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Abstract—This paper examines the Digital
Economy and Society Index (DESI) of Western
Balkan countries using the entropy-based TOPSIS
method. The analysis reveals significant
differences in digital performance, with
Montenegro ranked highest and North Macedonia
lowest. The findings demonstrate the applicability
of the entropy-based TOPSIS method for assessing
multidimensional index such as DESI, offering
policymakers valuable insights into priority areas
for digital development. The study provides a
foundation for future research and strategies to
enhance regional digital transformation.
Keywords - Western Balkan countries,
TOPSIS

DESI,

l. INTRODUCTION

To compete in the market, improve business,
and prompt international  collaboration,
economies must enhance their digital
competitiveness. The digital economy concept
has gained prominence recently, attracting the
attention of academics, policymakers, and
various stakeholders. Notably, the digital age and
digital transformation have brought many
changes in everyday life and business, making
emerging economies and less developed
industries no exceptions.

One prominent composite index that
quantifies the level of digitalization within a
country is the Digital Economy and Society
Index (DESI), which has gained particular
prominence in recent research studies [1]. The
DESI functions as a comprehensive international

ISBN: 978-86-82602-06-4

@ NIZ:

benchmarking instrument, enabling
examinations and comparation of the digital
landscape of various economies and societies [2].

The DESI has acquired scholarly attention,
frequently being the focal point of numerous
studies that employ multi-criteria decision-
making methods (MCDM) for its analysis [3].

The study by [4] employed Borda Method
and the Group Best Worst Method (GBWM) for
determining weights of DESI among the
proposed digital development indicators. The
study by [5] applied the Technique for Order
Preference by Similarity to Ideal Solution
(TOPSIS) to rank 27 countries of the European
Union using a developed synthetic indicator that
combines factors relating to innovation,
measured by the Global Innovation Index, and to
digitalization, based on DESI. In the study by [6],
DESI has been evaluated using an MCDM
multifaceted combination. The research [7]
employed Data Envelopment Analysis (DEA)
and TOPSIS to rank the digital readiness of
Visegrad Group Countries.

Therefore, the usage of MCDM facilitate a
nuanced understanding of the interactions
between different components of digitalization,
allowing for informed policy recommendations
and strategic planning.

Additionally, in the context of intensive
digitalization, the Western Balkan (WB)
countries have recognised the importance of the
digital economy and society for strengthening
bonds and improving partnerships. Examination

3
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of the DESI of WB countries is important as it
provides an insight into their level of digital
development. According to [2] a substantial
research has focused on European Union
member states. However, many other countries,
particularly those that are less developed, have
been largely omitted from the studies. Therefore,
the basic study question of this paper is focused
on the examination of the WB countries’ level of
digital economy. For this purpose, the TOPSIS
was selected because it can easily compare the
performance of each alternative. This approach is
an effective method for handling decisions that
involve many different factors [8].

The paper is organized as follows. The DESI
Framework section outlines the examined index
and its indicators and sub-indicators. The
Research Methodology section offers a detailed
explanation of the MCDM approach utilized.
The Results and Discussion section underlines
the key findings and their implications. Lastly,
the Conclusion summarizes the main findings,
discusses the study's limitations, and proposes a
future research agenda.

Il.  THE DIGITAL ECONOMY AND SOCIETY
INDEX (DESI) FRAMEWORK

The Digital Economy and Society Index
(DESI) monitors the digital performance and
progress of countries in terms of digital
competitiveness [9]. A summary of the DESI
indicators and sub-indicators is presented below.
The described DESI sub-indicators have been
used as key criteria in the entropy-based TOPSIS
approach of the MCDM model.

A. Human Capital

o Internet users skills (C1): A measure of
the basic digital skills of the population
that includes indicators such as the

percentage of people using the internet
and having basic digital skills (such as
communication, information literacy,
content creation).

e Advanced skills and development (C2):
Focus on advanced digital skills
including percentage of ICT
professionals in the total workforce,
number of ICT graduates, as well as
training and further education in digital
technologies.

B. Connectivity

e Fixed broadband take-up (C4): A
measure of fixed broadband penetration
on how many households use it.

e Fixed broadband coverage (C5):
Household coverage by fixed networks
(including next generation networks).

e Mobile Broadband (C5): Mobile
broadband penetration including number
of users of SIM cards with internet,
availability of 4G/5G.

e Broadband prices (C6): Comparison of
prices of internet packages in relation to
household income.

C. Digital Technology Integration

o Digital intensity (C7): The level at which
small and medium enterprises use basic
digital technologies (e.g., information
sharing, use of cloud services, social
networks).

e Digital technologies for business (C8):
The use of more advanced technologies
in business, including big data, Artificial
Intelligence, e-invoicing, Enterprise
Resource Planning systems, etc.

Human Capital

Connectivity

Infernet Advanced Fixed
. skills and broadband
users skills
Cl development take-up
€ (2) (©3)

Lot Mobile Broadband
broadband )
fo— broadband prices
(C4) (C5) (Co)

Integration of digital technology

Digital public services

Digital
technologies
for business

(CB)

Digital
intensity
(€7

E-Commerce
(€9)

E-Government (C10)

Figure 1. DESI indicators and sub-indicators (source: adapted from [8])




e E-commerce (C9): Includes the
percentage of small and medium
enterprises selling online, e-commerce
revenues, and cross-border e-commerce.

D. Digital Public Services

e E-Government (C10): Accessibility and
use of public electronic services
including e-government, digital identity,
open data.

The indicators and sub-indicators of the
Digital Economy and Society Index (DESI) are
depicted in Fig. 1.

IIl.  RESEARCH METHODOLOGY

This section provides a comprehensive
overview of the MCDM approach employed in
the study. It outlines the specific methods and
techniques used to evaluate multiple conflicting
criteria, detailing how decisions  were
systematically analyzed and prioritized. The
section describes the entropy method employed
for criteria weights computation and the TOPSIS
approach utilized for WB countries ranking.

A. Entropy Method

This subsection describes step-by-step
computation of entropy-based weights for all
established criteria in the MCDM model. The
entropy-based method has been chosen as it
offers the elimination of the subjectivity effect on
the computed criteria weights [10].

First step: Data normalization

=S . n
X

Second step: Computation of entropy index

1 m
H, :_In(m)XZ‘:l py xIn(py) ,  (2)

where m presents number of alternatives.

Third  step:
computation

Entropy-based  weight

W, = L 3)

B. TOPSIS Approach

Hwang and Yoon developed TOPSIS as
MCDM method in 1981 for the selection of the
best alternative that is closest to the positive ideal
solution (PIS) and the furthest from the negative
ideal solution (NIS) [11]. This section offers a
step-by-step breakdown of the used method,
ensuring a clear understanding of its processes
and applications.

First step: Construct the initial decision
matrix X = [Xij ]mxn. For a decision-making
problem involving n criteria (n =1, 2,..., j) and
m alternatives (m=1, 2, ..., i), the initial decision
matrix can be expressed as it follows.

X Xp o ot Xy
X X
21 22
(4)
Xo X2 0 X

Second step: Normalize decision matrix X by
converting into structured matrix R = [rij]

mxn

r 5N . 5)

ij = 2
N 2uie %

Third step: Compute the weighted nomalized
decision matrix V; = [v”- ]mxn :

V. =W -, . (6)

Fourth step: Resolve the Positive ideal
solution (P1S) and Negative ideal solution (NIS):

PIS = max;V; . @)
NIS =min;V; . ®)

Fifth step: Calculate the distance of the
alternative from ideal solutions (for max criteria).

S = «fZ?:l(Vij -Vi)® ©)
S = x’zrj‘:l(vij _Vj7)2 ’ (10)



Sixth step: Compute the TOPSIS score Ci™:

cr=— . (11)

where: 0<C; <1.

IV. RESULTS AND DISCUSSION

Data, used in this paper, were retrieved
from [9]. The decision matrix consists of five
alternatives that represent WB countries
(Albania, Bosnia and Herzegovina, Montenegro,
North Macedonia and Serbia), and ten criteria
that represent DESI sub-indicators. Taking into
account that a higher DESI sub-indicators value
means better performance, all criteria are
labelled as max.

Entropy-based calculation of the weighting
coefficients of the criteria indicates that C9 “E-
Commerce” is the the most important criterion
(w;=0.2297) while C10 “E-Government”
(w;j = 0.0325) is the least important criterion. The
weighting coefficients of the criteria are
graphically depicted in Fig. 2.

The findings derived from the undertaking of
the TOPSIS methodology are presented in
Table I. The results illustrate the outcomes and
provide insights into the rank of the analyzed
countries.

According to the results (Table 1), it can be
seen that the countries are ranked as follows:
Montenegro (0.913) > Serbia (0.611) > Albania
(0.417) > Bosnia and Herzegovina (0.293) >
North Macedonia (0.093). This indicates that
Montenegro has the best DESI performance,
while North Macedonia has the least DESI
performances among WB countries.

To check the results robustness, additional
MCDM methods have been tested on the same
dataset. The Weighting Sum Approach (WSA)

Figure 2. Criteria weight coefficients comparation
(source: authors)

method is based on linear utility function and
computes the global utility of the alternatives as
the weighted sum of normalized criterion values
[4]. Based on the WSA results the countries are
ranked as follows: Montenegro (0.898) > Serbia
(0.624) > Albania (0.450) > Bosnia and
Herzegovina (0.227) > North Macedonia
(0.121).

TABLE I. RANKING RESULTS.
WB country Sit Si G Rank

Albania 0.119 | 0.085 | 0417 3

Bosniaand | 158 | 0057 | 0293 4
Herzegovina

Montenegro 0.018 0.184 0.913 1

North | o180 | 0019 | 0.093 5
Macedonia

Serbia 0.078 | 0.122 | 0.611 2

On the other hand, to validate the results,
Preference Ranking Organization METHod for
Enrichment  Evaluations  (PROMETHEE)
method with usual preference function has been
used [12]. According to this method results, the
countries are ranked as follows: Montenegro
(0.778) > Serbia (0.345) > Albania (-0.031) >
Bosnia and Herzegovina (-0.395) > North
Macedonia (-0.771).

The comparative analysis using three
MCDM methods revealed consistent rankings. In
all three approaches, Montenegro achieved the
highest performance score. Serbia, Albania,
Bosnia and Herzegovina, and North Macedonia
followed in that order. This consistency confirms
the robustness and stability of the results and that
the ranking is not sensitive to the choice of
method. Therefore, it can be stated that
Montenegro demonstrates the best overall DESI
performance among the Western Balkan
countries, while North Macedonia shows the
weakest performance in digital economy and
society indicators.

Considering the indicators and sub-indicators
from Western Balkans DESI Report Montenegro
demonstrates strong performance in Human
capital, Connectivity, and Integration of digital
technology, with scores significantly above the
WB average. Therefore, results obtained in this
study indicate the same outcome.

On the other hand, Serbia is a top digital
performer in the Western Balkans, with a total
DESI 2022 score that exceeds the regional
average. In terms of the DESI dimensions, Serbia
demonstrates strong performance across all
areas [2].



In the context of the DESI 2022 report,
Albania demonstrated notable advancements in
several key areas: the Integration of digital
technology, = Connectivity, —and  Digital
technology However, further enhancements are
required in the realm of Human Capital to bolster
overall digital competitiveness.

Notably, Bosnia and Herzegovina requires
further improvements in the human capital
dimension. The development of essential skills
and competencies for digital transformation is
recognized as a top priority for this country.

In total, regarding WB DESI 2022, North
Macedonia is performing below the WB average
due to lower scores in various indicators and sub-
indicators [13].

V. CONCLUSION

This study examined the Digital Economy
and Society Index (DESI) of Western Balkan
countries by applying the entropy-based TOPSIS
method. The results provided clear evidence of
disparities in digital development across the
region. The study demonstrates the practical
relevance of the entropy-TOPSIS method in
supporting evidence-based policy decisions. By
addressing critical digital gaps, Western Balkan
countries can improve their DESI scores and
foster regional economic growth,
competitiveness, and integration into the broader
European digital space. According to the results,
Montenegro achieved the first position in the
ranking, demonstrating the most advanced
digital performance among the analysed
countries, while North Macedonia occupied the
last position, signalling significant room for
improvement in its digital ecosystem.

Policymakers should prioritize reducing the
observed disparities in digital development by
designing strategies that strengthen digital
infrastructure, enhance connectivity, and
promote digital skills among citizens and
businesses. At the regional level, coordinated
initiatives, such as cross-border digital projects,
harmonization of regulatory frameworks, and
collaboration with EU digital programmes, could
accelerate progress. Countries with lower DESI
performance, such as North Macedonia and
Bosnia and Herzegovina, should focus on
improving broadband coverage, fostering digital
literacy, and supporting the adoption of e-
government and e-business solutions. By
focusing on these key sub-dimensions, targeted
policies can more effectively reduce disparities,

foster digital inclusion, and accelerate regional
progress. The evidence-based policy design
supported by MCDM approaches, like entropy-
TOPSIS can help decision-makers allocate
resources more effectively and monitor the
impact of digital transformation policies over
time.

Nevertheless, certain limitations of this study
should be noted. The analysis considered DESI
data for a single year, due to change in DESI
composite index indicators and sub-indicators
over the vyears, that disable opportunity to
perform longitudinal studies.

Future research should incorporate multiple
methods to capture trends and strengthen the
robustness of conclusions. Moreover, advanced
approaches such as fuzzification or grey theory
could further enhance the handling of uncertainty
in digital performance assessments.
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Abstract—Post disaster relief distribution is often
complicated by uncertain demand, limited
resources, and damaged infrastructure. This study
develops a framework that combines machine
learning and multi objective optimization to
improve relief operations. Using data from the
2015 Nepal earthquake, a Random Forest model is
applied to forecast demand based on hazard
intensity, exposure, housing damage, poverty, and
vulnerability. These forecasts are then used in an
optimization model that minimizes overall relief
distribution cost while also considering vehicle
capacity, UAV battery endurance, risk exposure,
and the priority of different relief items. The model
is tested under two conditions: one with actual
demand data and another with predicted demand.
The results highlight the trade-offs between cost
efficiency, risk, and fairness in supply distribution,
and show how prediction errors affect relief
planning. The proposed approach demonstrates
how integrating demand forecasting with
optimization can support better and more
balanced decisions in disaster relief logistics.

Keywords - random forest, multi-objective
optimization, demand forecasting, optimization
models

. INTRODUCTION

Natural disasters like earthquakes, floods,
and hurricanes trigger mass destruction, damage
infrastructure, and induce pressing humanitarian
requirements. In the immediate aftermath,
effective distribution of relief items such as
food, water, and medical supplies becomes
critical to save lives and reduce suffering. Yet,
relief operations are complicated by uncertain
ISBN: 978-86-82602-06-4
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demand, damaged transport networks, limited
vehicle availability, and risks to responders
operating in hazardous conditions.

Traditional humanitarian logistics have
relied on historical records or rapid assessments
to estimate demand, but these methods are often
slow and inaccurate in dynamic post-disaster
environments. Recent advances in machine
learning (ML) have enabled data-driven
forecasting methods that can provide more
reliable estimates even when information is
incomplete.

Random Forest models, for example, have
demonstrated strong predictive capability in
disaster-related applications such as
hydrological forecasting [1] and flood
susceptibility mapping [2].

Parallel to this, optimization models have
been widely used to enhance humanitarian
logistics. Studies on UAV routing and vehicle
scheduling show that carefully planned
allocations can minimize costs and improve
access to affected populations [3]. However,
many of these works assume that demand is
already known and do not incorporate predictive
models, limiting their effectiveness in real-
world relief operations where demand data is
uncertain.

This study addresses this gap by presenting
an integrated framework that combines machine
learning-based demand forecasting with multi-
objective optimization. Using openly available
data from the 2015 Nepal Earthquake (Kaggle
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dataset), a Random Forest model is applied to
estimate district-level demand based on hazard
intensity, exposure, housing damage, poverty,
and vulnerability. These forecasts are then used
in an optimization model that minimizes
transportation cost, operational risk, and
penalties for unmet demand, subject to real-
world constraints such as UAV endurance and
vehicle capacities.

The results demonstrate that predicted
demand yields objective function values close to
those obtained using actual demand, indicating
that this approach provides a practical and
reliable tool for decision-makers in disaster
relief logistics.

Il. LITERATURE REVIEW

Efficient disaster relief operations depend on
accurately predicting the need for relief items
and planning how to deliver them in difficult and
uncertain situations. Recent research has made
progress in two important areas: using machine
learning (ML) to predict demand and using
optimization models to plan the delivery of
relief.

A. Machine Learning for Demand Forecasting

Estimating the demand for relief items
during a disaster is a major challenge because it
depends on many changing factors like hazard
intensity, the number of people exposed,
housing damage, poverty, and overall
vulnerability. Machine learning methods,
especially Random Forest models, are very
effective at predicting such complex situations.
For example, Pham et al. (2021) showed that
Random Forest models can accurately forecast
short-term streamflow in watersheds, even when
the data is complex and variable [1]. Similarly,
a study in Heliyon (2024) used Random Forest
regression along with Geographic Information
Systems (GIS) to map areas likely to experience
flash floods, helping identify high-risk zones
based on spatial hazard and wvulnerability
indicators [2]. These studies show how machine
learning can provide useful predictions, even
when data is incomplete or uncertain.

B. Optimization Models in Relief Distribution

Wang et al. (2024) developed a multi
objective brainstorming optimization algorithm
to assign tasks for multiple UAVs. Their method
balances different goals like reducing costs and
maximizing the number of areas covered [3].
Cao et al. (2025) developed a robust
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optimization model for multi-UAV task
planning under uncertain requirements, using
heuristic algorithms to improve computational
efficiency [4]. Liu et al. (2022) proposed an
integrated genetic algorithm approach for multi-
UAV mission assignment and path planning in
disaster rescue, considering multiple threat
sources and operational efficiency but assuming
known demand in advance [5].

Ibn Faiz et al. (2020, 2022) investigated two-
echelon vehicle and UAV routing models
applied to post-disaster humanitarian operations.
Their models accounted for demand uncertainty
using robust optimization techniques, enabling
more reliable decision-making in unpredictable
scenarios [6,7]. However, they did not integrate
predictive modeling for demand estimation,
which leaves room for improving decision-
making under real-time uncertainty.

Rottondi et al. (2020) explored scheduling
strategies for multi-service UAVs tasked with
emergency support in disaster zones. Their study
emphasized the potential of integrating multiple
task types into a single UAV mission to improve
efficiency and reduce redundant operations [8].

More recent works have leveraged
reinforcement learning and other advanced
algorithms to optimize UAV performance.
Adam et al. (2024) developed a deep
reinforcement learning model for real-time
drone routing in post-disaster road damage
assessment. Their approach eliminates the need
for domain-specific knowledge, enabling
scalable and efficient routing decisions during
emergencies [9].

Additionally, Chandran et al. (2024)
conducted a comprehensive review of multi-
UAYV networks applied to disaster monitoring.
They highlighted key challenges such as
communication protocols, network topology,
and coordination strategies, stressing that
practical implementation remains a major
obstacle [10].

C. Research Gap and Motivation

Despite these advances, few studies integrate
machine learning demand forecasting directly
into a multi-objective optimization framework
for relief distribution. Most existing works either
focus solely on optimization (assuming known
demand) or only on predictive modeling.
Moreover, many approaches are tested on
simulated  datasets  without  real-world
validation.



This study addresses these gaps by:

1. Using an openly available dataset from
the 2015 Nepal Earthquake to ensure
real-world relevance.

2. Integrating a Random Forest-based
demand prediction model into a multi-
objective optimization framework that
minimizes cost, risk, and unmet demand
penalties.

3. Explicitly modeling real-world
operational constraints, such as UAV
endurance limits and integer dispatch
decisions.

This approach provides a balanced, reliable,
and practical solution for decision-makers in the
high-pressure context of disaster relief logistics.

I1l. DATASET AND METHODOLOGY

A. Dataset Description

This study utilizes the 2015 Nepal
Earthquake dataset, sourced from the Kaggle
open repository, containing  district-level
information on five key features, each
standardized on a scale from 1 to 10 based on
expert assessment and official reports:

e Hazard Intensity (L=very low,
10 = extreme impact): Measures the
earthquake’s strength in the district.

e Population Exposure (1 = low exposure,
10 = high exposure): Proportion of the
population at risk.

e Housing Damage (1 = minor damage,
10 =total  destruction): Level of
structural damage to housing.

e Poverty Index (1=Ilow
10 = high poverty):
vulnerability indicator.

poverty,
Socio-economic

o Vulnerability Index (1 =low
vulnerability, 10 =high vulnerability):
Overall district susceptibility to hazards.

The Severity score (scale 1-10) was used as
a proxy for the actual relief demand (units),
aggregated at the district level. These
standardized scoring systems allow modeling
when precise quantitative data (e.g., exact
number of households damaged) is not
available.

B. Demand Forecasting with Random Forests

A Random Forest regression model was
employed to forecast district-level relief
demand. The model used the five features as
predictors and the aggregated actual demand as
the target.

e The model was trained using 200
decision trees.

e Predictions were rounded to the nearest
integer to represent realistic unit
demands.

Random Forest was chosen due to its
demonstrated ability to model nonlinear
relationships and its robustness against
overfitting, particularly in disaster-related
prediction tasks [1,2].

C. Multi-objective Optimization Model
Formulation

The objective of the optimization model is to
compute the optimal number of truck trips and
UAV sorties to each district, in order to:

1. Minimize the total transportation cost
(USD).

2. Minimize operational
(dimensionless units).

risk penalties

3. Penalize unmet demand (USD/unit) and
emphasize the deprivation penalty
(dimensionless) that reflects the critical
humanitarian impact of failing to deliver
essential items.

D. Obijective Funcion

N
minZ=Z

i=1 mef{truck,uav}

N N
+A>U +a )V,
i=1 i=1

(Cm +rm)'yi,m +

- ()

where:

® V.- Integer number of dispatches to
district i using mode m (truck or uav).

e C, : Transport cost per dispatch
(truck =50 USD; uav = 20 USD).

e I Risk penalty per dispatch

(truck = 1.2 risk units; uav =15 risk
units).
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e U, : Unmet demand in district i (units).

e 1 : Unmet demand penalty (5USD/
unit).

e ¢ : Deprivation weight (4, dimension-
less), strongly penalizing unmet
essential items.

In this study, the different objectives
reducing cost, minimizing operational risk, and
ensuring fair distribution are combined using a
weighted approach. This means that each
objective contributes to the overall goal
according to its relative importance in the
decision-making process. The weights were
chosen to reflect a balance between efficiency
and fairness rather than focusing on only one
aspect. This structure allows the model to remain
flexible; decision-makers could adjust the
weights if they wish to prioritize humanitarian
equity more strongly or reduce total cost. In
future work, a Pareto-based or e-constraint
method could be used to explore how these
trade-offs change across different weight
combinations, providing a clearer picture of
alternative solutions.

E. Constraints
1) Demand Satisfaction

Z cap, - YintU; 2D, . 2

me{truck,uav}

where:

e  Cap,, =100 units/dispatch
e cap,, = 10 units/dispatch

e D, =Actual or predicted demand
(units).

2) UAV Endurance Constraint
Yiww <5 - 3)

Represents the maximum UAV sorties
allowed due to battery limitations.

3) Non-negativity and
variables

integer decision

yi,m € Z+'

U0 @
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4) Parameter Summary

The key parameters used in the optimization
model are summarized in Table I, showing their
values, units, and explanations. These
parameters reflect real-world constraints and
assumptions necessary for realistic disaster
relief planning.

TABLE |I. SUMMARY OF KEY PARAMETERS USED IN THE
OPTIMIZATION MODEL

Parameter | Value Units Explanation
Truck Number of
Capacit 100 units/dispatch | relief items
pacity per truck trip
Number of
UAV - relief items
Capacity 10 units/dispatch per UAV
sortie
Transport
. cost per
Truck Cost 50 USD/dispatch truck
dispatch
Transport
. cost per
UAV Cost 20 USD/dispatch UAV
dispatch
Operational
Truck Risk 12 risk risk penalty
Penalty ’ units/dispatch | per truck
dispatch
Operational
UAV Risk 15 risk risk penalty
Penalty ’ units/dispatch | per UAV
sortie
oy
Demand 5 USD/unit
Penalty()) of unmet
demand
Multiplier
emphasizing
Deprivation the
. 4 dimensionless | humanitarian
Weight (@) -
importance
of unmet
demand
UAV Maximum
endurance . . allowable.
limit 5 sorties/period | UAV sorties
Ua) per relief
max cycle

IV. CASE STUDY AND RESULTS

A. Experimental Setup

The proposed integrated framework is
evaluated using the 2015 Nepal Earthquake
dataset, sourced from the Kaggle open



repository. This dataset provides standardized
scores from 1 to 10 for each district, representing
expert assessments of hazard intensity,
population exposure, housing damage, poverty,
and wvulnerability. The Severity score
(scale 1-10) is used as a proxy for actual district-
level relief demand, measured in units, since
exact quantitative demand data was unavailable.

Two experimental scenarios are tested:

1) Actual Demand Scenario

Actual relief demand for each district was
calculated by aggregating Severity scores across
data points, serving as the ground-truth
benchmark.

2) Predicted Demand Scenario

A Random Forest regression model was
trained on the five key features to predict
district-level demand. The predicted values were
rounded to integers to represent the number of
relief units expected in each district.

Both actual and predicted demand vectors
are used as inputs to the multi-objective
optimization model. The model was
implemented in R programming using the Ip
Solve package, and decision variables
representing the number of truck trips, UAV
sorties, and unmet demand were treated as
integers to reflect realistic operational decisions
in humanitarian logistics.

B. Results

The objective function value of 6165 units
corresponds to the total transportation cost, risk
penalties, and unmet demand penalties when
using the actual, ground-truth demand derived
from severity scores. The value of 6039 units
was obtained when using the predicted demand
from the Random Forest model.

The Random Forest model, by design,
captures complex nonlinear relationships in the
data and provides stable predictions through its
ensemble learning structure. While some
variability among estimators is natural, this
diversity actually strengthens the model’s
generalization ability rather than undermining it.

TABLE Il. NUMERICAL VALUES

Scenario Objective Function Value
(Composite Cost Units)
Actual Demand 6165
Predicted Demand 6039

In the proposed framework, the predicted
demand values serve as reliable inputs for
optimization, allowing realistic decision-making
even under data limitations. The approach is
flexible enough to incorporate additional
information such as confidence ranges or
scenario variations if required, but its current
deterministic  form already demonstrates
consistency and practical robustness in
reflecting  real-world  relief  distribution
challenges.

The small difference of only 126 units
between the two objective function values
indicates that the Random Forest model
provides a strong approximation of actual
demand. This validates the effectiveness of
integrating demand forecasting with multi-
objective optimization for practical post-disaster
relief operations.

The deprivation penalty ensured that critical
unmet needs (e.g., food, medicine) were
strongly prioritized during optimization, helping
the model focus on humanitarian impact rather
than purely cost-based allocation. The UAV
endurance constraint (maximum of 5 sorties per
period) was properly enforced, demonstrating
that the solution respects real-world operational
limits.

V. CONCLUSION

The research formulated an integrated
framework consisting of machine learning-
assisted demand forecasting and multi-objective
optimization for the improvement of post-
disaster relief distribution. The work used
openly accessible data of the 2015 Nepal
Earthquake (Kaggle dataset) and a Random
Forest algorithm for the forecasting of district-
wise relief demand in terms of hazard intensity,
exposure, damage to houses, poverty, and
vulnerability. The multi-objective optimization
framework decided the best transportation mode
allocation (transport trucks and UAVS) in a way
that the total cost is reduced along with the
operational risk and deprivation-weighted and
shortfall-based penalty, and also took real-world
constraints such as UAV endurance in the
dispatch decision.

The results of this study show that the
objective function value when using predicted
demand (6039 units) is quite close to the one
calculated using actual demand (6165 units).
This small difference suggests that the proposed
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framework is effective and can be trusted to help
in real-world disaster situations.

By combining machine learning-based
demand forecasting with multi-objective
optimization, the approach provides a useful tool
for planning the delivery of relief items, even
when the exact demand is not known in advance.
The model also considers practical constraints,
such as the limited number of UAV sorties due
to battery life and the capacity limits of trucks
and UAVs, which makes it applicable for real
operations.

The close match between predicted and
actual demand results supports the use of
Random Forest as a reliable forecasting method
in the field of humanitarian logistics. Overall,
this integrated method offers decision-makers a
way to balance cost, risk, and the urgency of
providing essential supplies, improving the

speed and efficiency of disaster relief
distribution.
Although this research focused on

earthquake-related disasters, the same approach
can be applied to other types of emergencies
such as floods, cyclones, or wildfires. The main
idea would remain the same, but the features
used in the prediction model would change
depending on the type of disaster—for instance,
using rainfall or flood depth instead of severity
intensity. The optimization part could also be
adjusted for different transport modes or local
infrastructure conditions. This flexibility makes
the framework adaptable to a variety of
humanitarian situations and regions.
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Abstract—As physical devices serving for data
storage age, the stored data suffer gradual
degradation, which is a process colloquially called
the bit-rot. In order to remedy this degradation,
the data is being encoded with redundancy. The
first encoding scheme capable of correcting errors
in data was the Hamming code. In its original
form, the Hamming code is capable of correcting
only one error in the sequence of bits within the
encoded block of data. In this work, an extension
of Hamming coding capable of successfully
correcting multiple errors has been described.
The method involves arranging the data in a multi-
dimensional array, with Hamming coding being
applied along each dimension. This way, each bit
of data is being protected multiple times, and thus
is more resistant to bit-rot. The performance of
this novel encoding scheme has been compared to
the performance of the original Hamming coding
method. For this, trials have been made with data
arranged in three dimensions, encoded by three-
dimensional Hamming code, and the results
issuing from the trials have been presented and
discussed.

Keywords - error correction code, Hamming
code, data safety, bit-rot, data quality,
information coding

l. INTRODUCTION

The beneficial functioning of the
contemporary society is increasingly determined
by a reliable flow of information. Information, in
its turn, is formed by processing data, giving to it
a meaning and a significance. For this meaning
to be correct, the data itself ought to be free of
errors. Whilst the concept of data is abstract, in
reality, data is being stored at, and transmitted in
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the form of the state of physical devices. All
material objects, and in this context, the devices
for data storage, necessarily show signs of decay
over time. This decay occurs irrespectively of the
manufacturing technology used, and it causes
errors in the stored data. Due to the accumulation
of errors, caused by the deterioration of material
objects, the data stored in such devices is being
distorted, and the information is lost [1]. The
accumulation of errors in data has popular name
of bit-rot [2], and it is a matter of great concern
in data and information management. A way to
resolve this problem is through introduction
redundancy in the information by applying some
data coding method based on error correction
algorithms [3].

This article presents a method for preventing
data decay through bit-rot based on a classic error
correction algorithm, the Hamming code [4]. The
essence of the presented new error-correction
method resides in the fact that each bit of the bit
sequence representing the data is being protected
multiple times. This has been achieved by
arranging the bits in a multi-dimensional array.
Linear sequences of bits along each dimension
are protected by additional parity bits according
to the original Hamming coding method. This
method is somewhat similar to the method for
protecting data in hardware by arranging bits
rectangular and diagonal bit frames [5].
However, that error-correcting method, in the
terminology used here, may be called the two and
a half dimension Hamming code. The method
presented here possesses the advantage that the
dimensionality of bit arrangements can have any
value, and it has been developed independently.
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Multi-dimensional Hamming coding has
shown great improvement in the prevention of
the decay of stored data. It is suitable for
safeguarding backups, archived data, and, in
general, for data storage systems in which the
data safety is of a greater importance than the
latency of accessing of the stored data.

Il.  MULTI-DIMENSIONAL HAMMING
CODING METHOD

A. The Original Hamming Code

Hamming code is a linear block code for error
correction. In the original form of the code, the
size of the data block is determined by the
number of redundancy bits, n. The required size

of the error protected data block is 2" -1. It

contains 2"—n-1 arbitrary valued bits,
representing the data being protected, and n bits
that are parity bits carrying the induced
redundancy for protection of the data.
Nevertheless, for the reasons of a proper
alignment of data structures in digital systems,
data block sizes are regularly being made to
be 2". The one additional bit is not used by the
Hamming coding method, though it may be used
as an additional parity bit.

The data block produced by the original
Hamming coding method shall be called the first
order Hamming frame. This frame, containing

2" bits (including the unused zero bit), shall be
denoted as Fl(n). Fig. 1 shows the structure of

the first order Hamming frame F,(3) . In the

sequel, it will be profitable to introduce a
mapping from the number of parity bits n in a

first order Hamming frame Fl(n) to the number
of other type of bits of the frame. The size of the

0 [0] =— zero bit
I |pr| ~— first order parity bit
2 [pi]
3 | D| ~—data bit
4 [Pl
5 | D]
6 D]
7 | p|
Figure 1. First order Hamming frame F, (3).
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first order Hamming frame is N, (n)=2", the
number of zero bits is Z, (n) =1, the number of
data bits is D;(n)=N,(n)-n-1=2"-n-1,
and the number of parity bits is
R (n)=N;(n)-D,(n)-Z,(n)=n. In the case
of the first order Hamming frame F,(3) ,

illustrated in Fig. 1, these numbers are
N,(3)=8, Z,(3)=1,D;(3)=4,R,(3)=3.

By employing the original Hamming method,
it is possible to detect and correct one error per
block, whilst multiple errors may be detected but
not corrected.  In particular, the original
Hamming coding scheme is ineffective in case of
error bursts. This is a considerable drawback of
the original Hamming coding method, and it has
been resolved with success by the multi-
dimensional Hamming coding method proposed
there.

B. Multi-dimensional Hamming Code

The main idea guiding the development of
the method proposed in this work is to improve
the performance of the coding by using data
blocks arranged in multiple dimensions.

For example, in a two-dimensional data block
the data is arranged in a rectangular array the

sizes of which are 2™ and 2™ . First order
Hamming frames, F (nl) , lie along dimension 1

of the block. These frames contain data bits and
first order parity bits. Along dimension 2 of the
data block, first order Hamming frames are laid
in the same arrangement of the original
Hamming coding method. This two-dimensional
data block is then called the second order

Hamming frame, F,(n;,n, ). The example of the

second order Hamming frame F, (3,3) has been

shown in Fig. 2. The second order Hamming
frame introduces additional redundancy in the
data by means of its second order parity bits. The
second order parity bits are computed by the
method that follows the original Hamming
coding scheme, from the data bits and from the
first order parity bits contained in the first order
Hamming frames. Thus, each data bit is being
protected twice, with two separate sets of parity
bits. In this way, the ability of correcting data
errors in extended to cover multiple errors. The
frame size and the numbers of bits of each type

are: N, (ny,n,) =N, (n)N;(n,)=2%" ,



Z,(n,n,)= Nz(nv”z)_(Nl(ni)_l)(Nl(nZ)_l) ’
D, (n.1;) =Dy (n) Dy (n,)
R, (n.n,)=N,(n,n,)=Z,(n,n,)=D,(n,n,) .

In the case of the second order Hamming frame
F,(3,3), illustrated in Fig. 2, these numbers are

N,(3,3)=64 , Z,(33)=15 , D,(33)=16 ,
R,(33)=33.

Following the same idea, the dimensionality
of the data block arrangement may be extended
to three and more dimensions. E.G. in three-
dimensional Hamming coding, second order
Hamming frames, F, (ni, n, ), are being arranged
along an additional dimension, thus forming the
third order Hamming frame, F;(n,,n,,n,). The

third order Hamming frame contains third order
parity bits, again, computed by the same original
Hamming coding scheme from the bits of the
second order Hamming frames. The structure of

the three dimensional F,(3,3,3) data block has

been shown in Fig. 3. The frame size and the
numbers of bits of each type in the third order

Hamming  frame F(n.n,n,)  are
Ny (., 1) =Ny ()N ()N, (g ) = 2,
Z,(ny,n,.n5) =Ny (ng, 0,0 )= (N (ny) 1) x

x(Ny(n,)=1)(N,(ny)-1),
D, (n,,n,,n3) =D, (n,)D;(n,)Dy(ny),
R3(nl’n2’n3) = Nz(nlfnzlns)_z2 (nl’nZ’n3)_

-D, (n,,n,,ny).
In the case of the illustrated third order Hamming
frame F,(333) , these numbers are

N,(3,3,3)=512,Z,(3,3,3) =169 , D,(3,3,3) = 64
R,(3.3,3)=279.

It may be noticed that Hamming frames of
higher dimensions contain a number of zero bits.
Thus, in the third order Hamming frame,
approximately three second order Hamming
frames are filled with zeros. These zero blocks
may be used for added redundancy, e.g. for
additional parity bits, or for data consistency
control information computed by some hashing
function. However, the use of the zero bits in
higher order Hamming frames is not
pursued here.

C. Encoding of Multi-dimensional Hamming
Frames

Encoding of multi-dimensional Hamming
frames is an iterative process, whereby in each
iteration the conventional one-dimensional
Hamming coding step is being performed, one
for each dimension of the data-block. An
example presented here is the coding procedure

for the third order Hamming frame F,(n,,n,,n,).

The coding is performed by conventional
application of the Hamming code generating
matrices [6]: G, , which has dimension

D,(n)xN,(n) , G, , which has dimension
D,(n,)xN,(n,), and G,, which has dimension
D, (n;)xN, (ny). Data set B, containing a total of

D;(n,n,,n;) bits, arranged in an array

D,(n)xD;(n,)xD,(n,) , is transformed into a

third order Hamming frame H,, which is an

array with dimension N, (n,)xN,(n,)xN,(n,),

by a three step transformation (2), and also by
blanking the zero bits of the frame (1):

H,(L11)=0,
H{(i,11)=0 for 2<i<Ny(n,),
Hy(Lj,1)=0 for 2< j<N,(n,),
Hy(L1k)=0 for 2<k <N, (n,), (1)
Hy (i, ],1) =0 for 2<i <N;(n,),2<i<Ny(n, ),
Hy (i,1k) =0 for 2<i<N,(n, ), 2<i<N,(n,),
Hy (L j.k)=0 for 2<i<Ny(n, ), 2<i<N,(n).

o

(n;)

i 1) . B(m k)6, (md-1)
m=1
for2<i<N1(nl),2<j<D1(n2),2<k<D1(n3).
Dy(n,)
O Y E IR
m-t 2
for 2<i<Ny(n),2< j<N(n,), 2<k<D1(n3).
Dl(na

Ha(i.5:6)= 2. By (i,

> B im)G, (k1)

for 2<i<N;(n),2<j<Ny(n,) 2<k< Nl(ng).
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01 2 3 4 5 § 7 first order frame with all zero bits
o |o/o|olo|olo|olo j
1 | 0|P2|P2| P2| P2| P2| P2| P2| ~— first order frame containing
2 | 0|P2|P2|P2| P2|P2| P2| P2 second order parity bits
3 |o|pi|PI|D|PI|D|D|D
40P2P2P2P2P2P2P2‘—|_
slolmlminleDlDlD first order frame with data bits
6 lolplmlplmplDlD and first order parity bits
7 |0/ Pi|P|D|PI|D|D|D

| |— second order parity bits are

computed along columns

Figure 2. Second order Hamming frame F,(3,3).

second cerder frame
with all zero bits

~— second order frame
containmng third
order parity bits

1 second order frame
with first order
frames containing

; data bits and first
) order parity bits

D
D/~ [P _

- ) third order

~ parity bits are
computed along
columns

D
DID
D
DID
X
D|D
~J

Figure 3. Third order Hamming frame F;(3,3,3).

I1l.  PERFORMANCE OF MULTI-DIMENSIONAL multi-dimensional case is that the method is
HAMMING CODING capable of correcting 2° -1 per block of

It is a well-known fact that Hamming error ~ dimension d , i.e. per one Hamming frame of
correction procedure is able to correct only one  order. However, as each bitina d dimensional
error per data block, i.e. in terms used in this  data block is being protected by d sets of parity
work, per first order Hamming frame. A bits. This introduces greater redundancy in the
preliminary deduction on the performance of the ~ data block. Exact values of probabilities of
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failure of multi-dimensional Hamming coding
have not yet been computed, but, after some
preliminary analysis, they may be estimated to be

of the order of P :(1/ N, (nllnz,“.,nd))(z"_l) At

this moment, this result is given without a formal
proof, as more thorough investigation of this
topic is required.

In order to verify the validity of the multi-
dimensional Hamming coding method in
practice, its performance has been compared to
that of the original Hamming code. In other
words, the performance to recover the original
data in the presence of errors of higher order
Hamming frames has been compared to that of
the first order Hamming frames.

In particular, a comparison between the third
order Hamming frames and first order Hamming
frames has been performed. Since the structures
of these two kinds of data blocks are different, in
order to effectuate a fair comparison, the sizes of
the corresponding data blocks have been
carefully adjusted.

The fairness of the comparison has been
sought in the ratio of the numbers of data bits to
the block sizes D/ N . It has been revealed that,

for the first order Hamming frames, F,(4), the
ratio D, (4)/N,(4)=0.364 , and that for the
third order Hamming frames F,(5,6,8) , this

ratio is D, (5,6,8)/ N, (5,6,8)=0.3605 , which

has been assessed to be sufficiently near. Another
ratio necessary for the fairness of comparison is
the ratio of data bits in the third order Hamming

frame F,(5,6,8) and in the first order Hamming
frame F,(4). This ratio has been computed and

its value is N;(5,6,8)/ N, (4)=33287.14. This

ratio has been rounded and the value thus
obtained is used as a multiplication factor
K =33287 . Based on these ratios, it has been
decided that the comparison be effectuated
between a data block which is a third order
Hamming frame F,(5,6,8), and a data block
which comprises K consecutive first order
Hamming frames F (4) . Table | presents

numerical parameters of these two data blocks.

The whole procedure of comparison of
performance has been composed from several
repetitions of a cycle of the basic test of error
correction ability in the presence of multiple

TABLE I. NUMERICAL PARAMETERS OF THE DATA
BLOCKS BEING COMPARED.

Numerical values
Data block onedi ol Three-
parameter ne-gimensiona dimensional data
data block
block

Block size 532448 524288
gfgé’kb'ts per 33278 26273
af‘)t:kb'ts per 366058 366054
Ezrrltt)){ockblts 133112 131961
Ratio of
parity bits to 0.363636 0.360496
block size
Ratio of data
bits to block 0.687500 0.698193
size

errors in the data block. The same trial procedure
has been applied to both kinds of data blocks, i.e.

to the third order Hamming frame F,(5,6,8),
and to the data block comprising K =33287
consecutive first order Hamming frames F, (4).

The performance of the two coding methods
has been done by inducing random errors into
properly coded data blocks, and then by
attempting to recover the original data. More
precisely, the procedure used has been as
follows:

There have been three cycles of tests. In each
cycle, the basic test has been repeated
10000 times.

The basic test of error correction performance
has been performed using the algorithm
presented by the following structured language
block:

1. Set error counter to 0

2. Induce one additional error at random in
the block, i.e. invert one bit at random (excluding
the unused zero bits)

3. Attempt to correct all the errors present in
the block

4. If the error correction is successful, i.e. if
all the errors present in the block have been
successfully eliminated,

Then increment the error counter, go to 2,
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Elsegoto5
5. Report the value of the error counter

The random errors in the data block have
been distributed uniformly. However, the errors
in bits which are in the unused regions of the data
blocks, i.e. in the locations of the zero bits, have
not been tallied, and do not figure in the final
result.

At the end of the basic test, the number
reported is the maximum number of errors
present in a block that have been successfully
corrected by the error correcting method used in
that block.

This basic test has been repeated afresh
10000 times. These 10000 repetitions of the
basic test are one test cycle. This way, a set of
10000 error counter values has been produced.
With these numbers, the probability of successful
error correction for a number of errors in a block
has been estimated.

The whole procedure with 10000 repetitions
is taken to be one cycle. Three trials have been
made in total, in order to verify the consistency
of the behaviour of the method.

From the collected numbers, the probabilities
of successful data recovery depending on the
number of errors occurring in the data frame,
have been computed. This has been performed
for each cycle separately. The probabilities of
the three cycles for one-dimensional and for
three-dimensional data blocks have been
presented in plots shown in Fig. 4 and in Fig. 5.

Fig. 4 shows the plot of the estimated
probability of a successful error correction
depending on the number of error bits in the data
for the case of data block consisting of 33287

first order Hamming frames F;(4). This is the
performance of the one-dimensional Hamming
coding.

Fig. 5 shows the plot of the estimated
probability of a successful error correction
depending on the number of error bits in the data
for the case of data block consisting of one

F;(5,6,8) frame. This is the performance of the
three-dimensional Hamming coding.
The plots in Fig. 4 and in Fig. 5 show an

overlapping of three curves, corresponding to the
probabilities computed from the three cycles of

tests. The curves coincide almost perfectly,
1
E oat
3
5
E o6l A
=
n
8
8
G 04
=
=
2
0
£ 02
alk
1 1 1 L
200 400 600 aon
rnumber of errars per block
Figure 4. Probability of successful data recovery: one dimensional case.
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which indicate that the
behaviour of the method
reliable.

error-correcting
is consistent and

In each cycle, the least number of errors has
been noted, for which a successful data recovery
has been achieved. These are the limiting
numbers of errors for probability one of
successful data recovery, i.e. for a successful
correction of errors in a data block. These
numbers are presented in Table Il. In other
words, Table Il presents the minimum of the
greatest number of errors in a data block that has
not prevented a successful data recovery. It may
be seen that, even though there is as yet no formal
proof of the error correcting property of the
multi-dimensional Hamming coding, in practice,
it is by orders of magnitude more powerful in this
respect than the original one-dimensional
Hamming code.

The performance of the new error correction
coding method with respect to the computational
complexity has not been analysed here. Whilst
Hamming encoding is a straight forward
procedure, even in the multi-dimensional case,
the decoding requires a careful management
of computations.

TABLE II.

LEAST OF THE MAXIMUM NUMBER OF
ERRORS FOR A SUCCESSFUL DATA RECOVERY.

The smallest of the highest number of
errors per data block in a cycle that
Trial are successfully corrected
One-dimensional Three-dimensional
data block data block
1 4 7337
2 1 7602
3 1 7154

One possible decoding method has been that,
firstly, the errors in all the Hamming frames of
all orders in each dimension are detected. Then,
starting with the highest order Hamming frame,
errors are corrected one by one, but only if the
total number of Hamming frames with errors
does not increase. The same is then performed
for the lower order Hamming frames. In this
way, the errors are being corrected one by one,
until the original data of the block has been
recovered. This procedure is not light on
computational power, and, consequently, in the
required time. The use of multi-dimensional
Hamming coding is thus best employed for
archival data storage, data backups, etc., where

probability of suscessiull errar correclion

[V 5000 10000

15000
number of errors per block

Figure 5. Probability of successful data recovery: three dimensional case.

20000 25000 30000
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the safety of information is of the greatest
importance, but the actual recovery of the coded
information is infrequent.

IV. CONCLUSION

A multi-dimensional Hamming coding
method has been presented in this article. This
method shows a considerable improvement in
successful recovery of data blocks corrupted with
multiple errors when compared to the original
Hamming error correcting method. In this paper,
the three-dimensional Hamming coding has been
compared to the original, one-dimensional
Hamming  coding,  through numerical
experiments. The comparison has been made
fair, by setting the sizes of data blocks for three-
dimensional and one-dimensional cases as equal
as possible, and then by using the same
procedure for inducing the errors in the data
blocks. As expected, the multi-dimensional
Hamming coding method has shown a great
advantage.

Although there is a rather low theoretical
limit for the number of errors per block which
may be corrected, in a statistical sense, the multi-
dimensional Hamming coding method shows
significant advantages over the classical single
dimensional Hamming coding method. This
observation shall need to be confirmed by both
by subsequent algebraic analysis and by further
numerical trials.

It has been observed that the encoding
procedure is simple, straight forward, and
requiring light computational power. On the
other hand, the decoding phase is rather involved
and may prove to be computationally
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demanding, and,
consuming.

aS a consequence, time

At this moment, the domain where the multi-
dimensional Hamming coding may be most
advantageously applied is the data archival.
Here, the archived data need to be protected and
placed into permanent storage fast and with ease,
the stored data need to be robustly protected from
the deterioration due to so-called bit-rot, and the
data retrieval is rare, and may be performed with
little time pressure. The proposed method fulfills
these requirements with ease.

This article has not addressed the problem of
computational complexity, nor an algebraic
formalization of the new error-correcting
algorithm. These are tasks that will be performed
in the near future.
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Abstract—The increased development of new
technologies brought many significant changes
and problems. These changes are enormous in
many spheres, especially in production and
industry, so a new technological era has begun,
labelled as the Era of Industry 4.0. Modern
business systems purport business continuity with
a high degree of agility, effectiveness, accuracy,
and safety. Changes are present in many different
spheres and demand fast reactions and
appropriate responses. Related to that fact,
changes in manufacturing and industry are
frequent and intense. Traditional methods and
practices in manufacturing, industry, and business
need to be updated to meet modern challenges.
These challenges include optimizing production,
boosting profits and efficiency, lowering costs,
managing product life cycles, protecting the
environment, and improving waste management.
The crucial thing is to design new engineers,
technicians, and other workers that can handle
these challenges. For this significant task, new
education models must be established and
implemented. This paper presents the current and
potential problems, models, and education
solutions for the recently developed technological
era of Industry 4.0.

Keywords - education, model, Industry 4.0,
skills, technology introduction

. INTRODUCTION

The influence of the most modern
technologies in many spheres has brought to the
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design of new systems and models with a high
level of automation based on joining different
elements, such as cyber physics systems, cloud
technologies, the Internet of Things, and similar.
These models and systems might present cyber
technological systems with high technical levels
and potential related to intelligence adoption and
flexibility. Lately, the appliance of new
technologies is a  wide-reaching and
overwhelming aspect in areas and spheres.

The first step involves the digital conversion
of all processes in the industry, and this
enormous change is involved in Industry 4.0. The
consequences of this change are almost
inestimable, in the sense of the appliances of new
technologies and the design of new results and
effects.

It was obvious that existing methodologies
were insufficient for the growing needs for low-
price and higher-quality products, delivery
efficiency and stability, manufacturing changes,
and many other tasks could not be effectively
resolved without enormous changes.

There were a lot of different definitions of
Industry 4.0, but one very short and clear is that
Industry 4.0 represents smart manufacturing,
with strong support for the Internet of Things.
The main characteristics of Industry 4.0 are smart
manufacturing, cyber physics systems, cloud
computing, manufacturing with cloud computing
support, Internet of things, sensors, simulations,
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virtualizations, online managing, artificial
intelligence, robotics, and many others [1].

It is obvious that today Industry 4.0 made
huge changes in different spheres of human
action. There are lot of benefits but also there are
a lot of questions without answers. On of these
questions is the question of education. Changes
on market, life cycle of products, new
technologies, new standards and similar demand
fast and frequently changes in manufacturing,
what causes huge pile of new potential problems.
On of the problem is the need for constant need
of improvement of knowledge, what implies the
new approach of education. This approach
purports fast and concrete learning with an
emphasis on practical appliances without
unnecessary elements in the sense of wide range
of knowledge. Also, all of these purports the
elimination of some workplaces and jobs but also
and creation of new jobs and new workplaces.
For example, an intelligent manufacturing
already demands many new workplaces that
purports the use of new and special skills
(simulation, multitasking, software
development, analytics and similar) and it will
demand it in the future. It is obvious that all of
this noted demand one completely new approach
and changes related to education. This paper
shows current and potential problems, solutions
and directions related to education as a
consequence of Industry 4.0 [1,2].

Il.  THE NEW APPROACHES FOR EDUCATION
IN INDUSTRY

One of the most significant elements in
Industry 4.0 is the cyber-physical system (CPS).
This element presents a specific way of
integration between physical devices and
appropriate software. The management of these
elements is the responsibility of computers
(physical and virtual), and they have to be parts
of the net, connected to the cloud, which enables
enormous benefits. These elements are very
complex, so their realization demands
advantageous technologies, such as service-
oriented architectures, cloud computing, big data
analytics, the Internet of Things, and many
others. Designing new systems must function in
a networked environment with extensive real-
time data exchange capabilities. New intentions
purport using different devices, machines,
robots, tools, and similar but united into one unit.
So, many benefits would be achieved, such as
effectiveness, functionality, reliability, safety,
security, and others. The functioning of these
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systems presents a base for more complex
systems such as intelligent buildings, smart
objects, smart cities, and others [3].

Of course, the innovations related to CPS
demand new approaches in the education and
training of future engineers, technicians, and
other staff. Because of the realization of different
business possibilities, CPS enables great support
for enormous systems in  dynamics,
reconfiguration, enormous data transfer,
circulation in real-time, and others. Reflected
immense systems, such as intelligent factories
for example, this support enables lots of new
possibilities, such as the adaption of all
manufacturing processes to the needs of all
corporations or firms in the sense of management
efficiency, process optimization, the realization
of the highest performances, reduction of
expenses, and others. All of the mentioned
demands responsible and educated work staff,
with continual education and continual tracking
of innovations. Related to all benefits, of course,
there are some lacks in CPS usage, where the
most significant lack presents insufficient
integration with different life phases of the
product [1,4].

One very significant innovation is also an
intelligent product (IP). In retrospect, this
concept was involved as a term before the CP
determination and Industry 4.0 frameworks.
However, this concept lacks a precise definition
understood in literature and workshops as a

product capable of interacting with its
environment through functions like
management, information exchange, process

control, monitoring, and similar activities.

At the higher and modern level, it presents
elements capable of realizing different
operations, procedures, and algorithms for
decision-making. IP forms the core of CPS,
enabling the realization of manufacturing,
management, logistics, and  maintenance
processes around it. The very significant fact is
that this element can make decisions about its
own life. The intelligence of the IP may be
developed in various ways, aligning with
different functions or processes. It can be
particularly  significant  during  different
production phases (for example, the usage phase
and recycling phase) [1,5].

Related to all mentioned, it is evident that
Industry 4.0 presents a mixture of exceptional
occupations and technologies with a high degree
of integration. It has promoted the establishment



of new educational programs for engineers and
other necessary personnel. One joint program,
the EU/USA/East Far/CIRP Project — Eprode,
might be noted as an example. However, all
existing and implemented educational programs
have operated within the clearly defined
boundaries of digital manufacturing. Generally,
they comprehend all potential and needed
knowledge and skills for engineers, constructors,
designers, and a wide range of necessary staff.
These educational programs possess several
crucial characteristics [1,6].

One of the most important characteristics
related to engineering education is integrated
modelling and simulation. Engineers, students,
and other staff must learn to achieve and apply
diverse product-related information and develop
software for representing products, processes,
human interactions, and various activities.
Modelling and simulation are significant because
only precise models such as product, process,
activity, or similar can provide exact and actual
information in appropriate simulation software.
Benefits in this case are huge and obvious
(efficiency, rationality, financial aspect, and
others), but it depends on the excellent level of
educated personnel.

Modern, so-called digital manufacturing and
its organization, with the interaction related to
customers, clients, and market, with strict
tracking of efficiency, also are very significant in
education for complete future personnel,
especially engineers. It leads to the precise
concept of productivity and competitivity, which
is directly about business decisions, project
management, new technologies implementation,
new quality management, and human resources.
The noted concept purports the inclusion and
realization of intelligent technological processes,
which leads to intelligent manufacturing using
artificial intelligence. Modern engineers must
know all notes and permanently increase their
knowledge for efficiency. Of course, it
is obvious that these approach needs one
completely new process of education, adapted to
different new and existing conditions and based
on effective knowledge transfer, with usage of
new technologies (Internet of things, artificial
intelligence, big data, cloud computing, robots,
cyber systems etc.). An example for knowledge
transfer in digital manufacturing is presented
on Fig. 1.

Developing different models for decision-
making is also an important and demanded task.

INDUSTRIAL IN FERNKT
CLOUD FLATFORM

Figure 1. Knowledge transfer and
digital manufacturing.

For example, various models’ development in
the life cycle of products can significantly
improve many parameters of crucial importance
(changing, resources, storage, components,
elements, the strategy of usage, recycling, others)
based on technical, social, and ecological criteria.
Personnel must have an enormous knowledge of
strict standards and regulations related to the
environment, products' safe use and recycling,
and the like.

All notes clearly show that the new
generation purports new knowledge and skills.
Very significant factors for Industry 4.0, in the
sense of digital manufacturing and digital
realization, are changes in those skills that will
enable new models, such as zero reject
production; energy, resource, and consumption
efficiency, global supplying networks; strong
and increased personalization; safety and secure
in a wide range, and others. Some of those skills
classified into two different groups-technically
technological and socially economic, are digital
literacy, development of digital technological
systems, people communication skills, usage and
design of artificial intelligence, usage and design
of models for enormous amounts of data, the
development of security and safety in new
technological cyber systems, possibilities for
successful multitasking and quantities of data
using, high potentials for adoption and transfer of
knowledge, and others.

Those noted skills purport exceptional
actions, such as encouragement of collaboration
between employees, encouragement of continual
and permanent technical education and training
of employees, wide usage of digital technology
for successful application of education and
science, successful development of new work
profiles related to market and industry needs,
great support and intentions for science and
education promotion, and others [1,7-9].
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I1l.  NEw JoBS AS A CONSEQUENCY OF
INDUSTRY 4.0

Several years ago, there was a trend for
designing new jobs and workplaces. Huge
advanced (in a technical sense) companies,
where intelligent manufacturing presents reality,
possess many new jobs and workplaces that
support this type of manufacturing and present a
logical consequence of the great prosperity that
Industry 4.0 has achieved.

One of the most frequently used
technological achievements is robots. For over
thirty years, robots have been integral to
manufacturing processes. Modern
manufacturing is unimaginable without the
adjusted collaboration between humans and
robots. Therefore, humans and robots are
significant to train and afterward work
seamlessly together. That requires careful design
of the robot team coordinator role, which carries
significant responsibility and demands precise,
coordinated actions.

Generally, they present sophisticated and

modern  process engineers and experts
responsible for management changes in
production  processes and use different

combinations of digital, human, and social skills.
Many procedures are designed by robotics and
human integration, with strict demands on
human skills. Monitoring and tracking robots as
they carry out real-time tasks in a factory or
specific areas of a facility is crucial for ensuring
efficiency and coordination. That helps them to
find new ways for robots to function with factory
workers and to increase productivity. Also,
robots’ possibilities and performances must be
observed and tracked, and the feedback enables
designers, technicians, and programmers to
optimize the robot’s functioning. Of course, they
must possess determined skills, such as proper
technical skills, administrative skills, skills that
enable environmental behavior, and others [1].

The appliances of Industry 4.0 have widely
introduced the usage of drones. Although drones
don’t present new technology (used for the last
twenty years), with new solutions, drones have
become irreplaceable elements in many
appliances in manufacturing. So, it is implied
with many new workplaces, such as data
coordinators with drones. It is a critical and
demanded position. It is a very significant and
demanded position. Coordinators with drones
must coordinate with all users and provide the
data to drones. This workplace requires strong
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technical knowledge, project management,
resources management, automatization and
networking, client management, and data life
cycle management. Although this workplace
seems easy at first sight, it is very complex. From
the manufacturing aspect, the development of
drone usage is unlimited. In future factories
(chemical industry, wood industry, pharma
industry, construction architecture, and similar),
drones are used as cranes, equipment carriers,
and measurement laboratories, especially in
environments that are dangerous for humans.
The number of drones in the future will be huge
so it can be whole fleets of drones. One evident
argument about the complexity of this workplace
is the fact that simple management of a fleet of
drones in the sense of flying from point A to
point B demands a large amount of information
in real-time (speed, wind speed, humidity,
temperature, distance from other drones, other
different influences). The simulation presents
one of the enormous potentials in Industry 4.0
with unlimited possibilities [1,10].

Simulations enable real insight from the
virtual world. Powerful simulation software, for
example, allows the digital presentation of some
product, process, or realization to note and
identify potential problems without any
financial, safe, and secure risk. Everything
happens in the simulated virtual world, designed
by simulation software or simulation device.
Also, simulation enables the design of a digital
twin-virtual prototype that purports a digital
presentation of physical objects, processes, and
systems. Digital twin enables complete insight
into their original and its optimization. Digital
twins can use virtual and actual information from
different sensors. Digital twins must have a
determined  organization and flow of
information, with a strong level of information
processing. Also important is digital shadow,
which purports precise data presentation related
to different  significant  processes in
manufacturing. Fig. 2 presents the significance
and concept of simulation and digital twin.

Figure 2. Simulation and digital twin concept.




Simulation  engineers, digital  twins’
engineers, and similar professionals must have
an enormous technical education as other needed
education  (software development, system
engineering, figures  processing,  Sensors,
analytical skills, researching) because it was
crucially important for the design of virtual
models from the actual model [1,11-13].

Very strong attitude purports that new and
innovative pedagogy combine and compare with
traditional pedagogy. As an example, presents
South African Universities are only starting to
combine new and traditional teaching and
learning strategies. It was showed that flipped
classrooms, SCALE-UP, and blended learning
present very effective pedagogies directed to
students. Also, it was clear that teaching and
learning processes present complex processes
strongly directed on student with high and
responsible leadership from state and educational
system [14].

Higher and the highest education present the
most important parts of education related to new
technologies, adoption, acceptation and
appliance. Parallel with this problem also
existing the problem and task of constant
improvement of learning and accepting of
innovations. It can be shown that the pedagogic
innovations especially in the higher education
were not good accepted. New system, called
Education 4.0 realized great facilitated of
innovations because the adoption of innovations
in academic field, the implementation of
innovations, tracking of these changes, the
development of new skills, creative thinking and
digital usage and realization present crucial task
in new approach [15-17].

One of the very important things in modern
education is the proper, timely and effective
adoption and implementation of digital
technologies at all levels, especially at university
education. High education institutions combine
and compare different analytical and conceptual
approach. These observations were based on
different concepts, such as concept of lifelong
learning, concept of different new competences
of students and teachers, concept of centralized
approach to technical help to the academic staff
and students, concept that forms and design new,
elementary and special competencies of teachers
and students and concept that followed learning
theory based on direction of principle to pupil or
student [18].

Combine way of learning is a very good way
to improve the learning, of course with purported
environment for combined learning. There are lot
of appliances of new technologies for learning,
such as innovative pedagogies, (heutagogy,
peeragogy, cybergogy etc.), LMS-learning
management system etc. that design complex but
effective learning environment where cognitive
factor presents the most connected pedagogical
principle for optimal usage of time, learning
independence, learning tasks, and learning
community in the new and special
conditions [19].

Of course, new innovative technologies in
education demand the special training for future
education workers and it is the lead trend of
modern high pedagogical education. So, it is very
important to note the potentials and current
professional preparedness of future teachers for
innovation in future classes and education. It is
obvious that modern pedagogical end education
worker cannot realize modern educational
process without digital technologies, so this
noted preparedness must be the mixture of
permanent integrative personal education and
permanent professional training, which must be
expressed through cognitive, motivational,
reflexive, innovative activity and praxeological
elements [20].

Covid Pandemia was, unfortunately, very
good check for appliance of modern technologies
in education. Humanity was forced to just in time
and flexible adopt to unplanned situation. The
crossover from face to face to on line classes,
suggest to students to apply the new way of
learning, what purported self-direct learning,
collaborative learning and the cognitive and
social presence and influences of students and
teachers. Of course, that also purported
possession determined digitalisation degree in
the sense of learning platforms, laptops, cameras,
speakers, microphones, monitors and lot of other
digital learning tools. Different bibliometric and
other tools were used to analyse the successions
of this way of learning and appliances of new
digital technologies and their improvement [21].

IV. CONCLUSION

The rapid advancements of Industry 4.0 have
significantly ~ transformed  manufacturing,
introducing complex systems such as cyber-
physical systems (CPS), intelligent products (IP),
and interconnected technologies like the Internet
of Things, cloud computing, and robotics. These
technological changes optimize production
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processes and necessitate adjustments in
education and training to prepare engineers,

technicians, and other essential
personnel properly.
In response to these advancements,

educational systems must evolve by adopting
innovative methods for acquiring, processing,
and sharing knowledge. Universities and schools
must adapt to new conditions by creating new
subjects and programs that align with digital
manufacturing and business needs. New, modern
end effective types of knowledge and skills
needed for digital manufacturing enable new
modern and effective organization and make
modern engineers capable for permanent
adoption of their knowledge.

This modernized approach to education,
grounded in science and technology, is crucial
for equipping the workforce with the necessary
skills to navigate the complexities of intelligent
manufacturing and automation. The future of
Industry 4.0 relies on this close alignment
between industrial progress and education,
ensuring a workforce capable of sustaining and
advancing these innovations.
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Abstract—This study examines the influence of
gender on the effectiveness of advertising messages
tailored to personality traits in social media using
data from Croatian Facebook users. Building on a
psychographic segmentation based on the Big Five
personality  traits, two quasi-experimental
Facebook campaigns were conducted: one to
promote a dental clinic in Zagreb and the other to
promote Shopaj24, a digital classified advertising
platform (hereafter: Shopaj24). Users were
segmented based on digital footprint - Facebook
Likes associated with Extraversion, Neuroticism,
Conscientiousness and Openness to new
experiences. The results showed significant gender
differences in response rates to messages tailored
to Extraversion, Neuroticism and Openness,
particularly for women. Click-through rate (CTR)
analysis revealed higher engagement when the ad
content matched users’ personality traits. The
study also found that gender significantly
moderates the effectiveness of advertising on social
media. Women generally responded better to
advertising tailored to their personality. These
results show how important it is to include the
dimensions of gender and personality in
psychographic targeting in order to improve
advertising effectiveness in social media. Given the
increasing amount of digital advertising and user
data available, personalized strategies can
improve advertising results. Further studies are
needed to refine the understanding of these
complex interactions to optimize targeted
marketing campaigns.
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. INTRODUCTION

Digital advertising thrives on
personalization: The better the advertising is
tailored to the identity, motivation and
psychological inclinations of a user, the more
effective it is. For example, some research [1, 2]
shows that men and women respond differently
to visual and textual cues, rational and emotional

appeals, and social proof in advertising.
Furthermore, researchers [3-5] say that
personality influences browsing behavior,

purchase intention and the likelihood of clicking
on an ad. By combining these dimensions,
advertisers can target audiences with greater
precision, increase engagement and ultimately
reduce and optimize ad spend.

The aim of this study is to examine how
gender influences the effectiveness of social
media advertising when the advertisements are
tailored to the personality traits of the target
audience, identified through their digital
footprints (Facebook Likes). The research is
designed to understand this influence using a
quasi-experiment with Facebook ads.
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Il. PREVIOUS RESEARCH

A. Personalization in Digital Advertising

Most of today's advertising still works
according to the mass communication model,
leading to an increasing demand for
personalization and interactivity [6, 7]. As the
average person is exposed to between 600 and
625 ads a day, companies are investing more in
advertising to quickly target consumers and
adapt to changing market conditions [8].
Reference [9] showed that the personality traits
of users correlate with the visual characteristics
of images, which confirms the results of [10] and
underlines the importance of aesthetics in
advertising campaigns. The visual effectiveness
of these campaigns can be further improved by
utilizing consumers' individual preferences for
certain visual elements [9].

B. The Influence of Gender and Personality
Traits on Advertising Perception

Numerous authors have investigated the
influence of gender on the expression of
personality traits [11-13]. Reference [14]
examined  advertising  expectations and
perceptions in relation to gender and found that
women pay more attention to music, visual, and
humorous aspects of advertising. Some
researchers have also investigated the influence
of age and gender of social media users on their
privacy concerns and attitudes towards
personalized advertising and concluded that
these variables do not significantly influence
their results [15].

Reference [16] showed that posting
infographics can increase traffic by 12%, which
is in line with the results of [4], who showed that
matching the personality traits of users with the
personality traits of advertising messages can
increase the effectiveness of campaigns by 40-
50%. While [4] focused on Openness to new
experiences and  Extraversion in  their
psychographic segmentation, [17] extended this
by showing a significant correlation with
Neuroticism and Conscientiousness as well.

For this study, the Five-factor model (also
known as OCEAN score or Big Five:
Extraversion, Agreeableness, Conscientiousness,
Neuroticism (Emotional Stability reversed) and
Openness) was used as a framework for
individual differences relevant to ad reception.
Previous work has shown that digital footprints
(Facebook Likes) predict Big Five profiles and

30

that trait-congruent messages increase user
engagement [4, 5].

C. Effectiveness of Online Advertising

One of the most common measures of the
success of online advertising is the click-through
rate (CTR), defined as the ratio of ad clicks to the
number of impressions [18]. According to [19],
the average CTR for Facebook ads is 1.11%.

Global spending on social media advertising
is expected to reach 275.98 billion dollars in
2025 and grow by 11.71 % annually [7]. The
abundance of user data in the digital space
enables marketers to precisely segment messages
at low cost, allowing for almost personalized
communication. Reference [20] emphasizes the
role of cookies as tools to improve the reach and
depth of data collection for marketers,
facilitating the tracking of online user behavior
and enabling more targeted advertising.

D. Facebook Likes as Digital Footprints of
Users

Every social interaction, every search history,
every purchase and every other Internet activity
can be transformed into data sets of extraordinary
size (Big Data). This amount of data helps
scientists to observe some phenomena globally,
across thousands or even millions of individuals,
which helps to reduce or overcome the problem
of “noise” in the samples [21, 22]. In [23], a
breakthrough was made in big data research,
especially in Facebook Likes (hereafter: Likes)
as a digital footprint of users. They showed that
only 30 Likes are enough to predict gender with
75% accuracy, age with 60% accuracy and
Openness to new experiences with 30%
accuracy. The average user selects about 227
likes during Facebook use, so the fact that an
algorithm can judge a person’s personality traits
more accurately than a friend with only 65 likes
and a spouse with 280 Likes [24] must be taken
seriously. Reference [17] confirmed the results
from [23-25] for Croatian users and created the
first user Likes matrix specifically for the
Croatia. Likes were collected and matched with
users’ scores on the 50-item International
Personality Item Pool (IPIP) questionnaire,
which represents a widely validated and
frequently applied instrument for assessing
personality traits [4,9,10,24,25]. This matrix was
used in the research as a basis for segmenting the
Croatian Facebook population into groups based
on the Big Five personality traits.



1lI. RESEARCH DESIGN AND
METHODOLOGY

Following the literature review, a gap was
identified regarding the influence of gender on
the effectiveness of messages tailored to
personality traits. Therefore, the working
hypothesis (H1) for this research was formulated
as follows:

H1: The gender of social media users is
related to the level of effectiveness of messages
tailored to specific personality profiles.

As Facebook is the social network with the
highest reach and the highest advertising
expenditure [20], the study was designed in such
a way that a quasi-experiment was conducted on
this social network.

Facebook Ads Manager is Facebook
platform that allows marketers to segment their
audience for advertising. They can select users
by geographic location, age, gender and
language, but also by their interests (Facebook
Likes). This helps to target small segments of
users.

A psychographic segmentation of users was
carried out using Likes, which were linked to
certain personality traits from the Big Five model
[17] - Extraversion, Neuroticism,
Conscientiousness, and Openness to new
experiences (User-Likes matrix). Drawing on
Facebook Likes previously associated with the
Big Five personality traits [17], Croatian
Facebook users were segmented according to
these traits, with each segment comprising users
who scored high on one of the Big Five
dimensions. Although all five dimensions of the
Big Five model were initially examined,
Agreeableness did not show statistically
significant differences in ad effectiveness
between congruent and non-congruent messages.
Therefore, this trait was excluded from the
gender moderation analysis, as the absence of a
primary effect would make the interaction effects
uninterpretable. Only the Likes with the highest
frequency for each trait were used (i.e., the top
10%). Based on wusers’ Facebook Likes,
participants were classified according to their
personality traits without the need to complete a
personality inventory. Consequently, individuals
were unaware of their participation in the study,
a point emphasized by [21,23] in their work.

Two advertising campaigns were launched:
one for a dental clinic in Zagreb and the other for
a new digital classified advertising platform in

Croatia (Shopaj24). Trait-congruent images
were not developed ad hoc for this study but were
adopted from a previously validated image set
tested and confirmed in [9], where visual stimuli
were empirically linked to specific Big Five
dimensions (Extraversion, Neuroticism,
Conscientiousness, and Openness). The same
image set was used here to ensure visual
congruence with the corresponding personality
traits.

The campaigns ran for seven days and were
divided into six subgroups: one where the
personality of the tailored ad and the personality
of Facebook users matched, and one where the
personality traits of the ad and the personality of
Facebook users did not match. Each subgroup
had a budget of 15 EUR for the campaign, which
the platform’s algorithm distributed to maximize
impact.

In total, 156.127 promotional messages were
displayed, with 53.363 promoting the dental
clinic and 102.764 promoting the Shopaj24,
reaching a total of 102.377 Facebook users.

The target group for the ads consisted of
adults residing in the Republic of Croatia; for the
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Figure 1. Examples of trait-tailored ad creatives for
persons who are high on Openness to new experience
that was used in the study
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dental clinic campaign, only residents of the city
of Zagreb were considered. The segmentation of
the target group was based solely on Facebook
Likes, which were most strongly associated with
certain personality traits (and fell into the top 91—
100% category). For each service, three groups
were formed corresponding to three personality
traits: for the dental clinic: Extraversion,
Openness, and Neuroticism; for the Shopaj24:
Extraversion, Neuroticism, and
Conscientiousness. These groups were shown
two types of messages: one with images tailored
to the personality trait of the respective user and
one that was not tailored to this personality type,
i.e. was not associated with any of the Big Five
personality traits.

An example of trait-tailored ad creatives for
persons who are high in Openness for the two
advertised services can be seen in Fig. 1. It is
important to emphasize that Facebook does not
allow the selection of all Likes within the field of
interest, so only Likes that allowed segmentation
were used. For example, out of 164 Likes that
correlated 91-100% with people with high
Openness, only 52 were used.

In contrast to [4], in which both the image and
the ad text were tailored to a specific personality
trait, in this study only the images were adapted,
while the text remained unchanged and read as
follows:

e Dental clinic: [FREE EXAMINATION]
Perfect your smile. Schedule a free initial
examination at a dental clinic with over
30 years of experience.

e Shopaj24: Shopping? The best offers are
waiting for you on the new Shopaj24
platform. Discover them and see for
yourself.

Although several years have passed since the
study by [4], Facebook still allows multiple
interests to be entered using the operator “or*
instead of “and”, meaning that in some cases the
segmentation may have been based on only one
Like. Table I shows the estimated audience size
as well as the number of Likes used for the
segmentation.

Segment definitions relied on a previously
validated Croatian user-like mapping that links
specific Likes to the Big Five dimensions [9,17].
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TABLE I. AUDIENCE SEGMENTATION USING FACEBOOK
LIKES ASSOCIATED WITH SPECIFIC PERSONALITY TRAITS.

Advertised Audience Estimated Ng;n.
service name audience size .
Likes
Conscientio
usness 1.900.000- 46
audience 2.200.000
HR
. Extraversio
Shopaj24 - 1.900.000-
n audience 2 900.000 40
HR
maudence | 1900000 |,
HR 2.200.000
Openness
. 667.400-
audience 53
7G 785.100
Extraversio
Dental clinic n audience 692.700- 40
814.900
ZG
Neuroticis
. 686.100-
m audience 42
7G 807.200

Note: The estimated audience size is calculated by the
Facebook platform based on the parameters entered for
segmentation.

Since sample segmentation was based on a
user-like approach and no self-reports were
collected, validation was performed using
procedures that do not require additional
questionnaires:

e External anchoring: Segment definitions
are based on a previously validated
Croatian user—Like mapping that links
Likes to the Big Five [17];

e Creative manipulation check: in the
quasi-experiment, the text remained
constant, while images presented trait-
congruent versus non-congruent cues;

e Cross-campaign generalization: effects
were compared across two domains
(health  vs. retail) to  assess
transferability.

Logistic regression models were estimated
separately for each personality trait and
campaign domain (dental clinic and digital
classifieds). Click-through rate (CTR) values
were reported as descriptive indicators of ad
performance, while binary logistic models were
based on individual ad-impression data, using
click (1 = clicked, 0 = not clicked) as the
dependent variable. This ensured consistency
between descriptive (CTR) and inferential
(logit) analyses.



V. RESEARCH RESULTS

After data collection, the chi-square test and
logistic regression were used to examine the
relationship between the gender variable and the
effectiveness of personality-tailored ads. The
independent variable in the chi-square analysis
was gender, while ad effectiveness was measured
by click-through rate (CTR) for ads targeting
three personality traits: Extraversion, Openness
and Neuroticism (for dental clinic); and
Extraversion, Neuroticism and
Conscientiousness (for Shopaj24). Statistical
significance was assessed by comparing the
expected and observed frequency of ad
responses, which allowed a detailed assessment
of differences between women and men in
engagement with digital advertising.

To further investigate the moderating role of
the gender variable, a logistic regression with a
binary dependent variable (ad click: yes/no) was
used. The primary outcome was click-through
rate (CTR), defined as clicks divided by
impressions. For binary click outcomes (click vs.
no click), logistic regression models were
estimated with main effects for Gender (0/1) and
standardized segment scores, plus their
interaction (Gender x Trait).

For the dental clinic segment, the chi-square
test showed statistically significant gender-
specific differences in two characteristics:
Extraversion (CTR: women 3.1% vs. men 2%,
y*> = 18.476, df = 1, p < 0.05) and Openness
(CTR: women 2.7% vs. men 1.8%, y* = 8.717,
df =1, p <0.05).

Further analysis revealed that the differences
between the expected and observed frequencies
were not statistically significant for men, while
significant effects were found for women for
both Extraversion (y* = 12.468, df = 1, p < 0.05)
and Openness (x> = 6.049, df = 1, p < 0.05).
However, no significant gender differences
emerged for Neuroticism (> = 0.541, df = 1,
p > 0.05).

In the Shopaj24 segment, the statistical
analysis showed that gender was a significant
factor for Extraversion and Neuroticism at the
95% confidence level, but not for
Conscientiousness. Women showed higher
response rates for messages tailored to their
personality (Extraversion: 5.2% vs. men 3.5%,
Neuroticism: 6.4% vs. men 4.8%). Statistically
significant effects were observed for both
genders with regard to Extraversion (men;

¥?=16.900, df = 1, p <0.05; women: y* = 26.773,
df = 1, p < 0.05) and Neuroticism (men:
¥ = 96.032, df = 1, p < 0.05; women:
y2=108.734, df = 1, p < 0.05).

Overall, the results show that gender is a
statistically significant variable influencing the
effectiveness of advertising messages tailored to
Extraversion, Conscientiousness, Openness and
Neuroticism.

As the previous part of the research has
shown that the user’s gender is associated with
the effectiveness of messages tailored to specific
personality types, the moderating role of gender
was examined using logistic regression analysis,
where the dependent variable was the user’s
reaction (1 = the person clicked on the
advertisement, 0 = the person did not click on the
advertisement).

Dental clinic: for Openness to experience and
Extraversion, gender differences were found to
be statistically significant; compared to women,
the probability that a man would click on the
advertisement was 0.77% lower. A similar
pattern was observed for Neuroticism, where
men were less likely to click on the
advertisement, by an average of 0.68%.

Digital classified advertising platform:
regarding Neuroticism, men were again less
likely to click, by an average of 1.78%. Gender
did not emerge as a statistically significant
variable only in the case of Extraversion.

Based on the presented results, the hypothesis
formulated as "The gender of social media users
is related to the level of effectiveness of
messages tailored to specific personality
profiles” is considered confirmed and can be
accepted.

As mentioned above, the average CTR for
Facebook ads is 1.11%. However, when the CTR
is broken down by sector, previous data shows
0.83% for ads in the healthcare sector
(benchmark for the dental clinic example) and
1.59% for the retail sector (benchmark for
classified ads) [26]. The results of this study
show a CTR of 3.38% for retail (3.92% for ad
and personality trait match and 2.85% for non-
match) and 2.25% for healthcare (2.78% for
match and 1.72% for non-match). This suggests
that the campaign performed above average, as
both campaigns had higher CTRs when the ad
and personality trait matched, further
strengthening the merits of the study's results.
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V. CONCLUSIONS AND
RECOMMENDATIONS

This study on a major social media platform
shows that ads that match inferred personality
traits generate more interest than ads that do not.
The pattern is consistent across all traits, but not
uniform. The results are expected and consistent
with the previous research [3,4]. The size and
direction of the increase depends on the specific
trait emphasized by the ad creative.

The findings extend the concept of
psychological targeting by demonstrating that
gender influences the effectiveness of trait—
creative congruence: extraversion-congruent
appeals (social and novelty cues) were more
persuasive primarily on a digital classified
advertising platform (i.e., the retail segment),
whereas safety- and control-oriented cues
associated with higher Neuroticism were more
effective in the dental clinic context (i.e., the
health segment). The differences between men
and women are significant but modest.

The results also suggest that personality
shapes the dominant processing route, while
gendered norms influence cue diagnosticity.
Theoretically, this refines person-message fit
models for digital persuasion by specifying when
trait-based targeting leads to measurable lift.

Practically, the results inform creative
guidelines: align hedonic/social proofs with
higher Extraversion (especially among woman),
emphasize  assurance/efficacy for  higher
Neuroticism (notably in woman), and pair
informational depth with higher
Conscientiousness.

We recommend tracking  post-click
conversions or retention for future work, as our
results were click-centric. Also, there were
contradictory results for Neuroticism (no
significant gender differences for dental clinic,
but significant gender differences for Shopaj24)
so we recommend further research, especially in
different sectors.
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path and sensitivity analyses the dominant
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scores (p=0.7-0.8) and near-zero slack. These
findings  suggest that inefficiencies are
concentrated within mid- and late-stage hybrid
operations where digital and physical systems
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uncertainty, expose systemic vulnerabilities, and
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contexts.

Keywords — Monte Carlo simulation,
bottlenecks, e-government, risk-driver

ISBN: 978-86-82602-06-4

@ NIZ:

l. INTRODUCTION

Government  constitutes all  methods,
techniques and technologies that digitize the
operations of public service departments and
agencies. It entails the adoption of online
technological tools like websites, artificial
intelligence and e-commerce facilities for the
execution of statutory projects. When executed
properly, these mechanisms have significant
transformative abilities for routine workflows.
They bring about notable improvement in public
service delivery, while promoting government
transparency, and reducing inefficiencies. The
Nigerian Immigration Service (NIS) is one such
public service agency that has embraced digital
tools. This manifests in things like its online
application portals, digital payments and e-
biometric capture that modernize what was once
a predominantly paper-based passport issuance
system. Nonetheless, the service still faces a
prevalent problem of delay in passport issuance.
During the 2025 mid-tenure performance
retreat, the Minister of Interior spoke of how his
administration successfully cleared six months
of inherited passport backlog in 3weeks. As
astounding as the feat is, it unfortunately serves
as a testament of the average ordeal encountered
by Nigerians in the passport collection process.
The minister himself spoke of the ordeal he went
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through to procure his daughter’s passport back
when he was chairman of the House Committee
on NDDC. He highlighted human interference
as a major bottleneck that the passport process
faces. This motivated him to effect change by
employing strategic digital measures to ensure
reduction in the need for human approval at

critical workflow steps. However, human
interference is not the only source of
inefficiency.

Il.  LITERATURE REVIEW

Research on project scheduling and service
process optimization has long sought to improve
the accuracy of completion-time estimation and
the understanding of delay risks. Classical
deterministic techniques such as the Critical
Path  Method (CPM) and the Program
Evaluation and Review Technique (PERT)
remain central to this effort because they clearly
define task dependencies and provide time
estimates using three-point data [1]. However,
these traditional approaches often prove
inadequate  in  complex or uncertain
environments where activity durations vary or
interdependencies shift dynamically [2,3].

Empirical studies in engineering and
construction have shown that Monte Carlo based
scheduling produces more realistic uncertainty
profiles, typically revealing a higher probability
of delay than traditional PERT models and
clarifying the contribution of individual
activities to total schedule variance [4,5].
Authors in [6] further observed that Monte Carlo
integration supports more robust decision-
making regarding time buffers and contingency
allocation. Nevertheless, the accuracy of such
simulations depends heavily on the assumed
probability distributions such as triangular, beta-
PERT, or lognormal forms, and on the correct
treatment of dependencies between activities
[3,7]. Consequently, sensitivity analysis and
convergence testing are essential when
simulation outputs inform managerial or policy
decisions.

A smaller but growing body of work has
applied stochastic simulation to model public-
sector service performance, particularly in
healthcare and taxation. These studies
consistently find that deterministic models
underestimate delay probabilities, and that
interventions targeted at critical stages produce
the greatest efficiency improvements [4,5].
However, very few have extended such
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approaches to passport or identity issuance
systems—processes characterized by hybrid
online-offline workflows, sequential
verifications, and physical dispatch components.
This gap is noteworthy, as these systems are
highly susceptible to stochastic delays arising
from inter-agency dependencies and manual
validation steps [8]. In light of these gaps, the
present study contributes both methodologically
and empirically.

I1l.  METHODOLOGY

A. Problem Definition and Context

This study examines the passport issuance
system from a dual perspective: from the
customer’s point of view and from the service
provider’s perspective.

B. Data & Modelling Assumptions

A three-point estimates namely the
optimistic, most-likely, and pessimistic was
assumed, based on analyst judgment and
publicly documented service experiences. These
estimates were parameterized into triangular,
beta-PERT, and lognormal  probability
distributions to capture diverse uncertainty
profiles. Using Python’s NumPy and SimPy
libraries, stochastic sampling of these
distributions was performed across 5.000 and
later 50.000 Monte Carlo iterations, dynamically
propagating variability through the network to
estimate completion times, criticality, and
systemic risk exposure. These estimates serve as
the foundation for defining probability
distributions that capture the inherent variability
and systemic uncertainty of the process.

To validate the internal structure of the
model and ensure that dependency logic
performed correctly, an initial Monte Carlo
simulation of 5.000 iterations was conducted
using a triangular—long-tail configuration. This
preliminary run served a diagnostic purpose. It
was to confirm that the activity precedence rules
(e.g., biometric capture cannot begin until both
payment and document verification are
complete) behaved as intended, and that the
stochastic sampling yielded plausible project
durations.



TABLE . ACTIVITY DEFINITIONS AND THREE-POINT (OPTIMISTIC-MOST LIKELY—PESSIMISTIC) DURATION ESTIMATES FOR
THE NIGERIAN PASSPORT ISSUANCE PROCESS.
ID Activity (short) Predecessors | OD MD PD Quick note
Al Arr_lval & Triage (customer - 025 | 075 200 initial check & queue triage at
gating) entrance
A2 Appllcatl_on Reception Al 0.25 | 1.00 3.00 | clerk checks forms, issues token
(counter intake)
A3 Docume_nt Verification A2 050 200 6.00 ID, birth cert, photos etc.; manual
(supporting docs) checks
Ad E’;\ég)e nt & Receipt Issuance A2 0.10 | 0.50 2.00 network outages cause delays
A5 E’_>|0metr'|c Capture (photo + A3,A4 0.25 | 1.00 3.00 machine availability + retries
fingerprints)
A6 Form Data Entry / Data A5 0.50 | 3.00 12.00 | data entry, cross-checks, rework
Validation
Automated Background interfaces with other agencies;
AT Checks / Database Queries A6 2.00 | 12.00 | 72.00 long-tail possible
Manual Background - conditional: only if automated
A8 Investigation (if flag) AT 4.00 | 48.00 | 336.00 check flags; long tail
A9 | Approval & Supervisor QC A7, A8 0.25 | 2.00 g.oo | Supervisory sign-off; may request
clarifications
Printing & Lamination . . .
Al10 (production) A9 050 | 2.00 8.00 printer capacity, batching
Al1l | Quality control & Final Audit A10 0.10 | 0.50 2.00 | spot check for errors
Al12 Dispatch /_Notlflcatlon All 0.02 | 0.25 1.00 notification to customer
(SMS/email)
A3 Pos_tal/ Intert_)fflce Transfer (for ALl 200 | 24.00 | 12000 conditional if passport printed
regional offices) centrally
Customer Collection / Last- customer pickup; optional re-visit
Al | o pickup Al12,A13 0.25 | 1.00 | 24.00 delays

TABLE Il. SUMMARY OF 5.000-ITERATION PILOT MONTE CARLO SIMULATION (TRIANGULAR—LONG-TAIL CONFIGURATION)

Metric Value (hours) Value (days) Interpretation
Mean Completion Time 137.6 5.7 Close to the 7-day SLA target
P50 (Median) 120 5.0 Typical case within service goal
P90 232 9.7 10 % of cases exceed the SLA
P95 306 12.7 Pronounced right-tail delays

Probability of < 7 days —

=~ 86 % Baseline compliance rate

Dominant Critical Activities —

A7-A10 Background check — printing sequence

Metric Value (hours)

Value (days)

Interpretation

C. Choice of Probability Distributions

In line with the recommendations of [2,6],
three distributions were applied in parallel—
triangular, beta-PERT, and lognormal—each
offering a distinct interpretive lens on process
variability.

D. Critical Path Digram

This Critical Path Diagram (CPD) illustrates
the logical sequence and interdependencies of
the fourteen activities coded Al-Al4
constituting the Nigerian passport issuance
workflow. The critical path passes through Al
— A2 > A3 > A5 > A6 > A7 —> A8 — A9
— A10 — All — A12 — Al4, confirming that
the major time-consuming stages are the
automated and manual background checks

(A7, A8), as well as downstream production and
delivery phases (A10-A14).

This visualization clearly shows how
systemic inefficiencies cluster in the mid- and
late-stages of the process, aligning with the
simulation findings that these stages act as the
dominant bottlenecks and risk drivers in meeting
the official seven-day service benchmark.

IV. RESULTS AND INTERPRETATION

The full Monte Carlo-PERT-CPM
simulation  comprising  50.000 iterations
produced stable and statistically robust estimates
of the total completion time for the Nigerian
passport issuance process under the default
configuration of fourteen dependent activities.

39




&

Figure 1. Critical path diagram of the workflow
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Across all uncertainty schemes employed,
the resulting completion-time distributions
exhibited the same general pattern: a positively
skewed (long-right-tail) shape characteristic of
bureaucratic systems influenced by occasional
extreme delays.

Above we see a side-by-side comparison
which portrays the positive skewness of Fig 3.
The completion-time histogram reveals a dense
central peak near 0-100 days and a heavy right
tail extending beyond 20 days, corresponding to
rare but impactful disruptions such as prolonged
background checks or delays in postal dispatch.

The triangular distribution produced a mean
duration of 5.67 days (=136 hours) with a
standard deviation of 6.79 days, while the P50,
P90, and P95 percentiles were 4.25, 9.82, and
13.06 days respectively. These values align with
the official service-level benchmark on average
but reveal a substantial probability mass beyond
it, implying that roughly 15-20% of passport
applications exceed the target even under
nominal operating conditions. The PERT and
lognormal models, which emphasize smoother
tails and higher variance respectively, yielded
comparable means (5.8-6.2 days) but diverged
in upper quantiles—confirming that the
system’s reliability is highly sensitive to tail
behavior rather than central tendency.

The simulation produced a comprehensive
picture of the Nigerian passport issuance process
under uncertainty, highlighting both systemic
inefficiencies and high-risk dependencies.
Across 50.000 Monte Carlo runs, the mean
completion time, impressively, was
approximately 26.3 days, with a P50 of 24 days,
P90 of 33 days, and P95 of 38 days. Only
about 9% of simulated cases achieved
completion within a week, underscoring a major
reliability gap between policy targets and
operational performance. Critical Path and
sensitivity analyses further revealed a clear
concentration of delay risk among a subset of
activities. The simulation produced a
comprehensive picture of the Nigerian passport

TABLE Ill. COMPLETION TIME SUMMARY BY DISTRIBUTION
SCHEME (50.000 ITERATIONS)

10 50

30
Total completion time (days)

Figure 3. Histogram of the simulation completed
times for Triangular

Distribution | Mean P50 P90 P95
Scheme (days) (days) (days) (days)

Triangular 5.67 4.25 9.82 13.06
PERT () 5.84 431 10.20 13.90
Lognormal 6.23 4.45 11.10 15.25
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issuance process under uncertainty, highlighting
both systemic inefficiencies and high-risk
dependencies. Across 50.000 Monte Carlo runs,
the mean completion time, impressively, was
approximately 26.3 days, with a P50 of 24 days,
P90 of 33 days, and P95 of 38 days. Only about
9% of simulated cases achieved completion
within a week, underscoring a major reliability
gap between policy targets and operational
performance. Critical Path and sensitivity
analyses further revealed a clear concentration
of delay risk among a subset of activities. As
shown in Table IV, the automated background
check (A7) and manual investigation (A8)
phases dominated the critical path in over 80%
and 62% of all simulation runs, respectively.
These two stages alone contributed nearly 70%
of total variance in process duration, indicating
their role as primary bottlenecks. Secondary
constraints were observed in printing and
lamination (A10) and postal transfer (A13), both
infrastructure-dependent stages with moderate
but recurrent delays. Conversely, front-end

online activities such as payment and biometric
capture (A4, A5) demonstrated low criticality
indices (<25%), suggesting they are efficient
and robust under current digital conditions.

The risk-driver analysis corroborates these
findings. Spearman correlation coefficients (p)
between individual activity durations and total
completion time (Table IV) show the strongest
dependencies for A7 (p =0.78), A8 (p = 0.55),
Al10 (p = 0.31), and Al3 (p = 0.44), confirming
that background verification and logistics are the
principal drivers of systemic risk. In practical
terms, this implies that efforts to enhance inter-
agency data connectivity, automate clearance
processes, or decentralize passport printing
would vyield the greatest efficiency gains.
Overall, these findings highlight that while
Nigeria’s digital migration of front-end passport
services has improved transparency and
accessibility, deep-seated operational
bottlenecks persist in back-office verification
and physical dispatch.

TABLE IV. SUMMARY OF ACTIVITY DURATIONS, CRITICALITIES, SLACK, SENSITIVITY ANALYSIS AND RISK DRIVERS ALONG
THE PASSPORT ISSUANCE WORKFLOW

L Mean Criticality | Mean p (Risk .
1D Activity Durat. P50 P90 P95 (%) Slack Sensitivity) Interpretation
Al | Arrival & Triage | 08 07 | 15 2 0 8.9 0.01 Non-critical; short
intake step
Application
A2 Reception / 05 05 12 25 0 75 0.03 Mlno_r ]mpact; hybrid
Form digital/manual
Submission
A3 Document 2 2 3.9 55 143 5.3 0.1 Occasional queueing
Verification delays
A4 Payment & 0.3 03 | 08 | 15 0 9 0.02 Fast online process
Receipt Issuance
Biometric A
A5 Capture 1 1 25 3 22 3.6 0.22 Queue congestion risk
Data Entry / Hybrid delay (manual +
A8 Validation 2 21 4 55 18 34 0.18 digital)
Automated Dominant systemic
A7 Background 12 12.3 19.5 24 84.3 0 0.78 Y
bottleneck
Check
Manual -, .
A8 Background 48 465 | 72 | 845 62.1 05 0.55 Co”d'“":‘i‘;‘:('o”g'ta"
Investigation
A9 Apprqval & 2 P 38 45 31 19 021 Linked to verification
Supervisor QC delays
Printing & Resource throughput
AL0 Lamination 2 22 4 58 38 2 0.81 constraint
All Fmilugﬁ‘ & 0.5 0.5 1.2 15 6 4.5 0.06 Minor checking stage
A12 Dispatch / 03 03 | os 1 5.1 8.7 0.09 Fast digital task
Notification
Postal / Inter- Physical logistics
AL3 office Transfer 24 23 48 58 415 13 0.44 bottleneck
Customer Customer-dependent
Al4 Collection / 1 1.2 3 45 10.2 6.1 0.11 . p
Pickup final step
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From a governance perspective, these findings
underscore that the observed inefficiency is not
uniformly distributed across the passport
workflow. Instead, it arises from compounding
risks concentrated in the middle and final stages
of digital-physical interaction. This has direct
implications for reform: investment in inter-
agency data integration, digitization of
background checks, and decentralization of
printing and dispatch nodes would likely
produce outsized improvements in service
reliability. The stochastic model thus serves not
merely as a diagnostic tool but as a decision-
support  framework, demonstrating how
quantitative uncertainty analysis can guide
evidence-based e-government optimization in
contexts where systemic risk, resource scarcity,
and public trust intersect.

V. DISCUSSION

A. Interpretation of Bottleneck and Risk-
Driver analysis

The Monte Carlo-PERT-CPM experiment
was expanded from a purely schedule-
estimation exercise into a diagnostic tool for
structural bottlenecks and stochastic risk
propagation within the Nigerian passport-
issuance workflow. Over 50.000 stochastic
realizations of the 14-activity network revealed
that only a subset of tasks consistently governs
overall completion time. As summarized in
Table 1V, the criticality index the probability
that an activity lies on the critical path showed a
highly skewed distribution: a few mid- and late-
stage activities dominated process risk, while

most early tasks exhibited large scheduling slack.

In particular, A7 (Automated Background
Check) and A8 (Manual Background
Investigation) repeatedly emerged as core
systemic bottlenecks, with criticality values
above 70 percent and almost zero float. These
stages are characterized by external information-
system dependencies and human-intensive
verification loops, respectively. Precisely the
points where digital governance meets legacy
manual procedures. Downstream nodes such as
A10 (Printing and Lamination) and A13 (Postal
Transfer) also displayed elevated criticality but
with modest slack, identifying them as resource-
throughput and logistics constraints rather than
structural choke points.

Slack analysis, also shown in Table 1V,
reinforced this pattern by quantifying the limited
scheduling flexibility across the workflow.
Activities with mean slack below one day and
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negligible variance were effectively rigid any
delay cascaded directly into the total completion
time. Conversely, tasks such as A2 (Application
Reception) or Al12 (Dispatch Notification)
maintained several days of float, meaning their
local inefficiencies had minimal system-wide
consequences. Sensitivity analysis, summarized
in Table 1V, measured the rank-correlation
between each activity’s sampled duration and
the total process time to identify risk drivers.
The highest coefficients again corresponded to
the background-check and investigation phases
(p=0.75-0.80), confirming that small
perturbations in  these tasks  produce
disproportionately large shifts in total delivery
time. Printing and physical transfer followed
(p =0.3-0.5), while digital tasks such as
payment or notification exhibited near-zero
correlation, implying negligible systemic impact.

The criticality index analysis from the CPM
provided insight into systemic bottlenecks.
Activities A7, A8, and A13 exhibited the highest
criticality scores, with mean indices of 0.68,
0.47, and 0.32 respectively, each appearing
frequently on the critical path across the Monte
Carlo samples. The 95% confidence intervals
around each criticality estimate confirmed the
stability of these findings, with overlapping
bounds only among non-critical activities.
Taken together, the analysis identifies a small
subset of high-impact stages (particularly A7—
A9) as leverage points for targeted policy
intervention.

B. Recommendations

Based on the findings, the following
recommendations are proposed to enhance
efficiency, reliability, and transparency in the
Nigerian passport issuance process: digital
Integration of background checks,
decentralization of printing and dispatch:
workflow optimization and real-time tracking
and  capacity  building and  process
standardization. Collectively, these measures
would address both structural and stochastic
inefficiencies, transforming the passport
issuance process from a reactive, delay-prone
workflow into a proactive, data-informed
service system.

VI. CONCLUSION

The findings demonstrate the value of
stochastic simulation for diagnosing hidden
dependencies and assessing policy trade-offs in
public service workflows. In practical terms,



targeted interventions such as automating inter-
agency data sharing, parallelizing background
checks, and decentralizing printing or dispatch
nodes could yield the greatest reductions in total
processing time. Methodologically, the work
highlights how probabilistic modeling can
bridge engineering-style performance analytics
and public administration, offering a replicable
framework for data-driven process reform

across other e-government services in
developing contexts.
A. Limitations of the Work

Nonetheless, the model has several

limitations. It treats the passport issuance system
as a single, closed project rather than a
continuous public service process, overlooking
real-time operational dynamics such as queuing,
concurrency, rework cycles, and staff
scheduling variability. Task dependencies were
assumed to be fixed and strictly sequential,
excluding feedback mechanisms such as re-
verifications, application corrections, or inter-
agency data rechecks that occur in practice.
Resource constraints—including staff shortages,
server downtime, network instability, and
equipment breakdowns—were not explicitly
modeled, which may understate the true
variance in service times.

Furthermore, the analysis focused primarily
on total completion time as the key performance
metric, omitting micro-level indicators like daily
throughput, applicant waiting time, or regional
performance disparities that could provide a
more granular understanding of inefficiency.

Finally, the use of simulated rather than
operationally verified data constrains the
external validity of the findings. While the
model provides robust structural insight into

bottlenecks and risk propagation, its predictive
precision remains contingent on future
validation with real process-time data from the
Nigerian Immigration Service. Future research
will address these constraints by integrating
discrete-event and system-dynamics simulation
approaches, incorporating resource allocation
variables, and benchmarking results against
authentic workflow data once access approval is
granted.
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equation modeling. The findings highlight that
relationships ~ among intellectual capital
dimensions should be contextualized within stages
of organizational development rather than
examined at a single point in time. These insights
offer guidance for managers in leveraging the most
relevant dimensions of intellectual capital
according to their firm’s development stage.
However, the study has limitations. The modest
sample size limits generalizability, and data
collected at a single point in time rely on
employees’ evaluations of current structures and
practices, restricting causal inference. Future
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larger samples to provide deeper insights into the
dynamics of intellectual capital across firms’ life
cycle stages.
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. INTRODUCTION

The concept of intellectual capital (IC)
enables executives to identify, measure, and
manage the intangible resources and knowledge
assets within a firm. Traditional research on IC
has predominantly focused on its antecedents and
the direct relationships between IC and firm’s
performance. However, given that the
accumulation of IC is a dynamic and continuous
process, limited attention has been paid to why
different IC dimensions evolve at varying rates
and how specific dimensions impact firm’s
performance at particular points in time. Due to
the limited resources available to firms for the
development of IC within a given timeframe,
different weights are often allocated to distinct
dimensions. Consequently, understanding when
and why firms prioritize one IC dimension over
others, and the relationship between these
priorities and firm’s performance, represents a
practical and strategic concern. This study adopts
a firm’s life cycle (LC) perspective to examine
the evolutionary dynamics of IC. It posits that
firms often cultivate IC in a sequential and stage-
dependent manner, reflecting organizational
adaptation to industrial and competitive
environments over time. Variations in IC across
firms may result from differences in strategic
responses to external conditions. In line with
widely accepted IC frameworks, this study
considers four interdependent dimensions:
human capital (HC) — the knowledge, skills,
competencies, and experience of employees
[1,2]; structural capital (SC) - codified
knowledge, processes, routines, patents, and
organizational systems that support operations
[3,4]; relational capital (RC) — the network of
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relationships with customers, suppliers, partners,
and other stakeholders [5,6]; and renewal capital
(RNW) — investments in innovation,
sustainability ~ practices, and  renewable
knowledge resources, such as research and
development expenditure and intellectual
property [7]. Prior studies indicate that the
relative importance of these IC dimensions varies
across the stages of the firm’s LC. For example,
HC is crucial during the startup and growth

phases to foster innovation and skill
development, whereas SC and RC gain
prominence during maturity to maintain

efficiency and network advantages. Renewal
capital, including investments in technology and
sustainability, is particularly relevant for firms in
advanced growth or renewal phases [3,7].

The paper is structured as follows. Section 2
reviews the literature and develops the
hypotheses. Section 3 describes the research
methodology. Section 4 presents the data
analysis and structural model results. Section 5
discusses the findings, while the final section
provides implications, limitations, directions for
future research, and conclusions.

Il.  LITERATURE REVIEW AND RESEARCH
HYPOTHESES

A. Multidimensionality of Intellectul Capital

IC has emerged as a central concept in the
knowledge-based economy, representing the
intangible resources that enable firms to
innovate, sustain competitiveness, and achieve
long-term performance [6,8,9]. Unlike physical
and financial resources, IC reflects knowledge,
relationships, and organizational capabilities that
foster adaptability and renewal [2].

IC is commonly classified into four
dimensions: HC, RC, SCI, and RNW [10,11].
HC refers to employees’ knowledge, skills,
creativity, and emotional intelligence [2,6]. SC
reflects codified knowledge embedded in
processes, databases, routines, and intellectual
property that remain within the firm regardless of
employee turnover [2,6]. RC denotes
relationships  with  external and internal
stakeholders such as customers, partners, and
universities, which provide access to resources
and external knowledge [10]. RNW reflects the
capacity to regenerate and expand knowledge
resources, supporting innovation and adaptation
to changing environments [12].
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Scholars have emphasized that IC
dimensions are not independent but mutually
reinforcing [13]. HC often serves as the
foundation, as employees’ expertise fuels the
development of both SC and RC [14]. RC allows
firms to absorb external knowledge, which can
then be codified into SC through routines and
processes [15]. RNW emerges as the dynamic
capability that synthesizes knowledge embedded
in human, relational, and structural forms,
enabling firms to continuously innovate [11].

HC provides the basis for establishing and
nurturing relationships with customers, partners,
and stakeholders. Employees’ expertise,
creativity and social abilities facilitate trust,
communication, and problem-solving across
organizational boundaries [13,16]. Prior research
indicates that firms with strong HC are better
positioned to develop RC through effective
networking and collaboration [17].

Hypothesis 1: HC positively influences RC.

The transformation of individual knowledge
into organizational processes and routines
demonstrates the link between HC and SC.
Skilled employees generate knowledge that,
once codified, becomes embedded in
organizational databases, procedures, and
systems [2]. Strong HC thus enhances the
efficiency and comprehensiveness of SC by
enabling firms to store, transfer, and reuse
knowledge [18].

Hypothesis 2: HC positively influences SC.

RC represents access to external resources
and knowledge flows through interactions with
stakeholders such as customers, suppliers, and
research institutions [19,20]. These external
inputs, when internalized, strengthen SC by
being codified into procedures, intellectual
property, and databases [15,21]. Therefore, firms
with developed RC are more likely to expand and
improve their SC.

Hypothesis 3: RC positively influences SC.

RNW reflects a firm’s ability to continuously
upgrade knowledge resources and maintain
innovation performance [12,18]. RC facilitates
access to novel ideas and external insights, while
SC enables systematic integration of this
knowledge into organizational processes [11].
The combination of these two forms of capital
fosters the creation of renewal capital, ensuring
the firm’s long-term adaptability.



Hypothesis 4: RC and SC positively
influence RNW.

B. Firms’ LC Perspectives and IC Implications

The competitive success of a strategy often
relies on a firm’s intangible assets, whose
dynamic evolution is shaped by strategic choices
[22].  Alignment among  organizational
structures, systems, processes, and
environmental conditions constitutes an ongoing
process  affecting  resource  acquisition,
organizational behavior, and performance
outcomes. Adaptation, whether driven by
external pressures or managerial decisions, can
be traced through the historical trajectory of
organizational change [23]. Firm LC theory
posits that organizational evolution typically
follows sequential stages, though progression
may be non-linear and context-dependent.
Creation, transformation, and decline are
influenced by environmental pressures and
strategic decisions [24-26] Firms implement
distinct structures, governance systems, and
processes across LC stages, reflecting adaptive
evolution similar to biological concepts such as
punctuated equilibrium and phyletic gradualism.
Effectiveness criteria vary across stages, with
younger firms exhibiting flexibility and
innovation, while mature firms prioritize stability
and efficiency [27-29]. Managerial priorities and
resource allocation also differ across stages [30],
as demonstrated by longitudinal studies
highlighting systematic changes in strategy,
structure, and decision-making [31].
Misalignment ~ between  structures  and
environmental demands can trigger LC
transitions, affecting organizational efficacy.
Strategic human resource management and
stakeholder priorities are similarly stage-
dependent [32].

In this study, Quinn and Cameron’s four-
stage firm LC model: entrepreneurial,
collectivity, formalization, and elaboration of
structure, is employed to examine IC
development [28]. Early stages emphasize
growth, opportunity exploitation, and centralized
decision-making, with HC dominant and RC and
SC limited [7,27]. During the collectivity stage,
coordination and communication are prioritized,
RC expands, and SC begins to form. In the
formalization stage, efficiency, control, and
standardization prevail, making SC critical,
while HC and RC stabilize [31]. In the
elaboration stage, innovation and adaptability are

emphasized, with all IC dimensions actively
leveraged [7].

Relationships among HC, SC, RC, and RNW
are examined using partial least squares
structural equation modeling, with LC stage as a
moderator Early stages prioritize HC and RC,
while SC and RNW are developing [1]. In later
stages, SC and RNW become central, reflecting
the firm’s focus on systematic knowledge
utilization and sustainable growth [7].
Accordingly, the moderating effect of LC stage
is formalized as follows:

Hypothesis 5: The interrelationships among
the dimensions of IC are significantly moderated
by the firm’s LC stage.

This framework supports examining IC
interdependencies across LC stages, focusing on
the strength and significance of relationships
rather than absolute levels.

Il.  RESEACH METHODLOGY

A. Research Method and Measurement

A quantitative approach was employed to
evaluate the research model. Data were collected
using a self-administered questionnaire, with all
multi-item scales measured on five-point Likert
scales, ranging from 1 (“strongly disagree”) to 5
(“strongly agree”). The original English
questionnaire was translated into Serbian via
back-translation, with discrepancies resolved
through comparison and revision [33].

HC, SC, RC and RNW were measured as
four distinct dimensions of IC. HC, SC, and RC
were measured using the 53-item scale
developed by Bontis [6]. RNW, as an integral IC
dimension alongside HC, SC, and RC as well as
the endogenous variable in the empirically tested
structural model, was assessed using a 15-item
scale derived from previous studies [18,34-37].
RNW was conceptually defined as the
organization’s capacity to learn, transform, and
apply knowledge for continuous innovation and
adaptation. Unlike HC, SC, and RC, which
represent resources or enablers - such as
employees’ skills and knowledge (HC), internal
procedures and organizational infrastructure
(SC), and relationships with clients and external
networks (RC), RNW captures the outcome of
effectively leveraging these resources, reflecting
the firm’s ability to generate innovation and
maintain adaptability. RNW items measure the
extent to which the firm acquires and applies new
knowledge, improves organizational
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performance, fosters employee learning,
develops a culture of continuous innovation, and
implements significant changes based on new
information.

To capture the moderating effect of firms’
life cycle, Quinn and Cameron’s four-stage
framework: entrepreneurial, collectivity,
formalization, and elaboration of structure, was
incorporated [28]. Each stage was initially
assessed through questions on strategic priorities,
organizational structure, managerial style, and
coordination mechanisms, using the same five-
point Likert scale.

B. Sample and Data Collection Process

Data for this study were collected from firms
in the Republic of Srpska, Bosnia and
Herzegovina. A structured survey questionnaire
was administered to 500 randomly selected firms
from the Chamber of Commerce and Industry of
the Republic of Srpska database, either online or
in person. A total of 232 responses were
received. Following data cleaning to identify
outliers, missing values, and patterned responses,
224 questionnaires were retained for analysis. Of
the valid responses, 84 (38%) were from
manufacturing firms, and 140 (62%) were from
service firms. Most respondents represented
small and medium-sized firms (SMEs; 88.39%),
and the majority of firms had been in operation
for more than 15 years (63.39%). Firms were
classified into LC stages: 71 entrepreneurial, 91
collectivity, 36 formalization and control, and 26
elaboration and structure. Manufacturing firms
were primarily from the construction, metallurgy
and metal processing, agriculture, fishing, and
food and tobacco industries, whereas service-
sector firms were mainly from communal and
personal services, trade, and information and
communication technology (ICT) sectors.

IV. DATA ANALYSIS AND RESUTLS

To test the proposed research model, PLS-
SEM was employed using the SmartPLS
software (version 4.1.1.4.) [38]. This SEM
approach allows for the simultaneous assessment
of multiple relationships among latent constructs
and their associated observable indicators
throughout two-stage process.

A. Assessment of Measurement and Structural
Model

In the first stage of PLS path modelling,
reflective measurement models were evaluated
[28]. Convergent validity was assessed via factor
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loadings (>0.7) and AVE (>05) [39].
Reliability was checked using Cronbach ’ s
alpha and composite reliability (¢ >0.7) [39].

Discriminant validity was tested with the HTMT
ratio, using a conservative threshold of 0.85
[40,41]. PLS multi-group analysis (PLS-MGA)
requires measurement invariance, assessed via
the MICOM procedure [42]. Since configural
invariance was not established between the two
groups, PLS-MGA could not be applied, and the
model was tested separately. The structural
model was assessed in the next stage of PLS path
modelling. Multicollinearity was checked using
the variance inflation factor (VIF), with all
values below 1.71 and 1.59 for early and late
stages, respectively, well under the threshold
of 3 [40]. Path coefficients were examined for
magnitude and significance, and predictive
relevance was evaluated using both in-sample
and out-of-sample approaches, including the
PLSpredict algorithm [43]. The model showed
R2 values between 0.227 and 0.529 for early
stages and R2 values between 0.329 and 0.599 for
late stages. The Q2 values from 0.096 to 0.167 for
early stages and values from 0.176 to 0.241 for
late stages and indicating satisfactory predictive
capability.

TABLE I. DIRECT EFFECTS AND BOOTSTRAPPING

BCA CONFIDENCE INTERVALS.

Panel a: Direct effects and their significance
(early stages)

BCa confidence
intervals (95%)

LB uUB
0.000*** | 0.459 | 0.670

0.000*** | 0.201 | 0.505
0.000*** | 0.400 | 0.655

RC ->SC 0.223 | 0.007*** | 0.062 | 0.387
SC->RNW | 0.293 | 0.000*** | 0.136 | 0.431

Panel b: Direct effects and their significance
(late stages)

Direct

Hypothesis effects

p values

HC ->RC 0.582
HC ->SC 0.348
RC->RNW | 0.533

BCa confidence

Direct intervals (95%)

Hypothesis offects | P values
LB UB
HC ->RC 0.459 | 0.000*** | 0.139 | 0.643
HC ->SC 0.105 0.315™ -0.096 | 0.314
RC->RNW | 0483 | 0.000*** | 0.260 | 0.660
RC ->SC 0.101 0.428" -0.165 | 0.331
SC->RNW | 0.289 | 0.024** 0.016 | 0.518

Note. LB-lower bound; UB-upper bound; bootstrapping
procedure with 5,000 samples, two-tailed test, no sign
change. *** significance at 1%; ** significance at 5%; *
significance at 10%; ns — non significant. Source: author's
calculations.



Direct effects were calculated using
bootstrapping with bias-corrected (BCa) 95%
confidence intervals at the 5% significance level.
Most direct effects were significant, except for
HC and RC on SC at late stages of firms’
development. RC exhibited nearly twice the
effect on firm RNW compared to SC. Results of
structural model assessment are presented
in Table I.

V. TESTING THE HYPOTHESES AND
DISCUSSION

To gain a comprehensive understanding of
organizational value, it is crucial to analyze not
only financial performance but also IC across
various LC stages [44].

The results indicate that the influence of IC
dimensions varies across the early and late stages
of firm development. HC has a stronger effect on
RC in early-stage firms (0.582*** vs. 0.459***
in late-stage firms). This suggests that in the early
stages, the mechanism of knowledge creation
and opportunity exploitation dominates, as
employees actively use their knowledge and
skills to establish networks, partnerships, and
business relationships. In later stages, although
the effect remains significant, its intensity
decreases due to already established networks
and more stable procedures that reduce the direct
role of HC in creating new relationships [2,45].

HC also exhibits a strong effect on SC in
early-stage firms (0.348*** vs. 0.105 in late-
stage firms), indicating its importance in shaping
initial internal procedures and organizational
structures. The mechanism of knowledge
codification and process institutionalization
becomes more relevant as firms transition into
formalized processes; in later stages, SC is
largely established, and HC no longer plays a
dominant role [6].

RC significantly contributes to RNW in both
early and late stages (0.533*** vs. 0.483***),
although slightly stronger in early-stage firms.
RC facilitates organizational learning and
absorptive capacity, transforming knowledge
and resources from relational networks into
innovation and adaptive capabilities. The slight
reduction in the late stage likely reflects the
development of internal procedures and
innovation routines, which reduce the relative
contribution of new external relationships
[12,46]. The effect of RC on SC is significant
only in early-stage firms (0.223*** vs. 0.101),
suggesting that networks and partnerships

directly shape internal procedures during the
early development phase. In later stages,
structures are already established and less
dependent on external connections (dynamic
configuration of IC) [15].

Finally, the influence of SC on RNW remains
stable across stages (0.293*** vs. 0.289*%),
highlighting its role as a foundation for
continuous learning and innovation. SC supports
the internalization and transformation of
knowledge from various sources, which remains
important in later stages for sustaining
adaptability [12,46].

These findings should also be interpreted in
light of the industrial structure and
environmental dynamics of the sampled firms.
The sample predominantly includes service-
oriented firms (62%) and small and medium-
sized enterprises (88%), with a substantial
portion of firms in early developmental stages
(entrepreneurial and collectivity stages account
for 72% of the sample). These characteristics
inherently reflect higher levels of environmental
volatility and innovation pressure, which further
shape the observed relationships between IC
dimensions.

In highly dynamic and knowledge-intensive
environments - typical of service sectors such as
IT, consulting, or professional services - HC and
RC are critical enablers of responsiveness and
innovation [47]. The stronger effects of HC and
RC in early-stage firms may be amplified by the
sectoral need for agility, rapid learning, and
customer intimacy, which are key to survival in
turbulent markets [11,48].

Moreover, RNW, as an outcome of
knowledge transformation and innovation
potential, is naturally more influenced by
relational networks and human expertise in such
environments, especially before firms formalize
internal innovation routines. As firms in service
sectors often lack tangible assets, 1C becomes
their core strategic resource, and its role is
particularly pronounced during the firm’s growth
and adaptation phases [49].

Conversely, the relatively weaker and
sometimes insignificant role of SC in later stages
may reflect the limited emphasis on
formalization in service SMEs, which tend to
prioritize flexibility and customer-oriented
practices over rigid structures [2]. This suggests
that industry-specific and environmental factors
do not just moderate, but actively co-shape the
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configuration and utility of IC components
throughout the firm’s development path.

In early-stage firms, the results support
Hypotheses 1 and 2. In late-stage firms,
Hypothesis 2 is not supported. Hypothesis 3 is
significant only in early stages. Furthermore,
Hypothesis 4 is confirmed across both early and
late-stage firms, with RC exerting a stronger
effect in early stages.

VI. CONCLUSION

A. Implications for Theory and Practice

The results of the study have significant
implications for IC research stream and practice.
From a theoretical perspective, the hypotheses of
a dynamic configuration of IC is confirmed,
where HC and RC dominate in the early stages
of firm’s development, while SC and RNW
maintain adaptability and innovative strength in
later stages. This further develops the theoretical
basis for modelling 1C depending on the LC and
sectoral context of the firm. The practical
implications are clear: managers in the early
stages of a firm's development need to invest in
the development of HC and RC to support the
establishment of networks, internal procedures
and innovative initiatives. Firms in later stages
should focus on institutionalizing knowledge,
formalizing procedures and strengthening SC to
maintain continuous innovation and
organizational adaptability. Furthermore, the
industrial context and the dynamism of the
environment must be taken into account when
planning IC development strategies, as intensive
knowledge and sector-specific volatility further
shape the interactions between IC dimensions.

B. Research Limitation and Recommendation

Although the study provides valuable
insights into the dynamics of IC, there are some
limitations that need to be highlighted. The
sample is limited to firms from the Republic of
Srpska, predominantly small and medium-sized
enterprises and the service sector, which may
limit the generalizability of the results to other
regions or larger companies. Furthermore, the
use of self-assessment questionnaires may lead to
subjective biases. It is particularly important to
note that although the results have demonstrated
the importance of HC and RC for RNW, the
limitations of the sample and sectoral context
may influence the interpretation of these
relationships, particularly in firms with different
resource bases or innovation capacities.
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For future research, it is recommended to
expand the sample to larger and different
geographical/regional contexts, incorporate a
longitudinal design to track the evolution of the
IC dimension over the LC of a firm, and consider
additional environmental factors such as industry
volatility, technology intensity, and digital
transformation, which may influence the
interaction between IC dimensions. Future
studies are recommended to conduct cross-
country comparisons to test the robustness of the
relationships between IC dimensions and firm
LC stages. Due to sample size constraints, certain
LC stages had to be merged into broader
categories (“early” and “late” stages), which may
have smoothed out nuanced differences among
individual stages. Future research should aim for
larger and more balanced samples to fully
capture stage-specific IC dynamics. This study
relied on perceptual measures for both IC
dimensions and LC stages, although the scales
have been validated in previous research. Future
research could integrate objective measures, such
as patents, R&D investments, and employee
training metrics, to triangulate findings and
provide deeper insights into IC-LC relationships.
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Abstract—Academic performance is a debated
research topic in the educational context. Many
researchers have proposed different frameworks
and set of factors that enhance the student's
academic  performance. Demographic and
academic-related factors are the most recognized
determinants of the target outcome. On the other
hand, there is an ongoing debate about which
contributes more to predicting student
performance among the learning styles and stable
personality traits. This study investigated this
using a machine learning predictive approach on a
student dataset, including learning styles,
demographic  factors, academic  subject
preferences, and personality traits. The cross-
sectional study design is used to collect the data
from 636 university undergraduate students.
Random forest and support vector machine
models are used in conjunction with the synthetic
minority over-sampling technique to address the
class imbalance issue. The random forest model
with the SMOTE approach achieved better
performance, with an 85% accuracy in validating
a data-driven approach for this problem. The
results also provided an interesting insight that

stable personality traits influence student
performance more than learning styles, as feature
importance analysis showed that

conscientiousness is the most important feature,
followed by extraversion. However, this study
proposed a data-driven shift towards individual

ISBN: 978-86-82602-06-4

@ NIZ:

personality support systems that highlight
personality-related  factors as  important
contributors to students' academic success. This
study also recommends some future work for the
researchers to collect the data more evenly from all
the students' grade classes and add more
personality-related factors to validate the
proposed model's performance further.

Keywords - academic performance, learning
styles, personality traits, machine learning

l. INTRODUCTION

The modern education strategy highlights the
importance of predicting and improving the
student's academic performance (AP) [1]. The
effectiveness of institutional policy in producing
high-quality students is really concerning, but it
depends on different factors. Many factors
impact the student AP, but personality
psychologists claim that innate traits, such as the
big five personality traits, are the strongest
predictors for an individual's behavior and its
impact on student success [2]. On the other hand,
learning styles are also important for student AP,
as some studies have suggested that everyone has
their own learning style [3]. So it is also
important to analyze its impact on students'
success.
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Machine learning (ML) and educational data
mining (EDM) are reliable approaches for
predicting complex tasks [4]. Traditional
methods, such as regression and correlation, can
only capture the linear relationship between the
variables [5]. However, the ML models are
designed to learn the hidden, complex, and
nonlinear trends from the data and predict the
results with high precision [6]. The random forest
(RF) classifier, in general, is the most suitable
tool for this purpose because it is robust for a
mixture of data types, it can deal effectively with
a nonlinear association, and it produces a ranked
list of feature importance [7]. Previous research
has shown that it can predict student performance
successfully at a very high level of accuracy [8].
Therefore, this study used the ML-based
approach to predict the student AP using
different personality traits, learning styles,
demographic variables, and subject preferences
using RF and support vector machine (SVM).

This study aims to use an ML framework to
answer the following research questions (RQs):

e ROQL What is  the relative
importance of individual personality
factors compared to learning styles in
predicting student AP?

o RQ2: Which ML model performs
well in predicting students' AP with
imbalanced classes?

¢ RQa3: How does the application of
the SMOTE enhance the performance of
ML models in predicting students' AP?

e RQ4: What are the most influential
factors from the personality traits that
enhance the AP among the students?

The structure of the paper is as follows:
Section 2 describes the methodology and data
description. Section 3 separately shows the
study's results, such as ML models' performances
and the most important features, for student AP.
The last section concludes this study by
providing future research directions.

Il.  MATERIALS AND METHODS

This study employed a predictive research
design for students' academic performance (AP),
using a machine learning (ML) approach to
analyze the relationship between the variables.
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A. Research Design

The cross-sectional study [9] was
implemented during student data collection to
capture the existing preferences and choices. The
reason for selecting this was to identify the robust
associations among learning preferences,
academic subject preferences, personality traits,
and performance. This study aims to propose a
valid ML model that can predict the student's AP
based on the integrated preference profiles.
Fig. 1 shows the workflow of the study
framework.

B. Data Collection

The target population for this study was
undergraduate university students across a
diverse range of academic faculties (i.e.,
Business,  Engineering,  Social  Science,
Medicine, Arts, and Sciences). This population is
ideal as they actively engage in academic
specialization choices and represent a critical
juncture for educational guidance.

Data were collected from 636 undergraduate
students using a convenience sampling technique
[10]. The sample size of this study ensures robust
statistical power for correlational analyses and
sufficient data volume for reliable ML model
training, validation, and testing. Table | describes
the summary of the data. AP was the target
variable, while others, i.e., learning styles,
subject preferences, big five personality traits,
and different demographic variables, were
treated as the model's features.

TABLE I. SUMMARY OF THE DATASET VARIABLES.
Variable Insights
Construct
Variable Name Data Type
Age Numeric
) Gender Categorical
Demo_grallphlc Ethnicity Categorical
variables Year level Ordinal
Field of study Categorical
LeSz:;rI:rs\g Learning styles Categorical
Pri?e?eer::ctes Subject names Ordinal
Academic Current GPA Numeric
Performance Perceivgd influence on Ordinal
academic performance
Openness Ordinal
Big five Conscientiousness Ordinal
Personality Extraversion Ordinal
traits Agreeableness Ordinal
Neuroticism Ordinal
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Figure 1. The workflow of the study framework
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C. Data Preprocessing and Analysis

Rigorous data preprocessing and analysis are
critical for ML model performance and
reliability:

e Missing Data: K-Nearest neighbors
imputation [11,12] was employed after
assessing the extent and pattern of
missingness. Cases with substantial
missing data may be removed.

e Encoding: The target variable (AP) was
label-encoded [13,14] to numerical
classes. A one-hot encoder [15] was used
for categorical variables to ensure
compatibility with ML algorithms.

e Scaling: Continuous variables were
standardized using StandardScaler to
normalize feature distributions [16].

e Data Splitting: The dataset was
randomly split into training (70%),
cross-validation (15%), and test (15%)
sets to enable model evaluation on
unseen data.

D. Exploratory Data Analysis

To gain insights into the dataset, several
exploratory steps were performed:

e Distribution analysis: Count plots were
used to visualize the distribution of AP.

e  Correlation analysis: Pearson correlation
coefficients [17] were computed for
numerical variables to assess the
relationships among them, with a
particular focus on associations with AP.

E. Machine Learning Modelling

The predictive analysis employed the RF and
SVM classifiers due to their robustness with
mixed data types and capacity for handling
nonlinear relationships.

e Training: The models were trained on
70% of the data.

e Handling class imbalance: Exploratory
data analysis revealed a significant class
imbalance, with the majority of students
falling into the higher GPA categories.
To mitigate the model's bias toward the
majority class, the synthetic minority
over-sampling  techniqgue (SMOTE)
[18,19] was employed on the training
data to generate synthetic samples for the
underrepresented lower GPA categories.

e Hyperparameter tuning: The
hyperparameters of the RF model (e.g.,

450 429

136

3.5-4.0 3.0-3.49 2.5-2.99 2.0-2.49
Academic Performance

Figure 2. Distribution of the academic performance
of the students
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number of trees n_estimators, maximum
depth max_depth) were optimized via
RandomizedSearchCV  using 5-fold
cross-validation on the training set to
maximize predictive performance.

e Model evaluation: The model was
evaluated based on its performance on
the unseen test set. Model performance
was assessed using accuracy [20].

e Feature importance: The model's innate
Gini importance metric [21] was
extracted to identify the most influential
factors predicting AP. This algorithm
calculates the total decrease in node
impurity weighted by the probability of
reaching that node, averaged over all
trees in the forest, providing a robust
ranking of feature predictive power.

e Subject preference analysis: Cross-
tabulation and ratio analysis were
conducted to evaluate the proportion of
high-performing students across
different subject preferences.

I1l.  RESULTS AND DISCUSSION

The target variable, AP, was categorized into
four GPA ranges: 2.0-2.5, 2.5-2.99, 3.0-3.49, and
3.5-4.0. Most students were concentrated in the
higher GPA ranges, with the largest group in the
3.5-4.0 category. This skew indicates that most
students in the dataset maintained strong
academic outcomes, while lower GPA categories
were underrepresented. Fig.2 shows the
distribution of the AP.

Fig. 3 shows the correlation heatmap, which
revealed moderate but meaningful relationships
between AP and several predictors.
Conscientiousness and openness to experience
positively correlated with the target variable, i.e.,
AP, while neuroticism was negatively
associated. These findings support earlier studies
in educational psychology that link personality
stability and openness with higher achievement,
whereas neuroticism often predicts poorer
outcomes due to emotional instability.

Following the exploratory data analysis,
which revealed key predictors of AP, the RF and
SVM classifiers were implemented to predict
student AP. The models were trained on a
designated training set, and their performance
was rigorously evaluated using cross-validation
(CV) and a held-out test set.
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Fig. 4 shows the comparative performance of
the RF and SVM models before and after
applying the SMOTE. The evaluation metrics
consist of the training, test, and CV accuracies,
in addition to precision, recall, and F1-score.

Before applying SMOTE, the RF model
achieved training, test, and CV accuracies of
0.81, 0.65, and 0.67, respectively. At the same
time, it achieved precision, recall, and F1-score
values of 0.66, 0.64, and 0.65, respectively.
These results demonstrate the model's moderate
performance, as the class imbalance issue may
have impacted its generalization capability. After
applying the SMOTE, the RF model showed
improvements in all performance measures. The
training, test, and CV accuracies substantially
improved to 0.87, 0.85, and 0.80, respectively.
Precision, recall, and F1-score also improved,
with new values of 0.83, 0.81, and 0.81,
respectively. These improvements confirm that
using the SMOTE class balancing approach
effectively enhances the RF model's performance
and mitigates its sensitivity to the minority class.

Similar result trends were found for the SVM
model. Before applying SMOTE, it achieved
training, test, and CV accuracies of 0.73, 0.61,
and 0.62, respectively. At the same time, it
achieved precision, recall, and F1-score values of
0.59, 0.60, and 0.59, respectively. It shows that
the model is underfitted and lacks robustness in
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Figure 3. Correlation matrix of the study variables
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handling class imbalance. After applying
SMOTE, its performance is enhanced, with
training, test, and CV accuracies of 0.79, 0.76,
and 0.67, respectively. The precision, recall, and
Fl-score also improved, with the enhanced
values being 0.59, 0.77, and 0.67, respectively. It
suggested that the SMOTE approach improved
the performance of the SVM model.

Overall, the post-SMOTE results indicate
that addressing the issue of class imbalance
improves the performance of both the RF and
SVM. From these two, the RF model with the
SMOTE approach achieved an overall good
performance across all the metrics. It confirms its
superior ability to learn complex and nonlinear
relationships in the context of predicting
students' AP scores.

The RF model's interpretability was
leveraged to compute Gini importance scores,
identifying the features most predictive of AP.
Fig. 5 shows that personality traits dominated the
feature importance rankings, accounting for four
of the top five predictors.

The feature importance analysis vyields
compelling insights that confirm and challenge
existing educational paradigms. The prominence
of extraversion as the primary predictor is a
particularly intriguing finding. It suggests that
this trait's social engagement, energy, and
assertiveness may facilitate better classroom
participation, group learning, and help-seeking
behaviour-all of which are crucial for academic
success. This finding merits further investigation
to disentangle the specific mechanisms at play.

The strong  predictive  power  of
conscientiousness aligns robustly with decades

of educational psychology research, confirming
the universal value of discipline, organization,
and goal-directed behavior in academic settings.
Conversely, the high ranking of neuroticism
(with its established negative correlation)
underscores the significant impact of emotional
factors like anxiety, stress, and emotional
instability on cognitive load and AP, highlighting
a key area for student support interventions.

Perhaps the most consequential finding is the
comparative weakness of learning style
preferences as predictors. Their position at the
bottom of the ranking list suggests that, within
the study model, a student's self-reported
learning preference (e.g., visual, auditory, and
hands-on/practical) is a far less reliable indicator
of their AP than their inherent personality traits.
It directly challenges the widespread pedagogical
practice of tailoring instruction to learning styles.
It implies that educational resources might be
more effectively allocated toward fostering
beneficial personality-driven behaviors rather
than diagnosing and catering to learning styles. It
calls for re-evaluating instructional design
principles based on empirical evidence rather
than tradition.

The findings indicate that the feature set,
likely informed by the initial descriptive
analysis, possesses strong predictive power for
student AP. This successful application suggests
that institutional data can be leveraged to build
effective early-warning systems. Educators and
advisors can proactively offer targeted support
and interventions by identifying students at risk
of lower AP scores early on, ultimately fostering
better educational outcomes.
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Factors

Mathematics

Science

Health Science

Social Science I —————— 0 .98
Engineering I  0.96
Economics I m——  0.93
Psychology I EEEEE——  0.91
Philosophy I ——— 0 .89

Law I  0.87
History - 0.86
Linguistic I  0.85

Arts I mmmmmmmmmmm—— 0.8

Weight

Figure 5. High performance ratio by subject preference of this study

Student AP was found to vary significantly
across disciplinary domains. An analysis of the
proportion  of  high-achieving  students

(GPAZB.O) by subject area revealed stark

disparities. Fig. 6 shows the high performance
ratio by subject preference. Students in the Social
Sciences achieved a high-performance rate of
98%, closely followed by Engineering (96%) and
Economics  (93%). These ratios were
substantially higher than those observed in the
Arts and Humanities (78%), suggesting a strong
correlation between disciplinary choice and
academic success within our cohort.

The exceptional performance in engineering
aligns with theoretical expectations for
structured, problem-based fields. This discipline
often features a clear framework of problems and
solutions, which may strongly reward the traits
of conscientiousness and discipline-factors
previously identified in our feature importance
analysis as key drivers of success. The high
stakes and precise nature of technical work likely
create an environment where these traits
correlate directly with grades.

Conversely, the top performance in Social
Sciences (98%) may be explained by different
factors. Success in these fields often hinges on
debate, critical interpretation, and collaborative
research, activities that potentially leverage high
levels of openness to experience and
extraversion.  The  finding  intriguingly
complements the model's identification of
extraversion as the strongest predictor of AP
overall. It suggests that the Social Sciences
curriculum may actively engage and reward the
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traits our model deems most predictive, creating
a virtuous cycle for strong students in those areas.

The results of this study identified that
conscientiousness, followed by extraversion, are
the most essential factors of AP. The big five
personality trait (BFPT) theory supports these
findings theoretically [22]. According to this
theory, an individual's personality consists of
five main dimensions: conscientiousness,
agreeableness, openness, neuroticism, and
extraversion. These dimensions collectively
shape the individual's personality differences in
motivation, behaviour, and performance. Within
this personality trait framework,
conscientiousness is characterized by goal-
directed, organized, and self-disciplined
behavior, and it is consistently associated with a
higher level of AP. Extraversion, which reflects
positive affect and sociability, contributes to
collaborative learning experiences and active
classroom engagement, thereby supporting
enhanced  academic  performance.  This
theoretical evidence aligns with the important
features that the RF model identified, and it
reinforces the psychological validity of the data-
derived patterns of the ML.

Integrating BFPT  theory into the
interpretation of the findings of this study, which
is based on ML, bridges the gap between
established psychological constructs and data-
driven insights. The alignment between the
BFPT theory expectations and empirical results
suggests that personality-aware educational
analytics can provide a human-centered
understanding of AP. This reinforces the
importance of integrating psychological theory



in situations where interpreting ML models, such
as in educational learning analytics research.

IV. CONCLUSION

This study used an ML approach to
investigate the student AP factors. The analysis
revealed different insights with significant
implications for the educational context. The
comparative analysis of the RF and SVM models
before and after applying the SMOTE approach
revealed that addressing class imbalance
significantly improved model performance. Both
models showed enhanced accuracy scores, as
well as high scores of precision, recall, and F1
score after using SMOTE. The RF is the most
suitable  model for predicting  student
performance in this study, as it achieved
improved validation accuracy, precision, recall,
and F1 score values. Moreover, the results also
indicate that the application of SMOTE
effectively overcomes the class imbalance issue
and provides more robust and reliable model
predictions with the RF model.

The feature importance analysis also revealed
that personality traits, especially
conscientiousness followed by extraversion,
were the most powerful predictors of student AP.
The findings provided evidence that institutional
interventions should focus on fostering
development in social engagement and self-
regulation resilience rather than spending money
on resources for learning style-based strategies.
Moreover, this study also demonstrated that
students in social science, followed by
engineering students, showed high academic
performance.

In summary, this study validates the
importance of ML as a predictive tool for
extracting actionable insights from student data.
The significant findings advocate a shift towards
more personality trait-aware student support
systems rather than relying on other factors.
Future studies can collect data more evenly from
students in different grade levels and incorporate
other  behaviour-based factors, such as
entrepreneurial traits, to assess the actual impact
of the behaviour on students' performance.
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Abstract—Globalization and the big forces of
technology are redefining and reinventing the
workplace and the way work is performed. In the
last century the workplace automation is rapidly
being augmented and replaced by intelligent self-
learning systems driven by new algorithms that
harness the power of Big Data. Technologies are
emerging that enhance employee capabilities and
allow workers to provide a wider range of services
remotely and with greater efficiency. This new
workplace is constantly changing, increasingly
uninhibited by the geographical boundaries and
inspired by new technologies and arrival of robots
previously available only through the pages of
science fiction. This paper explores the extent to
adapt the changes from DT is focused on the
employee’s skills and abilities in the field of using
ICT and the impacts of DT according the age and
education. It was conducted an online survey of
1000 employees in North Macedonia. The results
showed that overall digital engagement was low,
for mobile internet use and for online learning.
The interaction between age and education was
significant, indicating that education influences
ICT skills differently depending on age. Younger
respondents with secondary or master’s education
reported slightly higher digital engagement,
whereas older groups demonstrated consistently
low levels regardless of education.

Keywords - digital transformation, human
resources, education, companies, ICT

. INTRODUCTION

The rapid digital transformation of
companies has fundamentally reshaped the

ISBN: 978-86-82602-06-4

@ NIZ:

required tools and skills from employees at all
levels. In the context of Human Resource (HR)
and organizational development, proficiency in
information and communication technologies
(ICT) is no longer optional but represents a
prerequisite for employability and
competitiveness [1]. Digital literacy extends
beyond basic computer use to encompass a wide
range of competencies, such as document
creation, continuous online learning, information
searching, cybersecurity awareness, mobile
internet use, digital communication and software
installation. These abilities are increasingly
regarded as essential components that stimulate
company innovation and adaptability [2].

Scientific ~ research  point that ICT
competencies are multidimensional. Although
younger generations are often assumed to be
“digital natives” [3], evidence shows that
demographic variables such as education and age
play a nuanced role in shaping actual digital
skills [4,5]. Also, education level does not always
correspond directly to higher digital competence,
as digital engagement depends on both
experiential learning opportunities and formal
training [6]. As well, mobile internet use and
online learning have emerged as critical
indicators of digital transformation readiness in
the workforce, bridging professional and
personal digital practices [7].

The paper examines the extent to which
employees across different age and education
groups possessing core ICT skills. By analyzing
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the collected data from employees in North
Macedonia, such as digital communication,
content ~ creation,  software installation,
cybersecurity practices, mobile internet use, and
online learning, this research contributes to
understanding the distribution of digital
competencies in the labor force. ldentifying
variations and interaction effects between
demographic variables provides valuable insight
into potential gaps that companies must address
in order to foster effective digital transformation
and HR on the workplace.

In this paper, digital transformation (DT) is
operationalized through the measurement of
employees’ digital engagement, which reflects
their capacity to use and adapt to ICT tools at
work. Specifically, was measured across two
variables representing key behavioral indicators
of digital competence: mobile internet use
(referring to employees’ ability to perform online
searches, make digital transactions, and access
professional information via mobile devices) and
online learning (representing the frequency and
ability to use digital platforms for continuous
professional development).

These two variables were selected as core
indicators of digital transformation readiness at
the individual level, aligning with the DigComp
2.1 Framework [2]. Thus, the concept of DT is
not treated abstractly but translated into
measurable behaviors that indicate how
employees engage with technology in their work.

Il. LITERATURE REVIEW

The roles that HR and technological factors
play in DT has highlighted the need to develop a
culture of creativity and a focus on adopting
digital technologies [8]. The pandemic has added
a new layer to the adoption of digital
technologies, pushing companies to be
innovative in reviewing their day-to-day HR
practices and bringing about the sought-after
digital transformation.

The reference [9] view management stated
that information systems in HR will lead to better
services for people, serve as pipelines, provide
essential databases, reduce labor costs, and
provide useful insights. According to [10] in their
study explained role of digital HR practices and
relationship between staff and organization.
Even due to advancement in technology how it
plays vital role in development of e-HR or
Digital HR. The [11] study found that most of the
employees agreed that the use of digital HR
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enhance performance, as well as it impacts on
HR development, People Management etc.

Reference [12] stated that digital HR
functions should be maintained with the help of
technology, several applications, and the use of
internet. According to [13] study due to
advancement in technology which has replaced
all manual work. According to [14] study
digitalization includes everything which can be
digitized. Therefore, digital technology has
changed functioning of the organizations & the
HR including the structure of organization, and
lifestyle staff [14]. When employers are
monitoring employees for legitimate business
reasons, they must abide by all federal laws and
policies which apply to the modern workplace
[15]. As always, change can be difficult; so,
remain open-minded, listen to any concerns, and
professionally and proactively discuss any
potential issues. Of course, “If used properly,
employee monitoring can be a very powerful tool
digto boost productivity and security. But for that
to happen, its implementation needs to be
thorough. Also, you need to solve all ethical and
privacy issues” [16].

Of course, managers and employers should
all be aware that there are some advantages such
better security, compliance with regulations,
more productivity, transparency, etc., and
shortcomings (i.e., increased stress of always
“being under the gun”, higher employee
turnover, and concerns on lack of privacy)
associated with employee monitoring [17].
When it comes to monitoring the work of

employees, organizations should do so
transparently, ethically and for legitimate
business interests without violating the

employee’s rights to privacy and without
destroying workplace morale [18].

I1l. METHODOLOGY AND EMPIRICAL
RESEARCH

The research aim is to transforming HR for
the digital era in the companies in North
Macedonia. The main research problem is how
HR perceive and adapt the changes from DT. The
research subject is focused on the employee’s
skills and abilities in the field of using ICT and
the impacts of DT, particularly how new
technologies influence their productivity. Data
were collected through a self-administered
questionnaire, prepared in Google Docs. The
questionnaire consisted of two main parts: a
demographic section with closed ended format
questions (age, gender, education, region, sector



and nature of work) and a second section with
logically connected questions measured on a 5-
point Likert scale, ranging from 1 = strongly
disagree to 5 = strongly agree. The questionnaire
was sent randomly to more than 5000 employees
in the companies in the Republic of North
Macedonia, and response was received from
1000 employees in the period from February 1st
to May 31st 2024.

Most of the employees belong to the sector
education; they belong to the Skopje region and
predominant is the mental work. Most of them
have higher education and are female between
the age between 36 and 45 vyears. The
questionnaire included group of questions related
to what changes will happen with their own job
over the next five years, did they agree or
disagree with company responsibilities to their
employees and what skills and abilities they have
in the field of using ICT. Due to the scope of the
research, in this paper we will present the survey
that refers to employees' skills and abilities they
have in the field of using ICT, two from seven
that affect the way of acting at the workplace are
singled out (mobile internet use for information
searching, online transactions and etc; and online
learning). The data analysis was performed using
SPSS v20 statistical software and we will use
two-way Anova. The paper will analyses the
influence between age and education on mobile
internet use for information searching, online
transactions and etc; and then we will analyses
the influence between age and education on
online learning. Hence the hypothesis is

Hypothesis One (H1): Analyze the influence
between age and education on the employee’s
skills and abilities on mobile internet use for
information searching, online transactions
and etc.

In Table I is presented the descriptive data
analysis, where mean scores are uniformly low
across all demographic groups. Across age
groups, the mean scores differences were
minimal, suggesting that age has little influence
on mobile internet use than education. Because
the sample size in the categories is different,
Leven’s test was applied in determining the
assumption of homogeneity of the variance.

In Table Il is presented Levene's Test for
Equality, the p-value = 0.000, indicating that the
assumption of homogeneity of variances is
violated, since p < 0.05.

TABLE I. DESCRIPTIVE STATISTICS.
Education Age Mean | Std. Deviation | N
26-35 1.43 1.089 14
Secondary 36-45 1.25 0.813 52
>45 1.19 0.738 32
Total 1.26 0.829 98
18-25 1.09 0.302 11
26-35 1.18 0.656 87
Higher 36-45 1.17 0.666 282
>45 1.34 0.965 171
Total 1.23 0.768 551
18-25 1.86 1.464 7
26-35 1.42 1.082 53
Master's 36-45 1.09 0.422 125
>45 1.20 0.605 60
Total 1.21 0.714 245
26-35 1.07 0.267 14
Doctor of 36-45 1.11 0.310 57
Science >45 1.06 0.236 35
Total 1.08 0.280 106
18-25 1.39 0.979 18
26-35 1.27 0.837 168
Total 36-45 1.15 0.602 516
>45 1.26 0.824 298
Total 1.21 0.725 1000

Source: Author’s own research.
TABLE Il. LEVENE'S TEST OF EQUALITY.

F dfl df2 Sig.
5.841 13 986 0.000
Source: Author’s own research.

Although this does not invalidate the
analysis, it suggests that some demographic
categories exhibit more diverse digital behavior
than others. These results highlight the need for
complementary robust analyses (such as Welch’s
Anova) to confirm the stability of the findings.
The unequal variance also indicates that digital
skill levels may fluctuate more strongly within
certain education or age groups.

Based on the data analysis on Table Il the
result for the Corrected Model shows that there
is a significant (p = 0.025) confirming that the
combination of age and education influences
employees’ mobile internet use. This shows that
interaction was significant, indicating that
education influenced mobile internet use
differently across age groups. The result for the
intercept shows that a changing value of the
dependent variable was not influenced by the
independent variables, meaning that the value of
the dependent variable can change even if there
was no interference from the independent
variables.
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TABLE IlI. TESTS OF BETWEEN-SUBJECTS EFFECTS. TABLE IV. POST HOC TESTS.
Source | Type Ill| Df | Mean F Sig. | Partial 95%
Sum of Square Eta 0 %) Mean Std Confidence
Squares Squared . .| Diff. _ | Sig. Interval
Correcied Education [Education (1-3) Error, Cower [Upper
Modol 12.946 | 13 | 0.996 | 1.916 [0.025| 0.025 Bound |Bound
Intercept | 372.764 | 1 [372.764]717.338/0.000| 0.421 Higher |0.030/0.079]0.982| -0.17 | 0.23
IAGE 2103 | 3 |0.701 | 1.349 [0.257| 0.004 Secondary |Master's 10.04710.08710.949| -0.18 | 027
EDU 3882 | 3 | 1.294 | 2.490 [0.059] 0.008 Doctor of | 120101021 0.337] -0.09 | 043
IAGE * Science | ) ) ) ’
EDU 7452 | 7 | 1.065 | 2.049 10.047| 0.014 Secondary|-0.030[0.079[0.982| -0.23 | 0.17
Error 512.373 | 986 | 0.520 Higher Master's {0.017]0.056|0.990| -0.13 | 0.16
Total 1987.000 | 1000 Doctor of | 1 4910.077[0.263| -0.06 | 0.34
Corrected Science
Total 525.319 | 999 Secondary|-0.047/0.087[0.949| -0.27 | 0.18
Source: Author’s own research. Master's |Higher |-0.017/0.056|0.990| -0.16 | 0.13
Doctor of

However, the result of the test for the Science | :123|0.084|0461) -0.09 1034
intercept shows a value of 0.000 or less than 0.05 Doctor of Secondary|-0.170{0.102[0.337| -0.43 | 0.09
meaning that there is a significant effect. The test Science |Higher |-0.140]0.077/0.263] -0.34 | 0.06

results show that the value of F-count on the age
towards mobile internet use was 1.349 with a Sig.
of 0.257 which means that it is not significant.
This means that, overall, there are no statistically
significant differences in the dependent variable
across the different age groups. While the value
of F-count of education towards mobile internet
use was 2.490 with a Sig. of 0.059, which means
that it is not significant. Importantly The
interaction effect between age and education
(p=0.047) is significant, suggesting that
education affects ICT engagement differently
depending on the respondent’s age group.
However, both main effects (age and education)
show only weak statistical significance and small
effect sizes (p < 0.05). These findings imply that
while demographic variables play some role,
other organizational or motivational factors may
be more critical in shaping mobile digital
behavior.

Post hoc analysis (Table 1V) revealed no
statistically significant pairwise differences (all
p > 0.05), with mean differences ranging and all
confidence intervals crossing zero. This indicates
that respondents across all education levels
demonstrated comparable levels of mobile
internet use. These findings support the
conclusion that formal education alone does not
substantially differentiate employees’ digital
engagement. Instead, digital behaviors appear to
be shaped more by workplace factors such as
access to technology, digital culture, and
opportunities for continuous learning and
upskilling.
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Master's [-0.123|0.084|0.461| -0.34 | 0.09
Source: Author’s own research.

TABLE V. HOMOGENEOUS SUBSETS.
Education N Subset for alpha =
0.05
1
Doctor of Science 106 1.08
Master's 245 1.21
Higher 551 1.23
Secondary 98 1.26
Sig. 0.161

Source: Author’s own research.

The findings from the homogeneous subsets
(Table V) analysis further support the post hoc
results, confirming the absence of statistically
significant differences between educational
groups in in mobile internet use. All levels of
education fall within the same subset (p = 0.161),
with only minimal variation in mean scores. This
consistency across both analyses reinforces the
conclusion that formal education has a limited
effect on employees’ digital engagement.
Together, these results indicate that mobile
internet use is not determined by educational
attainment but is more likely shaped by
organizational practices, workplace digital
infrastructure, and employees’ opportunities for
ongoing digital training and development.

On Fig.1 it can be seen that lines for
education crossing across age groups, indicating
that the interaction between age and education is
significant. Thus, both age and education
influence mobile internet use, but their effects are
not uniform.

When homogeneity of variances is violated
in two-way Anova test we use Welch’s Anova
(see Table I1). From the results in Table VI it can
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Figure 1. Profile plots.

be seen that that age had no significant effect on
mobile internet use (p =0.108), but, education
showed a significant effect (p=0.003), and
indicating that usage levels differed across
educational groups. These findings reinforce the
conclusion that age alone is not a meaningful
predictor of mobile internet use, whereas
education plays a more substantial role in
explaining variation, although the overall effect
remains modest, implying that formal education
alone cannot fully explain digital participation
without workplace learning and training
interventions.

Therefore, Hypothesis 1 is partially accepted,
as the results indicate a significant combined
effect of age and education on employees’
mobile internet use and skills, although the
influence of each variable individually is not
statistically significant.

Hypothesis Two (H2): The employee’s skills
and abilities on online learning is the same
between different age and education level.

The following table (Table VII) provides
descriptive data analyses. The descriptive
statistics provide an overview of how different
age and education groups view the employee’s

TABLE V1. ROBUST TESTS OF EQUALITY OF MEANS.
Statistic dfl df2 Sig.
Welch 2.095 3 77.136 0.108
Welch 4.640 3 317.493 | 0.003

Source: Author’s own research.

skills and abilities on online learning. Generally,
education does not follow a straightforward
trend: those with secondary education show the
highest overall means, while doctoral

respondents show the lowest. The interaction
suggests that online learning is somewhat more
common among Yyounger respondents with
secondary or master’s education, but education
level makes little difference in older age groups.

In Table VIII is presented Levene's Test for
Equality, the p-value = 0.144, indicating that the
assumption of homogeneity of variances is not
disturbed (since p>0.05). This suggests that
variability in responses about the employee’s
skills and abilities on online learning is consistent
across different age and education groups. This
implies that age, education, and their interaction
do not lead to significant differences in the
spread or dispersion of beliefs about the
employee’s skills and abilities on online
learning. It provides further confidence in the
reliability of the Anova results, without concern
for unequal variances.

Based on the data analysis on Table IX, the
result of the two-way Anova for the Corrected

TABLE VII. DESCRIPTIVE STATISTICS.
Education Age |Mean| Std. Deviation N
26-35 | 2.71 1.816 14
Secondary 36-45 | 2.04 1.596 52
>45 2.16 1.462 32
Total 2.17 1.586 98
18-25 1.91 1.578 11
26-35 1.79 1.432 87
Higher 36-45 | 1.80 1.374 282
>45 1.92 1.455 171
Total 1.84 1.410 551
18-25 | 2.57 1.988 7
26-35 | 1.75 1.385 53
Master's 36-45 | 1.90 1.521 125
>45 2.08 1.629 60
Total 1.93 1.532 245
26-35 1.64 1.447 14
Doctor of 36-45 | 1.82 1.364 57
Science >45 1.89 1.605 35
Total 1.82 1.446 106
18-25 | 2.17 1.724 18
26-35 | 1.85 1.464 168
Total 36-45 1.85 1.431 516
>45 1.98 1.505 298
Total | 1.90 1.464 1000
Source: Author’s own research.
TABLE VIII.  LEVENE'S TEST OF EQUALITY.
F dfl df2 Sig.
1.418 13 986 0.144

Source: Author’s own research.

Model shows that they are not statistically
significant (p =0.613). This indicates that,
collectively, these factors do not explain a
significant amount of the variance in the
employee’s skills and abilities on online
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learning. The result for the intercept shows that it
is highly significant (p =0.000), indicating an
overall trend in the employee’s skills and abilities
on online learning, independent of age and
education. This result does not imply that the
specific age or education groups differ but rather
highlights a general perception. The main effect
of age (F=0.646, p=0.586) and education
(F =2.528, p=0.056) on the employee’s skills
and abilities on online learning impact is not
significant. This suggests there are no notable
differences across different age groups or
between education groups in this perception.
Additionally, the lack of a significant interaction
effect between age and education (F=0.571,
p = 0.780) implies that any minimal differences
in the employee’s skills and abilities on online
learning are consistent across age groups and not
specific to any age-education combination.
These results indicate that neither age nor
education  significantly  influences  the
employee’s skills and abilities on online
learning. This uniformity suggests that
perceptions of employee’s skills and abilities on
online learning may be shaped more by general
factors than by descriptive data like age
or education.

Results in Table X suggest that there are no
statistically significant differences in the
employee’s skills and abilities on online learning
between any education groups. This suggests that
perceptions of technology’s impact on the
employee’s skills and abilities on online learning
are consistent across different age groups. This
supports the interpretation that employees share

TABLE IX. TESTS OF BETWEEN-SUBJECTS EFFECTS.

Type Il Mean Partial
Source | Sumof | df Square F |Sig.| Eta

Squares a Squared
Corrected| 53507 | 13 | 1.811 | 0.844 |0.613| 0.011
Model

Intercept | 969.523 | 1 [969.523|451.680({0.000| 0.314
AGE 4.157 3 | 1.386 | 0.646 |0.586| 0.002

strategies rather than
demographic subgroups.

targeting  specific

The homogeneous subset analysis (Table XI)
indicates that all education groups have similar
mean scores regarding the employee’s skills and
abilities on online learning, with no significant
differences between them. The pattern of nearly
identical mean scores across groups reinforces
the conclusion that age and education do not
significantly influence employees’ engagement
in online learning. This suggests that digital
learning practices are shaped by broader
organizational and systemic factors,
underscoring the importance of structured
workplace training programs rather than relying
on demographic predictors.

On Fig. 2 it can be seen that the consistently
low levels of online learning across groups. It can
be concluded that that online learning is
generally limited, but younger age groups with
specific educational profiles (secondary or
master’s) are somewhat more engaged. For older

TABLE X. POST HOC TESTS.
Mean 95% Confidence
(0] ()] Diff Std. si Interval
Education|Education (I-Jj Error| °'% Lower | Upper
Bound | Bound

Higher | 0.33 [0.161]0.166| -0.08 0.74
Master's | 0.24 [0.175|0.523| -0.21 0.69
Doctor of | 55 10,205 | 0.315| -0.18 | 088
Science
Secondary| -0.33 |0.161|0.166| -0.74 0.08
Master's | -0.09 {0.113]0.844| -0.38 0.20

Secondary

Higher
Doctor of | 5> 10.155(0.999| -0.38 | 042
Science
Secondary| -0.24|0.175[0.523| -0.69 | 0.21
. Higher | 0.09 |0.113(0.844| -0.20 0.38
Master's Doctor of
. 0.11 |0.170|0.909| -0.32 0.55
Science
Doctor of Secondary| -0.35[0.205[0.315| -0.88 0.18
. Higher |-0.02 {0.155]|0.999| -0.42 0.38
Science

Master's | -0.11 {0.170|0.909| -0.55 0.32
Source: Author’s own research.

TABLE XI. HOMOGENEOUS SUBSETS.
EDU 16.278 3 5.426 | 2.528 |0.056| 0.008
*

AEGDEU 8576 | 7 | 1.225 | 0.571 |0.780| 0.004 Education N S“liset

Error |2116.428| 986 | 2.146 Doctor of Science 106 1.82

Total |5731.000 | 1000 Higher 551 1.84
Corrected Master's 245 1.93

2139.97

Total | 2139975 999 Secondary 98 2.17

Source: Author’s own research. Sig. 0.144

a similar level of online learning engagement,
regardless of formal education. The uniformity
of results indicates that improving online
learning participation will require company-level
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Source: Author’s own research.

groups, education has little effect, and online
learning participation remains uniformly low.
This suggests that both age and education must
be considered together to understand patterns of
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digital learning adoption, rather than treating
them as independent predictors.

According to the results, it can be concluded
that Hypothesis 2 is not accepted, as the results
showed no statistically significant effect of age,
education, or their interaction on employees’
engagement in online learning activities.

IV. RECOMMENDATIONS

The  results suggest that  digital
transformation should be supported through
coordinated national and institutional initiatives
aimed at strengthening employee’s digital
competence. Policymakers should promote
collaboration between government agencies,
educational institutions, and the private sector to
align training programs with labor market needs
and emerging digital technologies. Integrating
digital literacy and lifelong learning principles
into national education and employment
strategies would help build a resilient and
adaptable employee. Public funding mechanisms
or tax incentives could encourage companies to
invest in continuous digital training and
upskilling programs. Additionally, establishing
standardized frameworks such as DigComp 2.1
at the national level would provide a consistent
reference for assessing and improving digital
skills across sectors. By embedding digital
competence development into broader economic
and labor policies, governments can accelerate
the digital transformation process and enhance
the competitiveness and innovation capacity of
organizations in the evolving digital economy.

In 2024 was formed Ministry of Digital
Transformation of the Republic of North
Macedonia and plays a crucial coordinating role

in shaping the country’s digital future through
strengthening institutional coordination and
policy implementation would accelerate the
country’s digital transformation. By embedding
digital competence development into broader
economic and labor policies, the government can
foster a digitally skilled employees and enhance
Macedonia’s competitiveness in the digital
economy.

V. CONCLUSION AND DISCUSSION

Digital transformation is the need of today’s
companies. The companies have to go for digital
transformation in order to succeed. The
management has to be very active in bringing
about the change in the ways the policies have
been made and carried before, because the
employees to consider it very important for the
company. It can be concluded that it affects the
human resource development, ICT skills, mobile
internet use and online learning. So, it’s on the
company and the management to implement it
and be the change agent in such a scenario.

According to the main research question and
the two hypothesis (H1; H2) we can conclude
that employee’s skills and abilities regarding on
the employee’s skills and abilities on mobile
internet use is the same between different age
groups and education, and employee’s skills and
abilities regarding the online learning is the same
between different age groups and education.

Only in the first hypothesis, according to age
and education, we can see that that education
influences mobile internet use differently
depending on age.

The results indicate that digital use is
generally low, particularly among older
employees and those with limited formal
education. This has important implications for
HR departments and policymakers about
developing training programs that account for
different age and education groups, starting from
basic ICT tools to advanced digital tools; online
learning platforms and micro-learning modules
for employees integrated into daily work
processes; regularly assess digital engagement
levels through employee surveys or digital skills
audits to guide ongoing policy improvements.

Implementing these recommendations would
help companies bridge the digital divide within
their  employees,  supporting  smoother
organizational transformation and improved
competitiveness in the digital economy.
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The results provide valuable understanding
into the ways different demographic groups view
the productivity potential of new digital
technology, underline the importance of mobile
internet use and online learning to optimize
technology  adoption and  productivity
enhancement in companies. Despite offering
valuable insights into employee perceptions of
DT in the Republic of North Macedonia, this
study is limited to self-reported data, which may
be influenced by subjectivity of the respondent;
the study focuses on a limited set of demographic
variables (age, education) without considering
other potentially influential factors and the
sample, while large, is restricted to one country
and may not be representative of broader
regional or global trends. Future research should
include a larger sample from more countries in
order to enhance more general conclusions and
to explored mixed methods to provide a deeper
understanding of digital skill.

Future research could apply more advanced
statistical methods to better explain the
relationship between age, education, and
employees’ digital engagement. Use a different
statistical method would allow for examining
both direct and indirect effects, while accounting
for additional variables such as region, types of
work, or organizational context. Hierarchical or
multilevel models could also capture company-
level influences on individual digital behavior.
Using these approaches would provide a more
comprehensive understanding of the complex
and multidimensional nature of digital
transformation workplace and HR.
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Abstract—This paper analyzes the influence of
perceived personalization, perceived value of
hyper-personalization, and privacy trust and
control on customer loyalty. A quantitative
approach was applied using data from enterprises
in Serbia, with responses collected through a
structured questionnaire and analyzed by
regression and correlation methods. Results
confirm that all three factors have a significant
and positive effect on customer loyalty. Privacy
trust and control emerged as the strongest
determinant, followed by hyper-personalization
and personalization. The model explains 57.8
percent of the variance in customer loyalty,
showing that these constructs form a strong
explanatory framework. The study provides
practical implications for organizations to
integrate personalization, hyper-personalization,
and responsible data practices to strengthen
loyalty in digital markets.

Keywords — hyper-personalization, marketing,
customer loyalty, competitiveness

l. INTRODUCTION

The rapid advancement of digital
technologies has transformed the interaction
between enterprises and customers, as well as the
ways in which customers evaluate their
relationships with brands. Within this setting,
customer loyalty continues to be a significant
outcome for enterprises that aim for sustainable
growth. Several factors influence loyalty,
including  customer engagement, digital
marketing practices, service recovery initiatives,
and perceptions of corporate responsibility [1-4].

ISBN: 978-86-82602-06-4
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These elements jointly shape how customers
maintain long-term connections with brands and
how enterprises secure competitiveness in digital
markets.

Developments in personalization
technologies have allowed companies to provide
tailored experiences to large groups of
customers. Such experiences are generally
perceived as relevant and valuable, which
directly influences customer satisfaction, trust,
and loyalty. At the same time, personalization
raises important concerns about data collection,
usage, and consumer privacy. Previous research
confirms that perceptions of personalization
affect online engagement, willingness to co-
create, and behavioral intentions across digital
platforms, while privacy and trust remain areas
of strong consumer concern [5-8].

The concept of hyper-personalization has
introduced additional complexity into this
discussion. It is based on advanced analytics,
artificial intelligence, and the real-time
processing of data to deliver highly
individualized interactions. Research indicates
that hyper-personalization influences consumer
buying behavior, the effectiveness of marketing
communication, and the overall process of digital
transformation across industries such as retail,
travel, and online platforms [9-11]. This creates
new opportunities for firms but also increases
customer expectations regarding fairness and
transparency. Despite the opportunities created
through personalization and hyper-
personalization, privacy trust and control remain
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decisive factors for customer acceptance of these
strategies. Customers are increasingly aware of
the ways their personal information is collected
and processed, and their confidence in
companies depends on transparency and
accountability. Studies show that concerns about
privacy directly influence purchase intentions,
perceptions of brands, and willingness to share
personal data in different contexts [11,12].
Addressing these concerns has therefore become
a central requirement for building sustainable
customer relationships.

The purpose of this paper is to examine the
connections between customer loyalty, perceived
personalization, perceived value of hyper-
personalization, and privacy trust and control.
The study develops a structured theoretical
foundation for understanding how these
constructs interact and how they shape customer
behavior in the contemporary digital
environment.

Il.  THEORETICAL BACKGROUND

Customer loyalty is widely recognized as a
central objective of marketing strategies. It
reflects not only the frequency of repeated
purchasing but also the existence of
psychological attachment to a brand. Research
indicates that loyalty is shaped by several
mechanisms that operate in different contexts.
For example, service recovery through chatbots
has been found to affect loyalty when customer
frustrations are addressed in a timely and
effective way [1]. Loyalty programs and
activities designed to strengthen brand
engagement contribute to the formation of both
emotional and behavioral bonds between
customers and companies [3]. In addition,
engagement is closely connected to satisfaction
and trust, which then influence loyalty outcomes
[3]. In digital markets, social media marketing
activities and online campaigns have been shown
to reinforce loyalty, especially in e-commerce
environments [4,13]. Literature also highlights
the contribution of corporate social responsibility
in supporting loyalty, as CSR helps align
customer expectations with the values and
practices of organizations [14].

Perceived personalization describes the
extent to which customers believe that products,
services, or communication efforts are adjusted
to their individual needs and preferences. This
perception is strongly related to engagement and
the creation of value in customer interactions.
Personalized online advertising, for instance, has
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been shown to generate favorable electronic
word-of-mouth and influence consumer behavior
[5]. The use of augmented reality in online
shopping provides interactive and customized
experiences that shape customer intention to co-
create value [6]. On social media platforms such
as TikTok, personalization influences viral
behavior intentions through the perception of
creativity and authenticity. At the same time,
customers  weigh  the  advantages of
personalization against their privacy concerns,
since excessive personalization may create
resistance [15]. Privacy boundaries in advertising
are particularly relevant in social media
environments, where trust significantly affects
purchase intentions [8].

While personalization relies on segmentation
logic and pre-defined consumer profiles, hyper-
personalization represents an advanced form of
individualization that integrates artificial
intelligence, machine learning, and real-time
analytics. From a theoretical standpoint,
personalization aligns  with  Relationship
Marketing Theory and Service-Dominant Logic,
where customer data are used to enhance
relevance and co-create value through adaptive
offers. Hyper-personalization, in contrast, draws
from Technology Readiness and Acceptance
Models (TRAM) and Al-Augmented Experience
Theory, viewing customers as dynamic
participants in  continuously  optimized,
algorithmically mediated exchanges. Whereas
personalization responds to expressed or
historical preferences, hyper-personalization
anticipates future needs through predictive data
models. This distinction positions hyper-
personalization as both a technological and
strategic evolution of traditional personalization.

Research shows that hyper-personalization
shapes marketing communication and consumer
perception, particularly in industries
characterized by technological development [9].
In  markets such as Malaysia, hyper-
personalization has been linked with co-creation
and digital clienteling as part of broader
transformation processes [16]. Data-driven
approaches confirm that hyper-personalization
improves customer experience and strengthens
loyalty by offering solutions that are tailored to
individual users [11]. In the coupon industry, the
combination of gamification and hyper-
personalization has been found to affect coupon
redemption intentions [16]. Travel platforms
represent  another area  where  hyper-
personalization shapes customer journeys and



decision-making [17]. Studies further confirm
that artificial intelligence applications expand the
influence of hyper-personalization on consumer
buying behavior across different sectors [18].

The effectiveness of both personalization and
hyper-personalization largely depends on
customer perceptions of privacy, trust, and
control. Evidence from hospitality research
indicates that data privacy strongly affects
customer trust and willingness to share personal
information [12]. In omnichannel contexts,
privacy concerns and trust shape overall
customer experience and have a direct impact on
engagement. Mechanisms such as GDPR
labeling have been proposed as approaches for
increasing consumer trust in how data is used
[19]. Digital marketing activities also influence
brand perception, particularly in terms of how
customers evaluate trustworthiness in online
interactions [20]. In addition, the country of
origin of e-retailers affects privacy perceptions
and willingness to purchase, confirming the
relevance of cross-cultural dimensions in
shaping trust [21].

Beyond these global findings, contextual
factors such as national culture, digital literacy,
and regulatory environment influence how
customers perceive and react to personalization.
In transitional economies such as Serbia,
awareness of data protection is rising but remains
inconsistent. While GDPR frameworks are
formally adopted, their enforcement and public
understanding are limited. As a result, customers
may base privacy trust less on legal mechanisms
and more on perceived corporate integrity and
transparency. Differences in digital literacy
further moderate how consumers interpret data
collection practices and evaluate the credibility
of personalized marketing. These regional
dynamics highlight the need to view privacy trust
and control not as static constructs but as
contextually shaped perceptions that evolve with
technological and institutional maturity.

Finally, existing literature suggests several
psychological mechanisms that may explain how
personalization ~and  hyper-personalization
translate into customer loyalty. Perceived
relevance may serve as a cognitive mediator, as
customers remain loyal when they feel that brand
communication is meaningful and aligned with
their preferences. Emotional engagement may
operate as an affective mediator, reflecting the
sense of connection that develops when
personalized interactions evoke trust and

enjoyment. Likewise, variables such as digital
literacy and privacy awareness could act as
moderators, strengthening or weakening the
relationship between personalization efforts and
loyalty outcomes. Recognizing these underlying
mechanisms enriches the theoretical
understanding of how personalization strategies
operate  within  different  cultural and
technological environments.

I1l.  METHODOLOGY

The methodology relies on a quantitative
approach designed to identify and examine
factors influencing customer loyalty. This
method ensures systematic data collection and
statistical processing, which increases the
reliability and objectivity of findings. The
research framework allows for hypothesis
testing, comparison of variables, and the
formulation of grounded conclusions. The study
is both descriptive and explanatory: it not only
outlines current patterns of customer loyalty but
also clarifies the relationships between variables
and the mechanisms that connect them. Such a
design provides insights into existing conditions
while explaining causal links relevant for
managerial decision-making. The primary
research instrument is a structured questionnaire
based on theoretical concepts from the literature.
To measure attitudes and perceptions, a seven-
point Likert scale is used, enabling
differentiation of responses and robust statistical
analysis. The study tests the following
hypotheses:

e H1: Perceived personalization positively
affects customer loyalty.

e H2: Perceived
personalization
customer loyalty.

value of
positively

hyper-
affects

e  Ha3: Privacy, trust, and control positively
affect customer loyalty.

The sample includes micro, small, medium,
and large enterprises in Serbia, with respondents
being managers, specialists, and corporate
function employees. Data analysis employs
regression (to assess the effect of independent
variables) and correlation (to  explore
interdependencies). The research process unfolds
in several phases: literature review and
theoretical framework; instrument design and
questionnaire development; data collection;
cleaning and preparation; statistical processing
(including descriptive statistics, reliability

71



testing with Cronbach’s alpha, correlations, and
regressions); interpretation and discussion; and

finally, summarizing results with
recommendations for improving customer
loyalty.

IV. RESULTS

The results of the descriptive statistics is
presented in Table .

TABLE I. DESCRIPTIVE STATISTICS
Variable Mean Stand. Cronbach’s
dev. alpha
Perceived
personalization (PP) 4.85 1.55 0.840
Perceived value of
hyper- 455 1.36 0.925
personalization
(PVHP)
Privacy trust and
control (PTC) 4.53 1.45 0.910
Customer loyalty
L 4.65 1.25 0.875
Next, in Table Il. The results of the

correlation analysis are presented.

TABLE II. CORRELATION ANALYSIS RESULTS
alpha: 0.05 PP PVHP PTC CL
Perceived
personalization 1.000 0.344 0.472 0.545
(PP)
Perceived value
of hyper-
personalization 0.344 1.000 0.785 0.405
(PVHP)
Privacy rustand | o5 | o785 | 1000 | 0355
control (PTC) ) ) ) )
Customer
loyalty (CL) 0.545 0.405 0.355 1.000
In Table I, the results of the linear

regression analysis are presented.

TABLE II1. LINEAR REGRESSION ANALYSIS RESULTS
B Std Adjus
Y X p-value : R? 2
1.458 Error ted R
CcL PP 0.664 | <0.0001 | 0.032 | 0.578 | 0.573
PVHP 0.685 <0.0001 0.027
PTC 0.794 <0.0001 0.029

CL=1.458+ 0.664*PP+0.685*PVHP+0.794*PTC+¢

V. DISCUSSION

The estimation results validate the hypothesis
that perceived personalization, perceived value
of hyper-personalization, and privacy trust and
control have a positive and significant effect on
loyalty. The total amount of variance explained
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by the model is 57.8 percent. This result can be
regarded as an overall indicator of the consistent
relationships between the constructs, supporting
the suitability of the suggested model to explain
how customers in digital markets form long-
lasting brand relationships. However, although
the results are statistically satisfactory, a
theoretical and context-specific interpretation is
required to understand underlying mechanisms
of how and why the obtained effects take place.

The positive effect of  perceived
personalization on loyalty corresponds to the
previously confirmed propositions that perceived
relevance and being noticed are long-term
drivers of customer engagement [5,6]. If
consumers notice that a certain offer, message, or
recommendation can be attributed to their
preferences, they tend to consider it more
relevant and be satisfied with it. In general, this
finding is in line with Relationship Marketing
Theory, in which reciprocity of trust and
commitment is seen as a foundation of loyalty.
The estimated standardized coefficient of 0.664
and correlation of 0545 show that
personalization in this case successfully impacts
loyalty both through cognitive (customer
satisfaction) and emotional (commitment)
channels. From a theoretical perspective,
perceived relevance can be assumed as a
mediating mechanism: noticing personalization
as a signal of being perceived correctly by a
brand helps customers in filtering information
overload and interpreting brand messages as
helpful and respectful of their individuality.

The second personalization construct, value
of hyper-personalization, is statistically more
significant  ($#=0.685, p<0.0001). This
increased beta coefficient may be explained by
the  emerging significance  of  hyper-
personalization, enabled by Al and predictive
algorithms  for real-time interactions, in
generating better customer experiences [17]. By
building on data and analytics-based micro-
segmentation, hyper-personalization through
more comprehensive predictive processing
facilitates market offering adjustments that
anticipate as yet unarticulated consumer needs.
Moreover, consistent with the Technology
Readiness and Acceptance Model, this process
implies an accelerated propensity to adopt an Al-
enabled system once the customers perceive its
performance and features as efficient, effective,
controllable, and less intrusive [18].



Nevertheless, greater personalization also
carries the associated risk of excessive or
intrusive knowledge. To avoid reactance, this
information need to be balanced by messages
about its positive consequences. In this regard, a
proposed moderating effect on emotional state
should be considered, according to which a more
positive emotional experience of the interaction
increases the likelihood of perceiving the
relevance  of  hyper-personalization  as
convenience.

The third construct, privacy trust and control,
has the strongest positive beta coefficient
(6=10.794, p <0.0001), indicating that it is the
most powerful loyalty predictor in the given
model. This is an especially relevant finding in
light of the previously discussed coefficient. In
particular, although its absolute value (0.355) is
the lowest in this section, its standardized
regression weight (beta) indicates that privacy-
related consumer perceptions form the ultimate
loyalty driver once the other factors are
controlled. This provides additional support for
the existing literature’s argument on the
conditional nature of digital personalization and
hyper-personalization ~ benefits on  data
responsibility and consumer control. According
to this argument, personalization in no way can
serve as a sufficient predictor of customer
loyalty, without customers’ perception of privacy
collection, processing, and storage as compliant
with their data rights [12,19]. In countries where
privacy is still in the formative stages, for
instance, Serbia, the present relationship is
subject to additional regulatory, cultural, and
market sensitivity. In particular, trust in privacy
control might be moderated by other institutional
and social factors in these markets, such as
limited public awareness of digital data rights
and weak enforcement of privacy regulations,
affecting consumers’ interpretation of brand’s
digital actions. With limited formally-based
sources of trust in such markets, brand
characteristics, particularly its reputation and
ethical image, might become the only source of
trust that determines perception of online
privacy.

The statistical relationship between the
constructs analyzed in this study indicates that
loyalty is conditional on the alignment of
technological capabilities with ethical ones. The
two, in their turn, as parts of customer experience
management, work as more functional
(personalization and hyper-personalization) and
more emotionally (privacy trust and control)

conditioned strategies for increasing satisfaction
and engagement. While the first two may cause
consumers to stick to a company, positive
experiences with the last ensure this loyalty
would not be undermined by the rest. The study
thus confirms that customer loyalty in digital
markets is both more technologically-driven and
trust-dependent than in their offline counterparts.
The interrelationship between personalization,
hyper-personalization, and privacy trust forms a
double-reinforcing mechanism that
simultaneously addresses customers’ hedonic
(convenience, utility) and  eudaimonic
(autonomy) needs. In addition to the empirical
validation, the results also have a conceptual
meaning, contributing to the consumer—
technology paradigm. In particular, the change
from personalization to hyper-personalization is
implied to be not only quantitative but also
qualitative, moving from preference recognition
to predictive empathy. This shift must be
accompanied by a simultaneous increase in a
company’s  technological  capacity and
transparency, making consumers equal partners
and “active interpreters and manipulators” of the
personalized information [6]. This, in turn,
allows them to exercise their autonomy in the
digital interactions. The mediating variables such
as perceived relevance, emotional engagement,
or perceived control may be empirically tested to
identify the psychological mechanism leading
from the analyzed constructs to loyalty.
Moreover, a similar approach may be applied to
the moderators, such as digital literacy or privacy
awareness, providing more comprehensive
explanations for cross-market variations of
personalization impact on trust and loyalty.

From a managerial perspective, the findings
imply that companies  should  view
personalization,  hyper-personalization, and
privacy trust and control not as conflicting but as
complementary components of  customer
management strategy. Investment in Al and
machine learning, analytics, and automation
must be accompanied by equal communication
transparency, regarding both customers’
personal data processing and its advantages to
the consumers. Information transparency and
visibility of consent, easy access to privacy
settings, and other ethical standards may help
data management policies to move beyond
compliance and obtain a real loyalty advantage.
In transition markets, such as Serbia, the role of
this effect is likely to be especially significant as
it can substitute for other sources of trust and, in
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this way, compensate for the trust gap in
institutional and social trust in data usage.

The limitations of the study can be connected
to the fact that it is based on a cross-sectional
design and secondary data retrieved from
managerial self-reporting, while causality, in this
case, remains to be established empirically.
Future research may adopt more complex
models, including longitudinal, multi-level, and
experimental ones to directly capture and analyze
the influence of personalization on actual
customer behavior. In addition, behavioral and
neuro-marketing data may be leveraged to detect
more comprehensive and implicit affective
responses to personalization as part of company—
customer interactions.

VI. CONCLUSION

This study examined the effects of perceived
personalization, perceived value of hyper-
personalization, and privacy trust and control on
customer loyalty. The results confirmed all three
hypotheses, showing that each factor contributes
positively and significantly to loyalty. Privacy
trust and control had the strongest effect, which
indicates that responsible data handling and
customer confidence are essential for loyalty in a
hyper-personalized environment. The results
also show that personalization and hyper-
personalization strengthen loyalty by creating
relevance and value in customer interactions.
Together, the three constructs explain more than
half of the variation in loyalty, which suggests
that they provide a solid framework for analyzing
customer behavior in digital markets.

For managers and decision makers, the
findings suggest that loyalty strategies should
integrate personalization and hyper-
personalization while maintaining a strong focus
on privacy and trust. Organizations that build
customer experiences around these elements are
more likely to maintain loyalty and remain
competitive in the digital economy.
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Abstract—Sales prediction in Nigeria in previous
years has been limited to traditional forecasting
and expert judgment which are not always
effective especially for large datasets. The aim of
this study is to utilize machine learning algorithms
to improve sales prediction using an historical
dataset. The study investigated the application of
machine learning models for predicting sales of
medical supplies at Ekoistic Diagnostics, a medical
facility in Nigeria using Regression analysis. We
utilized a live dataset containing historical sales
data and explored four machine learning
algorithms: Support Vector Regression (SVR),
Random Forest, and XGBoost, Multilayer
Perceptron. These models were combined in a
stacking ensemble. Predictions were generated
from the models and hyperparameter
optimization techniques were employed to
enhance the performance of the models including
the ensemble model. The evaluation metrics
focused on Root Mean Squared Error (RMSE)
and Mean Absolute Error (MAE) to assess the
accuracy of sales predictions. Furthermore, all
models exhibited significant improvement in
prediction accuracy after undergoing
hyperparameter  optimization. The results
revealed that the ensemble model emerged as the
most effective model, achieving the lowest RMSE
and MAE values of 1.38 and 0.97 respectively.
Prior literature emphasized the high accuracy of
these algorithms. Multilayer Perceptron, a deep
learning model was used to improve the prediction
of the ensemble model. From these findings, it was
discovered that sales prediction using historical
data is more of a time series problem.
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I. INTRODUCTION

Sales is the source of revenue and the blood
on which any business runs. It is a very
important and essential part of any business and
often shows how the products are appreciated by
the target market. Accurate sales forecasting is
immensely valuable to any organization no
matter its size, whether it is a small or medium
enterprise or a Fortune 500 company. It offers a
precise estimation of the company’s top-line
growth, which can be used to plan for near-term
demand and supply actions [1]. Despite its
importance, manually handling this task could
result in significant errors, leading to poor
organizational management and loss of a huge
amount of money.

A study [2] reveals that machine learning
techniques typically surpass traditional methods,
particularly for extended forecasting periods.
Machine learning approaches are good at
managing vast amounts of data, identifying
complex relationships between variables, and
adjusting to evolving data patterns. Machine
learning techniques provide effective tools for
discovering hidden patterns in large datasets,
thus improving prediction accuracy [3]. This
study implements and compares four ensemble
models; Random Forest Regressor, XGBoost,
Support

Vector Regressor and Multilayer Perception
to predict sales. The aim of this study is to
implement and compare ensemble methods for
forecasting future sales. The specific objectives
of this work are summarized as: (1) To conduct
a comprehensive review of existing literature on
the use of machine learning models for sales
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prediction, (2) To implement ensemble methods
for sales prediction, and (3) To evaluate and
compare the performance of the ensemble
machine learning methods. The use of a live and
recent dataset in Nigeria for this study is
particularly significant. It provides a unique,
real-world context that highlights the practical
applicability and a potential impact of machine
learning in a vital sector of the Nigerian
healthcare system. Through this study, we aim
to spark in the minds of Nigerian youths, the
innovative spirit and desire to bring about a
change in the environment using technology.
We also contribute to the existing body of
knowledge on the application of machine
learning in Nigeria healthcare.

Il. RELATED WORKS

A. Application of Sales Forecasting Model
Based on Machine Learning Algorithms

The study critically analyzed and
investigated the applicability of machine
learning algorithms in sales forecasting under
dynamic conditions, developed a forecasting
model based on the regression model, and
evaluated the performance of four machine
learning regression algorithms. Random Forest,
Extreme Gradient Boosting, Support Vector
Machine and an ensemble model were
employed. Random Forest performed better
with a lower mean absolute error than the other
three models [4]. The study claimed that more
data would generally increase the predictive
power of the models.

B. A Comparative Study of Big Mart Sales
Prediction

The study proposed a predictive model using
XGBoost technique for predicting the sales of a
company like Big Mart, generally increasing the
predictive power of the models [5]. Linear
regression algorithm, Logistic Regression
algorithm, Decision tree algorithm, XGBoost
algorithm were compared and XGBoost model
had a better performance for that data set.

C. Sales Prediction using Machine Learning
Algorithm

This study compares the performance of
three machine learning methods for time-series
forecasting of seasonal item sales; Support
Vector Machine (SVM), Seasonal
Autoregressive Integrated Moving Average with
Exogenous Variables (SARIMAX), and Multi-
layer Perceptron(MLP). Although the study
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showed that the Multilayer Perceptron is the
most effective technique for forecasting sales, it
did not explore other sophisticated and complex
algorithms and their potential in forecasting
sales.

11l. METHODOLOGY

A. Dataset Description

The dataset is a live data from Ekoistic
Diagnostic Centre, Port Harcourt, Nigeria from
January, 2022 — April, 2024. The dataset
contained 14120 instances with 3 attributes;
date, product and quantity.

B. Data Preprocessing

The raw dataset initially contained
inconsistent date formats. The date field was
converted to MM/DD/YYYY for consistency.
We then standardized the date column by adding
zeros before the day column for feature
standardization. Null values were replaced with
zero.

The date was made the index for sorting in
this stage. Additional temporal features such as
day, week, month, quarter were generated and
encoded with identifiers to capture time-
dependent patterns in sales. Product identifiers
were encoded to represent each diagnostic test
uniquely and provide a consistent and structured
input for training and evaluating the machine
learning models.

C. Feature Encoding

The product field initially contained
categorical values which were the names of the
medical laboratory products but was encoded to
numerical values because regression models
make use of numerical values. Each number
represents each diagnostic test uniquely as
product identifiers. Product identifiers were
encoded using the mapping function in python
for simplicity.

Additional temporal features such as day,
week, month, quarter were generated to give
more context to the regression model which may
not naturally take cognizance of the temporal
nature of the sales data.

D. Machine Learning Algorithms

The primary goal of Machine Learning is to
enable computers to recognize patterns, make
predictions, and improve decision-making based
on data rather than relying on explicit
instructions.



E. Regression Analysis

Regression analysis is a form of supervised
learning in machine learning where the
algorithm is trained on one or more independent
features to predict a continuous numerical value.

Regression models were used for this study
due to their simplicity to implement and
interpret, especially because the goal was to
predict future values from historical features
rather than model complex time dynamics.
Regression maodels better fit this aim.

1) Random Forest

Random forest is a supervised machine
learning algorithm that builds a ‘forest’ by
ensemble decision trees, usually trained with the
bagging method. It is used for both classification
and regression problems. A decision tree is a
hierarchical model that uses a tree-like model of
decisions and their possible outcomes to make
predictions. It is a flowchart-like structure that
consists of nodes, branches and leaf nodes. Each
node represents decisions or tests on attributes,
the branches represent the outcome of these
decisions and the leaf nodes represent the final
outcomes or predictions.

The logic behind Random Forest is that
multiple uncorrelated models (the individual
decision tree) perform better as a group than they
do alone. First, random samples are selected
from a given dataset. The algorithm will then
construct a decision tree for every sample. The
prediction result is gotten from every decision
tree. The algorithm picks the average of the
outputs of all trees (for regression) while the
majority ‘vote’ is selected after a voting is done
(for classification problems).

For a regression task in Random Forest, let
{Tl,TZ,T3,...,Tn}be the ensemble of decision
trees.

The final prediction was the average of the
predictions from all trees:

y=%ZTi(x) : (1

Eq. (1) is the mathematical formulation of
Random Forest.

2) Support Vector Regressor

Support Vector Regressor (SVR) is a
machine learning algorithm built on Support
Vector Machine and is simply a type of Support
Vector Machine (SVM) for regression tasks.
SVR aims to find the line of best fit (hyperplane)
that falls within a margin; a margin specified as
the error tolerance or maximum error, €
(epsilon). This margin allows some deviation
between data points from the hyperplane
without being counted as errors. This feature of
SVR makes it different from other regression
models in that it avoids overfitting and improves
its generalization power.

For a given dataset

(X %), (%, Y2 ) (X, Yn ), Where x; s the
input feature vector and vy; is the target value.
SVR aims to minimize the loss function, which
includes a term for the flatness f (x) and aterm
for the deviations that exceed €:

twficS(arE) . @

Eq. (2) is the mathematical formulation of
Support Vector Regressor, where:

1, 2 . .
. §||W|| is the regularization term
(ensuring flatness)

e C is a regularization parameter that
controls the trade-off between the
flatness of the function and the amount
up to which deviations larger than € are
tolerated.

e and & are slack variables that

measure the degree of deviation from
the e -insensitive tube.

3) Extreme Gradient Boosting (XGBoost)

XGBoost is an optimized decision-tree based
ensemble Machine Learning algorithm based on
the gradient boosting framework. Gradient
boosting framework is the framework in which
each new decision tree is trained to minimize the
loss function such as mean- squared error of the
previous decision tree using gradient descent.
Gradient descent is an optimized algorithm for
finding a local minimum of a differentiable
function.
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For a given dataset (X, Y;).(%, ¥, ) (X, Ys)
where ¥; is the input feature vector and 'y, is the
target value, the objective function is defined as:

n K

L@)=21(59)+30(1) . 6)

i=1 k=1

Eqg. 3 is the mathematical formulation of
XGBoost, where:

e (V.¥)is the loss function that

measures the difference between the
predicted value ¥, and the actual

value y; .

e Q(f,)is the regularization term for the
k - thtree

e K isthe number of trees.

K
e §.=>f(x) is the predicted value
k=1

for the i-th instance where each f, isa
tree.

4) Multilayer Perceptron:

An Artificial Neural Network (ANN) is a
type of machine learning model that is inspired
and made to imitate the workings of the human
brain. ANN is basically made up of
interconnected nodes known as artificial
neurons which act as the neurons in the brain
that send and receive signals, organized into
layers. Input signal is sent into the network and
the neurons process the signals and produce an
output based on the input.

Multilayer Perception neural network is a
type of feedforward neural network that consists
of multiple layers of artificial neurons where
information or input signals flow in one
direction.

The Multilayer Perceptron Neural Network
has three main layers:

e Input layer: This is the initial layer of the
Multilayer  Perceptron (MLP). It
receives input from the training data and
passes it to the hidden layer without
performing any computation. The input
layer has n nodes, where n equals the
number of features in the dataset.

e Hidden layer: This is  where
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computations on the input data takes
place. Each neuron in a hidden layer
receives inputs from all neurons in the
preceding layer. These inputs are
multiplied by specific weights, denoted
as w, which determine the influence
each input has on the neuron's output.
The output from this layer is sent to the
output layer. There can be one or more
hidden layers in a neural network.

e Qutput layer: This is the final layer of
the network and produces the output of
the computations from the final hidden
layer. The number of nodes in the output
layer depends on the type of problem
being solved.

F. Ensemble Model

Ensemble methods are techniques that aim at
improving the accuracy of results in models by
combining multiple models instead of using a
single model.

Stacking is an ensemble method that
combines the predictions of numerous base
models to obtain a final prediction. It involves
training numerous base models on the same train
dataset and putting their predictions into a
higher-level model known as meta-model to
make the final prediction. Usually, the meta-
model is trained to recognize where the base-
models go wrong and improves the final
prediction by correcting those errors.

The meta-model used is Extreme Gradient
Booster.

G. Hyperparameter Optimization

Hyperparameter tuning is the practice of
identifying and selecting the optimal
hyperparameters for use in training a machine
learning model. When performed correctly,
hyperparameter tuning minimizes the loss
function of a machine learning model, which
means that the model performance is trained to
be as accurate as possible. The hyperparameter
optimization technique used is GridSearchCV.

H. Evaluation Metrics

Model performance was assessed using Root
Mean Squared Error (RMSE) and Mean
Absolute Error (MAE). These metrics were
selected because they provide robust measures
of accuracy for regression-based tasks.



V. RESULTS AND DISCUSSION

A. Exploratory Data Analysis

Exploratory data analysis showcased that the
month of February has the highest quantity of
products sold with November following with
significant difference. The hypothesis drawn
from this discovery is that various hospitals or
medical diagnostic centers do a full restocking
of their shelves in these months of the year. This
trend reveals noticeable fluctuations, indicating
potential seasonality in diagnostic product
demand.

Monthly Quantity Sold

TABLE I. MODEL PERFORMANCE BEFORE OPTIMIZATION.

Before Optimization
Models RMSE MSE MAE
Support Vector 148 217 0.99
Regressor
Random Forest 1.55 2.39 1.08
XGBoost 1.49 2.22 1.04
MultiLayer 150 296 105
Perceptron
Ensemble 145 2.00 1.00
model

While each model performed reasonably
well, the ensemble model consistently
outperformed individual learners, achieving the
lowest RMSE and MAE values.

TABLE Il. MODEL PERFORMANCE AFTER OPTIMIZATION.

After Optimization
4 Models
RMSE MSE MAE
‘ Support Vector 1.40 1.08 0.98
Regressor
" Random Forest 1.43 2.05 1.01
‘ Y ’ XGBoost 1.38 1.90 0.95
Figure 1. Quantity of products sold by month. MultiLayer 1.45 2.09 0.99
Perceptron ’ ) '
Ensemble 138 191 0.97
B. Model Performance model : : '

The predictive performance of the four
machine learning models; Support Vector
Regression(SVR), Random Forest, XGBoost,
and  Multi-Layer  Perceptron(MLP)  was
evaluated using Root Mean Squared Error
(RMSE), Mean Squared Error(MSE) and Mean
Absolute Error (MAE).

C. Hyperparameter Optimization

Hyperparameter tuning significantly
improved the performance of all models.
Optimizing the number of estimators and
maximum tree depth in Random Forest, learning
rate and depth in XGBoost, kernel functions in
SVR, and hidden layer sizes in MLP contributed
to reductions in error metrics.

Table | summarizes the model performance
before optimization.

Table Il summarizes the model performance
after optimization. The results show that
hyperparameter optimization had a significant
impact on the models leading to better results.

D. Discussion of Findings

The exploratory data analysis showed that
sales of medical diagnostic products is
influenced by seasonality and demand variations
across products. These variations may be largely
influenced by location.

The results also show that combining
different machine learning models into an
ensemble gives better predictions than the
singular models. Hyperparameter tuning
significantly improved the performance of all
models, showing that model performance can be
significantly  enhanced when the right
parameters are chosen.

Although the ensemble model performed
better than the single models, the results show
that the XGBoost model did comparatively
similar to the ensemble for this dataset. Future
research should employ other ensemble
techniques to produce better results.

Finally, while the models used in this study
performed relatively well, the results suggest
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that time-series-specific methods such as deep
learning models could capture sales patterns
even better since the sales data is sequential in
nature.

V. CONCLUSION

In conclusion, this study has demonstrated
the efficacy of utilizing machine learning
algorithms for sales prediction in the context of
a medical diagnostic laboratory in Port Harcourt,
Nigeria. By exploring and comparing four
different machine learning models, MultiLayer
Perceptron, Support Vector Regressor, Random
Forest, and Extreme Gradient Boosting
(XGBoost), the study has highlighted the
significant potential of these methods in
enhancing the accuracy and reliability of sales
forecasts. This study goes further to ensemble
the four models using generalized stacking
technique.

The results indicate that the ensemble model
outperformed the other algorithms in terms of
Root Mean Squared Error (RMSE) and Mean
Absolute Error (MAE), particularly after
hyperparameter optimization. This underscores
the robustness of the ensemble model to
leverage on the strengths of each model while
handling complex and nonlinear relationships
within the sales data.

Future work can expand on this study by
incorporating Time Series analysis to better
capture the temporal dependencies inherent in
sales data. Additionally, exploring other
advanced machine learning algorithms and
integrating external factors such as economic
indicators and market trends could further
enhance the predictive performance.

In summary, this study demonstrates that
machine learning provides a powerful tool for
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sales prediction, offering significant
improvements over traditional forecasting
methods and paving the way for more intelligent
and data-driven decision-making in the
healthcare industry.

ACKNOWLEDGMENT

| express my heartfelt gratitude to the
Almighty, who has been my source of strength
throughout this course, particularly during the
research work.

My earnest appreciation goes to my parents,
Mr. and Mrs. Etop Joseph Ekoi for their love,
encouragement, provision and prayers for my
success during the duration of this study. I can’t
forget the help and love of my siblings during
this journey. God bless you graciously.

REFERENCES

[1] Swami, D., Shah, A. D., & Ray, S. K. (2020).
Predicting future sales of retail products using machine
learning. arXiv preprint arXiv:2008.07779.

[2] Pustokhina, I. V., & Pustokhin, D. A. (2023). A
comparative analysis of traditional forecasting
methods and machine learning techniques for sales
prediction in E-commerce. American Journal of
Business and Operations Research, 10(2), 39-51.

[3] Loukili, M., Messaoudi, F., Ghazi, M. E., & Azirar, H.
(2023, November). Predicting future sales: A machine
learning algorithm showdown. In The International
Conference on Atrtificial Intelligence and Smart
Environment (pp. 26-31). Cham: Springer Nature
Switzerland.

[4] Abdullahi, M., Aimufua, G., & Muhammad, U. (2021).
Application of sales forecasting model based on
machine learning algorithms. Proceedings of the 28th
iISTEAMS Multidisciplinary &Amp.

[5] Behera, G., & Nain, N. (2019, September). A
comparative study of big mart sales prediction. In
International Conference on Computer Vision and
Image Processing (pp. 421-432). Singapore: Springer
Singapore.



PaKSoM 2025
DOI: https://doi.org/10.5281/zenodo.18188662

Original Scientific Article

Selecting a Maturity Model for Knowledge
Management in Brazilian Public
Administration

Thiago Gabriel Lichoveskil®, Janaina Piana?®, Fernanda Cavicchioli Zola®

L23Universidade Tecnoldgica Federal do Parana, Curitiba, Brazil

Ltlichoveski@alunos.utfpr.edu.br, 3janainapiana@utfpr.edu.br, *fzola@utfpr.edu.br

Abstract—The first step towards improving
Knowledge Management (KM) is quantifying its
maturity. Several Knowledge Management
Maturity Models (KMMM) have been proposed in
the literature, including the APO framework,
KM3, Knowledge Navigator and the Instrument
for the Assessment of Knowledge Management in
Brazilian Public Administration (IAKMBPA).
The IAKMBPA has been identified as the most
appropriate for the context of Brazilian public
administration. The research concluded that the
effectiveness of a maturity diagnosis depends
directly on how well suited the model is to the
application environment.

Keywords - knowledge management, maturity
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. INTRODUCTION

Knowledge is a strategic organizational
resource that acts as an element capable of
increasing effectiveness and strengthening
public administration [1,2].

In  public administration, knowledge
management (KM) should focus on reducing
costs and increasing public satisfaction [3]. To
this end, [4] assumes that it is necessary to
measure the degree of knowledge maturity in an
organization before developing its KM plan.

In this sense, maturity models are used to
assess the degree of capacity and evolution of an
organization in a given subject, in this case KM.

Measuring KM levels based on established
maturity models can highlight strengths and

ISBN: 978-86-82602-06-4

@ NIZ:

opportunities  for within an

organization.

improvement

However, there is no universally accepted
“best” KMMM [5,6]. According to [3],
adaptation must take into account a number of
factors, such as the organization's area of
activity, whether it is public or private, its
culture, size, and overall strategy.

In this scenario, this article aims to analyze
the main KM maturity models in the literature
and justify the selection of the Instrument for the
Assessment of Knowledge Management in
Brazilian Public Administration (IAKMBPA),
which, according to [5], is the only KM maturity
model adapted to the reality of Brazilian public
administration.

Il. METHODOLOGY

The literature review aimed to combine the
concepts  “knowledge  management”  or
“innovation management” and “maturity
model”. To this end, these terms were searched
in combination in the “abstract”, “title”, or
“keywords” fields, with publication dates
between 2014 and 2024 and in English, Spanish,
and Portuguese.

Scientific articles were searched in the
following databases: Scopus, ScienceDirect,
Scielo, Web of Science, Informs Pubs Online,
Emerald Insight, Wiley Online Library, and
EBSCO. These databases cover the area of
public administration, which is why they were
used.
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For this purpose, the PRISMA (Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses) 2020 structure was adopted,
which has three phases: identification,
screening, and inclusion [7].

A total of 165 different articles were found,
of which 115 were excluded after reading the
titles, 28 after reading the abstracts, and 5
because they were in a restricted domain. In the
end, 17 articles were read in full, which serve as
the framework for this research.

In the 17 articles analyzed in detail, four
different KMMM were identified: Knowledge
Navigator, APO, KM3 and IAKMBPA. In
addition to these, many other proprietary
KMMM were created for specific purposes in
the articles analyzed.

11. KNOWLEDGE MANAGEMENT
MATURITY MODELS

The concept of quality maturity was
introduced in 1979 by Crosby [8]. Since then, it
has been included in various topics, such as
software development, product development,
innovation, and reliability of information flows

[9].

Maturity models are a way of visualizing and
evaluating an organization's evolution in a given
subject, from an embryonic level to full maturity
[3]. They are used to assess the degree of
capacity of a specific area in an organization and
combine management and process evaluation
criteria, as well as practices, actions, and
standards [10].

By combining maturity and knowledge
management models, it is possible to develop a
strategic plan for implementing routines and
methods that optimize the maturity of
organizational KM [11].

The academic literature presents the
application of existing models. This research
identified that most articles developed their own
KM maturity models based on the reality
studied, with common dimensions among them.
In addition to these, articles were identified that
apply already consolidated KM maturity
models, namely: Knowledge Navigator, APO,
KM3, and IAKMBPA.

A. Knowledge Navigator

The KMMM Knowledge Navigator was
conceived by Hsieh et al. in 2009. The KMMM
was developed based on the literature and
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validated through a survey of 30 knowledge-
intensive companies. The data used in the
development of the KMMM were provided by
professionals in the field of research and the
professional field of KM.

Reference [3] applies the KMMM with some
modifications to suit the credit union
environment in the US and Canada. The model
assesses 14 key areas of KM activity under three
dimensions of analysis: culture, KM processes,
and information technology (IT). The
Knowledge Navigator has five levels of
maturity.

At the embryonic level, called “chaotic”,
there are no formal KM processes, nor are there
any discussions on the topic. The only form of
knowledge that exists is tacit, that is, personal
knowledge that makes up each individual's
knowledge in an informal way and is difficult to
share [12].

At level 2, called ‘“conscious”, KM
principles are considered but implemented only
inisolation and by a limited number of pioneers.

Level 3 is called the “intermediate stage”.
Here, some cases that justify KM activities are
explored, and KM programs begin to be
formalized. Lessons learned are captured and
promoted throughout the organization.

At level 4, the “advanced stage”, KM is
standardized and guided, and KM-focused
strategies and budgets are used. Knowledge is
collected from multiple sources and integrated
into the organization's operations. It is at this
level that the benefits of KM become most
apparent in day-to-day operations.

Finally, in the “integration stage”, KM
develops naturally, its processes are constantly
changed and reformulated without diminishing
maturity levels. KM integrates the organization
holistically and is incorporated into the
organization's products, services, operations,
and routines. KM practices develop naturally, as
do learning and knowledge-sharing
environments. In short, KM integrates the
organizational culture.

B. APO Framework

The framework developed by the Asian
Productivity Organization (APO) was created in
2007 by national KM experts from Asian
countries, together with the APO secretariat. It
was based on the following reference models:
American Center of Productivity and Quality,



European Union of Quality Management and an
Australian framework.

The KMMM has 42 questions, with six
questions for each of its seven key areas: KM
Leadership; Processes; People; Technology;
Knowledge Processes; Learning and Innovation;
and KM Results.

The questions are answered using a 5-point
Likert scale. The organization's KM maturity
level is defined by the sum of the scores for each
criterion, using the levels defined by [13].

Like the Knowledge Navigator, the APO
model has five levels of maturity, which are
determined according to the sum of the averages
obtained for each criterion.

At level 1, “reaction”, the organization is
unaware of the concept of KM and its
importance. At level 2, “initiation”, the
organization begins to understand the
importance of knowledge management. Level 3,
“introduction”, is characterized by the practice
of KM in a few isolated areas. Its
implementation with constant evaluation and
improvement occurs at level 4, “refinement”.
Finally, its apex is “maturity”, where KM is
mainstream in the organization.

Reference [11] uses the APO framework to
assess the degree of KM maturity in an industry.
The result is used as input in a fuzzy expert
system that serves to develop KM strategies.

Reference [14] assesses the degree of KM
maturity in public libraries in Iran by applying
the APO questionnaire to 115 people, including

managers, administrative staff, and library
heads.
The KMMM provides a common

understanding and  standardization  for
measuring KM maturity among APO member
countries. Its form is simple and easy to
understand and can be used in any organization.

C. KM3 (Knowledge Management Maturity
Model)

Another model, the Knowledge
Management Maturity Model (KM3), is used by
[15] and was developed by the United States
Army based on the maturity model of the
American Productivity and Quality Center
(APQC).

KM3 has four main key areas: People;
Process; Tools; and Organizational Culture.

These key areas measure 42 sub-areas in total,
six for people, 12 for process, 14 for tools, and
10 for organization culture.

The score is derived from the sum of the
scores in each of the sub-areas, on a 5-point
Likert scale, assigned by a focus group of
students from a Representative KM Course. The
KMMM also has five maturity levels: initial,
repeatable, defined, managed, and optimized.

Among the KMMMs observed, KM3 is the
most specific to a type of organization. Unlike
the APO framework, which is easily applied to
any organizational model, KM3 is geared
toward the doctrine and operations of American
headquarters. Furthermore, the model uses
language geared toward a military commander.

D. KMMM’s Own

Most articles that create their own KMMMs
structure their key areas or dimensions around
elements that facilitate the organization and
sharing of knowledge within the organization,
an essential factor in the development of
KM [6].

Although there are variations in names and
groupings, the key areas of the KMMMs
developed show recurrences, the main ones
being: people, processes, tools, culture, and
leadership.

People form the pillar between tacit and
explicit knowledge and social interaction,
sharing, and use [2,5]. Processes encompass the
flow of knowledge and the activities carried out
by people [1,2,5,16,17]. Tools are the
technologies and infrastructure necessary for
communication and where KM processes are
developed [1,2,5,16,17]. Culture is the intrinsic
stimulus that makes KM occur naturally,
shaping the values and attitudes of employees
[6,16,17]. Finally, leadership is the essential
factor in aligning KM with the organization's
objectives, goals, vision, and mission
[5,16,17,18].

The number of maturity levels also varies in
the KMMMs analyzed between 4 and 6, tending
towards five [3,15,19,20,21].

Organizations are evaluated and classified at
a certain level of maturity, which has specific
characteristics. From this initial assessment, it is
possible to determine opportunities for
improvement and work to change them, aiming
to gradually evolve to the next level until the
maximum degree of satisfaction is achieved [3].
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Each maturity level has its own
characteristics and complementary attributes,
with the organization advancing through the
levels gradually as it meets certain requirements.
In this way, its ability to perform KM-related
activities increases, leading to more predictable,
measurable, and mature organization, creation,
and sharing of knowledge [6].

V. CONTEXTUALIZING THE BRAZILIAN
PUBLIC ADMINISTRATION

The literature shows that there are few KM
models proposed specifically for public
administration, with existing models for private
administration often being used [4]. This is not
ideal, since public organizations have
characteristics that differ from those of private
organizations.

While public organizations target society
and are limited in their adaptability and
innovation by constitutional principles, private
institutions have shareholders, focus on profit,
and seek to survive and reinvent themselves in
the pursuit of customers [4].

KM in the public sector should be focused on
the legal principles inherent to public
administration and on providing the best

possible service to citizens in the most
economical way possible. Unlike private
institutions  focused on  profit, public

organizations aim to maximize resources and
public satisfaction.

The Federal Court of Accounts, the Brazilian
body that oversees the use of public funds, states
that each organization must develop its own KM
strategies based on its own diagnosis and

understanding of the relevant knowledge aligned
with its objectives [22].

This distinction requires that maturity
metrics reflect the values and objectives inherent
to public service, such as transparency,
efficiency, and the delivery of social value, and
not just financial return.

In this scenario, a KM model for public
administration brings greater efficiency, quality
in the service provided to the population, and
compliance with its fundamental principles,
resulting in Brazilian development [4].

The stakeholders are the citizen-user and
society. The former refers to the recipient of the
service and the latter to society in general.

V. INSTRUMENT FOR THE ASSESSMENT OF
KNOWLEDGE MANAGEMENT IN BRAZILIAN
PuBLIC ADMINISTRATION

Table | summarizes the characteristics of the
KMMMs found through the literature review.

Fébio Ferreira Batista, a Brazilian expert in
KM, is the developer of the Instrument for the
Evaluation of KM in Brazilian Public
Administration (IAKMBPA). The author has
developed a KMMM that is currently the most
recommended for Brazilian public
administration.

The IAKMBPA was created in 2012 and is
based on the previously developed APO
framework. Like the APO model, it consists of
seven criteria (leadership, process, people,
technology, knowledge processes, learning and
innovation, and results) and five maturity levels
(reaction, initiation, introduction/expansion,
refinement, and maturity).

TABLE I. COMPARATIVE ANALYSIS OF KMMM.

Analysis criterion

KMMM

Knowledge Navigator APO framework KM3 IAKMBPA
Knowledge-intensive R Brazilian Public
Target companies Any organization Army Administration
Year of creation 2009 2007 2015 2012
Number of key areas 3 7 4 7
Adapted to

Main advantage

Optimized for the
reality studied

Simple and easy

Highly specific

Brazilian Public
Administration

Limitation in the
Brazilian context

Not focused on the
public sector

Designed for the
Asian market/culture

Military model

Needs updating




The main distinction and reason for its selection
in the national context is its alignment with local
particularities.  Specifically regarding the
application of KMMM in public sectors in
Brazil, IAKMBPA appears to be the most
appropriate.

References [5] and [10] apply the KMMM in
articles found in the literature review. Both offer
a significant change in the methodology for
applying the questionnaire. The original APO
model uses a 5-point Likert scale, with
variations in meaning depending on the
statement. The authors, however, reformulate it
into a 7-point Likert scale, with 1 being totally
disagree and 7 being totally agree.

The transformation to a 7-point Likert scale
ensures greater ease and uniformity in the
responses of those surveyed, and is even a factor
in minimizing the number of respondents who
give up halfway through the questionnaire.

Reference [5] applied the IAKMBPA to
diagnose the level of maturity in KM of 73
Brazilian public organizations. The self-
assessment study consisted of six stages,
developed over almost a year, which began with
invitations to organizations and included
alignment meetings.

Reference [10] used it in a higher education
institution in  Minas Gerais, with 323
respondents, including teachers and
administrative staff. The study considers KM
maturity as a construct related to stress and
organizational disengagement.

The IAKMBPA was identified in the
literature review as the most recommended
KMMM for application in Brazilian public
administration organizations. However, it is
important to note that the model was designed in
2012 and has not been updated since then.

The technologies and tools available to
organizations today are different from those of
13 years ago. The model does not take into
account new systems, the fact that everyone has
access to smartphones, the popularization of the
internet and messaging apps, or the use of
artificial intelligence.

Therefore, it can be said that the IAKMBPA
is among the KMMMs analyzed the most
suitable for Brazilian public reality, but that does
not make it perfect.

VI. CONCLUSION

Assessing the degree of maturity in KM is a
tool that enables organizations to formulate
unique strategies capable of raising maturity
levels in line with the reality presented [11,23].

KMMMs emerge as important instruments
in this context. They enable public and private
organizations to quantify their levels of maturity
in knowledge management, identifying their
strengths and opportunities for improvement.

The analysis of the results allows KM
managers or professionals to prioritize key areas
that need intervention, optimizing the allocation
of human and financial resources according to
their objectives and goals. Conversely, high
levels of maturity mean success in addressing
the issue, which can lead to exchanges between
branches, sectors, or even between the key areas
analyzed.

This study corroborates the finding that there
is no universally accepted KMMM that is
considered valid in a broad or consensual sense
[5,6]. The effectiveness of an KMMM lies in its
ability to be adapted to the specific context of the
organization [3].

In this sense, the present research analyzed
different KMMMs and concluded that the
IAKMBPA stands out as the most appropriate
for the reality of Brazilian public administration.
This suitability is evidenced by the most
complete application among the articles
analyzed, with the analysis of KM in 73
organizations [5].

However, it is important to emphasize the
need for a critical and more in-depth analysis of
the contemporaneity of IAKMBPA. Developed
in 2012, since then not only public
administration, but also technologies and forms
of knowledge and communication have evolved
greatly.

The model precedes notable technological
and social transformations, such as the evolution
of the internet, the popularization of social
networks, and the consolidation of artificial
intelligence, factors that still alter the dynamics
of knowledge creation and sharing today.

Given this, it can be concluded that
IAKMBPA is, among the KMMMs analyzed,
the most recommended for Brazilian public
administration, serving as the most robust
starting point, but it should not be seen as a
definitive solution.
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It is recommended that future research
analyze the contemporary relevance of
IAKMBPA and improve it in accordance with
the new dimensions of knowledge in the digital
age.
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Abstract—This paper presents SignSinhala, a
hybrid machine learning framework designed to
translate English text into Sinhala Sign Language.
This system integrates natural language
processing, neural gesture prediction, and video
synthesis for sign language generation. Our novel
approach incorporates grammar-aligned text
preprocessing, synonym searching for out-of-
vocabulary tokens, and a fingerspelling dataset
leveraged to improve translation robustness.
Experimental evaluation demonstrates strong
semantic  preservation and token filtering
performance in preprocessing, laying the
groundwork for effective sign generation. This
research addresses a critical gap in sign language
technology, fostering accessibility and inclusive
communication for the deaf community.

Keywords — Sinhala Sign Language, text-to-sign
conversion, machine translation, natural
language processing

l. INTRODUCTION

Communication is an important part of the
daily life of all human beings. However, 430
million people, including 34 million children, or
more than 5% of the global population, need help
to manage debilitating hearing loss, commonly
referred to as being deaf [1]. Sign Language (SL)
is the primary means of communication for this
deaf community worldwide. It is a visual
language with different syntax, grammar and
structure. In contrast to the 135 countries that use
different sign languages, such as American Sign
Language (ASL), British Sign Language (BSL),
etc., the deaf community of Sri Lanka uses
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Sinhala Sign Language (SSL) as their primary
means of communication [2]. The deaf
community faces many difficulties in their day-
to-day work when communicating with each
other. Therefore, bridging the communication
gaps between hearing and deaf individuals is
crucial for social inclusion, education, and
accessibility [3]. But technological tools for
automatic translation remain limited, especially
for low-resource languages such as SSL.
Existing SL translation systems predominantly
focus on major languages like ASL or BSL,
leaving SSL understudied despite its importance
in Sri Lanka.

We introduce SignSinhala, a web application
designed to convert English text into SSL using
a hybrid approach combining state-of-the-art
natural language processing, machine learning,
and computer vision techniques. The pipeline
encompasses advanced text preprocessing
tailored to SSL grammar, a neural model for
predicting sign gestures, and video synthesis
modules including fingerspelling support for out-
of-vocabulary (OOV) words.

Our emphasis on SSL-specific grammatical
alignment and dataset-driven gesture prediction
tackles challenges that are specific to this
language pair. Additionally, we introduce a
modular architecture designed for efficient web
deployment, making the system accessible
without requiring specialized hardware. By
conducting thorough evaluations, we show how
effective the system is and outline future work to
support Sinhala language inputs, audio-to-sign
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conversion, and enhancements in avatar-based
sign representation.

The content of the paper is organized as
follows: Section Il reviews related works in sign
language translation, Section Ill details our
proposed methodology, Section IV discusses the
implementation, Section V presents results and
evaluation, and Sections VI and VII provide
discussion and conclusion, respectively.

Il.  RELATED WORK

SL translation and recognition is an active
research area combining natural language
processing, computer vision, and machine
learning to facilitate communication for the deaf
and hard-of-hearing communities.  While
significant progress has been achieved in widely
used sign languages such as ASL [4], BSL [5],
and Indian Sign Language (ISL) [6,7], fewer
resources and studies exist for SSL, which is the
main communication method for the deaf
community in Sri Lanka.

We have identified that text-to-sign language
conversion systems have traditionally been
explored via two main approaches: avatar-based
sign animations and concatenated video-based
presentations. Avatar animation techniques
generate signer movements programmatically,
enabling parametric control of hand gestures,
facial expressions, and body postures. These
systems, exemplified by work such as [5,8] and,
reduce storage requirements due to their
geometric  representation, but often lack
naturalism, which affects user acceptance [9].
Conversely, video concatenation methods use
pre-recorded human signing clips stitched
together to create fluent outputs that users find
more realistic and easier to understand. The
trade-off is significantly higher memory and
storage usage, which might limit
scalability [10,11].

Modern systems benefit from the integration
of Natural Language Processing (NLP) and
neural machine translation (NMT) techniques to
better handle linguistic variability and complex
syntactic structures [4]. Transformers and hybrid
encoder-decoder architectures have shown better
semantic correspondence between spoken and
sign languages, improving  translation
accuracy [12].

Focusing on SSL, research is more nascent
due to limited datasets and resources. Most SSL
work relies on rule-based translation systems,
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which lack flexibility and struggle with complex
grammar and vocabulary coverage [13]. Existing
implementations like those by [14] employ 3D
avatar animation for fingerspelling. Deep
learning efforts leveraging the SSL400 dataset
have begun to show promise in gesture
recognition and sentence-level
translation [3,15,16].

Challenges remain in OOV word handling,
natural movement synthesis, and creating user-
friendly interfaces, balancing storage and
interpretability. Our system, SignSinhala,
addresses these by combining advanced NLP
preprocessing, including multi-word expression
detection and synonym substitution, with a
neural gesture prediction model trained on SSL
datasets. It outputs natural video sequences
supported by fingerspelling video synthesis for
unknown tokens, offering a scalable, user-
oriented solution tailored to the under-resourced
SSL community.

I1l. PROPOSED METHODOLOGY

The methodology of our proposed
SignSinhala system integrates NLP, deep
learning, and computer vision to translate
English text inputs into SSL animated output. By
leveraging a hybrid approach, we address key
challenges in SSL translation, such as handling
complex sentence structures, OOV words, and
generating naturalistic sign sequences. The
system is structured to minimize redundancy,
with a focus on core contributions: dataset
utilization, grammar-aligned preprocessing,
gesture prediction with fallback mechanisms,
and efficient video output. Visual aids are
employed to illustrate technical processes,
ensuring  clarity. The methodology is
implemented in Python, with scalability in mind
for web deployment.

A. System Overview

The high-level architecture of SignSinhala,
as depicted in Fig. 1, comprises four primary
stages: text preprocessing, gesture prediction,
video concatenation, and pose extraction (with
minimal emphasis on animation). The process
begins with English text input, which undergoes
NLP-based transformation to align with SSL
grammar. Tokens are then mapped to sign
gestures using a deep learning model, with
videos selected from a curated dataset or
synthesized for OOV cases. Selected clips are
concatenated into a cohesive video output,
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Figure 1. High level system architecture of
SignSinhala web application.

followed by optional pose extraction for skeleton
visualization and basic avatar rendering.

The system is designed as a web application
using Flask, enabling cloud-hosted deployment
(e.g., on Heroku or AWS) for broad accessibility.
Users can input text via a simple HTML form,
and the backend processes it to deliver an MP4
video playable in-browser. This eliminates the
need for specialized hardware, promoting
inclusivity for deaf and hearing communities in
Sri Lanka.

B. Dataset and Metadata Creation

A critical foundation of SignSinhala is the
selection and preparation of datasets tailored to
SSL's unique linguistic characteristics. The
primary dataset is SSL400, the largest publicly
available dataset for SSL recognition, developed
by researchers at the School of Computing,
Informatics Institute of Technology, Colombo,
Sri Lanka [17]. Hosted on Kaggle, it comprises
384 word-level classes with dynamic video clips
capturing SSL signs for everyday vocabulary,
such as actions, nouns, greetings, and objects.
Each class includes multiple clips (typically 10-
20 per word, totaling over 1,000 videos across
the dataset), recorded at varying angles and
speeds to enhance robustness. Videos are
categorized based on semantic groups,

facilitating efficient mapping during prediction.
We split the dataset into 80% training, 10%
validation, and 10% testing to support model
development and evaluation.

To integrate SSL400 into our system, we
generate  JSON metadata files using the
“VideoDataset” class from our codebase. This
class iterates through the dataset directory,
extracting word labels, categories, and file paths.
For instance, the word “hello” is mapped in
metadata.json to the category “greetings” and a
specific video file path (“dataset/ greetings/
hello/ videol.mp4). Additional mappings are
created: word_to_idx.json assigns numerical
indices to unique words (e.g., “hello”: 42), and
category to_idx.json does the same for
categories (e.g., “greetings”: 5). These files are
serialized during training and loaded for
inference, enabling quick lookups.

There is a custom fingerspelling dataset for
handling OOV words, particularly proper nouns
or English-specific terms. The Fingerspelling
Alphabet of SSL (FASSL) includes signs for
English vowels and consonants. We curated 10-
20 images per English letter (A-Z), derived from
video frames, diagrams, and open SSL resources,
such as those illustrating hand poses for
fingerspelling.  These are  stored in
FINGERSPELL_DIR (e.g., FINGERSPELL
_DIR/A/ for “A” images), ensuring compatibility
with English input while adapting to SSL
conventions. Fig. 2 illustrates the dataset
category distribution in a pie chart, showing
approximate breakdowns such as 23% verbs,
23% nouns, 8% people, 11% adjectives, 7%
numbers and others, based on SSL400's
structure.

SSL Dataset Category Distribution
Verbs.

Vehicles

Preposition

Places
Adjectives

people

Numbers

Nouns

Figure 2. Pie chart illustrating the category
distribution of the SSL400 dataset.
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C. Text Preprocessing and SSL Grammar
Alignment

English text inputs are preprocessed to
conform to SSL's visual-gestural grammar,
which often favours topic-comment structures
(e.g., subject-object-verb  ordering)  over
English's  subject-verb-object syntax. This
alignment enhances translation accuracy and
naturalness. The preprocessing algorithm,
implemented in the “preprocess_to_ssI” function
(adapted for SSL), proceeds as Algorithm 1:

Algorithm 1: Text Preprocessing for SSL

Input: Raw English sentence S

Output: SSL-aligned preprocessed

sentence P

if length(S) > 5 then

Ssummarized <« Summarize(S)

else

Ssummarized )

end if

tokens «— Tokenize(Ssummarized)

tagged_tokens «—

POS_Tag(tokens)

filtered_tokens « []

8: for each (word, tag) in
tagged_tokens do

9: if tag in Allowed POS and word
not in Stopwords then
filtered_tokens.append((Lemmati
ze(word), tag))

10: end if

11: end for

12: P«—Apply SSL_Reordering(filter
ed_tokens)

13: return P

1) Summarization:

If the input exceeds 5 words, apply
abstractive summarization using the T5-small
model from HuggingFace Transformers [18] to
condense content while preserving semantics
(max length: 90 words).

2) Tokenization:
Split the summarized text into words using
NLTK's word_tokenize.
3) POS Tagging:
Identify parts of speech with NLTK's
pos_tag.
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4) Filtering:

Remove stopwords (except wh-words,
tagged as 'WRB') and retain relevant POS tags
(e.g., NN for nouns, VB for verbs, PRP for
pronouns) to focus on signable content words.

5) Lemmatization:

Reduce words to base forms using
WordNetLemmatizer, particularly verbs (e.g.,
“eating” — “eat”).

6) Reordering:

Apply SSL rules via the “apply_ssl_rules”
function, grouping subjects (PRP/NN), objects
(NN), verbs (V), and others, then reordering to
subject-object-verb. Words are capitalized for
consistent mapping.

For example, the input “I eat an apple” is
transformed to “I apple eat,” prioritizing visual
clarity in signing.

D. Gesture Prediction and Video Selection

Gesture prediction maps preprocessed tokens
to SSL signs using a fully connected neural
network (FCNN) defined in the “Video
Prediction Model” class. The model features an
embedding layer (vocab_size to 128
dimensions), a hidden linear layer (128 to 64
dimensions with ReLU activation), and outputs:
softmax for classification (over num_categories)
and a linear score for video selection. Trained on
SSL400 with cross-entropy loss and Adam
optimizer (learning rate 0.001, 10 epochs, batch
size 32), it achieves robust word-to-gesture

mapping.

The workflow, executed in
predict_video_for_words, processes each token
sequentially: If the token exists in word_to_idx,
infer the category and video index using model
forward pass (category_out.argmax()), then load
the corresponding SSL400 clip. For OOV
tokens, retrieve synonyms via get _synonyms
(using WordNet) and retry prediction. If no
synonym matches, synthesize a fingerspelling
video: Select images per letter, concatenate them
into an AVI at 1 FPS using OpenCV and
individual clips are saved. The pseudo-code of
Algorithm 2 summarizes this.

E. Pose Extraction and Animation

In our proposed solution, the system
currently produces a skeleton-based video
generated by extracting key body landmarks such
as hand, arm, and body poses from the
concatenated sign videos using OpenCV



Algorithm 2: Gesture Video Prediction and
Fingerspelling

Input: preprocessed_tokens, word_to_idx,
model, dataset, dataset_f, output_folder
Output: ordered_videos

1: ordered_videos =[]
2: for each token in preprocessed_tokens

do
3: if token in word_to_idx then
4: token_idx<-word_to_idx[token],
5: category_out, video_out «—
model(token_tensor),
6: category « argmax(category_out)
7: selected_video «
dataset[category] [token],
8: else
9: synonyms « get_synonyms(token)
10: found_synonym « false
11: for each synonym in synonyms do
12: if synonym in word_to_idx then
13: use synonym for prediction,
14: found_synonym « true,
15: Break,
16: end if
17: end for
18: if not found_synonym then
19: frames « [],
20: for each letter in token do
21: image «—
select_image_for_letter(letter)
22: append image to frames
23: end for
24: selected_video <-

create_video_from_frames(frames,
output_path)

25: end if

26: end if

27: append selected_video to
ordered_videos

28: end for

29: return ordered_videos

combined with a pose estimation library called
MediaPipe. This skeleton visualization serves as
a  foundational avatar  representation,
highlighting essential joint movements for
improved interpretability.

The skeleton-based output provides a
simplified and clear abstraction of SSL gestures,
useful for educational purposes and initial user
interaction. However, this representation is basic
and does not yet incorporate detailed animations
such as facial expressions or fluid transitions.

IV. [IMPLEMENTATION

SignSinhala is implemented in Python 3.11,
utilizing libraries such as NLTK for NLP tasks,
HuggingFace Transformers for summarization,
PyTorch for prediction models,
OpenCV/mediapipe for video handling, and
WordNet for synonyms. The codebase is
structured with  modular  functions for
preprocessing, model loading, prediction, video
creation, concatenation and conversion. The user
interface of our SignSinhala web application is
shown in Fig. 3.

V. EVALUATION

The architecture of the SignSinhala
translation system is modular, comprising
distinct functions for preprocessing input text,
model loading, and gesture video prediction.
fingerspelling video creation, and video
concatenation. This modular design enables clear
testing and evaluation of each component.

The NLP preprocessing module significantly
impacts the quality of sign generation by
extracting essential tokens and aligning the token
order with SSL grammar. The module was
evaluated quantitatively  using  multiple
complementary metrics on a manually
constructed test set of 120 aligned English-SSL
sentence pairs, which included both 100 simple
sentences with basic grammar and 20 more
complex sentences of over six words, each paired
with a corresponding manually created SSL
sentence.

A. Token Filtering:

Precision and recall assess the pipeline’s
ability to retain semantically important tokens
such as subjects, verbs, and objects, while
removing irrelevant stop-words. A high
precision of 0.8445 and recall of 0.8553 resulted
in a balanced F1-score of 0.8499, evidencing the
pipeline's  robustness in semantic token
extraction.

Figure 3. User interface of SignSinhala
web application.
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