verification, and hallucination check). The
primary constraints pertain to the protracted document processing time, attributable to semantic
segmentation, the reliance on local hardware performance, and a user interface constrained to the
command line. Consequently, the subsequent enhancement of the system is centered on the opti-
mization of the ETL pipeline and the development of a desktop application that would facilitate the
utilization of the solution by non-technical users. From the perspective of broader implications for
organizational competitiveness, the prototype demonstrates that protecting corporate information
assets while utilizing generative Al does not necessarily entail a significant compromise in output
quality — provided the organization is willing to invest in appropriate local hardware and accept
the current functional limitations of open models.
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ABSTRACT

This study examines how physical and digital product presentation shape consumer
evaluation in the context of reusable water bottles. The research focuses on whether the
possibility of direct tactile interaction with a product influences perceived attractiveness,
purchase intention, certainty of evaluation, and pupil response. An experimental design
combining eye-tracking, pupillometry, and a post-exposure questionnaire was used to
compare electronic product presentation with physical presentation involving product
handling. The findings suggest that tactile interaction did not systematically change
perceived product attractiveness. However, for selected products, the form of presentation
affected purchase intention and certainty of evaluation, indicating that haptic information
may become relevant when material or functional product characteristics are salient. The
pupillometry results showed differences between physical and electronic presentation,
although pupil dilation was not consistently associated with product attractiveness or
purchase intention. Overall, the study contributes to sensory marketing research by showing
that physical product experience may influence selected aspects of consumer decision-
making, while its effect depends on the specific product and evaluated attribute. The results
also highlight both the potential and limitations of pupillometry as a complementary method
for studying consumer responses to haptic product presentation.
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1 INTRODUCTION

Online shopping has become an increasingly common way of purchasing a wide range of goods
and services. This trend is reflected in the growing number of online shoppers and the increasing
revenues generated by e-commerce. In the online environment, products are typically presented
through several formats, most commonly photographs accompanied by product descriptions,
zoom functions, product videos (Boardman and McCormick, 2019), or virtual mirrors (Cho and
Schwarz, 2012). These presentation formats are designed to introduce the product to consumers,
communicate its features, and motivate purchase.

Their main purpose is to provide consumers with relevant product information that supports
the purchase decision-making process. However, most online presentation formats rely primarily
on visual stimuli, or on a combination of visual and auditory stimuli. As a result, consumers are
unable to touch, try, or physically experience the product due to the barrier between the virtual
and physical shopping environments. Product presentation can therefore range from purely digital
or multimedia-based formats to direct physical contact with the product, where information is
acquired not only through vision and hearing but also through other senses, particularly touch.

This study is situated within the field of sensory marketing and focuses on the effect of product
presentation form on consumer decision-making. Specifically, it compares two forms of product
presentation: electronic and physical. Reusable water bottles were selected as the product category
because their material, weight, shape, and handling characteristics may be relevant to consumer
evaluation. The study uses eye-tracking with pupillometry to capture changes in pupil size, which
may reflect consumers’ physiological responses to product stimuli. These data are complemented
by a questionnaire assessing consumers’ perceptions of the different presentation forms.

2 LITERATURE REVIEW

2.1 Haptics and its effect on the consumer decision-making
process

Although online shopping and various forms of digital product presentation have become common,
e-commerce may still be perceived as less suitable for evaluating products with specific physical
characteristics, such as material, texture, workmanship, and overall quality (Suh et al., 2018). These
attributes are often difficult to assess online, although they may play an important role in the
consumer decision-making process. Their limited accessibility can therefore complicate product
evaluation and increase the perceived risk associated with purchase decisions (Verhagen et al.,
2016). The absence of physical contact is particularly relevant because sensory perception influ-
ences emotions, memories, preferences, product choice, and product use (Suh et al,, 2018). Touch
is especially important in retail settings, where direct product contact is a natural part of product
evaluation and consumer behaviour (Holbrook, 1983).

Previous research suggests that the possibility of touching a product can influence consumers’
attitudes, purchase decisions, trust in the product, and perceived product attractiveness. Direct
physical contact enables consumers to evaluate the physical characteristics of a product more
accurately. Peck and Childers (2003) argue that consumers often prefer to touch products before
purchase, particularly when material characteristics are relevant to product evaluation. Vision
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and touch are among the dominant senses through which consumers explore product charac-
teristics (Balajietal., 2011). Similarly, Schifferstein and Cleiren (2005) suggest that when both
visual and tactile information are available, consumers may form a stronger and more confident
evaluation of the product.

The importance of touch in consumer behaviour has also been demonstrated in several empir-
ical studies. Balaji et al. (2011) examined the effect of tactile and visual stimuli on product attitude,
product evaluation, and purchase intention. Their findings indicate that tactile product informa-
tion can significantly influence product evaluation. In their study, tactile stimuli had a stronger
effect on attitude and purchase intention than visual stimuli. Participants also evaluated products
more positively and with greater certainty when they were able to touch them; in contrast, the
absence of touch could negatively affect product perception. Similar conclusions were reported
by Subhashetal. (2019), who examined the role of touch in overall product evaluation. Their
study, conducted in the United States and replicated in India, found that touch had a positive effect
mainly for products with characteristics that needed to be explored haptically, such as blankets.
For products for which touch was less relevant, such as flash drives, this effect was not confirmed.
However, Vieira (2012) did not find evidence that touch necessarily changes purchase probability.

2.2 Tactile research using neuroscientific and psychophysiological
methods

Haptics has also been studied using neuroscientific and psychophysiological methods. Compared
with self-report methods, these approaches can provide more immediate and less verbally
mediated data on consumer responses. They may also reduce some limitations associated with
retrospective questioning, because self-reported answers are typically collected after exposure to
the stimulus and may be influenced by memory, interpretation, or response bias. However, only
a limited number of studies have examined haptics in relation to marketing and consumer deci-
sion-making using such methods (Vrana and Mokry, 2020).

Parketal. (2015, 2018), for example, investigated the relationship between the physical charac-
teristics of a product and consumer preference and satisfaction using EEG. Their findings showed
an association between preference and gamma oscillations. Francisetal. (1999) also demon-
strated that different types of touch, including pleasant, neutral, and painful touch, are associated
with activity in different brain areas. Despite their potential, neuroscientific methods are not yet
widely used in this research area, partly because they are often costly, technically demanding,
and time-consuming (Vrana and Mokry, 2020). For this reason, less demanding methods, such as
eye-tracking and pupillometry, may offer a useful alternative for studying consumer behaviour.

Pupillometry is based on the measurement of changes in pupil size. According to Loewenfeld
(1993), puplil size is not influenced only by the amount of light in the environment, but may also
respond to non-visual stimuli, emotions, and cognitive processes. Pupil responses have been
linked to mental effort, surprise, attention, decision certainty, belief formation, and information
gain (Zénon, 2019). Pupil dilation has also been associated with food preference, taste, and music
perception (Sirois and Brisson, 2014). These findings suggest that pupillometry may be useful for
capturing physiological responses that accompany product evaluation.

Bertheaux et al. (2020) used pupillometry to measure emotional responses during tactile inter-
action with different material surfaces. Their results showed changes in pupil size during the first
two seconds of touch, and the pattern of pupil response was consistent with findings reported
by Bradley et al. (2008). Pupil dilation was observed in response to both positively and negatively
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evaluated stimuli when compared with neutral stimuli. Similar use of pupil dilation as an indi-
cator of consumer response can be found in Laeng et al. (2016), who focused on wine labels, and in
Ramsgy et al. (2017), who examined clothing and found a relationship between pupil dilation and
product preference.

2.3 Hypotheses development

The main objective of this study is to determine whether the form of product presentation, i.e.
electronic or physical, influences consumer decision-making in the context of reusable water bottles.
To achieve this objective, the study combines eye-tracking and pupillometry with questionnaire-
-based evaluation. The following hypotheses were formulated in relation to the research objective.

H1: There is no difference between electronic and physical product presentation in
perceived bottle attractiveness.

This hypothesis is based on Peck and Wiggins (2006), who suggest that the possibility of touching
a product may increase its perceived attractiveness.

H2: There is no difference between electronic and physical product presentation in
purchase intention.

This hypothesis is based on McCabe et al. (2003), Peck and Wiggins (2006), and Balaji et al. (2011),
whose studies indicate that consumers may be more likely to purchase a product when they are
able to touch it before making a decision.

H3: There is no difference between electronic and physical product presentation in
certainty of product evaluation.

This assumption follows Grohmannetal. (2007) and Balajietal. (2011), who suggest that
consumers may be more certain about their evaluation when they can physically interact with the
product.

H4: There is no difference in pupil response between electronic and physical product
presentation.

This hypothesis builds on the assumption that pupil dilation may reflect mental effort or arousal
(Kahneman, 2013). Since physical product presentation involves product handling and tactile

exploration, it may elicit a different pupil response than electronic presentation.

H5a: There is no difference in pupil response across levels of perceived attractive-
ness during electronic product presentation.

H5b: There is no difference in pupil response across levels of perceived attractive-
ness during physical product presentation.
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Hé6a: There is no difference in pupil response across levels of purchase intention
during electronic product presentation.

H6b: There is no difference in pupil response across levels of purchase intention
during physical product presentation.

These hypotheses are based on previous studies suggesting that pupil dilation may occur in
response to emotionally or motivationally relevant stimuli, including both positively and nega-
tively evaluated stimuli, compared with neutral stimuli (Bertheaux et al., 2020; Bradley et al., 2008;
Laengetal, 2016; Ramsgy et al., 2017). In the present study, pupil response is therefore examined
in relation to perceived attractiveness and purchase intention under both electronic and physical
presentation conditions.

3 METHODOLOGY AND DATA
3.1 Preparatory phase of research

Reusable water bottles were selected as stimuli for this study. This product category was chosen
because reusable bottles differ in several physical characteristics, such as material, weight,
shape, and surface properties. These characteristics may be relevant for product evaluation
and may increase the importance of touch during physical product presentation (Klatzky and
Lederman, 1992, 1993; Chen et al., 2009; Vieira, 2012).

In total, 25 reusable bottles were selected. Their prices ranged from 39 to 999 CZK, their volume
ranged from 0.5 to 1 litre, and they represented six different types of material. The products were
divided into two comparable groups for the purpose of A/B testing. Bottle no. 25 was used only
during the preparatory phase and was not included in the main analysis.

Graphical materials were prepared for each stimulus. These materials consisted of real
product photographs obtained from online sources and were supplemented with specific
product information, including manufacturer, product name, volume, weight, height, mate-
rial, price, and additional characteristics.

The eye-tracking experiment was created in SR Research Experiment Builder, version 2.2.61,
and consisted of two versions, A and B. Both versions included 24 reusable bottles. In version A,
the first 12 bottles from the first product group were accompanied by a hand symbol, indicating
that participants would see the bottle on the screen and could also touch and manipulate the phys-
ical product. The remaining 12 bottles were accompanied by an eye symbol, indicating that the
product would be presented only visually on the monitor. Version B used the opposite assignment
of presentation forms to product groups. This design ensured that each product was presented in
both conditions across participants, while each participant evaluated a given product in only one
presentation condition. Therefore, comparisons between electronic and physical presentation for
individual products were treated as between-group comparisons.

The experiment was conducted in a room with covered windows in order to reduce changes
in pupil size caused by variations in ambient light. Participants also wore noise-cancelling head-
phones, which reduced surrounding noise by 27 dB.
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Fig. 1: An overview of reusable bottles used in the research

3.2 Research realization phase

The research was conducted at the Faculty of Business and Economics, Mendel University in
Brno, between 3 March and 12 March 2020. The sample consisted of 22 participants, including
10 men and 12 women, mostly students aged 18-26. All participants took part in two experimental
sessions, which were conducted exactly seven days apart. Eye-tracking data were recorded using
a stationary SR Research EyeLink 1000 Plus eye-tracker.

Before each product stimulus was displayed, either a hand symbol or an eye symbol appeared
on the monitor for 6,000 ms. If the eye symbol was displayed, participants were informed that the
product would be presented only on the monitor. If the hand symbol was displayed, participants
saw the product on the monitor and were also given the corresponding physical bottle, which they
could touch and manipulate.

All product stimuli, symbols, and fixation crosses were presented on a white background
(RGB: 255, 255, 255). Each product stimulus was displayed for 25,000 ms. During the physical pres-
entation condition, a shading desk was placed under the chin rest to prevent participants from
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Fig. 2: The experimental procedure: participant handling a test bottle

looking directly at the physical bottle in their hands instead of the image displayed on the monitor.
The sequence of stimuli was randomized so that electronic and physical presentation conditions
alternated throughout the experiment.

After all stimuli had been presented, participants were informed that the eye-tracking part of
the experiment had ended. They then completed an electronic questionnaire displayed on the
monitor. In the questionnaire, participants evaluated each bottle in terms of perceived attractive-
ness, purchase intention, and certainty of evaluation using a seven-point Likert scale.

3.3 Data processing and statistical analysis

The collected data were analysed using IBM SPSS Statistics 25, Microsoft Excel, and SR Research
EyeLink Data Viewer. Eye-tracking data were exported for the right eye only, as this was consi-
dered sufficient for the purposes of the study. Several variables were used for data analysis and
hypothesis testing.

Questionnaire responses were measured on a seven-point Likert scale and were therefore treated
as ordinal data. The pupillometric part of the analysis was based on a dilation/constriction coeffi-
cient, which captured changes in pupil size during the first two seconds of stimulus exposure. This
time window was selected because previous research suggests that the most pronounced pupil
response to tactile stimulation may occur shortly after stimulus onset (Bertheaux et al., 2020).

Pupil data were recorded at a sampling frequency of 1,000 Hz. For easier processing, the data
were averaged in EyeLink Data Viewer before further analysis. The pupil-size change coefficient
was then calculated using the following formula:

[d(t) - d(25)] / d(25) @

In this formula, d(25) represents the mean pupil size during the 25-second stimulus presentation,
while d(t) represents pupil size at time t during the first two seconds of exposure. The resulting
pupil-size change coefficients were averaged across the first two seconds and used as the main
pupillometric variable in hypothesis testing.
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The hypotheses concerning the effect of presentation form on perceived bottle attractiveness,
purchase intention, and certainty of evaluation were tested using the Wilcoxon rank-sum test.
This test was selected because each participant evaluated a given product in only one presenta-
tion condition; therefore, the comparison between electronic and physical presentation was based
on independent groups. Analysis of variance (ANOVA) or the non-parametric Kruskal-Wallis test
was used to determine the effect of perceived attractiveness and purchase intention on pupil-size
change in the two presentation conditions. When the assumption of normality was violated, the
non-parametric test was used.

4 RESULTS
4.1 Hypothesis 1

As shown in Fig. 3, perceived bottle attractiveness varied for some products depending on the form
of presentation. The largest differences were observed for bottles no. 4, 3, and 1, for which physical
presentation led to higher attractiveness ratings. In contrast, bottles no. 16, 23, 24, and particularly
bottle no. 17 received higher attractiveness ratings in the electronic presentation condition.

However, the Wilcoxon test did not confirm a statistically significant difference in perceived
attractiveness between the two presentation forms. Bottles no. 4 and 17 were closest to statistical
significance. For bottle no. 4, physical presentation had a positive effect on perceived attractive-
ness, whereas for bottle no. 17 the opposite pattern was observed.

Fig. 3: Bottle attractiveness ratings by presentation form (1 - very unattractive; 7 - very attractive)
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4.2 Hypothesis 2

As shown in Fig. 4, purchase intention tended to be more positively affected by physical presen-
tation than by electronic presentation for several products. Positive differences were observed
particularly for bottles no. 12 and 13, which were also among the bottles with the lowest overall
purchase intention ratings. In contrast, bottle no. 7 showed a substantial decrease in purchase
intention in the physical presentation condition.

The Wilcoxon test confirmed a statistically significant effect of presentation form on purchase
intention for two bottles. Although differences were also observed for several other bottles, these
differences were not statistically significant. Physical presentation had a negative effect on purchase
intention for bottle no. 7, whereas a positive effect was observed for bottle no. 12.

Fig. 4: Purchase intention ratings by presentation form (1 - I am certainly not interested to purchase;
7 -1 am certainly interested to purchase)

4.3 Hypothesis 3

The final self-reported variable examined was participants’ certainty of evaluation for individual
bottles in relation to presentation form. As shown in Fig. 5, differences in certainty ratings were
generally small across all products. Mean certainty values ranged between 5.2 and 6.2, indicating
relatively high certainty in both presentation conditions.

The Wilcoxon test confirmed a statistically significant effect of presentation form only for bottle
no. 20. For the remaining bottles, the differences between electronic and physical presentation
were not statistically significant.
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Fig. 5: : Certainty of evaluation by presentation form (1 - I am not certain at all; 7 - I am completely
certain) 7 -I am certainly interested to purchase)

4.4 Hypothesis 4

The results showed that presentation form affected pupil-size change in 17 bottles, representing
71% of the analysed products. In the remaining seven bottles, specifically bottles no. 2, 7, 8, 9,
10, 11, and 22, the mean pupil size was higher in the physical presentation condition than in the
electronic presentation condition, but these differences were not statistically significant.

Overall, the results indicate a general tendency towards stronger pupil response during physical
product presentation. This pattern may be related to the additional effort involved in handling and
manipulating the bottles during the physical presentation condition.

4.5 Hypothesis 5a, 5b

Pupil size was used as the dependent variable, while perceived attractiveness was used as the inde-
pendent variable. The hypotheses were tested using all bottles simultaneously. For the electronic
presentation condition, the assumption of normality was met, and analysis of variance was there-
fore used. For the physical presentation condition, the assumption of normality was not met, and
the non-parametric Kruskal-Wallis test was applied.

The results did not confirm a statistically significant effect of perceived attractiveness on pupil-
size change in either presentation condition. In both cases, the p-values were above the selected
significance level of a=0.05. Therefore, the null hypotheses were not rejected. The physical pres-
entation condition was also tested using the parametric variant of the test for verification, and the
results remained unchanged.
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4.6 Hypothesis 6a, 6b

The effect of purchase intention on pupil-size change was also not statistically significant. Although
the p-values were lower than those obtained for perceived attractiveness, they remained above the
selected significance level of a=0.05. Therefore, the null hypotheses were not rejected for either
presentation condition.

Figures 6 and 7 illustrate the course of pupil-size change during the first two seconds of stimulus
exposure. The bottles were divided into three groups according to purchase intention. The first
group included the eight bottles with the highest purchase intention ratings, the second group
included eight bottles with medium purchase intention ratings, and the third group included the
eight bottles with the lowest purchase intention ratings.

Only small differences between these groups were observed, particularly around 1,000 ms after
stimulus onset. However, the statistical tests did not confirm these differences as significant.

Fig. 6: Pupil-size change during the first two seconds of exposure according to purchase intention in
the electronic presentation condition

Fig. 7: Pupil-size change during the first two seconds of exposure according to purchase intention in
the physical presentation condition
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5 DISCUSSION AND CONCLUSION

The results of this study did not confirm a significant effect of presentation form on perceived
product attractiveness. The difference between the present findings and those reported by
Subhash et al. (2019) may be explained by the fact that this study focused specifically on perceived
attractiveness, whereas Subhash et al. (2019) examined overall product evaluation. Although these
constructs are closely related, they are not identical. Another possible explanation is the product
category used in the research. In the study by Subhashetal. (2019), presentation form affected
mainly products with haptically relevant characteristics, such as blankets and sweaters, while this
effect was not observed for products for which touch was less important, such as flash drives and
DVDs. It is therefore possible that, in the case of reusable water bottles, haptic characteristics such
as material, weight, or surface properties are related more to perceived usability and quality than
to perceived attractiveness.

The results also indicate that presentation form may affect purchase intention to some extent.
Similar conclusions have been reported in previous research. Balajiet al. (2011) found a positive
effect of physical product presentation on purchase intention for tissue papers, whereas Vieira
(2012) did not find a relationship between touch and purchase probability in the case of hand
soaps. These findings are also consistent with McCabe (2003), who suggests that physical product
examination is more important for material products, where characteristics such as material,
weight, temperature, and surface texture are relevant, than for geometric products, where shape
and size are the main attributes. In the present study, a statistically significant effect of presenta-
tion form was found only for two bottles. This may suggest that the haptic characteristics of most
bottles were not sufficiently distinctive to substantially influence purchase intention.

Another hypothesis concerned the effect of touch on certainty of product evaluation. Previous
studies by Grohmann et al. (2007) and Balajietal. (2011) suggest that tactile input may increase
consumers’ certainty when evaluating products. In the present study, however, this effect was
confirmed only for bottle no. 20. For bottles no. 1, 3, and 19, a similar tendency was observed, but
the differences were not statistically significant. One possible explanation is that, during the elec-
tronic presentation condition, written descriptions provided detailed information about product
characteristics that would otherwise be accessible mainly through touch. As a result, participants
may have been able to form a relatively clear evaluation of the products even without physical
contact. The availability of detailed product information may therefore have increased certainty in
the electronic presentation condition and reduced the additional value of touch.

The relationship between presentation form and pupil-size change was also examined. The
results showed that physical presentation was associated with pupil dilation in most of the analysed
bottles. Since pupil size can be influenced by many factors that are difficult to fully control, these
results should be interpreted with caution (Sirois and Brisson, 2014). The stronger pupil response
observed during physical presentation may reflect the additional sensory, attentional, or motor
demands associated with handling the product. However, it cannot be interpreted as a direct indi-
cator of preference or emotional response without considering other possible explanations.

Previous studies by Bertheauxetal (2020), Bradleyetal. (2008), Laengetal. (2016), and
Ramsgy et al. (2017) suggest that pupil dilation may occur in response to both positively and nega-
tively evaluated stimuli when compared with neutral stimuli. In this study, pupil-size change
was examined in relation to perceived attractiveness and purchase intention under both pres-
entation conditions. However, the results did not confirm a statistically significant relationship
between pupil-size change and these evaluation variables. Although small differences between
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the best-rated, medium-rated, and lowest-rated groups were visible in the time course of pupil-size
change, particularly during the first second after stimulus onset, these differences were not statis-
tically significant. One possible explanation is the absence of sufficiently extreme evaluations. The
mean ratings of most bottles ranged from 1.9 to 5.4 on a seven-point scale, which means that highly
positive evaluations were largely absent. Since pupil dilation is expected to be more pronounced
for highly positive or highly negative stimuli, the limited range of evaluations may have reduced
the likelihood of detecting significant differences.

As online shopping continues to grow, the barrier between virtual and physical product expe-
rience remains an important topic for consumer research. This study contributes to sensory
marketing by examining how electronic and physical product presentation influence consumer
evaluation and pupil response. The findings suggest that touch does not necessarily increase
perceived attractiveness, but it may influence purchase intention and certainty of evaluation for
selected products. The results also show that pupillometry can capture differences between pres-
entation forms, although its interpretation requires caution.

Future research should further examine product categories with more distinctive haptic charac-
teristics. In the case of reusable water bottles, future studies could include metal bottles and bottles
with more diverse shapes, such as rectangular designs. It would also be useful to separate the two
presentation conditions more clearly. In the electronic condition, participants could evaluate only
product photographs or videos on a monitor, whereas in the physical condition they could freely
handle and visually inspect the real product without simultaneous presentation on the screen.
This would make it possible to compare digital and physical product experience more directly and
reduce potential overlap between the two presentation forms.
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ABSTRACT

This study investigates the roles of foreign direct investment (FDI), oil revenues, and trade in
shaping economic growth in Gulf Cooperation Council (GCC) countries over the period 1995-
2024. The analysis employs the pooled mean group autoregressive distributed lag (PMG-
ARDL) model to capture both long-run and short-run dynamics, and uses fully modified
ordinary least squares (FMOLS) for robustness. The results indicate that FDI and oil rents
exert positive, statistically significant effects on long-run per capita income. In contrast,
merchandise trade does not exhibit a significant contribution to growth. The short-run
estimates confirm the presence of a stable adjustment mechanism toward the long-run
equilibrium. These findings highlight the dominant role of resource revenues and external
capital inflows in the GCC growth process and point to the need for policies that promote
diversification and strengthen non-oil sectors.

Keywords: FDI, merchandise trade, oil rents, economic growth
JEL Code: F43, F21, 011, Q32

1 INTRODUCTION

Economic growth remains a significant indicator of economic performance, reflecting improve-
ments in income, employment, and overall welfare. Traditional growth theories emphasize capital
accumulation, labour expansion, and technological progress (Solow, 1956; Swan, 1956; Saleem et al.,
2020), while more recent approaches incorporate external drivers such as foreign direct invest-
ment, trade, and natural resource endowments. FDI contributes to growth through capital inflows,
technology transfer, and integration into global production networks (Borensztein et al.,, 1998;
Yimer, 2022; Duodu and Baidoo, 2020). Trade openness enhances efficiency and allows countries to
exploit comparative advantages (Frankel and Romer, 1999; Sirag et al., 2018). However, the growth
effects of FDI and trade may differ across economies depending on structural characteristics such
as resource dependence, institutional quality, and sectoral composition.

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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In resource-dependent economies, natural resource revenues often remain the dominant source
of growth, shaping both macroeconomic stability and long-term development paths. In the Gulf
Cooperation Council (GCC) countries, Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United
Arab Emirates, oil revenues have historically driven economic expansion. Nevertheless, depend-
ence on hydrocarbons exposes these economies to external shocks, especially oil price volatility
(Sachs and Warner, 1995; Alfaro et al., 2004). Although oil revenues can support infrastructure
development and public investment, excessive reliance on hydrocarbons may weaken economic
diversification and increase vulnerability to external market fluctuations. This has intensified policy
efforts toward economic diversification, with increasing emphasis on FDI and trade as alternative
growth drivers. Several GCC countries have therefore introduced long-term economic transforma-
tion programs aimed at strengthening non-oil sectors and attracting foreign investment.

Although previous studies have examined the relationships among FDI, trade openness, oil reve-
nues, and economic growth, the empirical findings remain mixed in resource-rich economies.
Some studies report positive contributions of FDI and trade to economic growth, while others
find limited or insignificant effects due to continued dependence on oil revenues and structural
constraints. In addition, much of the existing literature examines these variables separately rather
than within a unified empirical framework. The limited number of studies focusing specifically
on GCC countries also suggests the need for updated empirical evidence that jointly evaluates the
relative importance of FDI, trade, and oil rents in influencing economic growth.

This study investigates the long-run and short-run effects of FDI, merchandise trade, and oil rents
on economic growth in GCC countries over the period 1995-2024. By applying the PMG-ARDL
approach, the analysis accounts for heterogeneous short-run dynamics while imposing a common
long-run relationship. The study contributes to the literature by jointly assessing the roles of foreign
investment, trade integration, and oil revenues within a unified framework, thereby providing
updated evidence on the determinants of growth in resource-dependent GCC economies.

2 METHODOLOGY
2.1 Data Source

This study uses annual panel data for selected GCC countries, namely Bahrain, Kuwait, Oman,
Qatar, and Saudi Arabia, covering the period 1995-2024. All variables are obtained from the
World Bank’s World Development Indicators (WDI). The United Arab Emirates is excluded
due to data availability constraints. Despite the exclusion of the United Arab Emirates due to
data limitations, the selected sample still captures the major structural characteristics of GCC
resource-dependent economies. Economic growth is proxied by GDP per capita growth (GDPPCG).
The explanatory variables include foreign direct investment (FDI), merchandise trade (MERCT),
and oil rents (ORT). FDI is measured as net inflows as a percentage of GDP, merchandise trade is
measured as the sum of exports and imports of goods relative to GDP, while oil rents represent
the share of oil revenues in GDP. All explanatory variables are expressed as percentages of GDP
to improve comparability across countries and over time. The selection of variables is consistent
with both theoretical and empirical literature on growth in resource-dependent economies,
where external capital inflows, trade integration, and natural resource revenues are considered
important determinants of macroeconomic performance.
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2.2 Model Specification

To examine the relationship between the variables, the baseline model is specified in Equation 1.
GDPPCG; = p1FDI;; + BoORTy + BsMERCT; + €5

where GDPPCG, represents GDP per capita growth, FDI denotes foreign direct investment inflows,
MERCT captures merchandise trade, and ORT represents oil rents. The error term ¢ accounts for
unobserved country-specific effects. A positive relationship is expected between FDI and economic
growth due to technology transfer, capital accumulation, and productivity spillovers. Merchandise
trade is also expected to positively influence growth through increased market access and effi-
ciency gains. However, the effect of oil rents may be either positive or negative depending on
whether oil revenues promote productive investment or increase dependence on the resource
sector.

2.3 Estimation Technique

The pooled mean group autoregressive distributed lag estimator proposed by Pesaran et al. (1999)
is employed to estimate both long-run and short-run relationships. The approach allows short-run
coefficients, intercepts, and error variances to differ across countries while constraining long-run
coefficients to be homogeneous. This is appropriate given the structural similarities among GCC
economies alongside potential short-run heterogeneity. The PMG-ARDL approach is appropriate
for this study because GCC economies share similar long-run structural characteristics associated
with oil dependence, trade integration, and investment policies, although short-run adjustment
dynamics may differ across countries. Another advantage of the PMG-ARDL framework is that it
can be applied when variables are integrated of mixed order 1(0) and I(1), provided none of the
variables are integrated of order I(2). In addition, the dynamic lag structure of the ARDL specifica-
tion helps reduce potential endogeneity and simultaneity bias by incorporating lagged values of
the explanatory variables.

The use of a cointegration-based framework also minimizes the possibility of spurious regression
and allows the distinction between short-run dynamics and long-run equilibrium relationships.
For robustness, fully modified ordinary least squares (FMOLS) is also applied to validate the
long-run estimates. FMOLS is employed as a robustness estimator because it corrects for potential
endogeneity and serial correlation associated with cointegrated panel regressions. The estimator
produces consistent long-run coefficients by accounting for the possible correlation between the
regressors and the error term. The PMG-ARDL baseline model is in Equation 2.

p q
Yit = a; + E Bijyit—j + E 0;Kit—j + €it @)
J=1 J=1
Where y, is the dependent variable, g, is the constant, j; is the lag coefficient of the dependent

variable y, , K, represents the regressors with &, as their corresponding coefficients, and ¢, is the
error term in the model.
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3 RESULTS
3.1 Descriptive Statistics

Table 1 presents descriptive statistics for the selected variables based on 150 observations. GDP
per capita growth exhibits considerable volatility, with a small positive mean and a negative
median, indicating uneven growth performance across GCC countries and periods. The wide gap
between the maximum value (24.93) and the minimum value (—11.86) further reflects substan-
tial fluctuations in economic performance, likely associated with oil price cycles and external
economic shocks. Foreign direct investment shows substantial dispersion, reflecting periodic
inflows rather than stable investment patterns. The large variation between the maximum and
minimum FDI values suggests that foreign investment inflows differ significantly across GCC
economies and over time, partly due to differences in investment policies, market size, and
sectoral diversification efforts.

Merchandise trade accounts for a large share of GDP, highlighting the high degree of trade
exposure in GCC economies. The relatively high average trade ratio confirms the openness of
GCC economies to international markets through hydrocarbon exports and import dependence.
Oil rents display wide variation, confirming the central role of hydrocarbon revenues and their
sensitivity to global price fluctuations. The substantial dispersion in oil rents also demonstrates
the heterogeneity of resource dependence among GCC countries, with some economies relying
more heavily on oil revenues than others.

Tab. 1 Descriptive Statistics

_ GDPPCG MERCT ORT FDI
Mean 0.284 77.42 29.03 2.324
Median -0.183 75.70 28.26 1.112
Maximum 24.93 129.3 58.36 29.52
Minimum -11.86 40.60 2.67 -2.760

3.2 Cross-Sectional Dependence and Unit Root Tests

Cross-sectional dependence tests in Table 2 reveal strong evidence of interdependence among GCC
economies for GDP per capita growth, merchandise trade, and oil rents, suggesting the presence of
common shocks and regional spillovers. This outcome is expected given the strong economic inte-
gration of GCC countries through oil markets, regional trade linkages, and similar macroeconomic
structures. Accordingly, second-generation panel unit root tests are employed. The CIPS results in
Table 3 indicate that the variables exhibit mixed orders of integration but become stationary after
first differencing, satisfying the requirements for panel ARDL estimation. Since none of the vari-
ables are integrated of order 1(2), the PMG-ARDL framework remains appropriate for estimating
both short-run and long-run relationships.

390



FOREIGN DIRECT INVESTMENT, OIL REVENUES, AND TRADE AS DETERMINANTS OF ECONOMIC GROWTH...

Tab. 2 Cross-sectional dependence test

Evans Yeboah

Test GDPPCG FDI MERCT ORT
Breusch-Pagan LM 24.02%%* 15.06 67.7%** 196%**
Pesaran Scaled LM 3.136%** 1.131 12.90%** 41.61***
Bias-corrected Scaled LM 3.050%** 1.045 12.82%** 41.53%**
Pesaran CD 3.322%** 1.666 6.140%** 13.65%**
Note: ***indicates statistical significance at the 1%
Tab. 3 CIPS unit root results
Variable Constant Constant & Trend
GDPPCG —-2.576%%% -2.271
AGDPPCG —4.821%%* —4.803***
MERCT -0.962 -1.999
AMERCT —4.269%** —4,083%**
FDI -3.055%*%* -3.230%**
AFDI =5.177%** -5.078%**
ORT -1.911 -2.493
AORT -4.115%** —4.346%**

Note: ***indicates statistical significance at the 1%

3.3 PMG-ARDL Estimation Results

The PMG-ARDL long-run estimates in Table 4 indicate that foreign direct investment and oil rents
exert positive, statistically significant effects on economic growth in GCC countries. The coefficient
of FDI is positive and statistically significant at the 1% level, indicating that increases in foreign
capital inflows contribute positively to GDP per capita growth. Specifically, a one-unit increase
in FDI is associated with approximately a 1.27-unit increase in economic growth, suggesting that
foreign investment plays an important role in promoting capital accumulation, technological
transfer, and productivity enhancement in GCC economies. Oil rents also positively influence
growth, reflecting their role in financing infrastructure development and public investment in
resource-rich economies. The positive coefficient on oil rents confirms the continued importance of
hydrocarbon revenues as a major source of economic expansion in GCC countries despite ongoing
diversification efforts. Merchandise trade, however, does not exhibit a statistically significant long-
-run effect on growth. This finding suggests that trade expansion alone may not be sufficient to
generate sustained income growth when exports remain heavily concentrated in the energy sector,
and non-oil export diversification remains limited. In the short run, the error-correction term is
negative and statistically significant. The coefficient of -0.667 implies that approximately 66.7% of
short-run disequilibrium is corrected within one period, indicating a relatively rapid adjustment
toward long-run equilibrium following economic shocks.
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Tab. 4 Estimated coefficients from the PMG model

_ Coefficient Std. Error t-Statistic p-value
Long run
FDI 1.266 0.279 4.529 0.000
ORT 0.296 0.052 5.621 0.000
MERCT -0.030 0.070 -0.440 0.660
Constant 3.138 9.143 0.343 0.732
Short-run
ECT (-1) -0.667 0.210 -3.173 0.002
AFDI -0.841 0.716 -1.174 0.242
AORT -0.317 0.302 -1.049 0.296
AMERCT -0.297 0.431 -0.689 0.491

3.4 Robustness Analysis

FMOLS estimates in Table 5 corroborate the baseline PMG-ARDL findings. Foreign direct investment
and oil rents remain positive and statistically significant determinants of economic growth, confir-
ming the robustness of the long-run relationship. The consistency of coefficient signs and statistical
significance across both PMG-ARDL and FMOLS estimations strengthens the reliability of the empi-
rical results and reduces concerns regarding model instability. Merchandise trade continues to
show no significant effect, reinforcing the view that trade-driven growth in the GCC may depend
on structural diversification rather than trade volume alone. The robustness results, therefore,
support the argument that economic growth in GCC countries remains more strongly associated
with foreign investment inflows and oil-based revenues than with merchandise trade expansion.

Tab.5 FMOLS estimated results

Variable Coefficient Std. Error t-Statistic p-value
FDI 0.214 0.081 2.633 0.009
ORT 0.179 0.037 4.802 0.000
MERCT 0.032 0.032 1.002 0.317
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4 DISCUSSION

The empirical findings indicate that foreign direct investment and oil rents are the main drivers
of economic growth in GCC countries, while merchandise trade does not exert a statistically
significant long-run effect. The PMG-ARDL estimates show that FDI has a relatively large posi-
tive coefficient, suggesting that foreign capital inflows contribute substantially to GDP per capita
growth in GCC economies. The positive contribution of oil rents further reflects the continued
reliance of GCC economies on hydrocarbon revenues as a primary source of income and public
investment financing. This outcome is consistent with resource-based growth arguments, where
natural resource revenues support infrastructure development, fiscal expansion, and public sector
investment. The positive and statistically significant oil rent coefficient confirms that hydrocarbon
revenues remain important to economic activity despite ongoing diversification policies across
the GCC region. However, such dependence also exposes these economies to external shocks and
fluctuations in global oil prices (Mahmood et al., 2022). Consequently, periods of declining oil prices
may weaken fiscal sustainability and reduce the capacity of governments to maintain growth-
-enhancing expenditures.

The positive and significant effect of foreign direct investment supports the view that external
capital inflows enhance growth through technology transfer, productivity improvements, and inte-
gration into international markets. This finding aligns with the predictions of endogenous growth
theory, which emphasizes the role of knowledge spillovers and capital accumulation in sustaining
long-run growth. In the GCC, FDI may also contribute to ongoing diversification efforts by supporting
the development of non-oil sectors (Kahouli and Chaaben, 2022). The magnitude and significance of
the FDI coefficient further suggest that policies aimed at attracting high-quality and technology-in-
tensive foreign investment could generate substantial long-run growth benefits for GCC economies.

In contrast, the insignificant effect of merchandise trade suggests that trade openness alone is
not sufficient to drive growth in resource-dependent economies. This may be explained by the
structure of GCC exports, which remain heavily concentrated in hydrocarbons with limited value
addition. As a result, increases in trade volume do not necessarily lead to broader economic devel-
opment or productivity gains. The insignificant trade coefficient implies that the benefits of trade
may depend more on export composition and industrial diversification than on trade intensity
itself. This finding indicates that the growth impact of trade depends on the composition and diver-
sification of exports rather than trade openness alone.

The results suggest that economic growth in the GCC is primarily shaped by resource revenues and
capital inflows, while the contribution of trade remains conditional on structural transformation.
Policies aimed at enhancing diversification, promoting value-added exports, and strengthening
the absorptive capacity of FDI are therefore essential for achieving sustainable long-run growth.
In particular, GCC governments may strengthen long-run economic resilience by investing oil
revenues in technology-driven industries, manufacturing, renewable energy, logistics, and human
capital development to reduce excessive dependence on hydrocarbons.
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5 CONCLUSIONS

This study examined the determinants of economic growth in selected GCC countries over the
period 1995-2024, focusing on foreign direct investment, oil rents, and merchandise trade within
a PMG-ARDL framework, with FMOLS estimates providing robustness. The findings show that
oil rents and FDI are significant long-run drivers of per capita income growth, confirming the
dominant role of resource revenues and external capital inflows in the GCC growth process. The
empirical results indicate that FDI exerts a relatively stronger growth effect compared to the other
explanatory variables, highlighting the importance of foreign capital inflows in supporting diversi-
fication and productivity improvements. In contrast, merchandise trade does not exert a statistically
significant influence on long-run growth, indicating that trade expansion alone is insufficient in
the absence of export diversification.

These results suggest that sustained economic growth in the GCC depends on effective manage-
ment of resource revenues and the ability to attract productive foreign investment. While trade
remains an important component of economic activity, its growth-enhancing role appears to
depend on structural transformation toward more diversified and value-added exports. Policy
efforts should therefore focus on reducing dependence on hydrocarbons, strengthening non-oil
sectors, and improving the institutional and economic conditions necessary to maximize the
benefits of FDI. The study therefore supports ongoing economic diversification strategies across
GCC countries aimed at promoting private sector development, technological advancement, and
broader economic transformation. Overall, the findings emphasize the importance of balancing
resource-based growth with long-term diversification strategies to achieve sustainable economic
development in GCC economies.
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ABSTRACT

The paper examines the influence of the FOMO effect (Fear of Missing Out) on the
consumer behaviour of Generation Z in the clothing industry. The aim is to identify factors
influencing purchasing decisions with an emphasis on the role of FOMO and to formulate
recommendations for marketing communication differentiated according to consumer
types. Empirical data come from a quantitative questionnaire survey conducted in October
2025 (n=295) among respondents born in 1995-2010. Using hierarchical cluster analysis
(Ward‘s method, Euclidean distance), respondents were divided into four segments
according to the degree of FOMO experienced. Six hypotheses were tested using multiple
linear regression (H1-H3) and Spearman‘s correlation coefficient (H4-H6). The results show
that FOMO is a statistically significant predictor of sensitivity to time limited offers and sales
promotions (p <0.001) and sensitivity to brand communication content (p <0.001). At the
same time, a positive association was confirmed between the level of FOMO, the intensity
of social media use and the frequency of following influencers. On the other hand, FOMO
did not appear to be a predictor of the frequency of online purchases or the consideration of
sustainability. The results suggest differentiated recommendations for brand communication,
which for individuals with high FOMO emphasizes urgency and visual dynamism, while for
segments with low FOMO, credibility, transparency and value content.
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1 INTRODUCTION

Generation Z, defined in this study by the year of birth 1995-2010 (Suryadi et al., 2025), repre-
sents a significant purchasing group whose consumption behaviour is shaped by constant
contact with digital technologies and social networks. Young consumers respond to a rapid
flow of information, visual content and short interactions with brand content, with the
clothing industry being one of the segments in which their preferences are most pronounced.
Studies focusing on the purchasing behaviour of this cohort in fashion confirm that Generation
Z combines rational choice attributes (price, quality) with high sensitivity to visual stimuli on
platforms such as Instagram and TikTok (Djafarova and Bowes, 2021; Wojdyla and Chi, 2024).

In the context of the digital environment, the psychological phenomenon known as FOMO
- the fear of missing out on an experience, opportunity or social event — is gaining impor-
tance. This construct was psychometrically operationalized by Przybylsky et al. (2013) using
the FoMOS scale, which has become the dominant measurement tool in subsequent research.
Studies published in the last decade show that FOMO is associated with impulsive buying
tendencies, higher sensitivity to marketing strategies that work with scarcity and exclusivity,
and increased influence of influencers on purchasing decisions (Bekman, 2022; Dinh et al.,
2023; Oak and Markandeya, 2025).

In the clothing industry, FOMO is gaining particular importance. Rapidly changing trends,
limited collections, visual inspiration on social media, and marketing communications empha-
sizing exclusivity create an environment in which the feeling of missing out can immediately
turn into impulsive buying. Blase et al. (2023) describe in this context that the FOMO effect
supports unsustainable purchasing behaviour in the fast fashion segment, as it increases
the pressure to react quickly and weakens the influence of value considerations. Pham et al.
(2023) confirm that FOMO increases the intention to purchase trendy fashion products among
young consumers on social media, Wu et al. (2021) experimentally demonstrate the effect of
scarcity-based promotional strategies on impulsive buying in an online environment.

Empirical research on the impact of the FOMO effect in the Czech Generation Z remains
limited in the professional literature. The Czech context has so far been described primarily
from the perspective of the general purchasing behaviour of Generation Z (Kunc et al., 2024),
not focusing on the psychological factors of sensitivity to marketing stimuli. This contribution
is trying to fill this gap. The aim of the study is to identify factors influencing the consumption
behaviour of Generation Z in the clothing industry with an emphasis on the role of the FOMO
effect, and based on the results, to formulate recommendations for brand marketing communi-
cation. It is assumed that the degree of FOMO is not homogeneous among consumers and that
differences in the intensity of experiencing this phenomenon are reflected in different sensi-
tivity to marketing tools, digital behaviour and the role of social networks in the purchasing
decision-making process. To empirically verify these assumptions, six hypotheses (H1-H6)
were formulated, which are specified in the following section.
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2 METHODOLOGY AND DATA

The empirical part of the study is based on a quantitative questionnaire survey conducted online
on the Google Forms platform. The questionnaire was intended for members of Generation Z born
between 1995 and 2010 (Suryadietal, 2025); respondents outside this interval were excluded
from the analysis by a filter question. Data collection took place between 17 and 26 October 2025,
distributed primarily via social networks with subsequent dissemination by respondents. Due to
this method of collection, the research sample cannot be considered representative of the entire
population of Generation Z in the Czech Republic, which is a limitation of the study that must be
considered when interpreting the results. Before starting the collection, a pilot study was conducted
on a sample of five respondents to verify the comprehensibility of the items. The total number of
valid observations was n =295.

The questionnaire was structured into thematic blocks focusing on digital behaviour, frequency
and method of clothing purchase, factors influencing choice, attitudes towards sustainability,
influence of social environment, marketing stimuli and brand communication tools. The key
component was the scale for measuring FOMO, translated from the original ten-item FoMOS
scale by Przybylsky et al. (2013). Most items were measured on a five-point Likert scale (1 = disa-
gree / does not motivate, 5 = agree / motivates). The final part contained identification questions.

The internal consistency of the multi-item scales used was verified using Cronbach‘s a coef-
ficient (RabuSicetal, 2018), with a>0.7 being considered the minimum acceptable limit.
A composite average score was then created for each scale, which was used in hypothesis testing.

Hierarchical cluster analysis was used to identify consumer segments, as it does not require
a predetermined number of clusters and allows for the selection of a solution based on visual
inspection of the dendrogram (Meloun and Militky, 2004). Euclidean distance was chosen as
the distance metric, and Ward‘s method (Ward.D2) was used for the merging process, which
minimizes intra-cluster variance. The input variables were ten items of the FOMOS scale. The
calculations were performed in the Jamovi program.

Two statistical techniques were used to test the hypotheses. Hypotheses H1-H3, expressing the
relationship between the level of FOMO and sensitivity to a specific type of marketing or product
stimuli, were tested by multiple linear regression with control variables (age, gender, education)
and an accompanying F-test of the overall model (Hendl, 2012). Hypotheses H4-H6, expressing
the relationship between the level of FOMO and the frequency of a specific behaviour measured
on an ordinal scale, were tested by Spearman‘s correlation coefficient p as a non-parametric
measure of monotonic relationship (RabuSic et al., 2018).

Hypotheses stated:

(1) H1: Higher levels of FOMO are associated with higher sensitivity to time-limited offers

and sales promotions.

(2) H2: Higher levels of FOMO are associated with higher sensitivity to brand communi-

cation content.

(3) H3: Higher levels of FOMO are associated with stronger consideration of ethics and

sustainability when purchasing clothing.

(4) H4: Higher levels of FOMO are associated with more intensive use of social media

in purchasing decisions.

(5) H5:Higherlevels of FOMO are associated with higher frequency of following influencers.

(6) H6: Higher levels of FOMO are associated with higher frequency of online shopping.
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3 RESULTS

The research sample (n=295) consisted mainly of women (75.3%), men represented 24.7%. The
most numerous age groups were 24-26 years (42.7%) and 21-23 years (32.9%); 53.9% of respon-
dents reported a university education. In terms of the size of the place of residence, large urban
agglomerations with over 100,000 inhabitants prevailed (47.8%). Almost half of the sample came
from the South Moravian Region (49.5%), which reflects the nature of the questionnaire distribution.

Descriptive results showed that Generation Z buys clothes mostly several times a year (43.4%) or
about once a month (34.2%). E-shops (M =3.59) and brick-and-mortar stores (M = 3.38) dominate
among sales channels; purchasing via shopping buttons on social networks is among the least
used channels (M = 1.64). When choosing clothes, the key attributes are the quality of the material
(M =3.96) and the price (M = 3.95), while sustainability and production ethics (M = 2.83), trendiness
(M =2.75) and brand (M = 2.54) play a secondary role. Purchasing decisions are most strongly influ-
enced by the Instagram platform (74.2% of respondents) and brand websites (49.2%).

The internal consistency of the scales used was satisfactory to good: FOMO a=0.814, time-lim-
ited offers and sales promotion a=0.786, brand communication a =0.744, sustainability a=0.716.
All values met the minimum threshold of a>0.7. Within the sustainability scale, the item related
to personalized offers was removed to improve consistency, and the item “I would rather buy

Fig. 1: Dendrogram of hierarchical cluster analysis with four segments marked according to the
FOMO measure
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trends than sustainable products” was reverse-coded. Hierarchical cluster analysis of the ten
items of the FoMOS scale led to the division of respondents into four clusters based on visual
inspection of the dendrogram (see Figure1). Segment 1 (n=35) represents individuals with
a high level of FOMO - emotionally sensitive, socially impressionable and impulsively reacting
to stimuli from the digital environment. Segment 2 (n =125) includes individuals with a medium
level of FOMO, characterized as socially engaged but rationally making decisions based on value
alignment with the brand. Segment 3 (n =45) represents individuals with a low to medium level
of FOMO, whose decision-making is pragmatic and oriented towards price and quality. Segment
4 (n=90) includes individuals with a low level of FOMO, who are value-based, plan purchases
and place an above-average emphasis on sustainability.

The results of hypothesis testing are summarized in Table 1. Hypothesis H1 was confirmed:
multiple regression showed a statistically significant model (F (8, 286) = 6.83; p <0.001) explaining
16.0% of the variability in sensitivity to time-limited offers and sales promotion (R*=0.160).
FOMO turned out to be a strong positive predictor (p<0.001). Of the control variables, only
gender showed a statistically significant effect — women showed slightly higher sensitivity than
men (p =0.030). Hypothesis H2 was also confirmed: the model was statistically significant (F (8,
286)=4.38; p<0.001) and explained 10.9% of the variability in sensitivity to brand communica-
tion content (R*=0.109). FOMO was the strongest predictor (p <0.001), gender and the age group
18-20 also showed a significant effect. Hypothesis H3 was not confirmed: FOMO did not appear
to be a significant predictor of considering ethics and sustainability when purchasing clothing;
only gender showed a significant effect. Hypotheses H4 and H5 were confirmed: Spearman‘s coef-
ficient showed a positive correlation between the level of FOMO and the intensity of social
media use (H4) and the frequency of following influencers (H5). The strongest manifestation of
this connection was recorded in the segment with high FOMO. Hypothesis H6, which assumes
a higher frequency of online shopping in individuals with higher FOMO, was not confirmed;
preferences for online and offline channels were similar across segments.

Tab. 1 Summary of hypothesis testing results

Hypothesis | Method Key indicators Result

H1: Multiple linear | - o 556, - 6,83; R?=0,160; FOMO p<0,001 Confirmed
regression

H2: Multiple linear | ¢ (g >g6)=4,38; R2=0,109; FOMO p<0,001 Confirmed
regression

H3: Multlplg linear FOMO statistically insignificant; gender Not confirmed
regression significant

H4: Spearman’s p Positive correlation; p=0.3009; p =0.00001 Confirmed

H5: Spearman’s p Positive correlation; p=0.1969; p=0.00067 Confirmed

. , Correlation statistically insignificant; p=0.1032; )
Hé6: Spearman’s p p=0.07669 Not confirmed
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4 DISCUSSION AND CONCLUSIONS

The results of the empirical investigation confirm that the FOMO effect represents a significant
psychological factor modulating the reactions of Generation Z to selected marketing communica-
tion tools, while in other areas — the choice of sales channel, sustainability orientation — its influence
was not observed. These mixed findings are in line with the current literature. The importance of
the mechanism of scarcity, exclusivity and time pressure for purchase intention is confirmed by the
meta-analysis of Barton et al. (2022), specifically for FOMO in Generation Z in fast fashion by Oak and
Markandeya (2025) and Pham et al. (2023). Wu et al. (2021) experimentally show that scarcity-based
sales promotion directly increases impulse buying in an online environment, which corresponds to
the positive relationship between FOMO and sensitivity to time constraints captured in hypothesis H1.

Confirmation of hypothesis H2 completes the framework in brand communication. Higher
FOMO is associated with higher sensitivity to visually attractive, emotionally tuned and exclu-
sivity-evoking messages. This result corresponds with the observation of Djafarova and Bowes
(2021), according to which Instagram intensively shapes impulsive purchases in fashion among
Generation Z, as well as with the work of Dinh et al. (2023), who identify FOMO as a moderator
of the influence of influencers on purchase intention. Bekman (2022) states that communication
practices, working with the feeling of missing out, generate higher engagement, and strengthen
short-term purchase motivations.

The failure to confirm hypothesis H3 deserves more detailed discussion. The literature suggests
that FOMO may weaken sustainable purchasing behaviour, as it promotes quick and impul-
sive reactions that contradict the consideration of the long-term consequences of consumption
(Blase et al., 2023). However, in this research, FOMO did not emerge as a statistically significant
predictor of sustainability-oriented behaviour; gender showed a more significant effect. The
outcome of the segmentation analysis is interesting: the segment with the highest FOMO declared
a relatively strong interest in sustainability and at the same time a preference for trendy prod-
ucts, which corresponds to the phenomenon of a discrepancy between declared values and actual
behaviour. The segment with the lowest FOMO, on the other hand, attached the highest impor-
tance to sustainability and showed the highest level of purchase planning. In this context, Wojdyla
and Chi (2024) state that Generation Z declares sustainability attitudes, but their translation into
purchasing behaviour remains inconsistent.

Confirmation of hypotheses H4 and H5 shows that a higher level of FOMO is systematically linked
to more intense movement in the digital environment and higher exposure to influencer content.
Because of the cross-sectional design of the survey, it is not possible to decide on the direction of
causality — it is likely a mutually reinforcing relationship, which is also pointed out by Dinh et al. (2023).
On the contrary, failure to confirm hypothesis H6 shows that FOMO does not differentiate Generation
Z in terms of the choice of shopping channel. This result corresponds to the observation of Kunc et al.
(2024), according to which the shopping behaviour of Czech Generation Z is primarily omnichannel
and searching for products online is naturally combined with shopping in brick-and-mortar stores.

From a marketing practice perspective, the results provide differentiated recommendations.
For segments with higher FOMO, short visually dynamic videos, time-limited discounts, promo
codes and communication of limited collections appear to be effective. For segments with medium
FOMO, linking price incentives with brand authenticity, story campaigns and “behind the scenes”
content is effective. Segments with low FOMO respond best to content focused on the quality of
materials, transparency of origin, certification and production ethics; brand websites are a key
verification channel for them.
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The study‘s limitations lie mainly in the unrepresentativeness of the sample, the predominance
of women (75.3%) and the regional concentration of respondents in the South Moravian region.
Gender inequality could have influenced mainly the results regarding the sensitivity to communica-
tion content and sustainability, where gender turned out to be a significant variable. Furthermore,
the cross-sectional design does not allow for a causal interpretation of the observed relationships.
Future research suggests longitudinal monitoring of the stability of FOMO in the same consumer
over time and intergenerational comparison with the emerging Alpha generation, which can be
expected to have even more intense exposure to digital stimuli.

The main contribution of the study lies in demonstrating that the FOMO effect in the Czech
Generation Z does not act as a universal consumption driver, but rather as a specific modulator of
sensitivity to selected categories of marketing stimuli. The segmentation framework based on the
intensity of FOMO experience allows for the formulation of an empirically based differentiation of
the communication strategy of clothing industry brands.
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ABSTRACT

This article deals with the design and implementation of an interactive web application
intended for the visualization and comparison of two basic algorithms for generating
pseudorandom numbers (PRNGs) — the Linear Congruential Generator (LCG) and the Linear
Feedback Shift Register (LFSR). The work responds to the problem of the abstractness of
teaching these algorithms and offers a tool that allows users to experiment with parameters,
monitor the internal states of the generators, and analyze the quality of the resulting
sequences using integrated analytical tools such as a histogram of value distribution, period
detection, and a scatter plot to reveal the lattice structure.

Keywords: pseudorandom number, generator, algorithm visualization, web application
JEL Code: C63

1 INTRODUCTION

The generation of pseudorandom numbers is a critical part of many areas of computer science,
including cryptography, computer simulations, the gaming industry, and machine learning. Unlike
true random number generators (TRNGs), which utilize physical processes, pseudorandom genera-
tors (PRNGs) are deterministic algorithms. Based on an initial value (seed), they produce sequences
that exhibit statistical properties of randomness, with their main advantages being reproducibility
and high computational efficiency.

1.1 Linear Congruential Generator (LCG)
LCG is one of the oldest PRNG algorithms (Knuth 1998). It is defined by the recurrence relation:

z; = (ax;_1 + ¢)(mod m) Q)

This article is licensed under CC BY-SA 4.0 Attribution-ShareAlike 4.0 International license.
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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where m is the modulus, a is the multiplier, and c is the increment, the choice of which affects
the period and statistical quality of the generated sequence. Despite its simplicity, LCG suffers from
inherent weaknesses, such as a lattice structure (n-tuples of values lying on hyperplanes) and
a short period of lower bits for modules in the form of a power of two. From the literature, we
know good L.CG parameters for achieving a large period value and good statistical properties of the
generated sequence of numbers (L'Ecuyer 1999).

1.2 Linear Feedback Shift Register (LFSR)

LFSR is based on bitwise operations. It consists of a register and a feedback function (usually XOR
of selected bits — so-called taps). There are two basic variants: Fibonacci and Galois. The maximum
period of an LFSR of length n is 2°—1, which is achieved by using a primitive polynomial. LESR is
efficient, especially in hardware applications, but due to its linearity, it is not suitable for cryptog-
raphy (Singer 2022).

2 APPLICATION DESCRIPTION

The resulting application is implemented using standard web technologies (HTML5, CSS3,
JavaScript). The user interface is localized into Czech and English (Zale$ak 2026).

2.1 Visualization Implementation

The LCG visualization displays the calculation process directly in the context of the mathematical
formula, where variable values change dynamically in each step, respecting the standards for
algorithm visualization (Naps et al. 2002). For LFSR, emphasis is placed on displaying the bit shift in
the register and the feedback calculation, while the application supports both Fibonacci and Galois
variants. The user has the option to step through the algorithm in both directions, even several
times in a row, and thus correctly understand the behavior of both algorithms, see Fig. 1. After the
user reaches the end of the algorithm, a statistical evaluation of the generated series of numbers is
displayed, see Fig.2 and Fig. 3.

2.2 Analytical Tools

To evaluate the quality of generators, the application contains:
» Histogram: Graphically represents the uniformity of the distribution of generated values,
see Fig. 2. +
» Period Detection: Empirically determines the length of the period by generating values until
the initial state is encountered, see Fig. 2.
+ Scatter Plot: Displays pairs of consecutive numbers (xi, xi+1). This tool is key for visually
detecting the lattice structure of LCG with an inappropriate choice of multiplier, see Fig. 3.
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Fig. 1: Random numbers generation

3 TESTING RESULTS

The functionality and didactic benefit of the application were verified by user testing on a sample
of computer science students. Testing took the form of a controlled scenario, after which respon-
dents filled out a questionnaire focused on usability and clarity.

Tab.1 Testing results

Evaluation Criterion

Average Rating (1-5, 5 is best)

Clarity of LCG visualization 47
Clarity of LFSR visualization 4.5
Contribution of analytical tools 4.8
Overall intuitiveness of the interface 4.6
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Fig. 2: Obtained period and histogram comparison

Users rated the period detection tool and the scatter plot most highly, as they allowed them to
immediately see the influence of ,bad“ parameters on the output quality. Identified problems
included a higher difficulty in understanding the Galois variant of LFSR for beginners, which was
subsequently addressed by adding context-sensitive help.

4 EVALUATION

The proposed application successfully demonstrates the differences in the principles and properties
of LCG and LFSR. While L.CG excels in integer arithmetic, LFSR offers efficient bitwise operations.
Thanks to interactive comparison, users can observe that to achieve comparable quality and
period, both algorithms require a specific, mathematically grounded choice of parameters. The
application proved to be an effective didactic tool that supports the active involvement of students
in the learning process.
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Fig. 3: Scatter plot for both generators

5 CONCLUSIONS

The created web application fulfills the set goals and provides a comprehensive environment for
studying PRNG algorithms. The combination of step-by-step visualization and real-time statis-
tical analysis represents an innovative approach to teaching this subject. Future expansions may
include the implementation of other modern algorithms, such as Mersenne Twister, or the inte-
gration of more advanced statistical batteries of randomness tests. Thanks to its clarity, it can also
help people who work with them and are not familiar with the algorithms used to understand the
context associated with generating pseudorandom numbers.
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