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Abstract: Moroccan textile SMEs face increasing pressure to adopt Industry 4.0 (14.0) technologies to enhance their
competitiveness and improve their supply chains. However, a lack of clear implementation strategies, particularly
regarding action prioritization, hinders their progress. This research addresses this challenge by developing an intelligent
framework, grounded in Deep Learning, to guide 14.0 implementation for these SMEs. The framework leverages two key
inputs: the Smart Industry Readiness Index (SIRI) dimensions, providing a structured assessment of the enterprises’
current maturity across Process, Technology, and Organization, and Critical Success Factors (CSFs), identified through
the DEMATEL method, capturing expert knowledge on the drivers of successful 14.0 adoption. The core of the framework
is a set of specialized neural network architectures, trained to forecast the appropriate priority domain for 14.0 deployment.
These specialized models, including the RNN with Attention (for Organization Priority) and the CNN-LSTM with
Attention (for Technology and Process Priority), enable a nuanced and context-aware prioritization of actions. Key
performance indicators show high accuracy in determining the appropriate focus area for Industry 4.0 deployment: the
RNN with Attention architecture achieves 84.3% accuracy for Organization Priority, the CNN-LSTM with Attention
achieves 93.3% for Technology Priority, and 83.3% for Process Priority. This data-driven and expert-informed
prioritization approach offers a practical and actionable roadmap for Moroccan textile SMEs to optimize their limited
resources and maximize the impact of their digital transformation efforts, ultimately contributing to a more competitive
and sustainable sector.

1 Introduction This research advances 14.0 in Moroccan textiles by

Moroccan textile SMEs face challenges in adopting€veloping an action prioritization_framework that is:
Industry 4.0 (14.0), a global initiative driving production *  Adapted to Moroccan textile SMEs.
transformation  through digital technologies [1]. *  Based onempirical data and rigorous analysis.
Technologies of Industry 4.0 are crucial in the supply chain *  Actionable and easy to implement.
and logistics as they enable smart automation, real-time *  Dynamic and scalable.
visibility, and process optimization, thereby transforming
operational efficiency and responsiveness to market Empowered by SIRI and CSFs, the Deep Learning
demands. The lack of a clear roadmap impedes tHodels (RNN, CNN, CNN-LSTM with self-attention)
adoption. This article proposes a Deep Learning-baskigentify critical action domains (process, technology,
intelligent framework to prioritize 14.0 actions, integratingerganization) for each company, considering their specific
SIRI dimensions [2] and critical success factors (CSF&pntext. Using a test dataset and hyperparameter tuning,
[3-7]. the proposed model can determine the appropriate priority
The Moroccan textile sector, a key economic pillafor 14.0 deployment. The application of the trained neural
needs enhanced Competitiveness amid global pressuﬂﬁwork was discussed to ensure the success of this dlgltal
14.0 offers unique potential but demands a holistic arfé@nsformation project. The primary goal of this study is to
SME-adapted approach, aligning with Digital Moroccébtain the necessary data and connect them (Figurel).
2030's aims to accelerate digital transformation [8].

~51~

Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal about Technologies
Volume: 11 2025 Issue: 2 Pages: 51-61 ISSN 2453-675X

Enhancing supply chain efficiency in textiles: a deep learning approach to Industry 4.0
implementation
Younes Jamouli, Mouhsene Fri, Aziz Soulhi, Fay¢al Fedouaki

Main Artifical Nearal network (RNN, CNN, CNN-LSTM)

ﬁ.,

4

535
= :SE Company size » . ke
53 Yy L2
S
1. Vertical Integrathon’ @ Ty O Layerd
Matwrit 1 L "
2 'n::i:oonl Intégration” G \"‘\ O O Loyt
st
3. 'l:cgupma Product @ =1 Yy <:> Y
~ | survey | Lifegucls” Mabuity - O e = NS
4. "Shop Floor Automation’ @ L\ 'S AN O
A
® 2o e
B - e O W2 ON
4. "Shop Floor Connectivity’ Q \_A = ~\ =\
matwtity » ) & \_/ NS A ]
L 5. "Enterprize Conacctivity’ S — —~ Y Y
ey comarty | | @O\ AR R
Matsrit o
4."Shop Floor ntligence’ & Q AR >—<
matwtity @ —~ T\ h_S \_/
5. ‘Enterprice Intelligence’ . \/‘-( L~ ~
- Matwrit = Y (
S | | QISR
Ilatwrit - o
15 Warkdorcs Learning & O >_< O kingar Priority area
Develooment” Maturity 1 in the
14 Leadership e O L/ s O. ‘Process
Comostacriaiwiv | | AN 0 AT JNTL e [
oo o @) bock [ o
[ Wi
8 @) b,
* Bsturitn "1 block tyarea |

1. ‘External support’ Matwrity

3
@000
H®)

Mt
5. Managerial support and
itment’ Matiiries

OO0
{{OO

Self-Attention

Figure 1 Neural network model input and output

Data for this research, collected from multiple source®,  Industry 4.0 Critical Success Factors
includes: (1) the maturity of critical success factors (CSFs) (CSFs) and SIRI framework
relevant to Industry 4.0, assessed separately using a Li?gl Industry 4.0 Critical Success Factors
scale, reflecting the effort required to achieve each C Recognizing .the importance of Industry 4.0 for
and the extent to which it is integrated into the business [%anufacturing SMEs  research  has exténsively

@) |mplgmentat|0n pr|o.r|t|es selected by the. participatin vestigated Critical Success Factors (CSFs) through
companies themselves; and (3) company size. The st . ; . .
ferature reviews, Delphi studies, and case studies

aims to prioritize one focus area (Process, Technolo ¥ . . . .
M - -6,10]. A synthesis of this research identifies 15 key
Organization) per SIRI framework building block. Due tgc Fs for manufacturing SMEs [11]. Further analysis using

the problem’s inherent complexity and the large number.B MATEL reveals a hierarchical structure, identifying 5

variables involved, a trained neural network model Iﬁlfluencing CSFs that drive the remaining 10: External

employed to provide a data-driven solution (Figure 1). Th§upport, Leadership, Regulations, Financial Capacities,

selection of the apparel and textile industry is justified bgnd Managerial Support & Commitment. Strategically

its reliance on price competitiveness and intolerance for.— .. . ; " . :
; prioritizing these 5 "cause" CSFs is crucial for accurately
waste in the Moroccan context.

The manuscript's structure is as follows: Session measuring firms' 14.0 readiness and ultimately enabling

details the SIRI Framework and presents common Indusiﬁggssggllz:dizpt;gg' psrg-eifr:fpl)(l;:rtye’nfgzicglvggasrza?gg&?rges

4.0 CSFs derived from the literature. Session 3 outlines t & paring them for the subsequent implementation of 14.0
three-step methodology: expert verification of CsFdrepanng q P :

recording CSF and SIRI dimension maturity using a Likeglmensm_ns as a top priority. To ensure the appropriateness
of all variables for the model, data was carefully prepared,

scale, and utilizing a neural network to forecast the . . : .
. o . as described in the following section.

appropriate priority. In the second stage, the trained neura

network uses the reliable database of CSF and dimensgré SIRI dimensions

maturity as inputs (Figure 1) to determine priority across’ o ! Id imed he Ind 40

different company sizes. The graphical and numerical ur prIeV|ors Sftul\z/ aimed to assesls the nf ustry 4.

results are illustrated in Session 4, while Session BatUrity level of Moroccan apparel manufacturing

concludes the paper with a suggested expansion of g—npanies and to examine disparities in their strategies for
0
e

model to prepare for the Industry 4.0 implementation sta implementation. The Singapor"e Industry" 4.0
in a clothes company. adiness Index (SIRI), known as "the Index," was
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selected as the primary evaluation tool due to iwvaluation campaigns. However, the SIRI priority matrix

multifaceted nature (Figure 2) [12], providing insights intansists on concurrently implementing the three Industry 4.0
both current and future improvement plans. Withouilding blocks, which raises the issue of appropriate and
government support, the Index is also tailored to SMEs apdoductive sequencing in the literature [12-14]. The core
MNCs, emphasizing practical application. Focusinghallenge lies in defining the most suitable priority of the

specifically on Moroccan companies, particularly in thd6 SIRI dimensions or defining a combination of three

apparel sector, the study assesses their maturity levéteus areas (one per building block) to improve digital

Furthermore, to prioritize areas for improved digitamaturity. Therefore, a successful deployment of Industry
maturity, an empirical study was conducted to understadd0 depends on insightful implementation priority.

their current 14.0 preparedness and to suggest a path for the

textile and clothing industry to bridge the gap in 14.0

= |

5 W m W = W m W gm W v . v v
1) 2) 3) D ) (10) 13 ()
Shop Floor Workforce Leaming Inter- and Intra-
& Company
/o ) an Development Collaboration
: 5 Integrated bl e
Vertical Horizontal juct :
Integration Integration E'fecycse Enterpice D (1)
D) g ®@) Leadership Strategy &
Facility Competency Governance
Figure 2. Singapore industry readiness index “SIRI”
3 Methods real-world Industry 4.0 implementation scenarios. To

Neural networks and deep learning algorithms offekddress this, the results of our maturity assessment study
excellent alternatives for addressing problems requiringjithin the Textile and Clothing sector in Morocco are used
training and data-driven insights [15]. Unlike manyas a basis for training our model.
heuristic methods, deep learning operates without As depicted in Figure 1, the predictive model for the
predefined calculation rules, instead learning robu&gcus area priority dimensions of the three building blocks
relationships between focus area priorities (outputs) akges 22 input data and 1 output data. Among the input data,
various inputs: CSF maturity and SIRI dimensiond relates to company size, 16 to the maturity of the SIRI
maturity. dimensions, and 5 to the maturity of the Critical Success

Aligned with the SIRI Framework, which structures~actors. The output is linked to the focus area priority of
Industry 4.0 around three building blocks — Processe§€e building block dimensions. Models are computed 3
Technology, and Organization — this research aims fnes, each time with a different output: The priority
predict one area of intervention per building block. Télimensions of the Process building block, the priority
achieve this, a predictive model based on three neufimensions of the Technology building block, and the
network models with self-attention was chosen. Selfriority dimensions of the Organization building block.
attention empowers the model to weigh the significance of
different elements in a sequence relative to each othél Data collection
capturing long-range dependencies by computing attention This study measured the digital maturity of companies
scores based on relationships within the input sequenceof varying sizes, linking their implementation strategies to

Specifically, self-attention is applied to the Criticaldifferent prioritized focus areas. Practitioners managing at
Success Factors derived from our DEMATEL analysis. Bigast one Industry 4.0 project were required for
adding Self-Attention mechanisms, these models cgarticipation. Data was gathered through an online survey,
become even more powerful for tasks involving sequentitibing the SIRI model [16] to assess digital maturity.
or structured data, neural network models are populRespondents rated the following dimensions on a scale of
architectures in the field of deep learning. A limitation0 to 5 (according to the SIRI index). Process (vertical
however, is the scarcity of extensive datasets representintggration, horizontal integration, integrated product

~ 53 ~
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lifecycle); Technology (shop floor automation,features, the remaining features and attention columns
connectivity, and intelligence; company automationyere independently normalized using StandardScaler.
connectivity, and intelligence; facility automation,Following normalization, Principal Component Analysis
connectivity, and intelligence); Organization (employe¢PCA) was optionally applied to reduce dimensionality
training & development, leadership skills, inter- and intrawhile preserving maximum information. To address class
company collaboration, strategy and governance). Thmbalance, the data was balanced using the
average readiness index values for each dimension w&andomOverSampler oversampling technique. Finally, the
gathered across the 252 participating businesses, providdaga was partitioned into training and test sets using
an overview of 14.0 readiness for Moroccan textile andirain_test_split, with an 80/20 split. This rigorous pre-
apparel manufacturers. These firms have an avergg®cessing pipeline ensures clean, normalized, and
readiness index of 0.95, compared to 1.04 for the averagmrectly structured data, which is essential for enhancing
global textile company and 3.19 for global "best in clasghe quality and performance of the trained neural network
companies [16]. Survey participants also measured theodel's predictions.

maturity of 14.0 critical success factors (CSFs) using a five-

point Likert scale (1= not Mature to 5 = Totally Mature)3.3  Training of our three neural network-based
All input variables were encoded as integers and converted  models

to one-hot encoding format. Guided by the SIRI Neural networks, composed of interconnected
prioritization  principle, successful Industrie  4.0processing elements called "neurons,” are powerful tools
implementation requires the simultaneous development @ establishing complex relationships between inputs and

the 3 building blocks. outputs [17]. Our neural network employs a three-layer
i _ hidden architecture, mappifinputs (1) toS outputs (O).
3.2 Data Pré-processing Each neuron sums its weighted inputs and adds a bias,

To ensure data integrity for subsequent analysis, #eding the result into an activation function to generate the
original data values were converted to a numeric formajutput. The inherent complexity of neural network design
and rows containing any missing values were removestems from the numerous variables influencing training,
After removing irrelevant columns from the feature set, theuch as the choice of learning algorithm, the number of
"Priority’ column was designated as the target variable. Theurons in the hidden layers, the connections between
remaining columns were retained as primaryieurons and layers, the error function, and the activation
characteristics, with a specific subset of feature columfignction [18]. Consequently, hyperparameter tuning, a
(the CSFs maturity columns) isolated for use in thgchnique for selecting algorithm parameters to achieve an
attention mechanism. The target variable was encoded imigtimal solution dependent on these hyperparameters, is a
integers using Label Encoder and then transformed intacdtical step in enhancing neural network outcomes [19]. In
one-hot encoding format for compatibility with thethis study, the Adam optimizer was utilized.
classification model. To ensure a uniform scale across all

Table 1 Hyperparameters combinations

ConvlLC Filters: 64, Kernel size: 3, Activation: Re
BatchNormalizatio Standard normalizatic
Phase 1 . —
MaxPooling1L Pool size:
CNN with Flatter Flattens the inp!
Attention Denst Units: 128, Activation: RelL!
Phase 2 Attention (Sel-Attention’ Appliesself-attention to featur:
Flatter Flattens the inp!
Merge Denst Units: Number of classes (softmax out
SimpleRNN Units: 64, Activation: ReLU, Return sequences: '
Phase 1 — —
. BatchNormalizatio Standarnormalizatiol
RNN with o T ‘
Attention Phase 2 Dens1. . Un|t§. 128, Actlvgtlon. ReL
Attention (Sel-Attention’ Applies sel-attention to featur:
Merge Denst Units: Number of classes (softmax out
ConvilD Filters: 64, Kernel size: 3, Activation: ReLU
BatchNormalizatio Standard normalizatic
Phase 1 MaxPooling1L Pool size:
CNN-LSTM LSTM Units: 128, Return sequences: 1
with — —
Attention BatchNormalizatio Standard normalizatic
Attention (Self-Attention) Applies self-attention to LSTM output
Phase 2 -
Flater Flattens the inp!
Merge Denst Units: Number of classes (softmax out
~54 ~
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Table 1 details the specific hyperparameteoutputting zero otherwise, thereby addressing the leaky
combinations employed for our models’ learninggradient issue and enhancing model learning and function.
algorithm.  Our setup involves setting thredFor multiclass classification, the Softmax function was
hyperparameters per network for the Main Networkused as the activation function in the output layer to predict
Flattening Layers, Number of Dense Layers, Dropout, ared multinomial probability distribution. To determine the
Learning Rate (initially 0.001, dynamically reduced tdest hyperparameter combination for validation
0.0005), and hyperparameters for the self-Attentioperformance, a multi-step tuning process was employed.
Network: Number of Dense Layers, Internal Attentiorfinally, evaluating performance by accuracy enabled
Layers, and Flattening Layers. Finally, a fusion layetonclusions regarding the efficiency of our network's
parameter is also involved. Multiple alternatives werperformance. As previously discussed, the greatest
evaluated. outcomes were achieved using the hyperparameter

This study will employ a widely used hyperparametecombinations.
optimization technique, chosen for its proven ability to
deliver strong empirical results in tuning neural networ4.2 Evaluation of the neural network-based

performance. models
) _ A key indicator of overfitting is an increase in
4 Results and discussion validation error. To rigorously assess the performance of
4.1 The proposed framework our network models, we selected several popular criteria
v" CNN with attention relevant to our multiclass classification task: Categorical

The CNN with Attention model uses a ConviD layefross Entropy (CCE), Precision, Recall, and F1 Score [20].
(64 filters, kernel size 3) followed by Batch NormalizatiorPur model leverages CCE to leamn to assign high
and MaxPooling1D in its first phase to extract featurg@robabilities to correct digits and low probability to
from the SIRI dimensions. These features are flattened adfgorrect ones. Furthermore, precision, which is directly
combined with the attention-weighted DEMATEL factorsProportional to model efficiency, evaluates the model's
A Dense layer (128 units), and another Dense lay@fcuracy against real data points [20]. Ideally, the best

followed by a Softmax output layer predicts the priority?eural network will exhibit low CCE and high accuracy.
domain. Figures 3, 4, and 5 compare and illustrate the evolution

v RNN with attention of CCE and accuracy as a function of training epochs for
The RNN with Attention model employs a Simplethe three outputs (I?ro_cess Priority, Technology Priority,
RNN layer (64 units, return sequences=True) followed @nd Organization Priority) for each of our three models:
Batch Normalization in its first phase to process the SIRI o o
dimension data sequentially. The resulting sequentit Qrdanizational priority _
features are then fed into a Dense Layer of 128 units, whefe CNN_with _attention: Training Accuracy increases
they are integrated with the attention-weighted DEMATEL  rapidly early on, then continues to increase more slowly
factors. A final Dense layer predicts the priority domain. 0 @ plateau around 89% after about 100 epochs.
v CNN-LSTM with attention Training Loss decreases rapidly and continues to
The CNN-LSTM with Attenton model combines decrease tonear 0.2. o _
convolutional and recurrent layers. Initially, a Convip’ RNN_with attention: Training Accuracy increases

layer (64 filters, kernel size 3) extracts local features from apidly early on, then continues to increase more slowly
the SIRI dimensions, which are then fed into an LSTM to a plateau around 90% after about 80 epochs. Training

layer (128 units, return sequences=True) followed by Loss decreases rapidly and continues to decrease to

Batch Normalization. The learned features are then N€ar0.2.

combined with the attention-weighted DEMATEL factors” CNN-LSTM with attention: Training Accuracy
A final Dense layer predicts the priority domain. increases rapidly early on, then continues to increase

The Adam optimizer, a stochastic gradient descent MOre slowly to a plateau around 90% after about 85

method based on adaptive moments, was chosen to train€Pochs. Training Loss decreases rapidly and continues
the neural network due to its ability to utilize varying (O decrease to near 0.2.

adaptive learning rates [19]. Combining the advantages of o

AdaGrad and RMSProp, Adam maintains an adaptive Process priority o _

learning rate for each parameter by calculating moving CNN_with attention: Training Accuracy increases
averages of the first and second gradient moments. The fapidly early on, then continues to increase more slowly
learning rate was initially set to 0.001, enabling the tO & plateau around 80% after about 100 epochs.
network to retain optimal weight management at the 1raining Loss decreases rapidly and continues to
conclusion of each batch by appropriately updating its decrease to near 0.2. o _
parameters and regulating the learning speed of the modél. RNN_with_attention: Training Accuracy increases
The RelLU (Rectified Linear Unit) activation function was ~rapidly early on, then continues to increase more slowly

employed, outputting positive inputs directly while t0 @ plateau around 85%. Training Loss decreases
rapidly and continues to decrease to near 0.2.
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v" CNN-LSTM with attention: Training Accuracy  Training Loss decreases rapidly and continues to
increases rapidly early on, then continues to increase decrease to near 0.15.
more slowly to a plateau around 90% after about 150 RNN with attention: Training Accuracy increases

epochs. Training Loss decreases rapidly and continues rapidly early on, then continues to increase more slowly

to decrease to near 0.15.
» Technology priority
v' CNN_with attention: Training Accuracy increases”
rapidly early on, then continues to increase more slowly

to a plateau around 95% after about 150 epochs.

a)
Accuracy per Epoch for CNN with Attention
0% ' — Training Accuracy - &
= Vakdation Accuracy
08
10
o7
3 3
) o L] L] w00
Epoch
Accuracy per Epoch for CNN with Attention
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© | —— vabdaton Accuracy '._l_ﬂ—-—uf‘_"’ﬁ_ 10
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3 060 §
E ar
(13
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2 40 & B 00
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Accuracy per Epoch for CNN with Attention
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= 5 100

Epoch

125 o s

to a plateau around 93% after about 140 epochs.
Training Loss decreases rapidly and continues to
decrease to near 0.2.

CNN-LSTM with attention: Training Accuracy
increases rapidly early on, then continues to increase
more slowly to a plateau around 97% after about 150
epochs. Training Loss decreases rapidly and continues
to decrease to near 0.15.

Loss per Epoch for CNN with Attention

— Training Loss

Valdation Loss

100

@
Epoch

Loss per Epoch for CNN with Attention

—— Training Loss

~ Vnhdation Loss

Epoch
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Figure 3 CNN Training curves: CCE Loss and accuracy vs. Epochs for Priority:
a) Organizational priority, b) Process priority, ¢) Technology priority
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Figure 5 CNN-LSTM Training curves: CCE Loss and accuracy vs. Epochs for priority:
g) Organizational priority, h) Process priority, i) Technology priority

For our models, 500 epochs were proposed as sufficigRNN with Attention model was more prone to overfitting
for all three outputs, yielding smoother graphs and higdnd seemed less reliable.
accuracy, reaching up to 97%. Overall, the CNN with In addition to classification accuracy, four measures are
Attention, RNN with Attention, and CNN-LSTM with generally required to evaluate a neural network model's
Attention models demonstrated good performance performance based on a test dataset: Test Loss (a lower
predicting the priority domain (Organization, Processneasure of error is better), Accuracy (a higher percentage
Technology) for Industry 4.0 implementation. Howeverpf correctly classified examples is better), Precision (the
CNN with Attention model generally exhibited moremodel's ability to avoid labeling an instance as positive that
consistent and robust performance across the three outpigsactually negative, meaning a low false positive rate),
making it a potentially more reliable choice. The CNNRecall (the model's ability to find all positive instances,
LSTM with Attention model showed promise formeaning a low false negative rate), and F1 Score (the
predicting Technology Priority specifically, while theharmonic mean of precision and recall, which provides a
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balanced measure of the model's accuracy) results amedels all need improvement but are a good starting point.
shown in Tables 2, 3, and 4. To have the best model overall, we would suggest using
Despite the performance, and like the previous modetbie CNN-LSTM with Attention model.
the CNN-LSTM with Attention model tends to performin summary, the bias and weights were initially chosen at
best, but the choice of model depends on the specifandom; subsequently, the neural network will learn on its
priority domain. The models are significantly better abwn through the application of multiple iterations,
predicting Technology Priority than Process operforming forward propagation while tagging the
Organization Priority, suggesting that the factorsneasures highlighted in this session.
influencing technology are more easily captured. The

Table 2 Performance indicators of the neural network with self-attention-based models for predicting Organization priority

Test Loss Test Accuracy Precision Recall F1 Score

CNN ~with self- /o 77.7% 77.8% 77.7% 77.3%
attention
RNN with 54 84.3% 85.9% 84.3% 83.8%
Attention
CNN-LSTM - with 0.55 84.3 84.8% 84.3% 83.7%
Attention

Table 3 Performance indicators of the neural network with self-attention-based models for predicting Process priority
Model Test Loss  Test Accuracy Precision Recall F1 Score
CNN ~with  self- 0.43 77.7% 77.8% 77.7% 77.3%
attention
RNN with 0.44 82.4% 82.5% 82.4% 82.03%
Attention
CNN-LSTM - with 0.42 83.3% 85.5% 83.3% 82.6%
Attention

Table 4 Performance indicators of the neural network with self-attention-based models for predicting Technology priority

Test Loss Test Accuracy Precision F1 Score

CNN ~with self- g 3¢ 92.8% 92.8% 92.8% 92.2%
attention
RNN with 31 87.8% 87.7% 87.8% 87.4%
Attention
CNN-LSTM - with 0.26 93.3% 93.1% 93.3% 92.9%
Attention

5 Conclusion focus area priority for improving Industry 4.0 maturity,

Based on these observations, this paper present®ased on the initial maturity and the company size.
decision support tool that reliably and simultaneously Our study provides clothing and textile industries with
determines the appropriate priority and the maturity of tik means to address the intense dlscgssmn over priorities,
SIRI dimensions for each case. Establishing a relationstiging standard technology and a single language. The
between input variables (company size, SIRI dimensiorf&odel provides clothing managers with recommendations
and CSF maturity) and neural network-based models wi%$ successfully implementing Industry 4.0 technologies,
used due to the complexity of the output variables (priori9Ptimizing quality, time, and resources. This generic
of focus areas). Therefore, a trustworthy database @approach can be used by any business looking to thrive in
training and validation data was established and useditp Industry 4.0 implementation journey, and the
train models, refined through analysis of several neurlethodology can be extended to any context and any
network hyperparameters and the best combinatig@ndition.
described. The CNN-LSTM with Attention model For future research, first, similar studies can be
generally performed best, although the optimal choiceonducted in different settings to confirm the
depends on the Specific priority domain being targeted_ generallzatlon of the reSUltS..SeCOITIdIy, the flndlngs of this

Performance evaluation details were presented for eadiddy could serve as a starting point for other researchers
output. High dependability and positive outcome$0 create a roadmap for successful digital transformation by
highlight the models' value as an outstanding method fégveloping initiatives tailored to each priority focus area.
solving the complex problem of deciding on a suitable
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Abstract: Civil aviation activities are open to various ambiguities regarding air traffic flow. Small changes in political,
economic and technological bodies of civil aviation can change the direction of air traffic flow and air navigation.
Likewise, the civil aviation industry and its dependent branch air logistics lived through hard times during the COVID-
19 period. The airlines, airports, and service providers suffered from a lot of negativities. It was an expected result for Air
Traffic Flow Management to come near a financial crisis with capacity deficiencies. This paper aims to investigate this
period of 2017-2021 one more time, but with a slightly different simulation methodology which assumes the period lasted
for 300 years and with specific variables of Return on Investment (ROI), Return on Assets (ROA), Return on Equity
(ROE), Capital Expenditures (CAPEX) and Operational Expenditures (OPEX) in Air Navigation Service Provider
Industry of Europe. According to findings, geographical location (for Central Europe, Turkey, the Mediterranean region
and the United Kingdom) and the situation of states regarding development, routes and the situation of airports are the
main variables of profitability and investment structures of Air Navigation Service Providers. It also concluded that the
financial and economic situation of Air Navigation Service Providers in Europe cannot be changed considering these
variables if this period continues for 300 years because of air the main air traffic routes and airflow order of Europe.

1 Introduction This analysis simulates the COVID-19 period for 300

The sustainability of a healthy financial structure i¥ears (iteration numbers of Monte Carlo simulations) in
always a great hardship for airlines and air logisti@ir traffic services With more clear words, it is asked the
companies, especially in critical and hard times such as tigsearch question is “What can the financial and economic
COVID-19 period for aviation. These critical times ofterfituation be in the following 300 years if the COVID-19
occur in civil aviation such as epidemics and pandemidagriod continues during that period regarding 5 important
security crises such as 9/11, and economic and finandigasures which are Operational Expenditures (OPEX),
crises such as oil price recessions. On the other side, §@Pital Expenditures (CAPEX), Return on Assets (ROA),
congruence of OPEX and CAPEX is subjected to differefteturn on Equity (ROE) and Return on Investment (ROI)
works. For instance, they are good indicators of futuréd ANSP (Air Navigation Service Providers) industry of
oriented cost analysis, cost efficiency, cost-dependent riEkirope?”. By doing so, it aims to show the importance of
orientation and performances of the current busined§e period in terms of countries and the financial
making activities and especially they are beneficial idulnerability of ANSP (Air Navigation Service Providers)
producing sector-related financial information, they cattdustries and companies to this period empirically.
give insightful views on infrastructure utilization. On theDepending on their efficiency in showing the quality of
other side, ROA, ROE and ROI are good ratios of tHearnings, EBITDA (Earnings Before Interest, Tax,
financial value of a company and the profitability ofPepression and Amortisation) measures are ujullzed for the
business activities and its trading forces. If they are utilizéghiculations of ROA, ROE and ROI. Besides these,
correctly, the users (stakeholders) of them can makeéAPEX and OPEX measures are so efficient in the
comparisons between financial units. Particularly ifletermination of expenditures and investment power of
turbulent and dynamic times. At the same time, The RORIgh technology industries such as ANSP. The research
ROE and ROI measures impact the calculation of markggrves to fill a gap regarding the utilization of simulation
capitalization. For these causes, they are indispensaffle 300 years in the aviation industries’ financial and
parts of the financial communication and public¢Conomic comprehension.
disclosures of companies in current and future possibilities.
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2 Literaturereview Therefore, tariff ~ components  determine  the

ANSPs, by providing Air Navigation Services (ANS),competitiveness and position of the airline among its flight
establish a crucial link between airlines and airpoflestinations. It is an important criterion in the continuity of
operators, making them a significant variable in the airlirié@e efficiency and profitability structure of the airline
industry [1]. ANSPs are highly effective in ensuring théusiness. The basis of design components; is operational
smooth completion of flights by regulating air traffic [2]Suitability, economic efficiency and passenger satisfaction.
and the flow of air traffic. They offer services such as afirlines want to minimize flight costs and achieve safety
traffic control, routing, landing, and ground operations angoals with high efficiency by focusing on the aircraft
they support air logistic activities and air transportufullzatlon rate in their fleet structures, groundmg times of
Through improvements, ANSPs increase the efficiency @frcraft, flight network structures, flight frequencies,
air traffic usage and reduce costs [3]. The activities @ccupancy rates, and on-time departure and arrival factors.
ANSPs are financed through air navigation service chargis addition, airport passenger and ground services
collected from airlines using the airspace [4]. Thes@ctivities, where airlines’ flight operations are carried out,
charges are levied on all flights using the airspace, excépust be established following aviation safety rules and air
for demonstration flights, humanitarian aid, training, ofaffic flow management rules.
military flights [5]. These fees are not only a revenue EUROCONTROL is a significant organization in the
source for ANSPs but also play a crucial role in shapirigtegration and coordination of ANSPs in Europe [5].
Europe's passenger and cargo air transportation, so RYROCONTROL focuses on advancing the constitution
traffic flow. Statistically, air navigation service charge®f the Single European Sky (SES), a European Union
constitute approximately 5% of the cost of each sold airliriitiative, to address topics such as increasing traffic levels,
ticket [6]. The European Commission allows ANSPs thigh ANSP service costs, heterogeneous operational
recover the costs incurred for the services they providdractices, and air network constraints faced by the
However, during periods of crisis in aviation, this cosEuropean Air Traffic Management (ATM) system.
recovery approach exacerbated the crisis by dividing tAderefore, EUROCONTROL ensures an infrastructure for
costs among fewer flights, leading to regulatory chang@d traffic flow and air logistics.

[2]. Initially, ANSPs were only permitted to cover their In this analysis, to measure the financial capabilities of
costs, but later they were allowed to generate and retAfNSP ~ companies  across  Europe,  Operational
profits to mitigate financial issues for airlines during criseg&xpenditures (OPEX) raised as the first important variable
ANSPs derive revenues from three different types @& an indicator of project investments [8], although they do
flights: domestic, international, and transit flights [5]hot directly contribute to the base and they correspond to
ANSPs can be categorised into three different types ihe price of keeping the business functional and involve
terms of ownership: state organisations, commercializ&@sts of technical and = commercial functionals,
organisations, or privatized organisations [2]. Initiallynanagement [9]. So, OPEX is the main answer to the
established with state involvement, ANSPs have beéestion of how an ANSP sustain its production with cost
commercialized and privatized over time due to issues lik&0] which can be counted as labour, machinery and
technological  equipment  inadequacies, facilitauipment, property costs and administration [11]. With its
deficiencies, and financial resource problems [6]. Man§nancial nature and consistency in the indication of
publications have examined the impact of privatisations ¢tperational strength, OPEX is the main element in business
ANS. It has been found that ANSPs' capabilities aferocesses and the efforts toward continual process
directly related to the privatization processes [7jmprovement for years of big industries such as Toyota
Additionally, in the long term, the privatization of ANSPs[12]. _ . _

has reduced the charges paid by users for service On the other side, Capital expenditures (CAPEX) are
acquisition due to commercial competition [3,7]. Thdltilized in the situations of dlsposmon, modl_f|cat|_on and
commercialisation of ANSPs began with initiatives in Newieplacement of settled assets and it has a direct impact on
Zealand in 1987, followed by Australia and Canadil€ company's future cost structure [13]. Govender et al,
adopting similar methods. A state-owned business whk?# underline that capital expenditure (CAPEX) is
established, refunding the government's per cent [5].  €xplained as an initial investment that mvo_Ives the capital

To achieve higher profitability rates in the airlinecosts of all fixed assets (plant and machinery) and non-
market and air logistics, the focus is mainly on aircraft arféked assets (design and commissioning costs). Other
human resource efficiency levels. To achieve this godlegative cash flows, classified as expenditure, are
fleet planning departments of airline companies play afcounted for in terms of operating expenditure (OPEX),
active role. Fleet and schedule planners first plan &aX, and depreciation. _
effective flight schedule design. The design of the flight In a financial statement analysis, revenue can be
schedule is the Star[ing point of airlines' p|anning arféﬁlcullated thrOUgh different meth0d0|0g|es such as EBlT
operations. Flight schedule: It shows the departure-arrividarnings Before Interest and Tax) and EBITDA (Earnings
time of each flight leg, the flight points when the flightdBefore Interest, Tax, Depression and Amortisation). It is
take place and the fleet type to be used in the flightlso clearly emphasised that distinctions between EBIT
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and EBITDA can resource from the industrial context. Ifepeatedly, each time drawing a different random set of
this criticism is intensified here, for example, after statingiputs from the sampling distribution of the model
their importance, It can be underlined that EBITDA can bearameters, the result of which will be a set of possible
a clear and consistent indicator for manufacturingutputs and underlines the critical importance of Random
companies against service companies [15]. It utilizes tiddumber generation or Law of Random number in
net profit ratio to account for the main differences imomputer science. At the same time, Random Number
variables such as ROA and EBITDA margin [16]. Lukasofseneration is named as Pseudo-random Generators. With
[17] utilises EBIT for European micro-level manufacturinghe utilization of a Monte Carlo Model, the users and
companies’ gain. EBIT and EBITDA measures are utilizetheorists overcome the uncertainty [26]. Nonetheless, the
also by Andres [18] to understand founding-familymain questions of the Monte Carlo Model are the validity
ownership structures. As he realizes his deep analysis,dféhe algorithms in principle, as well as the accuracy of the
underlines particularly these two typical assessments rsults that can be obtained in practice [27]. Ferson [28]
calculate the Return on Asset (ROA) ratio. Lopez et al. [18hderlines the problems of the Monte Carlo methods
give place to EBITDA values to calculate ROA in theaunderlying 4 important emphases; i) Like most methods
profitability structure analysis of cheese-producindpased on probability theory, Monte Carlo methods are data
companies in Spain. According to the analysis of Bouweistensive. Consequently, they usually cannot produce
et al. [20], EBITDA-reporting firms are relatively smaller,results unless a considerable body of empirical information
more leveraged, more capital intensive, less profitable ahds been collected, or unless the analyst is willing to make
have longer operating cycles than non-EBITDA reportingeveral assumptions in the place of such empirical
firms. It should be underlined the importance of EBITDAnformation. ii) Although appropriate for handling

in financial and value-dependent decision-making. variability and stochasticity, Monte Carlo methods cannot
be used to propagate partial ignorance under any
3 Methodology frequentist interpretation of probability. iii) Monte Carlo

There are five important financial indicators ratios ifm€thods cannot be used to conclude that exceedance risks

this analysis. They are Operational Expenditures (OPEX§e no larger than a particular level. iv) Finally, Monte
Capital Expenditures (CAPEX), Return on Equity (ROE)Carlo methods cannot be used to effect deconvolutions to
Return on Asset (ROA) and Return on Investment (RO$pIve back calculation problems such as often arise in
of 33 ANSP companies or air traffic flow regulators. In théeémediation planning. Besides their advantages in the
calculation process of ROE, ROA and ROI, EBITDAdetection of optimality problems in finance [29], For Chen
(Earnings Before Investment, Depreciation an@ﬂd Hong [30], Monte Carlo simulations utilise financial
Amortisation) values are utilised for the periods of 201¢€cision analysis, financial risk assessment, financial risk
and 2021 as argued in the writing review section. Aftdnanagement, monetary portfolio management and
ROE, ROA and ROI values are calculated, the values #tBtimisation, and financial strategic planning can be
simulated with the Pseudo Monte Carlo Method for 3otealised with Monte Carlo Methods. In classical evaluation
iteration numbers as in the Al-Kharusi & Murthy [21] workctiteria, a Monte Carlo method can be described regarding
in Excel program by the utilization parametres of standaf@© dimensions such as data conformity of the analytical
deviation, mean and random numbers. Their averaggodel and validation of the Mathematical model [31].
Variance’ standard deviationsi maximum and minimum Nevertheless, the nature of the science branch and the
values are given in the following Tables. It should be notdftensity of risk gain importance in this context. In clearer
here that there are several approaches in a huge literafysds, there can be differences between social sciences,
regarding iteration numbers. natural and engineering sciences regarding iteration
Monte Carlo Models are a strong tool in many fields dfumbers.
different sciences. It is known that the algorithms based on
this method give statistical estimates for any linear functich ~ Findings
of the solution by performing random sampling of a certain The main findings of 5 ratios are presented in the
random variable whose mathematical expectation is tf@lowing 5 tables. The ROA, ROE and ROI scores are
desired function [22]. They can be utilized for riskcalculated by benefiting EBITDA values. At the end of the
management regarding different viewpoints [23] and eveatay, they are specific measures of how a company utilize
psychological research with correct sample sizes [24]. Its resources to create more value. These resources are
designing a Monte Carlo analysis, the events that take thagsets, shareholders equity and investments. The planning,
describing forces from a case or a simulation are vergtaining and conducting of these resources are
important. The logic of a Monte Carlo method takes a laptoblematic, accordingly, the transformation of these
shape with different types, Bonate [25] underlines that thesources to a return is another problem for countries.
sampling distribution of the model inputs should b&NSPs are strategic companies for states and
defined a priori (before-experiment processes), fajovernments, nevertheless, the last form of Air Traffic
example, a normal distribution with mearand variance Management is designed by regulators and authorities. In
c2. Monte Carlo simulation can explain the modetases of emergencies, like COVID-19, the situation and
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results can be complex for states. The only financiihancial management, the ANSP would suffer from the
resources of ANSP are flights, flight rates and air trafficrisis. For this cause, the research findings gain importance
flow tremendously decreased during the COVID-19 time$or the future. Table 1 shows the OPEX (Operational

Without the financial aid of the states and effectiv&xpenditures) predictions of ANSPs.

Table 1 OPEX (Operational Expenditures) Predictions

Mean| Variancel Standart Dev. Maks Min Country
Albcontrol -2122.¢  391038.. 625.33043| -76.45] -4141.3! Albanie
ANS CF -2886.3: 23553! 485.319454| -1298.0! -4452.8! Czect
Fintraffic -64.816:  65.5163: 8.09421613| -38.327. -90.943: Finlanc
ARMATS -3508.. 131902.. 363.183542| -2319.6! -4680. Armenie
Austro Contrc -237.86: 2509.5: 50.0952117| -73.9204 -399.56: Austrie
Avinor Flysikring -1892.4{  29727.0. 172.415221| -1330.0! -2448.1: Norway
BULATSA -167.10¢  739.283 27.1897715| -78.408! -254.7: Bulgaric
Croatia Contrc -551.0¢  954.865. 30.9008909| -450.23{ -650.62! Croatic
DFS -1096.7/|  4860.48. 69.7171496| -869.28"| -1321.3! German
DHMI -2.793(  0.83976! 0.9163874| 0.19543] -5.747: Turkiye
DSNA -1481.5  625.460! 25.00920 -1399.7| -1562.2° Franc
EANS -16.846¢  2.37902. 1.54240835| -11.799: -21.825( Estonit
ENAIRE -655.96! 3239.4 56.9160770| -469.70! -839.68: Spair
ENAV -608.84¢{  336.072i 18.3322884| -548.85! -668.02: Italy
Hungaro Contr¢ -27.025! 1.6876- 1.29909201| -22.774 -31.218i Hungan
IAA -147.70{  22.8227. 4.77731311] -132.07{ -163.12 Irelanc
LFV -2625.6! 118639.. 344.440498| -1498.4| -3737.4! Swedel
LGS -21.543(  5.11902 2.26252647| -14.139: -28.846 Latvia
LPS -53.489: 173.012 13.1534249| -10.443! -95.946( Slovakrepublic
LVNL -218.627]  417.362: 20.4294441| -151.7°] -284.5 Netherland
MATS -19.023: 1.27185: 1.1277669| -15.332! -22.663: Malta
M-NAV -824.12« 13441.6. 115.93810| -444.70°] -1198.3( North Macedoni
MOLDATSA -157.52¢  407.491! 20.1864184| -91.467( -222.68! Moldove
NATS -619.04{  708.167 26.6114202| -531.95{ -704.94 United Kingdon
NAV Portuga -175.17¢ 118.964. 10.9070698| -139.48! -210.38! Portugs
NAVIAIR -976.29: 17789.1 133.376068| -539.80°] -1406.8: Denmarl
Oro Navigaciji -21.105{  9.79150: 3.12913768| -10.865. -31.205! Lithuanie
PANSA -761.57]  4089.29. 63.9475678| -552.29( -967.98! Polanc
ROMATSA -893.87| 478.634! 21.8777238| -822.2{ -964.49! Romanii
Skyguide -392.14{  532.355: 23.0728246| -316.6¢ -466.62 Switzerlan
Slovenia Contr¢ -30.305! 5.9598: 2.44127431| -22.316. -38.185l Slovenit
SMATSA -7.8160¢  0.40482: 0.63625586| -5.7338 -9.8697{ Serbia and Montenec

Operational expenditures (OPEX) show a clear pictutbe other side, developed countries and aviation countries
of an ANSP's activities-dependent expenditures regardisgch as Germany, France, Sweden, Denmark and Norway
maintenance, rent, equipment, inventory costs, marketingr Navigation Service Providers (ANSP) tend to realise
payroll, insurance, step costs, and funds allocated forore operational costs than other countries. Table 2 shows
research and development. According to our Monte Cardbe results of the simulation for CAPEX (Capital

analysis results on OPEX, all of the countries will b&xpenditures) predictions.
subjected to operational costs for the research period. On
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Table 2 Capex (Capital Expenditures) Predictions

Mean| Variance| Standart Dev. Maks| Min Country
Albcontrol -506.86(  137840.! 371.26931 708.145| -1705.2° Albanig
ANS CF -802.54{  36419.2] 190.838271 -178.014 -1418.5! Czect
Fintraffic -3.9293]  3.99747] 1.99936875| 2.61380( -10.38! Finlanc
ARMATS -525.0] 80084.1| 282.991510, 401.104| -1438.4 Armenie
Austro Contrc -26.579Y  27.4500{ 5.23927855 -9.43344 -43.491: Austrie
Avinor Flysikring -385.29{  10065.9: 100.32906 -58.015] -708.63 Norway
BULATSA -23.827|  38.6440| 6.21643414 -3.5491] -43.861 Bulgarie
Croatia Contrc -95.3044  867.411| 29.4518536| 0.77020{ -190.2: Croatit
DFS -103.52]  227.470]  15.0821245 -54.322} -152.12 German
DHMI -1.2021¢  0.07617) 0.27599641 -0.3018{ -2.0916. Turkiye
DSNA -198.96{  174.055] 13.1929993 -155.79] -241.55: Franc
EANS -4.6427)  6.79884| 2.60746023]  3.89042( -13.059: Estonié
ENAIRE -97.005{  400.702] 20.0175435 -31.496{  -161.6: Spair
ENAV -105.98{ 333.619| 18.2652580 -46.213  -164.94 Italy
HungaroContrc -5.4638{  2.45468| 1.56674449 -0.3365{ -10.521: Hungan
IAA -19.271  90.0521| 9.48958185 11.7841) -49.902: Irelanc
LFV -393.80{  19172.6| 138.465499  59.3379( -840.74 Swedel
LGS -5.5636;  4.66159] 2.15907338 1.50213| -12.532¢ Latvia
LPS -6.0839: 7.7763( 2.78860899  3.04206| -15.085: Slovak republi
LVNL -49.081{  316.893| 17.8015043] 9.17524) -106.54. Netherland
MATS -2.079¢  1.82621. 1.3513745 2.34289| -6.4416: Malta
M-NAV -62.951; 3706.09| 60.8777103 136.276/ -259.45( North Macedoni
DATSA -12.709: 92.862:] 9.63650863 18.8272| -43.814: Moldove
NATS -137.56  1749.45] 41.8264866 -0.6836! -272.57 United Kingdon
NAV Portuga -23.522] 40.7512] 6.38366830 -2.6309¢ -44.127! Portugs
NAVIAIR -102.37| 556.638(| 23.5931901 -25.166; -178.53. Denmarl
Oro Navigaciji -4.9583(  17.4356| 4.17559652| 8.70664i| -18.436! Lithuanie
PANSA -165.72! 2218.3 47.09925 -11.586{ -317.75. Polanc
ROMATSA -44.106Y  147.538| 12.1465611 -4.3561¢{ -83.314. Romanii
Skyguide -59.6107 1 279.585] 16.7208206 -4.8903] -113.58: Switzerlant
Slovenia Contr¢ -2.7312(  4.43251] 2.10535331] 4.15869| -9.5270: Slovenit
SMATSA -2.0406;  0.06488. 0.2547169 -1.2070{ -2.8628: Serbia and Montenec

Capital Expenditure (CAPEX) includes the investmerdis Germany, France, Sweden, Denmark and Norway Air
projects of ANSP companies. According to our Mont&avigation Service Providers (ANSP). ROA (Return on
Carlo results developed and aviation countries realizésets) predictions are given in Table 3.
investments in the projects of ANSP-related activities such

Table 3 ROA (Return on Asset) predictions

Mean| Variance Standart Dev. Maks| Min Country
Albcontrol 0.12294] 0.00230) 0.04801118  0.28006{ -0.0320: Albanig
ANS CF 0.03682] 0.01550/ 0.12451374] 0.44430{ -0.3650! Czect
Fintraffic 0.07785] 0.06585| 0.25661593] 0.91765| -0.7504° Finlanc
ARMATS 0.19972] 0.03503| 0.18718773 0.8123] -0.4044! Armenie
AustroContro 0.01896(]  0.00532. 0.0729595 0.25773| -0.2165: Austrig
Avinor Flysikring 0.00439] 0.00546) 0.07390540, 0.24548| -0.2337i Norway
BULATSA 0.09699| 0.00109] 0.03314190, 0.20510{ -0.0098: Bulgarie
Croatia Contrc 0.11787| 0.00830] 0.09114335 0.41519| -0.1758! Croatit
DFS 0.04599] 0.00090) 0.03008345| 0.14412| -0.0509¢ German
DHMI 0.21407: 0.0130¢ 0.11442150, 0.58729| -0.1546! Turkiye
DSNA 0.12359] 0.00147(| 0.03841726| 0.24931| -0.0004: Franc
EANS 0.17690| 2.37902| 1.54240835| 5.22457| -4.8017( Estonit
ENAIRE 0.04828] 0.10123| 0.31817779 1.08954| -0.9787! Spair
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ENAV 0.11438. 0.00088| 0.02969630 0.21156! 0.01852 Italy
HungaroContrc 0.05549 0.02625| 0.16203775 0.5857{ -0.4675: Hungan
IAA 0.08323 0.00213{ 0.04625411 0.23460i -0.0660t Irelanc
LFV 0.04020:i 0.00081| 0.02856152 0.13367{ -0.0519¢ Swedel
LGS 0.09590:i 0.01702] 0.13047910 0.52291] -0.3252¢ Latvia
LPE 0.01758! 0.01397. 0.1182132 0.40444i -0.3639¢ Slovak republi
LVNL -0.0327¢ 0.02654| 0.16292171 0.50041] -0.5586! Netherland
MATS 0.0655! 0.00744| 0.08629610 0.34796. -0.218 Malta
M-NAV 0.0358t¢ 0.04038( 0.20096315 0.6935( -0.6127¢ North Macedoni
MOLDATSA 0.0378: 0.02584| 0.16076947 0.56396: -0.4811: Moldove
NATS 0.11447. 0.00133] 0.03650626 0.23394{ -0.0033¢ United Kingdon
NAV Portuga 0.04600! 0.00142{ 0.03779319 0.1696¢ -0.0759¢ Portugs
NAVIAIR 0.06477 0.0007¢ 0.02810821 0.15676/ -0.0259! Denmarl
Oro Navigaciji 0.08196. 0.00450] 0.06709979 0.30155] -0.1346: Lithuanie
PANSA 0.11667: 0.00825(  0.09086292 0.41407 -0.1766:. Polanc
ROMATSA 0.02791. 0.00456! 0.06759763 0.24913] -0.1902¢ Romanii
Skyguide 0.01396! 0.01695( 0.13020835 0.44008i -0.4063: Switzerlant
SloveniaContro 0.045° 0.07475| 0.27341356 0.9404] -0.8368: Slovenit
SMATSA 0.02724. 0.01288] 0.11352208 0.39875] -0.3391{ Serbia and Montenec

According to ROA results, The ANSPs of Armeniayegarding EBITDA. ROE (Return on Equity) prediction
Tarkiye, and Poland realized high asset utilizationesults are shown in Table 4.

Table 4 ROE (Return on Equity) predictions

Mean| Variance| Standart Dev. Maks Min Country
Albcontrol 0.14304'| 0.00322i| 0.05681488| 0.32897i| -0.0403: Albanig
ANS CF 0.02863!| 0.02819!| 0.16791331| 0.57814!| -0.5133( Czect
Fintraffic 0.07842!| 0.88334'| 0.93986559| 3.15421!| -2.9553. Finlanc
ARMATS 0.23220.| 0.04613:| 0.21478270| 0.93509!| -0.4610i Armenie
Austro Contrc 1.5524 12.8051!| 3.57843356 13.2631i| -9.9982: Austrig
Avinor Flysikring 0.03169!| 0.46978.| 0.68540763| 2.26755| -2.1772: Norway
BULATSA 0.11718/| 0.00172°| 0.04155409| 0.25274.| -0.0167. Bulgarie
Croatia Contrc 0.20096:| 0.02476.| 0.15736187| 0.71428!| -0.3061¢ Croatit
DFS -0.1489! 0.0155¢| 0.12486056| 0.25833.| -0.5513 German
DHMI 0.30774'| 0.02153!| 0.14676025| 0.78649:| -0.1652: Turkiye
DSNA 0.35348!| 0.00452:| 0.06724603| 0.57355| 0.13642 Franc
EANS 0.36979/| 0.12140 0.3484374 1.51008!| -0.7549: Estonié
ENAIRE 0.0213¢{| 0.22257 0.4717825 1.56533.| -1.5014( Spair
ENAV 0.21620!| 0.00174°| 0.04179693| 0.35298!| 0.0812¢ Italy
HungaroContrc 0.04627. 0.0571:| 0.23901897| 0.82848.| -0.7252! Hungan
IAA 0.15061 0.006¢ 0.0830686 0.42246'| -0.1175. Irelanc
LFV -0.9731:| 0.40127/| 0.63346355 1.09992.| -3.0178 Swedel
LGS -0.3442¢| 2.10838.| 1.45202640| 4.40760.| -5.0312: Latvia
LPS -2.9420:| 34.2048!| 5.84849140 16.197°| -21.820: Slovak republi
LVNL 0.63907.| 0.96600.| 0.98285487| 3.85555.| -2.5334: Netherland
MATS 0.09928:| 0.02957!| 0.17197478| 0.66208i| -0.4558: Malta
M-NAV 0.03534/| 0.05814.| 0.24112463| 0.82444i| -0.7429 North Macedonii
MOLDATSA 0.04945.| 0.03192.| 0.17866356| 0.63414.| -0.5272! Moldove
NATS 0.2988!| 0.00340'| 0.05836982 0.4898 | 0.1104 United Kingdon
NAV Portuga 0.14964.| 0.01414!| 0.11893155| 0.53885!| -0.2342! Portugs
NAVIAIR 0.11162!| 0.00167:] 0.04088700| 0.24543!| -0.0203! Denmarl
Oro Navigaciji 0.10429.| 0.00794!| 0.08913338| 0.39599.| -0.1834. Lithuanie
PANSA 0.21089!| 0.02416.| 0.15543845| 0.71958.| -0.2908: Polanc
ROMATSA 1.22132'| 26.1508! 5.1137907 17.9566 | -15.285: Romanii
Skyguide 0.00921!| 0.08591.| 0.29310502| 0.96843.| -0.9368: Switzerlant
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Slovenia Contr¢ -0.0736: 0.4337:] 0.65858968 2.08168!| -2.1994. Slovenit
SMATSA 0.01969: 0.03890!| 0.19725392 0.66522;| -0.6170:| Serbia and Montenec
According to ROE results, the ANSPs of Austriaregarding EBITDA. ROl (Return on Investment)
Romania, Italy, and Croatia realised high equity utilisatioprediction results are given in Table 5.
Table 5 ROI (Return on Investment) predictions

Mean| Variance| Standart Dev. Maks| Min Country
Albcontrol -2.9410: 19.3488| 4.39873061 11.454] -17.139 Albanig
ANS CF -0.2827: 1.27935| 1.13108744 3.41884. -3.9337. Czect
Fintraffic -0.4700: 19.4910] 4.41486690 13.9780:, -14.720¢ Finlanc
ARMATS -8.9383¢{  89.6360)] 9.46763073 22.0452| -39.498! Armenie
Austro Contrc 0.74138| 4.89064 2.2114t 7.97864i -6.3969! Austrig
Avinor Flysikring 0.01839 1.03045! 1.0151138 3.3297( -3.2530° Norway
BULATSA -0.2797: 1.28552| 1.13380804 3.41884. -3.9337. Bulgarie
Croatia Contrc -0.5875!  4.52517| 2.12724671 6.35172| -7.4431: Croatit
DES -1.0776{  0.65547| 0.80961596 1.56335| -3.6868 German
DHMI -2.2460! 1.25153(| 1.11872052 1.4033; -5.8514. Turkiye
DSNA -1.0812{ 0.07385| 0.27175921 -0.1919; -1.9584 Franc
EANS -1.4226! 1.55927(| 1.24870980 2.66385| -5.4533. Estonié
ENAIRE 0.02022] 0.24114] 0.49106699 1.62728| -1.5648 Spair
ENAV -3.0441) 0.31160(| 0.55821655 -1.2173. -4.8459° Italy
HungaroContrc -1.1761)  0.26869| 0.51835512 0.52024. -2.8492! Hungan
IAA -0.4812] 0.45435| 0.67405998 1.72470) -2.6569i Irelanc
LFV 0.59422| 0.29287| 0.54117555 2.36526| -1.1526: Swedel
LGS 0.10553| 0.02292( 0.15142373 0.60107!| -0.3832: Latvia
LPS 0.02636 0.02350| 0.15332071 0.5281: -0.4685: Slovak republi
LVNL 0.24194| 2.42109{ 1.55598652 5.33405| -4.7805! Netherland
MATS -1.3531  2.83950 1.6850842 4.16144| -6.7923! Malta
M-NAV -2.6193!  26.7444| 5.17150065 14.3048| -19.312: North Macedoni
MOLDATSA 1.24873| 28.7081( 5.35800004 18.7832| -16.046: Moldove
NATS -4.0255;  32.0026| 5.65709196 14.4878| -22.285! United Kingdon
NAV Portuga -0.7943(  0.40007{ 0.63251403 1.27559| -2.8360: Portugs
NAVIAIR -0.54634  0.79329. 0.890670 2.36849| -3.4212! Denmarl
Oro Navigaciji -1.6660;  3.13560] 1.77076395|  4.12897| -7.3817i Lithuanie
PANSA -1.9165!  6.14280: 2.4784678 6.19445/) -9.9166! Polanc
ROMATSA 0.08822]  0.03608! 0.1899627 0.70989, -0.5249! Romanii
Skyguide 0.0463:| 2.40014| 1.54923894 5.11635] -4.9543! Switzerlant
Slovenia Contr¢ -0.7180: 18.0965| 4.25400786 13.2035/| -14.449:. Slovenit
SMATSA -0.3321¢ 1.12559( 1.06094239 3.13985| -3.7567{ Serbia aniMontenegr

According to ROI results, the ANSPs of thedeterminative variables. Besides these geographical

Netherlands, Latvia, and Slovak Republic realized higlocation impacts, tax and fee regimes of countries, correct

investment utilization regarding EBITDA.

5 Discussion and conclusions

Providers'

financial

profitability and

and definite high-technology selection should be the
subject of more detailed analysis. In the Figure 1, there is
an explanation of European air traffic. According to it,

As seen in the findings section, geographic locatiodsentral Europe, Turkey and Mediterranean region and the
have great importance for Air Navigation ServicdJnited Kingdom are important geographies in the defining
investments.Of air transport and air transit ways of the European
Considering the reality that taxes and fees for air carrig¢gntinent, therefore the findings are expected and desired
have deep impacts on the economic structures of thd§sults regarding financial profitability and investment

state-based companies, flights and route selection &fxpenditure) structures.
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'Figl-Jre 1 Density plot of European air traffic
Source: [32]

On the other hand, the airport's utilization in theconomic [34]. To ensure these items one by one, more
European Zone approves the importance of findings omédespread and comprehensive governance is a necessity
more time considering the busiest airports of the Europeampolitical, legal, technological and economic dimensions.
continent in Figure 2. Nevertheless, the timespan of 201&nother important dilemma is to prepare for the next crisis.
2022 is so complex because of the reality of Covid-19. As stated many times, civil air transportation and air
Depending on the reality of cargo transportation and cargagistics can be easily manipulated with a crisis structure
related logistics, the busy airspace regions did not feel thecause of its highly political, technological and economic
crisis but profitability and investment values are so low fatomponents. The states should protect their independence
other countries. The research presents that some statesthe air, while they protect their financial and
governed the crisis period better than other states regardieghnological development regarding air flow and air
OPEX, CAPEX, ROA, ROE and ROI. If this periodtraffic. Therefore, the balance between the value of the
continues for 300 years, the results should be so dark fomin determinants (safety and security) of civil aviation
other countries that are out of the main routes regarding Aind profit-seeking motivation will gain importance in the
Navigation Services. next steps for Europe which suffered from international

It should be underlined that the governance argbnflicts such as the Russia-Ukraine War, and the Israel-
management of ANSP structures, air traffic flow andéPalestine War and competition with the United States and
capacity management and air logistic activities have a I6hina. The existence of AIRBUS should be used as an
of dynamics, today there are different projects in the aipportunity and all European countries should benefit from
traffic governance body of Europe such as SESAR (Singllee advantages of AIRBUS climate like in the example of
European Sky Air Traffic Management Research). As iBOEING and the impacts of the BOEING networks on the
every logistic and civil air transportation activity,world. The effective contribution of African and Asian
standardization [33], and the selection of correct, efficiengovernments to civil air transportation and air logistics
effective routes can be considered some important iterastivities will change the main routes and the financial
for future safety, securely, environmentally friendly, angbosition of ANSPs in Europe.
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Abstract: Hydrogels have emerged as promising biomaterials in tissue engineering and regenerative medicine due to their
high water content, biocompatibility, and structural similarity to the extracellular matrix (ECM). This article reviews the
design principles and key physicochemical properties of bioactive hydrogels—such as stiffness, porosity, degradation
rate, and biochemical functionalization—and their role in modulating stem cell behavior and guiding tissue regeneration.
Special attention is given to the influence of hydrogel mechanics on mechanotransduction, strategies for controlled drug
and growth factor delivery, and surface functionalization to enhance cell adhesion and lineage-specific differentiation.
Recent advances in dynamic, cell-responsive, and degradable hydrogels are highlighted as crucial developments for
creating personalized and clinically relevant scaffolds.

1 Introduction have been extensively studied as scaffolding materials for

Tissue engineering and regenerative medicine rely &fm cell culture, drug delivery, and regenerative therapies
biomaterials that can support cellular processes and gufffdgure 1). Hydrogels can be tailored to mimic the
tissue regeneration. Hydrogels, due to their high watgtechanical, chemical, and biological properties of native

content, biocompatibility, and ECM-mimetic propertiestissues, making them highly suitable for applications in
bone, cartilage, neural, and cardiovascular repair [1].

Hydragel (spherical)

Hydrogel network

Filrn Soft Amorphous Stiff Peelable

Figure 1 lllustration of various hydrogel forms and structures, showcasing spherical hydrogels, hydrogel networks, and different
physical states, including film, soft, amorphous, stiff, and peelable hydrogels (created with Biorender.com)
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Stem cells, including mesenchymal stem cells (MSC2,1  Hydrogel stiffness and mechanotransduction
embryonic stem cells (ESCs), and induced pluripotent stem
cells (iPSCs), require a biologically active environment The stiffness or elastic modulus (E) of a hydrogel plays
that provides essential cues for proliferationa pivotal role in cell fate determination. Stem cells are
differentiation, and lineage commitment. Hydrogels can lisighly sensitive to the mechanical properties of their
engineered to include bioactive peptides, growth factonsiicroenvironment, a  phenomenon  known  as
and extracellular matrix (ECM) proteins that interact witlnechanotransduction, where extracellular mechanical
cell surface receptors and regulate downstream signaligignals are converted into biochemical responses that
pathways. Furthermore, the mechanical and topographi¢abulate gene expression.

properties of hydrogels, such as stiffness, porosity, and «  Soft hydrogels (0.1-1 kPa) mimic the mechanical

degradation rates, influence cell migration, properties of brain and neur#gsues, promoting
morphogenesis, and tissue remodeling [2,3]. neuronal differentiation of stem cells.
This article explores the design principles of bioactive .« |ntermediate stiffness (5-15 kPa) is optimal for
hydrogels, their influence on stem cell behaVior, and their muscle and soft tissue engineering, Supporting
role as scaffolds for regenerative medicine. myogenic differentiation.

. . . »  Stiff hydrogels (>30 kPa) resemble bone ECM,
2 Physicochemical propertiesof hydrogels directing osteogenic differentiation of MSCs.

and their role in cell behavior

The success of hydrogel-based scaffolds in tissue Mechanotransduction is mediated through integrin
engineering and regenerative medicine relies on a precfdgstering, focal adhesion formation, and cytoskeletal
balance of physicochemical properties that influendgnsion. Advances in dynamic hydrogels that can alter
mechanical integrity, cellular interactions, stiffness in response to external stimuli allow for the
biodegradability, and bioactivity. These properties dictagequential differentiation of stem cells into multiple
how stem cells adhere, proliferate, and differentiaténeages, mimicking native tissue development [11,12].
ultimately determining the scaffold’'s effectiveness in
tissue repair [4]. The ability to fine-tune hydrogel stiffness2.2  Porosity and diffusion properties
porosity,  degradation rate, and biochemical Porosity is a defining characteristic of hydrogels that
functionalization allows researchers to mimic thénfluences cell infiltration, vascularization, and nutrient
extracellular matrix (ECM) and optimize hydrogeldiffusion. The pore size, distribution, and interconnectivity
performance for specific biomedical applications. Thef a hydrogel impact stem cell migration, tissue integration,
mechanical properties of a hydrogel define how it respondsd oxygen exchange, which are essential for successful
to external forces and cellular traction, playing a crucidissue regeneration [13].
role in stem cell mechanotransduction [5]. Hydrogels with Hydrogels with small pores (<5 pm) create a dense
higher stiffness can direct stem cells toward osteogenitatrix that restricts cell penetration, making them suitable
differentiation, while softer matrices support neuronal anfr barrier applications such as wound dressings or
chondrogenic differentiation. The swelling capacity andartilage protection. In contrast, macroporous hydrogels
water retention ability of a hydrogel influence nutrien{50-300 pum) provide a scaffold architecture that supports
diffusion and metabolite exchange, affecting stem cedlell migration, vascular network formation, and tissue
survival and metabolic activity [6]. Additionally, porosity remodeling. Highly porous hydrogels allow for rapid
and permeability regulate cell migration, vascularizatioriffusion of oxygen, glucose, and bioactive molecules,
and tissue infiltration, which are essential for long-termreventing the formation of hypoxic cores in engineered
regenerative success. Degradation kinetics, governed tigsues [4,14].
enzymatic and hydrolytic processes, determine how well a The ability to tailor hydrogel porosity is crucial for
hydrogel integrates with host tissue and whether different tissue engineering applications:
degrades at a rate synchronized with new tissue formation « Bone and cartilage scaffolds require

[7]. Finally, biochemical maodifications, such as growth interconnected macropores (50-200 pm) to
factor incorporation, ECM protein conjugation, and facilitate osteoblast infiltration and extracellular

peptide functionalization, enhance the hydrogel’s ability to matrix deposition.

interact with stem cells and stimulate lineage-specific « Neural scaffolds benefit from aligned

differentiation [8,9]. Each of these physicochemical microchannels that guide neuronal extension and
properties is interconnected, requiring a multifactorial synapse formation.

approach when designing hydrogel scaffolds for « Cardiovascular applications utilize anisotropic
biomedical applications [10]. pore networks to mimic the aligned fiber structure

of blood vessels, ensuring proper
endothelialization and vascular patency [15,16].
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modulate immune responses to implants, improving graft

Modern fabrication techniques such as cryogelatiosurvival [25,26].
porogen leaching, and 3D bioprinting enable precise Authors Hu et al. developed a hyaluronic acid (HA) and
control over pore size, gradient structuring, and multehitosan-based hydrogel (OHA-CMC) with antibacterial
layered hydrogel designs that replicate the hierarchicahd hemostatic properties, created through a Schiff base
organization of native tissues [15,17]. reaction. They incorporated nanotechnologically-modified

curcumin (CNP) and epidermal growth factor (EGF) into

2.3 Biodegradability and enzymatic degradation ~ the hydrogel. The resulting OHA-CMC/CNP/EGF

Biodegradability is an essential feature of hydrogelgydrogel demonstrated significant antioxidant, anti-
that allows for progressive tissue replacement as thiflammatory, and migration-promoting effects in vitro.
scaffold degrades. The rate of degradation must be findljie hydrogel released curcumin in the early phase of
tuned to match tissue formation dynamics; prematurgound healing to reduce inflammation and oxidative
degradation can compromise scaffold integrity, whilstress, while EGF was gradually released to support later
excessive persistence may lead to fibrotic encapsulatistages, such as proliferation and extracellular matrix
[18,19]. (ECM) remodeling. In a diabetic skin defect model, the

Natural hydrogels such as collagen, gelatin, hyaluronitydrogel significantly enhanced wound healing, including
acid, and fibrin degrade enzymatically, mimicking nativeée-epithelialization, granulation tissue formation, and skin
ECM turnover. The incorporation of matrix appendage regeneration, showcasing its potential as a
metalloproteinase (MMP)-sensitive sequences allows fefterapeutic dressing for diabetic wounds [27].
cell-driven degradation, where stem cells secrete enzymes
to remodel the hydrogel in a biologically controlled3.2  Surface functionalization with ECM proteins
manner. Synthetic hydrogels like polyethylene glycol Hydrogel surfaces can be modified with ECM-derived
(PEG), polyvinyl alcohol (PVA), and polyacrylamideproteins such as fibronectin, laminin, vitronectin, and
degrade via hydrolytic cleavage, which can be engineeredllagen to enhance cell adhesion and integrin signaling.
to occur over weeks to months, depending on polym@eptide motifs such as RGD (Arg-Gly-Asp) improve cell

crosslinking density [20]. attachment, while IKVAV and YIGSR sequences promote
Cell-responsive degradation is crucial for applicationseuronal differentiation [4].  Alvarez-Lopez et al.
such as: developed a biofunctionalization strategy using covalent

« Bone tissue engineering, where slow-degradingnmobilization of extracellular matrix (ECM)-derived
hydrogels (weeks to months) support prolongedligopeptides on Ti-6Al-4V surfaces via activated vapor
mineral deposition and osteogenesis [21]. silanization (AVS) and EDC/NHS crosslinking chemistry.

« Wound healing applications, where fast-The immobilization was stable, even under chemical
degrading hydrogels (days to weeks) enable rapftnaturing conditions. The modified surfaces enhanced
epithelialization and matrix remodeling [22]. ~ mesenchymal stem and progenitor cell attachment,

« Drug delivery systems, where degradation i§Preading, and growth, supporting chondro- and osteo-
programmed to release growth factors, Cytokinegggeneration. Additionally, the method improved adhesion
or small molecules in a time-controlled manner. of a neural cell line with poor anchorage properties,

demonstrating its versatility [28].
Recent innovations in bio-orthogonal click chemistry
and self-healing hydrogels have enabled the developméht Discussion
of smart degradable materials that respond to cellular The physicochemical properties of hydrogels—
enzymatic activity, pH changes, or inflammatory signalsncluding stiffness, porosity, degradation, and biochemical
allowing for on-demand scaffold remodeling [23,24]. functionalization—serve as the foundation for their
biological performance in tissue engineering. The ability to
3 Functionalization strategiesfor bioactive engineer hydrogels with tunable mechanics, precise pore
hydrogels architectures, and contrc_JIIed dggradation profiles. allows
31 Growth factor and drug delivery researchers to create microenvironments that guide stem

Hydrogels act as localized delivery platforms forceII behavior and tissue regeneration. Advances in

. ) Y . namic and stimuli-responsive hydrogels further enhance
bioactive molecules, providing sustained release of gro o adaptive capabilities of these biomaterials. openin
factors, cytokines, and small-molecule drugs. Controlle P P » P 9

delivery of vascular endothelial growth factor (VEGF);eW frontiers in - personalized regenerative medicine,
t

promotes  angiogenesis, while bone morphogene loactive implant coatings, and cont_rolled dr_ug _dellvery
Systems. Future research must continue optimizing these

proteins  (BMP-2,  BMP-7) induce  osteogenic arameters to bridge the gap between laboratory-scale
differentiation in bone regeneration. Encapsulation of antj- : ge the gap ; Hory=Sce
drogel design and clinical translation, ensuring their

inflammatory agents such as dexamethasone or IL-10 “ltcessful integration into regenerative therapies [8,27].
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5 Conclusion and TechnologyVol. 53, No. 1, pp. 15-18, 2023.

Hydrogels represent a transformative class of https://doi.org/10.14311/CTJ.2023.1.03
biomaterials in biomedical engineering, offering a versatil8] DING, X., FAN, L., WANG, L., ZHOU, M., WANG,
platform for tissue regeneration, drug delivery, and stem Y-, ZHAO, Y.: Designing Self-Healing Hydrogels for
cell modulation. Their tunable physicochemical Biomedical ApplicationsMaterials HorizonsVol. 10
properties—such as stiffness, porosity, degradability, and NO. 10, pp. 3929-3947, 2023.
biofunctionalization—allow for precise control over the https://doi.org/10.1039/D3MH00891F
cellular microenvironment, enabling the engineering df]l KHALAK, F.A.-H., GARCIA-VILLEN, F., RUIZ-
scaffolds that mimic native extracellular matrices. ALONSO, S., PEDRAZ, J.L., SAENZ-DEL-BURGO,
Continued advancements in smart and stimuli-responsive L.: Decellularized Extracellular Matrix-Based Bioinks
hydrogels, along with biofabrication techniques, hold for Tendon Regeneration in Three-Dimensional
significant promise for translating these materials from Bioprinting, International Journal of Molecular
bench to bedside. However, challenges related to Sciences, Vol. 23, No. 21, pp. 1-23, 2022.
mechanical stability, biocompatibility, and large-scale https://doi.org/10.3390/ijms232112930
manufacturing must be addressed to fully realize tHd40] AGMON, G., CHRISTMAN, K.L.: Controlling Stem
clinical potential of hydrogel-based therapies. Future Cell Behavior with Decellularized Extracellular
research should focus on integrating multidisciplinary ~ Matrix Scaffolds Current Opinion in Solid State and
approaches to design next-generation hydrogels that can Materials Scienceyol. 20, No. 4, pp. 193-201, 2016.
dynamically adapt to biological cues and promote https://doi.org/10.1016/j.cossms.2016.02.001

personalized regenerative outcomes. [11] TING, M.S., TRAVAS-SEJDIC, J., MALMSTROM,
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Abstract: As technology advances, companies are increasingly using technologies such as computer simulations and
digital twins. These technologies enable monitoring, analyzing and optimizing the performance of processes in real time.
They are also very useful in testing new ideas. This article presents the concept of using discrete event simulation as an
integral part of the digital twin in the design and analysis of intralogistics processes. The authors propose using the
Enterprise Dynamics discrete event simulator to create a digital twin of the AMR vehicle. For this purpose, they assessed
the available technologies and the possibilities of their cooperation within the proposed digital twin.

1 Introduction identification of bottlenecks in the analyzed processes.

The Fourth Industrial Revolution has caused more ardlis method is also used to create digital twins, becoming
more Companies to use modern techno|ogies in théhelr Integral part. DES t(?O|S take over the role of a dlgltal
organization. This is due to the fact that companies requfiin, performing simulation software tasks on real-time
continuous improvement of their processes in order f#fta generated by IoT devices embedded in the physical
ensure competitiveness, efficiency and adaptability. Thiwin [6,7].
trend is quite noticeable in the manufacturing industry. One The aim of the article is to propose a concept of using
of the most popular and increasingly widely used is tH&€ DES tool as a digital twin in intralogistics processes.
digital twin technology [1-4]. This technology is definedas The structure of the article is as follows. The
a virtual representation of a real object, system or proceg¥roduction presents the characteristics of digital twins.
A digital twin is created using real-time data and he second chapter contains a review of the literature in
simulation and modeling techniques. The purpose of théfte area of digital twins and discrete event simulation. It
creation is to reproduce the behavior, characteristics afl§0 presents examples of implementing digital twins in
functioning of physical counterparts. They are used in thadustry. The third chapter Methodology presents the
area of continuous improvement of production anBroposed research methodology. In the next chapter, the
intralogistics processes and increasing operation@¥thors propose a concept of using the DES simulator as
efficiency. There are a number of benefits associated wi integral part of the digital twin. The whole article ends
their use. These include the ability to predict exception#iith a summary.
situations, better risk management, the ability to monitor ) )
the process in real time and identify bottlenecks. The uge Literaturereview
of a digital twin (DT) also contributes to cost reduction and Digital technologies enable precise monitoring and
more complete achievement of sustainable goals. Anott@ntrol of production and intralogistics processes, which
benefit of using a digital twin is the ability to effectivelycontributes to their higher efficiency. Their use enables
manage resources. Their monitoring contributes to makimggoing detection and elimination of potential
rational business decisions [5]. A digital twin also allowsregularities. One of the increasingly commonly used tools
companies to introduce new products to the market earliare discrete event simulators and digital twins. Process
A digital twin is therefore a tool that can support decisiomnodeling using discrete event simulation concerns
making by providing full insight into real data andprocesses in which all changes in the simulation model are
processes. In parallel with the growing interest in anepresented by events that occur when specific conditions
application of digital twins in the industrial sector,occur. Since discrete event simulation models are dynamic
computer simulations are used. One of the most popularnature, the current value of the simulated time should be
simulation modeling methods used in the area ofracked as the simulation progresses. It is also necessary to
production processes is discrete event simulation (DES$ise a mechanism to shift the simulated time from one value
The method is very useful in the analysis of structuretd another. This results from the fact that time is subject to
workflows, optimization of resource allocation andabrupt changes depending on the occurrence of discrete
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events [8-11]. There are many discrete event simulatigmoduction process and the conducted studies showed that
tools available on the market. The most popular includBES provided more accurate forecasts of future
Arena, AnyLogic, Enterprise Dynamics, FlexSim, Simioperformance and unforeseen problems in the near future
Plant Simulation, Simul8 [12]. In most cases, the softwammpared to the forecasts of traditional DES using only
available on the market allows building models fronhistorical data. An example of using the Flexsim discrete
ready-made objects, for which it is necessary to determiegent simulator to implement a digital twin in a production
input parameters, relationships with other objects and teavironment is also presented in [15]. The authors of the
correctness of the process course. After building work [16] proposed a digital twin solution based on a
simulation model, simulation experiments are carried odiscrete event simulator and RFID technology. They tested
on it. The process taking place during the experiment isttee proposed solution on the example of warehouse
reflection of the real process. Studying the process usinganagement. The authors of the work [17] also dealt with
simulation models allows for analyzing the characteristidbe topic of integration of DES and DT technologies. In this
of the process taking place during the simulationase, the authors used Tecnomatix software. The digital
experiment and allows for determining the impact of inpuhodel developed in this package was connected to the
parameters on the behavior of the modeled process. Durjplyysical object using KEPServerEX and TSN
the process simulation, a larger number of experiments d&chnologies. The authors of [18] also presented a proposal
be carried out using different values of input parametert® use DES technology in DT. Using the Simio software as
The obtained results, which are most often presented in tnie example, they tested the proposed solution for
form of reports and graphs, are subject to further analysigpporting decisions in the area of logistics processes
and allow for selecting the optimal solution. The developedking place in the enterprise.
simulation model can also be subject to continuous Based on the literature review, the authors decided to
modifications, and for the new versions of the modepropose a concept of using the DES technology as an
subsequent simulation experiments can be carried out. integral part of the digital twin in the design and analysis
Simulation models in their basic form don't includeof intralogistics processes.
automated data flows between the digital and physical
worlds. In most cases, they use historical data [13]. Thg M ethodology

are characterized by varying degrees of staticity, because The article proposes a concept of a digital twin based
in some models, data can be manually updated. On ¢ discrete event simulation enabling the design and
other hand, a digital twin has a close connection betwegRalysis of intralogistics processes. For this purpose, a
the digital and physical worlds. Its characteristic feature inceptual design was developed, which is the first stage
complete bidirectional data exchange (Figure 1). of the design process, which aims to develop general
assumptions for the future solution. As part of the

PIIRL ) _SRBL T developed concept, a literature review was conducted and

Riect Phisieat 0ot the current state of knowledge on the integrity of digital
twins and discrete event simulators was assessed. Existing

Digital Object Digital Object technological solutions were also reviewed. The scheme of

— R the developed concept is presented in Figure 2.

— Automatic data flow

Figure 1 Dataflowin the digital model and digital twin

) Databases

Continuous two-way communication and data flov g™ B
between the digital and physical worlds is possible than e -
to the use of 10T sensors. These are devices used to col o
and transmit data over the Internet using technologies st @ .
as wireless technology, big data, cloud computing. Tt @ = -
authors of [6] note the strong connection between DES asseurity
DT. They pointed out that future research in this are !
should focus on solving the limitations and meeting th
requirements for integrating DES with DT, and then o
using DES and DT as a single technology.

Currently, some researchers have taken up the topic
the possibility of using discrete event simulators within th
digital twin. One of such works is [_14]. Its au_thors Figure 2 Concept of using a digital twin with a DES simulator
developed a DES system that uses online data to improve inintral ogistics processes
forecasts. The Flexsim software used by the authors, which
allows real-time connections with servers, databases, and
even PLC controllers. The object of the research was the

O
Artificial Intelligence
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The assumptions of the proposed concept are presentedOmron has a built-in Advanced Robotics Command
in the next chapter using the example of an element of thanguage (ARCL) that enables the integration of a fleet of
intralogistics process. autonomous mobile robots (AMR) with an external system
(automation, databases) and Integration Toolkit (ITK) an
interface application that enables integration between the
Fleet Manager system and the end-user client application,

anufacturing Execution System (MES), Enterprise
esource Planning (ERP), Warehouse Management
ystem (WMS). In the case of the proposed concept, the
K layer functionality is helpful, facilitating autonomous

vehicles was presented. Enterprise Dynamics software V\ﬁ%”trm of the AMR fleet using stanqard communication
b P y thods. The ITK layer enables real-time tracking of AMR

proposed as a DES tool. This program can communic . : e
ta. For this purpose, it uses communication channels

(read and write) with any type of database. It is equipp - ) :
with a set of lightweight database drivers that provide faggf:bﬁfgfggﬁ:mvée[g OS]erwces, SQL with a PostgreSQL

access to SQL database servers [19]. L% . .
Q [19] The communication schema between the digital twin
and the AMR vehicle is shown in Figure 3.

Wirelass Wirelass server
[ AMR
DES

Figure 3 Communication schema between DT and AMR vehicle

4 The concept of a digital twin based on

DES technology - results and discussion

In order to present the possibilities of using a digit
twin in intralogistics processes, an example of using
digital twin using a DES simulator for the analysis an
optimization of the operation of autonomous AM

Fleet Manager

Integration Toolkit

Figure 4 shows a physical object - an AMR vehicle and
its digital equivalent modeled in the ED software.

Table 1 Matrix of length
Description
Maximum AMR spee
AMR Acceleratiot
AMR deceleratio
Slowing down at each turp
according to the maximum
permitted speed rule (m/
Minimum turn angle for the
maximum permitted speed (m
to be use!
Maximum allowed speed AMR

Par ameter

Speec(m/s’
Acceleration (m/s
Deceleration (m/s
Include deceleration

Min. angle (°)

Max. allowed speed
(m/s
Load Time
UnLoad Time

Time required to load the goc

Time required to unload the
good:

The amount of goods

transported by a vehicle at one

time

D

Load quantity

— i Battery capacity (At | AMR vehicle battery capaci
Accl. Consumption | Battery consumption for AMR
- (Ah) acceleratio
. . ! e . Decl. Consumption | Battery consumption for AMR
Figure 4 Physical object and its digital twin (Ah) deceleratior
, n , Drive Consumption | Battery consumption while
To properly design a digital equivalent of an (Ah) driving AMR

autonomous AMR vehicle,

parameters is necessary. The software allows the vehicle
be specified by defining its input parameters. Some of the

information about

itg

| tOMin. Capacity (%)

se

Minimum allowable capacity,
the battery capacity drops bel
this value, the AMR ends its

p?rarél_ef[erls can ze updeflted cr:]ontinuously thanks to th% use task and goes to the Battery
of a digital twin. A set of such parameters is presented|in Charging Station for rechargi
Table 1.

~ 83 ~

Copyright © Acta Tecnologia, www.actatecnologia.eu

f



Acta Tecnologia - International Scientific Journal about Technologies
Volume: 11 2025 Issue: 2 Pages: 81-85 ISSN 2453-675X

Application of digital twin using discrete event simulation in intralogistics processes
Magdalena Dobrzanska, Pawel Dobrzanski

Creating a digital equivalent and conducting simulatiotwo-way communication, therefore the output parameters
studies on it allows for the analysis of the intralogisticeesulting from the simulation experiments can be saved in
process and making appropriate decisions regarding e external database and become useful for the physical
physical system. Enterprise Dynamics software provideystem.

Atom: AMR

Average St.Deviatior LB (95%) UB (95%) Minimum  Maximum
Average task duration 28.07 0.11 27.10 29.04 28.00 28.15
Number of completed tasks 4213.50 27.58 3965.73 4461.27 4194.00 4233.00
Status Idle 0.10 0.01 0.05 0.15 0.10 0.1
Status Down 0.28 0.00 0.26 0.30 0.28 0.28
Status TravelFull 0.23 0.00 0.22 0.23 0.22 0.23
Status TravelEmpty 0.30 0.00 0.28 0.31 0.29 030
Status Load 0.05 0.00 0.05 0.05 0.05 0.05
Status Unload 0.05 0.00 0.05 0.05 0.05 0.05

Figure 5 Example set of output parametersfor a digital AMR vehicle

Figure 5 shows an example set of output parameters gmurces in the analyzed process. In the case of intralogistics
the digital AMR recorded during the simulation of itssystems, in addition to information on parameters
operation. characterizing and influencing the operation of the means

The use of a discrete event simulator to create a virtual transport involved in the functioning of the process,
model of the analyzed environment is known and presentether information is also needed. These include, among
by many authors [8-11]. Virtual models of intralogisticothers, the length of transport routes, places of picking up
systems are created during the design of a physical systemmd putting down the load. Ensuring proper
However, many researchers note that relying solely mommunication and data exchange between the virtual and
historical data as a reference for the analysis of variophysical models requires a direct connection with 0T
scenarios of the functioning of the intralogistic systersensors, servers or PLC controllers to ensure real-time
obtained using the DES model is insufficient. Therefore&sommunication. The presented possibilities of using DES
work is being carried out on the possibility of using DE®s an integral part of a digital twin are subject to tests
in real time [14,16,17]. In such a case, the simulator shoyd@rformed on a single element of the system, which is an
be fed with real-time data, which will increase theAMR vehicle, in order to confirm the technical possibilities
compliance of the Digital Twin with the real object.of using such a solution.

Therefore, the first stage is to master and improve the The presented work is the first stage of the planned
methods of communication between DT and the real objeeisearch. The analysis of available technologies and the
[1,17]. The proposed concept of using the DES simulatdeveloped concept confirm the possibility of using DES as
as an integral part of the Digital Twin concerns the area ah integral part of the Digital Twin. In order to further
intralogistics currently based mainly on autonomoudevelop research in this direction, it is necessary to carry
systems. Therefore, the use of the proposed concept willt a real implementation of DES in DT. During real
provide support and effective decision-making in theesearch, challenges resulting from the complexity of the
analyzed systems. The virtual representation of thgroposed solution will certainly appear. The authors plan
intralogistic system and two-way interaction in real timeéo test the proposed solution on an example intralogistics
with the real world will certainly contribute to the process.

conscious and timely management of the intralogistic
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Abstract: Tyre sustainability is an important aspect of environmental responsibility in the automotive industry. This paper
encompasses the processes of tyre production, use, wear and disposal in a way that minimizes negative impacts on the
environment and human health. It focuses on extending the life of tyres, reducing their ecological footprint and recycling
them efficiently. From production to use to recycling, a number of measures can be taken to reduce the negative impacts
of tyres on ecosystems and society. These steps include innovations in materials, improved recycling technologies and a
responsible approach to waste management.

1 Introduction of. These stocks pose a threat of uncontrolled fires and

With the development of the automotive industry, tyre§ther environmental risks. It is estimated that almost 1000
have become an integral part of everyday life [1]. We ugBillion tyres end of life each year and more than 50% are
them almost every day, whether when driving a car éfiscarded without any further use [4]. Recycling and
riding a public transport bus, they are also widely used [g§covery of waste tyres are therefore being studied in many
air transport, but they are also an important link in freigiountries [5]. This step has necessitated a rethinking of the
traffic [2]. As a result of the development of society in th¥iew and approach to waste in order to increase its recovery
world, the demand for tyres is increasing, and th@nd drastically reduce the amount that needs to be disposed

production of waste tyres is proportionally related t&f or stored [3].

this [3].
The tyre manufacturing process can be divided into thd ~ State of the art of the problematic

following parts [2].: The basic components of any tyre are rubber, synthetic
* Material acquisition, rubber, various fillers (such as silica or silicon dioxide)
«  Compound production, (Figure 1), and reinforcing and hardening agents [4]. Oil,
«  Production of individual tyre components, resins, and other chemicals are used as plasticizers to
«  Tyre assembly, improve the elasticity of the tyres [5]. The total number of
«  Vulcanization, components is over 200, and each has its own role in

ensuring optimal tyre properties, such as fuel economy,
performance, environmental protection, and safety.
However, each manufacturer carefully protects the exact
é}gmposition and ratio of the individual components

I%J[ntained in the tyres [3].

»  Production quality control,
» Storage and delivery to sales.

Waste tyres represent a global problem and
increasing risk to the environment, because they are
biodegradable, are often improperly stored and disposed

Figure 1a) heel b) heel cord c) rubber laypt]
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The sidewall (Figure 2) is an essential part of evefjymping in and out. In these situations, it is the flexibility
tyre. There are no steel reinforcements in the sidewalts, the sidewalls that ensures the proper functioning of the
because the role of the sidewall is to resist externglre [2]. The largest part of the tyre is made up of the
influences, bending and vibrations [3]. They are mainlgarcass otherwise called the radial cord layer, and the
made of natural rubber. In practice, when driving on theomposition of this layer determines the basic properties of
track, itis the sidewall that keeps the tyres “in place”, sindbe casing [4]. It is a high-strength fabric, composed of
when cornering at high speeds, under the influence of taeamid fibers, polyamide, polyester, viscose and other
laws of physics, it looks like the rim is pushed inward andhaterials. Depending on the composition of the cord layer,
the tyre is pushed outward from the car [3]. To the nakegres are divided into diagonal and radial, depending on the
eye, in slow motion footage, it looks as if the tyre iglirection in which the cord layers are laid [5].

Figure 2a) sidewall b) carcass[4]

The composition of different types of tyres is notyre and their production itself depends mainly on the
identical. Each type is designed for different conditions ancthicle and terrain the tyres are intended for [6]. Important
must therefore meet different, specific requirementgroduction parameters are, for example, the type of vehicle
(Figure 3). The proportion of individual components in thand its weight, tyre dimensions and speed index.

Figure 3a) bumper b) tread [4]

The construction of the finished tyre is the mosinside of the tyre and the sidewall are separated by a tread.
demanding part of the entire manufacturing process. Thiée tread is made of steel cords and natural rubber
other components are inserted into the constructigRigure 4). The steel cords absorb road irregularities. If the
machine and the finished tyre is created. Its inner diametdewall is cut, the tyre becomes unusable and cannot be
is formed by a steel, or bead, cord, which is covered by agpaired.
inner rubber layer that replaces the tyre’s inner tube. The
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Figure 4 Flat Spof4]

3 Work methodology (Figure 5). Macro roughness makes the track more grippy
The selection of tyres is carried out according to twand the car has more grip, but it is very aggressive towards
basic criteria: the characteristics of the circuit anthe tyres [12]. This raw asphalt guarantees the selection of
environmental impacts [7]. _harder tyre compounds. In addition to the aggregate, there
First of all, the individual appearance of the track it @ second problem caused by the new asphalt [13].
assessed, how many fast corners, slow corners, straights.j
has [8]. In slow corners, i.e. those that make sharper ang
the pressure on the tyre is less and therefore overhea
occurs later. In this case, it is better to choose softer tyg
compounds [9]. In fast corners, the car has more downfor§
and the force that acts on the car is transferred to the tjg
in the form of lateral force. These quantities are directf
proportional, i.e. the higher the speed, the higher ti%
downforce and the greater the force acting on the tyres &§
therefore it is better to choose harder tyre compounds [1§#
If the track has long straights or more short straights, ti
tyres have room to cool down, softer compounds alesdaes
suitable, otherwise, if there are few straights, hardgFe
compounds are preferred [11]. The second step to consid
when choosing tyres is the track surface. We know two
basic criteria for track surfaces: macro roughness and

micro roughness. To understand, it is important to imagin% d at hiaher t ¢ h o f th
the composition of asphalt itself. Bitumen is a mixture of 1anges and at higher lemperatures they separate rom the

hydrocarbons that have been extracted with organ‘ft?mpoulnd anq coatjt?he tr_a(l:(k ?Lf[:]facte [10].|.Th.|s In tutrr?
solvents from sediments containing organic matter. Simif?‘useS €ss grip and the risk ot he tyres slipping on the

hydrocarbons are also found in gasoline, tar, oil, a EfiCk [41' Aflterla few ye?rs, ddeptehnding fon uEe, the
plastics [9]. Bitumen is a substance with a thick, stick ggregate slowly compacts an € surface becomes

liquid consistency like syrup that solidifies at norma mooth_er. IPTIS process (;5 closgly monlton_ad E.itnd when
temperatures. It is mixed with aggregate, which form omparing thé compounds used on oné circutt, we see

gravel and stones. When looking at the track, this mixtu fferent compounds over the years [7]. Micro roughness
is visible to the naked eye [11]. IS the texture of the surface itself. It assesses the connection

and relationship between the rubber on the surface of the
. : tyre and the road surface [9]. It looks at this problem from
4 Resultsand discussion chemical point of view so that the molecules in the tyres

_After the new asphaltis laid, the surface is not perfectly 4 the molecules in the asphalt have the best possible grip.
laid and compacted for several years and the aggregai@other major factor influencing tyre choice is
which contains stones, causes the surface to be rough

Figure 5Asphalt [1]

The oils found in bitumen are sensitive to temperature
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environmental factors. The temperature of the road hag3 Institut of Circular Economics, [Online], Available:

significant impact on tyre choice. In many cases, a colder https://www.incien.sk/cirkularna-ekonomika/

track is flatter and more conducive to energy distribution [27 Mar 2025], 2025.

in the tyres during corners [12]. [4] RUSNAKOVA, L.: A study of selected properties of
The higher temperatures can cause the bitumen in the tyres used in motor sport with regard to the economic

asphalt to deform and release oils, which will cause the and environmental impact on socjeBVT, TUKE,

tyres to have less grip [11]. Of course, Pirelli doesn’'t know PreSov, 2022.

in advance what the weather and temperatures will f& NAGYOVA, A., PACAIOVA, H., MARKULIK, S.,

during the race weekend, so they will be given a clue as to TURISOVA, R., KOZEL, R., DZUGAN, J.: Design of

what the climate is in the country [13]. If the country has a Model for Risk Reduction in Project Management in

alternating periods of rain and dry weather, this will keep Small and Medium-Sized Enterpris&ymmetryVol.

the track cold and wash away the rubber. So tracks without 13, No. 5, pp. 1-15, 2021.

a rubber layer will be better suited to harder compounds, https://doi.orgl0.3390/sym13050763

but only if it's not too cold [14]. [6] PERISA, M., CVITC, |, PERAKOVK, D,
HUSNJAK, S.: Beacon Technology for Real-time In
Conclusion forming the Traffic Network Users about the

Tyre sustainability focuses on minimizing their ~EnvironmentTransport Vol. 34, No. 3, pp. 373-382,
negative impact on the environment throughout their entire 2019. https://doi.org/10.3846/transport.2019.10402
life cycle, from production, through use, to recycling anti’] FIEBIG, S., SELLSCHOPP, J., MANZ, H., VIETOR,
disposal. This issue is important because tyres are madeT-» AXMANN, K., SCHUMACHER, A.. Future
from materials that can have harmful effects on nature if challenges for topology optimization for the usage in
not properly processed. From the research carried out, it is automotive  lightweight ~design technologiesn:
important to focus on: Proceedi.ngs .of_ the leprl_d congress on structurgl

« the development of tyres with a longer lifespan and multidisciplinary optimization, Sydney, Australia,
and lower maintenance requirements. These technologijes 7-12 June 2015, Vol. 142, pp. 1-8, 2015. o
can reduce waste and improve overall sustainability. (8] AL-SALAMAH, M.: Economic production quantity in

« the production of smart tyres, which include _batch m_anufacturmg with mperfect quality, |mperfect_
technologies that monitor tyre wear and pressure, which I"SPecyion and non-desructive acceptance sampling in
allows for better management of their lifespan and reduce @ ~fwo-tier market, Computers & Industrial
inefficient use. Engineering Vol. 93, pp. 275-285, 2016.

: https://doi.org/10.1016/j.cie.2015.12.022
» the proper recycling of waste tyres so th g .
technological systems are designed to minimize talltg] LIN, C.C., WANG, T.H.: Build-to-order supply chain

environmental impact of tyres on the environment. network desjgn under supply and demand ungertainties,
In conclusion, supporting the circular economy of tyres Transportation Research Part B: Methodologicéb!.

is the process of recycling and reusing tyres with the aim 45, No. 8, pp. 1162-1176, 2011.

of minimizing waste and maximizing sustainability. [ o?tstﬁlzlgl?\zeofbﬂggliofn;[/r\?l'l?'l%lEgzI?/IOS Parametric
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Abstract: This study presents the design and implementation of a two-wheeled self-balancing vehicle based on the
inverted pendulum principle, controlled wirelessly via a PC interface. The system integrates an ATmega-based embedded
platform with MRF24J40MA wireless transceiver modules for real-time bidirectional communication between the vehicle
and a host computer. The vehicle's structure includes a custom mechanical frame, sensor modules (including
accelerometers and encoders), motor drivers, and an LCD interface for status display. Control algorithms, including PID
tuning, are executed through a PC-based graphical interface, allowing precise adjustments and live monitoring. A dual-
microcontroller configuration—ATmega8 for PC interface and ATmega32 for onboard control—facilitates modularity
and reliable data handling. The results confirm the system's effectiveness in maintaining balance and responding to
commands under various test conditions. This prototype serves as a foundational model for further exploration in
autonomous robotics, wireless control systems, and real-time embedded applications.

1 Introduction achieved. This research not only demonstrates the
Wireless data transmission is a large area figasibility of wireless control in dynamic robotic systems

information electronics, the transmitted data can Heut also highlights the synergy between embedded
analogue or digital [1-5]. In wireless data transmission, tHgicrocontroller  platforms and RF communication
most effective is still transmission by electromagnetigiodules. The proposed design offers a practical and
waves or radio waves, because of the advantages of lof§alable solution for developing intelligent mobile robots.
distance transmission, multi-directional, high operatin/ltimately, the study provides a comprehensive approach
frequency. The article aims to build a simple systed® designing and implementing a self-balancing two-
Consisting of an intermediate board that performs da‘(ﬂ']GG'Gd vehicle, from theoretical modelling to hardware
forwarding between the computer and the RF transceiviéfegration and control software development.
module, another RF transceiver module mounted directly
on the self-balancing two-wheeled vehicle with the task @ Hardware and software design
sending control commands to the robot and collecting data The MRF-AVR-PC communication circuit schematic
that needs to be processed and sending it back to tliagram is shown in Figure 1. The circuit is a complete
computer. To solve this problem, the research takesnbedded wireless communication system built around the
advantage of the microcontroller's ability [6-10] to transmiaTmega8L microcontroller and the MRF24J40MA
and receive serial data thanks to the UART in the chip. Théreless transceiver module. At the heart of the system, the
microcontroller has the ability to perform multi-processindATmega8L handles core processing and communication
communication, which is very suitable for dataasks. It operates using a stable clock signal provided by an
transmission in a wireless network system consisting ekternal crystal oscillator, connected via two capacitors to
many processors. Wireless technology is applied to credtem a classic crystal-based timing circuit. To ensure
compact, smart, flexible robot models on all terrains. Bgroper operation and maintain clean reset conditions, a
adding a remote observation camera, people can contreset circuit is included, consisting of a push-button and
them as desired, creating the desired work efficiency. passive component that allow manual system
A self-balancing two-wheeled vehicle is a robot thateinitialization.
can balance itself in a vertical position with only two Power is supplied to both the microcontroller and the
coaxial wheels [11-15]. The balancing process iwireless module through dedicated voltage regulators. The
performed by the controller [16-19]. The two wheels wilATmega8L typically operates at 5V, while the
move forward or backward to always maintain the verticdlRF24J40MA module requires a regulated 3.3V supply.
state of the vehicle so that it does not fall. The two-wheeld&thch power line is stabilized using filtering capacitors to
vehicle is also capable of moving on different terrains likeeduce voltage ripples and electrical noise. The ATmega8L
other means of transport. The content of the article @mmunicates with the MRF24J40MA using the SPI
divided into 3 parts. The first part is responsible foprotocol, employing pins for data in (MOSI), data out
studying the theoretical basis. The second part is to stulSO), clock (SCK), and chip select (CS). Additional
the hardware features, and the last part is to design tantrol lines such as RESET, INT, and WAKE are used to
control software, hardware circuits and the result®anage the wireless module's operational states and event
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handling. To enable communication with a persondetween the microcontroller and external software on the
computer, the system integrates a MAX232 IC, whicRC. The MAX232 utilizes external capacitors as part of its
converts TTL logic levels from the microcontroller to RSinternal charge pump to generate necessary voltage swings
232 voltage levels compatible with a standard DB9 serifdr RS-232 signalling.

port. This allows for seamless UART communication

o Power for MRF24 JMA Power for AVR Hoke 2
C1
— L vs
18 pF INT S0l 10k c2
c1
— vee AVR Rest Circuit
X1 x1 12PF e
16pH 10pF GND i L ~ B
AL == GND 10k0
als c2
GND 10pF VCC
GND
RESET| VCC o
RD1 | TXD PDO | Ycc =
ADCO GND
L1 B2 RE | RCS PB4 RB5 MAX232
10 pH NTO L MISO
—— D1
WC:KE o calm > XD
~CS | DV VLG °© [RIN  TxI|_ RXD
4—VO | ACC RxQ [ RD © | RIOUT RxD
n —-— —
ATmega8L GND
ey MAX232
M1 GND
| S ~ vee
CN1  GND nc4 GND l c2 J—C6
GND TxD GRO | Il
— i » Com COM
Oscolacer GND —

Figure 1 MRF — AVR - PC communication circuit schematic diagram

For development and firmware updates, an in-circuftuctuations. A manual reset circuit with a tactile switch
serial programming (ICSP) header is provided. Thiand pull-up resistor is included for system reinitialization.
interface allows programmers to upload or modify the Sensor input is handled by an MMA accelerometer
ATmega8L firmware without removing the chip from themodule, connected to the ATmega32 through 12C or SPI
board. Overall, the design supports wireless data exchammes, depending on configuration. A motor encoder module
between the PC and remote devices using ZigBee protodslconnected to digital I/O pins to track motor position and
while ensuring stable operation, programmable contr@dpeed, feeding essential feedback to the control algorithm.
and robust communication through well-integrated analothe MOTOR block indicates output connections to a motor
and digital subsystems. driver circuit, allowing the microcontroller to control

Figure 2 represents a complete embedded system fanator rotation based on commands or sensor feedback.
robot control unit, designed around the ATmega32 For wireless control, the system includes an
microcontroller. The system integrates multiple functiondRF24J40MA ZigBee module, which communicates with
modules to support sensor input, motor control, wireletse ATmega32 via SPI and is powered through the 3.3V
communication, user interface, and system monitoring. regulator. The control signals from this RF module enable

At the core of the circuit is the ATmega32, a versatilehe robot to receive commands remotely. An ISP (In-
8-bit AVR microcontroller that interfaces with severalSystem Programming) header is provided to upload
peripheral devices. A 16 MHz crystal oscillator and twdirmware directly to the microcontroller, making it easier
capacitors ensure stable clock operation for precise timitg update the software without removing the chip.
and execution. The microcontroller receives regulated User interaction and system status are facilitated
power through two voltage regulators: the LM1117 (3.3%hrough a 16x2 LCD module connected to the
output) and the 7805 (5V output), each stabilized byicrocontroller's PORTC. This display outputs relevant
decoupling capacitors to reduce voltage noise amthta like sensor readings or mode indicators. Additionally,

an LED with a current-limiting resistor (R3) serves as a
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simple status indicator. A push button (SW1) allows useontrol, display, and user input—into a single cohesive
input, such as mode switching or command triggering. unit. It is ideal for mobile robot applications, remote
Overall, the system combines multiple subsystems-sensing platforms, or any embedded control system
including motion sensing, wireless communication, motaequiring real-time feedback and user interaction.
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Figure 2 Robot control circuit schematic diagram
Gt The block dlagram Qf system as shown in the Figure 3.
on PC The system begins with the PC-based control software,
- : which sends commands to the Atmega8 microcontroller.
v This microcontroller communicates wirelessly via a

Atmega8 MRF24J40MA module. The signal is received by another
Microcontroller MRF24J40MA module, which forwards the data to the
' ; ' Atmega32 microcontroller. The Atmega32 processes the
data, reads information from the sensors, and drives the
motors accordingly. This forms a wireless closed-loop
control system between the PC and the robot.

The Figure 4 shows a graphical user interface (GUI) for
a program titled “Program for Controlling a Self-Balancing
Two-Wheeled Vehicle.” The layout is visually divided into

MRF24J40MA | Wireless
Module | communication

MRF24J40MA Wireloss

L several functional sections designed to facilitate

:r_\ communication, control, and monitoring of the vehicle. On

Motor Atmega32 Sensor the left side, the "Communication Control" section allows
~ Gty the user to select a COM port and baud rate (e.g., COM1
L @ and 2400) to establish a connection with the vehicle via a

wireless module like the MRF24J40. Below this is the

TN "Motor Control (PID)" section, where the user can input

(g Motor J

et B PID (Proportional, Integral, Derivative) values for tuning
Figure 3 Block diagram of system
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the vehicle's balancing response. Buttons for confirming or The control software on the computer is designed as
cancelling the settings are also provided. follows:

PROGRAM FOR CONTROLLING SELF-BALANCI
TWO-WHEELED VEHICLE

Comnunisation Control
4 16
Select COR/eCl Select BostFapp 10 WML gy, 20
= EEN St AT /;
icorn -] [sca < | Connect 2035 v
Molor Control (PIS)
n n
| | | Con || Connel l
Conttrol I : ) : )
SEMOMLATION-METER FOR NOVERENT OF SCLE INLANCHACTIHO-THOLEE It
Postion Control Serviain
1
. ‘ |
— |
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Figure 5 Algorithm flow chart of the control program on PC

Figure 5 presents a flowchart that outlines the
operational logic of a program used to control a system—
likely a self-balancing vehicle—through a COM port
communication interface. The process begins with
establishing a connection to the COM port. Once
connected, the program checks for signal availability from
the port. If a signal is detected, it allows two parallel
operations: displaying the received data and plotting the
vehicle's status on a graph, indicating real-time feedback
from the vehicle's sensors.

Concurrently, the program also proceeds to set PID
(Proportional, Integral, Derivative) parameters for the
motor. If the parameters are set correctly, data is
transmitted to the vehicle through the COM port. If an error
occurs during the PID configuration, the system generates
an error message. Additionally, if there is no issue, the
program continues to control the vehicle’s movement
based on the received instructions. Overall, the flowchart
illustrates a well-organized structure for managing serial
communication, motor tuning, real-time monitoring, and
error handling, essential for ensuring responsive and stable
control of a self-balancing robotic system.
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Start present in the terminal block labelled "Gark" instead of
"End" or "Finish," and that could be revised for improved
L R accuracy.
Read data from True Kp = PAYLOAD_Aray[4].
RXFIFO of "l Ki=PAYLOAD_Array[S].
MRF24J0 Kd = PAYLOAD_Array[5] 3 ReSU|t and d|$U$ on
i’ The Figure 7 shows a custom-built communication

circuit board, likely used for serial data transmission in
embedded systems. At the center of the board is a dual in-
line package (DIP) microcontroller, which serves as the
main processing unit. To its left, a red module labeled
“MRF24J40MA” is mounted, which is a 2.4GHz IEEE
802.15.4 wireless transceiver, commonly used for ZigBee-
based communication. On the right side, there's a DB9
serial connector, indicating that the board supports RS232
communication, allowing it to interface with PCs or other
serial devices.

Drive car forward

PAYLOAD_Ar-
ray3] =3
True

Drive car right

|
PAYLOAD_Ar-
ray[3] =4

PAYLOAD_Ar-
ray[3] =1

False

Kp=V-AD_Aray[4]
Ki= PALD_Aray(5)

1

Request from
PC

l

Write data to
TXFIFO
True
l Drive car backwall
Wiriite data to

TXFIFO of
MRF2440

Drive car left

Drive car left

Figure 7 MRF24J40MA communication module to connect to

Figure 6 Algorithm flow chart of remote control of two-wheeled
computer

vehicle

Figure 6 displays a structured flowchart representing a | "€ top part features a green terminal block for power
control algorithm for a car system that communicates wiffH/PPIy Or other external connections, along with various
a PC via a wireless transceiver module (MRF24J40). TRYPPOrting electronic components such as capacitors,
process begins at the "Start" block and immediatefé?s'StorS* a crystal oscillator (for clock signal generation),
proceeds to read incoming data from the RXFIFO regist8Pd voltage regulators.
of the MRF24J40. If data is successfully read, the system
evaluates specific control conditions based on the conte
of PAYLOAD_Array [3].

If PAYLOAD_Array [3] equals 1, the program assigns
values to the PID parameters Kp, Ki, and Kd usin
elements from the payload array. Subsequent decisic
branch based on whether the array's index equals 2, 3, 4
5, which trigger respective motion commands: driving th
car forward, right, backward, and finally, left. Eact
condition leads to an action box indicating a directions
command to the vehicle.

If the data read condition is false or no relevant contr
condition is met, the flow proceeds to check if there is
data request from the PC. If true, the necessary data - |
written into the TXFIFO buffer and transmitted back via  Figure 8 MRF24J40 Board to test wireless transmission
the MRF24J40 module. The flowchart uses standard between two MRF24J40 modules
symbols with decision diamonds and process rectangles

and includes corrected English for logic terms like “True” The Figure 8 shows a test setup for a microcontroller-
and “False,” ensuring clarity. However, a minor typo i®ased wireless communication system. On the left, the red
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wireless module (MRF24J40MA) is connected to a smadletup is commonly used in research or educational projects
custom PCB, which is mounted on a white breadboarth study real-time control systems, especially PID or fuzzy
This module handles IEEE 802.15.4 communication, oftdagic controllers, applied to robotics and mechatronics. The
used in ZigBee applications. The breadboard also includesot is likely intended to demonstrate wireless
supporting electronic components such as LEDs, resistocemmunication, autonomous balancing, and mobility in
and a 16x2 character LCD display that is currently showirgmbedded systems.

the value “255,” suggesting it is displaying data received

wirelessly or processed by the microcontroller. A custo
designed main control board is visible to the right
connected via a ribbon cable. This board likely contains
microcontroller and associated circuitry for managin
communication and data processing. Power is suppli
from a battery pack at the bottom, containing two AA
Eneloop rechargeable batteries.

Figure 9 MRF24J40MA module mounted on self-balancing twd
wheeled vehicle

The Figure 9 shows a custom-made adapter board fo
wireless communication module, specifically thd
MRF24J40MA, which is a 2.4GHz |IEEE 802.15.4/ZigBeq "
transceiver manufactured by Microchip. The red module s
securely soldered onto a brown single-layer PCB, al
multiple through-hole resistors are mounted to condition ¢
protect the data lines connected to the module. Two ro
of pin headers are used for interfacing this board with oth
microcontroller systems, such as development boards
test circuits, via jumper wires or ribbon cables. Th
resistors likely function as pull-up, pull-down, or current
limiting resistors to ensure reliable data transmission and
electrical compatibility.

The Figure 10 displays a prototype of a two-wheeled The experimental evaluation of the self-balancing two-
self-balancing robot, designed to operate based on thbeeled vehicle prototype yielded positive results,
principles of an inverted pendulum. The structure igalidating both the hardware integration and the wireless
primarily composed of a metal frame with two wheels atontrol strategy. The wireless communication system,
the base, allowing mobility and dynamic stabilizationusing the ~ MRF24J40MA  transceiver —modules,
Mounted vertically on the frame is a tall support beanglemonstrated reliable and stable data transmission between
which likely serves as the main axis for balance contrdhe PC and the vehicle in real-time. The communication
Near the middle of the frame is an electronics sectiohpard (Figure 7) and wireless test setup (Figure 8)
consisting of several custom-built circuit boards and agpnfirmed that the modules could maintain continuous
LCD screen, indicating real-time feedback or sensdwo-way communication with minimal data loss within the
readings such as angle, speed, or control output. At the @jperational range tested.
of the robot, a battery pack consisting of multiple In terms of system performance, the embedded control
cylindrical cells is securely attached to power the systemnit, composed of the ATmega8 and ATmega32
Numerous wires connect the sensors, actuators, amdtcrocontrollers, effectively processed sensor inputs and
controllers, showing a test or development phase. Thigecuted the PID control algorithms, enabling the robot to

Figure 10 Self-balancing two-wheeler prototype
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maintain balance even under slight external disturbanc§efer ences

The practical deployment of the communication systef1] SURENTHER, I., SRIDHAR, K.P., ROBERTS, M.K.:

onto the vehicle (Figure 9) illustrated that the compact Maximizing energy efficiency in wireless sensor

mtegratlon of the wireless module did not interfere with the networks for data transmission: A Deep Learning-

dynamic stabilization of the system. Based Grouping Model approadtiexandria
The full vehicle prototype (Figure 10) successfully Engineering Journalyol. 83, pp. 53-65, 2023.

demonstrated the inverted pendulum control principle. https:/doi.org/10.1016/j.ae}.2023.10.016

Throughout testing, the robot maintained an uprighb] PANAHI, U., BAYILMI'S, C.: Enabling secure data

position and responded accurately to directional " transmission for wireless sensor networks based loT

Commands (forward, baCkward, |eft, rlght) issued via the appiicationsAin Shams Engineering Journaiioi_ 14,

PC interface. The LCD feedback system allowed real-time No. 2, 101866, pp. 1-11, 2023.

monitoring of system parameters, improving USer https://doi.org/10.1016/j.asej.2022.101866

interaction and facilitating fine-tuning of the PID controI[3] ALUVALU, R., KUMARAN, S.V.N.,

parameters. _ o _ THIRUMALAISAMY, M., BASHEER, S.,
However, minor limitations were observed during ALDHAHRI, E.A., SELVARAJAN, S.: Efficient data

testing. The vehicle's response time showed slight latency transmission on wireless communication through a

under longer-range wireless transmission, primarily due to privacy-enhanced blockchain proceRserd Computer
the lower baud rate (2400 bps) used to enhance stability. Sciencevol. 9, e1308, pp. 1-24, 2023.

Moreover, while the current control algorithm handled https://doi.org/10.7717/peerj-cs.1308
moderate disturbances well, performance degradation Wa$|AZID, H., LEHSAINI, M., LIAZID, A.. Data
noticeable under aggressive tilting or rough terrain, " transmission reduction using prediction and
suggesting a need for enhanced control strategies, such agggregation techniques in loT-based wireless sensor
adaptive PID control or implementation of a Kalman filter networksJournal of Network and Computer
for sensor fusion. . _ Applications,Vol. 211, 103556, pp. 1-10, 2023.
Overall, the results affirm that the designed system https://doi.org/10.1016/j.jnca.2022.103556
meets the intended objectives: demonstrating wireless regt KHUSHBOO, J., KUMAR, A., SINGH, A.. Data
time control of a self-balancing two-wheeled vehicle, transmission reduction techniques for improving
validating modular embedded design, and offering a network lifetime in wireless sensor networks: An up-
platform for further research in advanced control to-date survey from 2017 to 20ZRransactions on

algorithms and wireless robotic systems. Emerging Telecommunications Technologiés, 34,
) No. 1, e4674, 202ttps://doi.org/10.1002/ett. 4674
4 Conclusion [6] JACKO, P., DURANKA, P., VARGA, R.: Advantages

The research successfully demonstrates the of Bistable Microwires in Digital Signal Processing,
development of a self-balancing two-wheeled vehicle Sensors,Vol. 24, No. 8, 2423, pp. 1-24, 2024.
based on the inverted pendulum principle, integrating both https://doi.org/10.3390/s24082423
hardware and software components with wireled3] PAWASE, C., D'SOUZA, S.: Revolutionizing
communication capabilities. By employing the Biomedical Engineering with  Microcontroller
MRF24J40MA module in conjunction with AVR  Applications: A Comprehensive Revjew: Tripathi,
microcontrollers, the system enables real-time data A., Soni, A., Tiwari, M., Swarnkar, A., Sahariya, J.
transmission and remote control via a PC interface. The (eds) Intelligent Computing Techniques for Smart
control software allows users to input PID parameters and Energy Systems. ICTSES 2023. Lecture Notes in
monitor the vehicle’s state dynamically, creating a Electrical Engineering, Vol. 1277, Springer, Singapore,
responsive and adaptable platform for balance and motion 2023. https://doi.org/10.1007/978-981-97-8429-5 19
control. Hardware subsystems, including motion sensof§] TAMBA, V.K., BIAMOU, A.L.M., PHAM, V.-T.,
motor drivers, and an LCD interface, were effectively GRASSI, G.: Multistable memristor synapse-based
integrated into a compact and functional design. coupled bi-hopfield neuron model: Dynamic analysis,
Experimental validation through various test setups microcontroller implementation and image
confirmed the system’s ability to maintain balance and encryptionElectronics,Vol. 13, No. 12, 2414, pp. 1-
respond accurately to remote commands. This prototype 19, 2024. https://doi.org/10.3390/electronics13122414
offers a valuable foundation for further development iff] BROCKMANN, S., SCHLIPPE, T.: Optimizing
wireless robotic control systems, educational tools for convolutional neural networks for image classification
control theory, and advanced mobility research. Future on resource-constrained  microcontroller  units,
enhancements may focus on refining the algorithm, Computers,Vol. 13, No. 7, 173, pp. 1-18, 2024.
improving energy efficiency, and expanding autonomy for https://doi.org/10.3390/computers13070173
more complex real-world applications. [10] LEE, D., KIM, J.-S., HONG, S.: Dual-Core based

Microcontrollers Inference Design and Performance
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Abstract: This article is written on the technological innovation governance as part of the organizational and managerial
strategies for digital marketing. The objective of the research is to identify the most important issues in the process of
implementing innovations in the company and to propose efficient methods for controlling technological operations and
changes. The article addresses the following challenges: the difficulty of implanting new technologies in the old structure
of the organization, resistance to changes at the personnel level, the priority of ensuring the integration of innovations in
the strategic development of the company. Attention is also drawn to the necessity of best investment for implementation
of creative solutions, and to the requirement of any time technology market changes. Solutions to the problem include
establishing adaptive strategic management programs to new technologies, creating innovative cultures in institutions,
and training workers in the change readiness development of workers. Also, the implementation of digital platforms and
tools to track and manage the innovation processes plays a key role. The method of investigation comprises data analysis
methods, econometric models or mathematical formulas in order to study the effect of technological innovations upon
organizational activities and the effectiveness of the latter. The novelty of this work is represented by the system approach
toward innovation management development that based on the combination of various management and organizational
methods. The key findings of the paper clarified agree that for any well-established technologies strategy should be
dependent on flexibility, employee training and the cultivation of an innovating setting.

1 Introduction rapid changes in technology require organizations to be

Managing technological innovation is a key element gible to quickly adapt to new conditions and implement
successful functioning of organizations in the context dpnovations, —which becomes the key to their
rapid technological progress and globalization. In recegPmpetitiveness. ~ Secondly, the implementation of
decades, technological innovations have covered all ard@govations should be an effectively managed process,
of human activity: from production and transportation técluding strategic planning, resource management,
finance and medicine. However, despite the obviowersonneltraining and adaptation of organizational culture.
benefits that can be achieved through the implementatidfis requires the development of comprehensive
of innovative solutions, many companies face a number @pproaches and strategies that will ensure synergy between
difficulties in integrating technologies into their busines§eW technologies and existing business processes. One of
processes. In such conditions, the need to develop dhg§ key aspects of innovation management is the need to
implement effective organizational and managemeR@lance risks and opportunities. Technological innovations
strategies becomes especially relevant. Technologice often associated with high initial costs, as well as risks
innovations have a unique ability to radically change boffiCh as unsuccessful technology integration, unpredictable
internal processes in companies and their interaction wghanges in the market or even employee resistance. Despite
the external environment. However, the successftilis, successful implementation of innovative solutions can
implementation of these technologies requires not only tgégnificantly increase the efficiency of production
availability of innovative solutions, but also an appropriaterocesses, reduce costs and improve customer service,
approach to their integration into the corporate culture atéiich makes them extremely important for any
strategy of the organization. Many companies at vario@ganization seeking to maintain or improve its market
stages of their digital transformation face difficultieg?0Sition.
associated with change management, inefficiency of
internal processes, as well as insufficient personn&ll Theneed for research and unsolved problems
gualifications to work with new technologies [1]. This of managing technological innovations in
indicates the importance of developing effective modern conditions
organizational and management strategies aimed at theThe need for research in the field of technological
successful implementation of technological innovations. innovation management for digital marketing is confirmed

The relevance of the study of technological innovatiopy the lack of universal models or approaches that
management is associated with two main factors. Firstlyuarantee successful implementation of innovations. In
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practice, companies often face a number of unresolvéd®? Theoretical foundation of the characteristics
problems that hinder the implementation of innovative of technological innovation management on
solutions. These include: digital marketing strategies
* Resistance to change. The implementation of new | 3 fatly changing environment, technology
technologies often meets resistance from employees Wh@ovation management becomes process for companies'
are not ready to adapt to new working conditions. This Mayyategic development. Innovations stimulate development
be due to both the lack of necessary skills and thgg the improvement of business processes, and generate
psychological perception of change. As a resulheyw competitive environments. Nevertheless, for
organizations cannot effectively use the potential Qfachnological change to be fully exploited, sound
technologies. theoretical and practical approaches for managing
« Absence of strategic clarity. Organizations quitghnovation are critical. The theory of technology
frequently adopt new technologies without sufficienfnnovation management in post-modern corporations.
knowledge of how they must be linked to the establishetbchnology innovation is related to the development and
organizational architecture. Reactive decision-making Hpplication of new or substantially improved technology
you don’'t have a long-term integration plan, you'll use thgolutions that change business processes and products of a
latest technology for the wrong problem. company [3]. These innovations can be product
+  Lack of skilled man power. New tech requiresnnovations and process innovations such as for example
specialists to make it work, the adoption of new equipmenbw forms of production, automation or digital
and techniques for example. Butin the labour market, sugithnologies.
personnel are not enough - processes of adapting andThe theoretical framework of technical innovation
integrating technologies are blocked for their lack. management is the strategic goal on the systematic
»  Uncertainty in estimations about the innovationdmplementation of innovative solutions in the activities of
In the world of business, many companies fail to measua@ enterprise. Innovation management theory defines
the true impact of incorporating cutting-edge technologiyinovations as a significant factor of the long-term
into its operation. That makes it harder for rulers or othec®mpetitiveness of a corporation, and their management
to decide whether to scale an innovation up, or abandoniitvolves a number of stages, namely, the research and
e High installation costs. It takes a lot of moneydevelopment of new technologies, their
and time to make technological innovation happen. institutionalization, monitoring and modification in the
Therefore, in spite of the apparently seriousourse of use. Organisations may also apply a range of
significance and advantages of introducing technologictiieoretical models in the process of directing and
innovations, the solution to the aforementioned issues dentrolling innovation in order to maximise the efficiency
obviously one of the most important challenges faced tand effectiveness of the way the technological
management researchers and practitioners [2]. Evdavelopment process is organized and managed. One of the
though the premise of technological innovations is a sounaost famous frameworks is the Open Innovation Model
one, this is only to the extent that technological innovationghich mentions about idea generation from both within
are managed effectively and in accordance with the firmesmd outside the company rather than just from within, by
overarching strategy and managerial approaches. partnering & collaborating with entities outside the
The necessity of developing in this field is caused bgrganization such as universities, startups, other companies
the problem of the devotement of new more relevaetc. This model allows companies to accelerate the speed
technology management methods and implementation atf which groundbreaking products are developed and to
technological novelties additional measures that take intave on research. Another significant approach is based on
account changes of the external environment and thhe technology synergy model asserting that innovation is
contribute into minimizing risks and usage of thesuccessful when multiple technology solutions come to
capabilities of new technologies as effective as possibleteract with one another, producing a new value. In such
This is particularly relevant with rising digitalization anda scenario, a company should perceive ‘technologies as an
new technological trends — think artificial intelligencegcosystem rather than as isolated solutions.” Most
blockchain and the Internet of Things, all of which arémportant to our theoretical work in TIR is uncertainty, a
driving fundamental change within business processes. central issue in the management of technological
Therefore, the research on technological innovatidnnovation. As with many other technologies, technology
management in the context of organizational anadvance is unquestionably a high-risk undertaking —
management strategies is crucial to understand haechnological risk, financial risk, operational risk.
organizations can adopt successfully new technologies@ompanies find it challenging to foresee the consequences
an era that sustainable grow and desire fmf new technologies on their business. Moreover, it is not
competitiveness are the only way to achieve a long-lastiagyvays the case that the new technologies need a lot of
success in the market. investments, but those who cannot afford it, that is, the
small companies, do not expect to be able to buy the new
technologies [4]. There's also the issue of resistance to
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change. It's not just employees who're unready to introduicgiovation management literature [9] that refers
new technologies into the workplace, either; it's thanovation, a source of sustainable growth and competitive
company's whole culture, designed to keep old, famili@dvantage. On the other hand, contemporary studies also
ways of working central to the business. In these casesiggest that flexibility and adaptability are crucial since the
innovation management consists in changing the corporagehnology market is in rapid shifting [10]. The theoretical
culture, training the staff and setting up incentives for theoncept of open innovation first emerged in the work of
introduction of new performative innovations. If we refefl11,12]. Open innovation holds that firms can and should
back to the theory of the management of technologicalake better use of external ideas and technologies in their
innovation, it becomes clear that implementation adwn business. This implies that successful innovation
innovations is a comprehensive process, which comprisesnagement policies need to encompass the cooperation
strategic planning, organizational flexibility, responsiblevith other enterprises, universities, research centers.
leadership, and support for employees. Knowing thBtudies like [13] point out that the interaction and sharing
mathematical assumptions is of a great assistance wheanfiknowledge is N Spingoid et al the force proper to enable
comes to companies not only minimizing risk, but also tthe diffusing of innovations. An innovation management
make the best out of there venation of new technologieencept cannot survive without a model, which will help
and competitiveness in growth. Given the acceleratiran organization to ensure that it uses its resources and
pace of technological change, firms which successfully dmmpetences in an effective way, producing new
so can not only survive but also prosper in the market. technologies. [14] state that firms can thrive by creating
distinctive innovations which satisfy customer requests
2 Literature review and create competitive edges. For this purpose, there are

The meaning of the word “innovation” does not seerfl€nerally two major strategies in innovation strategy:
to be agreed upon in the scientific literature. While sonféifferentiation and cost leadership. _ _
authors consider inventions as a whole system, for other Organizational structure design to manage innovation:
authors inventions are processes or outcomes. [5] defifdd® most crucial management innovation strategy
innovation as "a systemic, contradictory, dynamic wholeAccording to [15], the best approach to manage innovation
while [6] consider it as “a systemic process to transformrust be towards creation of an open organizational
novelty into business”. This variety of perspectives reflecgructure for learning what may be changed quickly to the
the necessity to clarify and to standardize in théemand of both external environment and internal entry of
terminology that is used in the field of innovationhew technological innovation. [14] in the classical piece
management. Note that there are various typologies $#9gests that companies with more sophisticated or
innovation development strategies based on differefgchnology-oriented companies should have flexible and
principles. They fall into several dimensions, one of th&ore informal structures in place to ensure an effective
most frequently used is classification on strategy accorditf@Plementation of innovation projects. This view is
to its amount of reflection on society, intervention in théupported by more recent studies, e.g., [15], which finds
Society’s welfare improvement and consciousness in tH@at flexible firms are better able to adopt innovations. The
intervention [7]. But these suggested taxonomies aférategy of building the culture of innovation is also
problematics, because of their too detailed complexity 6¢garded to be the condition of the implementation of the
the absence of pragmatic managing_ This points in t[ﬁ@chnological innovations. [11] organizational culture
direction of the importance of establishing morgvould challenge and change to creativity, risk -taking and
generalized and application-oriented models of SIM. IWillingness to experiment. Studies prove that companies
the contemporary context of research, much attention R§rceived as most innovative perform substantially better
paid to such directions as open innovation, externd] developing new products and technologies. Good
partners-cantered cooperation,  digital  technologig¥actices of innovation management in organizations also
application, and flexibility of project management!ndUde estab!lshlng _cross-functlonal relatl_onsh|ps. This
approaches [8] The company can respond immediate|yl&9ludes thellnteractlon of the \-/arlou.s "§|IOS," such as
changes in the external context and to new externd&D, marketing, and sales. The investigation reveals that
knowledge and resources. this kind of close relationship with the customer is

Organizational structure and leadership are what d&gneficial for enhanced consumer insight and to decrease
organization requires to work properly. There aréhe rate of time taken to respond to a change in technology
numerous classification and construction approaches f6#&D) [16]. Project management for innovation calls for
them in the scientific literature, each with its own pros angPecial risk and uncertainty-cantered methods. A critical
cons. There are various activites and processes 6! in this domainis the Stage-Gate model introduced by
Innovation Management that involves in generating ideald,7]- This model breaks down the innovation process into
products or services that is currently under process dnumber of stages with gates at each and so lowers the
today's organization. Key elements in this area af@k_s offaﬂure_and makes better use of resources. Intoday's
strategic planning, project management and coordinatisaPidly evolving technology and changing market,
with different departments of the organization. Iflecision making is even harder. Two tools that research
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shows should be wused for successful innovatiodue to the fact that in such organizations the level of
management are a sensitivity analysis and a modblreaucracy is reduced, communication is simplified and
[16,17] stress the need for flexibility to adapt rapidly tahe decision-making process is accelerated.

uncertain  situations. Contemporary research also H2: Innovative culture within the company enhances
highlights networking and strategic alliances as beirtpe influence of management strategies on the success of
critical in innovation management. [18] provides examplasnovations. The presence of an internal culture that
of successful companies that utilized such partnershipacourages experimentation, risk taking and learning from
with third parties in order to speed up the time to marketistakes enhances the effectiveness of even formal
for innovations. Innovation management in thisnanagement strategies. Such a culture creates a favorable
perspective innovation management IS the managememivironment for the generation and implementation of new
of the firm’s resources to adapt to environmental changegeas.

both the resources within the company and the resourcesH3: Open innovation and cooperation with external
outside the company with which the company cooperatgsartners increase the innovative activity of small and
Some aspects of the subject are in depth explored nredium-sized enterprises. Small and medium-sized
always prolific literature about the field of innovationenterprises, as a rule, have limited resources for internal
management, but other concepts are so far not wedlsearch. Attracting external sources of knowledge and
delineated. First, a more thorough investigation is requiréelchnology allows them to implement innovations more
to establish the conditions influencing the effect of thactively.

external environment on the innovation demonstration. It Clearly, the proposed hypotheses reflect the key areas
has been proved that government policies, economif influence of organizational structure, corporate culture
instability and even social change, etc. play significanand external cooperation on innovative activity. Their
roles on the innovation strategies in practice and they ammpirical testing can provide a more accurate
oftenignored in the extant models [19]. Then, many studiasnderstanding of which management strategies are most
are concerned with the performance of larger companiesffective in the context of digitalization and accelerating
while there are other issues that SMEs need to tackle, sutdthnological progress.

as lack of resources or access to new technologies. This

calls for special SMEs approaches and strategies tha®@ Methodology

should consider the local market characteristics and peer review process

customer needs as well. Moreover, the role of leaders and Managing technological innovation is a key aspect of

top managers in innovation is not well a_ddressed in reCefifategic development of organizations in a dynamic
studies. While the theme of working together ign,qket Effective implementation of innovations requires a
acknowledged and worded, the impact of individual choiGgmprehensive approach that includes both organizational
and personal leadership on productive capacity fgfyq management strategies. To achieve the stated goals and
Innovation needs additional iinvestigation.The,piectives of the study, a methodology was implemented
management ~ of technological  innovation is dor the introduction of data analysis methods, econometric
multidimensional and complicated process, which needsiqyqels or mathematical formulas to assess the impact of
be addressed at an organizational and managerial leygknnological innovations on organizational processes and
Although there is a wealth of literature around this subjecificiency [20].To assess the impact of the introduction of
there is a lack of research especially in the area of exterg@tnnological innovations (automation, digitalization, Al)
influences, the role of small and medium businesses agg- organizational  processes  (structure,  speed,
leadership in the process of innovation. At the same timﬁranagement flexibility) and operational efficiency

the scientific and practical achievements offer theoquctivity, costs, profitability), econometric approaches
enterprises the effective instruments and methods of re used:

technological innovation’s implementation, that is a

condition of a long-term success and competitiveness in 1) Multiple regression (Multiple Linear Regression)
the market. The conducted analysis of scientific literaturg statistical method used to model the relationships
showed that the success of the implementation Btyveen one dependent variable and several independent
technological innovations in organizations is largely,ariaples [21]. In the context of assessing the impact of
determined not only by technical capabilities, but also Qinovation on company performance, MLR can be used to
the nature of management and organizational strategigﬁawZe how various factors, such as Research and

On this basis, the following research hypotheses wefRyelopment investment, organizational strategy, and

formulated: o . others, affect a company's financial performance (ROA,
H1: Flexible organizational structure facilitates fastehOE) ():

implementation of technological innovations. Since studies
have shown that companies with a fIat.management y =By + Xy + By Xot.. +B X, +E (1)
structure respond more quickly to changes in the external
environment and adapt better to new technologies. This is
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Where:Y is the dependent variable (ROA or ROE). endogeneity problems and to enhance the robustness of the
X»2,..Xn are independent variables (Research arrgsults. For present day, innovation driven-based economy,
Development investment, innovation level, organizationahe employ of this technique is needed in order to steady
strategy index)Bo is the absolute term (constart), f2,..., Business Management and strategic planning, promoting
B- regression coefficients that show how strongly each tie long run longevity of companies.
the independent variables influences the dependent ene.
random error that reflects all unaccounted factors. 4 Results and discussion

Technological innovation management  and

2) Fixed effects (Fixed Effects Model) - for panelorganizational strategies are key aspects of modern
data. The Fixed Effects Model (FEM) is used to analyzgusiness, determining the ability of companies to adapt to
panel data (data collected from several companies ov@pidly changing market conditions and achieve
several years) [22]. It helps eliminate the influence of tim&ustainable competitive advantage. In the context of
invariant company characteristics (corporate culture) thgtobalization and digitalization of the economy, effective
may affect the dependent variable but do not change ovhovation management is becoming a prerequisite for the
time (2): survival and prosperity of organizations. Technological

innovations are the introduction of new or significantly
Yie = a; + B Xyir + BoXoiet. .. +BnXnie +€  (2) improved products, processes, or services that create value
for customers and provide a competitive advantage for the

Where:Y:i:is the dependent variable for comparip  company. Managing these innovations requires developing
period t (ROA). Xu,X2e,..Xnie are the independent and implementing strategies that facilitate their effective
variables for company in periodt t (Research and implementation and integration into the organization's
Development, organizational strategy)- fixed effect for business processes. Innovation management begins with
companyi (characterizes time-invariant characteristies). the development of a clear innovation strategy that defines
- error. the directions and priorities of the company's innovation

activities [19,23]. The strategy must be integrated with the

3) Instrumental variables (IV) - in the presence obverall business strategy and take into account external and
endogeneity [23]. Endogeneity occurs when thiternal factors that influence the innovation process.
independent variables are correlated with the regressibnportant components of the strategy are:
error. This can happen if there are omitted variables, =  External environment analysis: assessing market
reverse causality, or random error. In this case, standarends, technological changes, consumer needs and the
regression methods can lead to biased and inconsisteampetitive situation.
results. The instrumental variable (IV) method is used to = Internal resource assessment: analyzing research
correct for endogeneity. This method requires findingnd development potential, production capacity, financial
instrumental variables that: Are uncorrelated with thand human resources.
regression errors, are correlated with the endogenous=  Determining priority areas: selecting areas in

variable (3): which the company can achieve significant competitive
advantages through innovation.
Y =a+pX+€ 3 For successful implementation of innovations, it is

necessary to create an organizational structure that
Where:Y is the dependent variable (ROAY,is the supports innovation processes:
endogenous independent variable (Research and=® Creating specialized units: departments or
Development)¢ is the error. laboratories engaged in the development and
In the context of globalization and rapid technologicaimplementation of innovations.
innovations, the application of multiple regression, fixed =  Delegation of authority: granting employees
effects and instrumental variables to study the integrati@utonomy and responsibility for the implementation of
of technology innovations in organizational processes aimhovation projects.
effect tools of measurement of company performance is =  Development of corporate culture: forming an
growing increasingly crucial. These approaches enable @’vironment conducive to creativity, openness to change
to adequately modelling the influence of a variety ofnd risk readiness.
"factors” on the financial performance of firms, including Innovation management requires a clear organization
the expenditure for research and development and tactifgprocesses, including:
of an organization — that is very important for taking = Idea generation: searching for new ideas through
reasonable management decisions. What is new is t@search, interaction with customers, partners and analysis
application of the panel data method considering firnef technological trends.
specific effects, which allows to uncover hidden =  Evaluation and selection: analysis of the viability
relationship and to increased forecasting accuracgf ideas, their compliance with the strategy and resource
Instrumental variable techniques are used to removapabilities of the company.
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= Development and implementation: creation of It is important to note that organizational and
prototypes, testing, preparation for mass production amganagement strategies related to innovation require
launch on the market. flexibility, consistency, and a focus on long-term

»  Commercialization: bringing the innovation to thedevelopment. In the context of digital transformation, it is
market, promotion, sales and after-sales service [24,25]strategic innovation management that determines whether

Innovation activity is associated with high risks,a company will survive in a highly competitive market.
including technical, market and financial. It is necessary ©ompanies that integrate innovation into their structure,

develop a risk management system that includes: culture, and processes demonstrate sustainable growth,
» Riskidentification: identifying potential threats athigh profitability, and the ability to quickly adapt. Based
each stage of the innovation process. on the above, it should be noted that organizational and

» Assessing the likelihood and impact: analyzingnanagement strategies in the field of technological
the likelihood of risks occurring and their possible impadghnovation management can be divided into several main

on the project. types:
» Developing management strategies: defining =  Corporate innovation strategy - integration of
measures to minimize or eliminate risks. innovations into the overall strategy of the company; forms
=  Monitoring and control: constantly monitoring thelong-term priorities and development goals.
situation and adjusting actions if necessary. *» Functional strategies - are implemented in

individual departments (R&D, marketing, finance, HR)
In arguing the above, it is necessary to consider tlaad support the overall innovation direction.
structuring of the main elements of an effective strategy for =  Adaptive strategy - quick response to changes in
managing technological innovations in modern companiegdie external environment and technological trends,
which are presented in Figure 1. flexibility in decision-making.

»  Proactive strategy - advanced implementation of
new technologies and creation of market trends, requires
significant investment and leadership.

*» Incremental strategy - gradual improvement of
existing products and processes, minimizes risks.

» Radical strategy - implementation of
breakthrough (disruptive) innovations that can radically
change the market.

» Each strategy has its own characteristics
depending on the goals, risk level, structure of the company
and its innovative potential.

Effective management of technological innovations
requires choosing a strategy that matches the company's
goals and resources. Offensive and proactive strategies
provide leadership, but require high risk and investment.
Defensive and incremental strategies are suitable for
sustainable development with minimal costs. The
structuring of the data of the largest global companies by
market capitalization, which have a significant impact on
organizational processes and efficiency, especially in the
context of implementing technological innovations in the
world, is presented in Table 1.

Vision and mission. Innovation
as part of the company's long-
term goal.

Analysis of the environment.
Evaluation of trends (Al, big
data, sustainability, etc.).

Infrastructure. Availability of
laboratories, accelerators, digital
platforms.

HR and culture. Training,
creativity, tolerance for errors.

UCCESS metrics. on
number of implemented
solutions, growth in market
share.

Figure 1 Structuring of the main elements of an effective
strategy for digital marketing for managing technological
innovations in modern companies

Table 1 Structuring of the largest global companies that have a significant impact on organizational processes and efficiency,
especially in the context of implementing technological innovatmrstrategies digital marketing as of 01.01.2024

MARKET CAPITALIZATION | ACTIVITY
COMPANY ( trillion) SEGMENT IMPLEMENTATION FEATURES
APPLE 3.87 Technologies A leader in the producyon of smartphones, PCs,
wearable devices and services.
MICROSOET 313 Technologies A Ieadmg develqper o_f software_and cloud
services, actively implementing Al.
AMAZON 188 Retail Global online refca|_ler, actively investing in
logistics and IT.
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ALPHABET 188 Technologies Google's parent company, a leader in the field ¢
search engines and Al.
TESLA 0.88 Agtomoblle Innovator in the field of e!e_ctrlc cars and
industry autonomous driving.

Combining approaches allows you to adapt to a 2. Digitalization of business models. Amazon and
changing environment, strengthen competitiveness aAgple have transformed traditional business models by
increase the innovative sustainability of business in thetroducing digital platforms for selling goods and
long term. To achieve the stated objectives of the study, thervices, which has significantly expanded their market
largest global companies by market capitalization and thgresence and improved interaction with customers.
impact on organizational processes and efficiency, 3. Flexible organizational structures. Tesla is known for
especially in the context of implementing technologicats flexible organizational structure, which facilitates the
innovations, were taken as an information base. rapid introduction of innovations and adaptation to changes

Based on the data presented, it should be noted that ithethe market. This allows the company to effectively
impact of technological innovations on organizationalespond to challenges and remain competitive [24,25]. The
processes has the following areas: company data presented in Table 2 were used as an

1. Automation and Al. Companies such as Microsofhiformation base and initial data for the implementation of
and Alphabet are actively integrating artificial intelligenceeconomic models and the use of fixed effects and
and machine learning into their products and services. Thistrumental variables approaches in the analysis of the
improves  decision-making  processes, increas@®pact of technological innovations on organizational
productivity, and reduces operating costs. processes and the efficiency of companies.

Table 2 Initial data of companies for calculations and implementation of economic models for the analysis of the impact of
technological innovations on organizational processes and the efficiency of companies as of 01.01.2024

COMPANY APPLE | MICROSOFT| AMAZON | ALPHABET | TESLA

REVENUE ($M) 394.3 211.9 514.0 283.9 80.Q
NET INCOME ($M 99.8 72.6 33.3 59.9 12.5
ASSETS ($M 383.6 366.2 442.4 351.0 90.Q
LIABILITIES ($M) 286.5 185.0 270.0 180.0 40.Q
EQUITY ($M) 97.1 181.2 172.0 171.0 50.0
INNOVATION RATE (%) 30 35 25 40 45
ORGANIZATIONAL STRATEGY INDEX 1 1 1 1 1

Based on the above, it should be noted that companjgexformance, patrticularly in an area where there is a high
with high innovation rates (Apple and Microsoft) showdegree of innovation, the Al and cloud space.
high efficiency of assets and capital, which is &echnological innovations and flexible organizational
consequence of their active investments in research asicategies have a significant impact on the financial
development, development and research  ammkrformance of companies, improving their efficiency and
implementation of new technologies. competitiveness in the global market.

Definitely, forecasting based on the ROA model with It is important to note that econometric models can be
Tl x OrgStrat helps to identify how innovations and aised to predict the impact of innovations on efficiency, in
flexible organizational structure can improve the financigdarticular, the model for calculating ROA (Return on
results of a company. It should be noted that the impactA$sets) and ROE (Return on Equity), which takes into
innovations is directly related to the efficiency of asset aratcount the impact of innovations and organizational
capital use, as well as the profitability of the company [26&trategy [27].

Apple and Microsoft also have high ROA and ROE The main goal is to identify how technological
mainly driven by technology innovation capabilities andhnovations and organizational strategy affect the return on
organization flexibility. Amazon and Tesla have loweassets and capital (4):

ROA since they invested heavily in infrastructure and
long-term projects, but the payoff has not been completely  ROA;.orgstrac = ROA + (T1 - Orgstrat) 4)
realized yet. Alphabet is doing well in terms of
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Where:TI is the level of innovationprgStrat is the of technological innovations on organizational processes
organizational strategy index. and efficiency of modern companies are presented in
Figure 2.
The key results of the implementation of data analysis
methods and econometric models for assessing the impact

45,00 50,00
40,00 45,00
35,00 I 40,00
30,00 35,00
30,00
25,00
25,00
20,00
20,00
15,00 15,00
10,00 10,00
5,00 5,00
0,00 0,00
Apple Microsoft Amazon Alphabet Tesla
= ROA (%) = ROE (%) TI x OrgStrat =@=ROA ¢ Tl x OrgStrat (%)

Figure 2 Key results of assessing the impact of technological innovations on organizational processes and efficiency strategies of
digital marketing modern companies

Conceptualizing the presented results, it should bmore reliable and accurate conclusions. Companies should
noted that a high level of innovation has a significargonsider the results of these models when developing their
impact on return on assets (ROA). Apple and Microsofirganizational strategies. Strategies focused on flexibility
with high levels of innovation (30% and 35% respectivelyand support for innovation will have a great advantage in
show high ROA values (26,0% and 19,8% respectivelythe current economic landscape.
which indicates that their innovation strategies contribute Thus, analysis using multiple regression, fixed effects
to high asset efficiency [28]. However, Amazon, despiteand instrumental variables provides a more accurate
lower level of innovation (25%), has a relatively low ROAunderstanding of the impact of innovation and
value (7,5%), which may indicate high capital expendituresrganizational strategies on the financial performance of
on infrastructure and long-term projects that do not fullgompanies, which contributes to effective management and
pay off. Tesla with the highest level of innovation (45%pptimization of business in the face of global changes.
has a positive impact on the projected ROA (18,9%), which The scientific and applied communities agree that
confirms the effectiveness of its innovation strategynnovation is a key driver of sustainable competitive
despite the relatively low initial ROA values (13,9%).advantage. However, approaches to managing innovation
Therefore, the organizational strategy index (which igrocesses vary significantly depending on the industry,
equal to 1 for all companies in our analysis) confirms théusiness scale, company maturity level, and national
all companies use flexible organizational structures thabntext. One of the issues being discussed is the choice
support innovation, which affects their efficiency. between radical and incremental innovations. Radical

It is important to note that the use of more compleapproaches provide a technological breakthrough, but are
models such as fixed effects and instrumental variables cassociated with high risk. While incremental ones are less
significantly improve the accuracy of financialrisky, they do not always provide significant growth. In
performance forecasting, which is essential for long-teraxddition, an important issue remains the balance between
planning and strategic development of companies. Fmternal R&D units and external sources of innovation,
high-tech companies such as Tesla and Apple, increaseduding startups, universities, and venture ecosystems. A
investment in innovation can lead to higher levels dfurrent area of discussion is the implementation of open
profitability. It is important to continue to analyze howinnovations and the transition to digital platforms that
these investments change depending on market conditiamsure the flexibility and scalability of innovation
and global economic trends [29, 30]. For more accuragetivities. More and more attention is being paid to issues
analysis and forecasting, more complex methods can e organizational culture, leadership, and the
used, such as machine learning, which can take irt@nsformation of the corporate structure for the tasks of
account many factors at the same time, allowing for evémovative development. Thus, effective innovation
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management requires not only technological solutions, s&trategies is presented with reference to the organizational
also a strategically sound organizational and managerstucture and culture; 2) Relevant corporate data from open

architecture. sources (financial statements, R&D indicators, market
capitalization) were used; 3) Modern econometric methods
5 Conclusions were used to increase the reliability of the conclusions

The study examined the system of organizational artbiixed Effects + V). The study also expands the theoretical
management strategies in the context of technologiddderstanding of how organizational ~mechanisms
innovation management, and applied modern econometffiecentralization ~ of  innovation ~ management,
methodology to quantitatively assess the impact d#Mnplementation of open platforms, creation of internal
innovation activity on the efficiency of world-classincubators) affect the pace and effectiveness of innovative
companies. The results of the study allowed us to drawdgvelopment.
number of important conclusions regarding the theoretical The practical significance of the results is that
basis, practical implementation of innovation strategie§ompanies can use the proposed approaches to optimize
and the possibilities of their application in various sectof§€ir own innovation strategy, evaluate the effectiveness of
of the economy. The relevance of the study is due to tRgrrent programs, and plan long-term development. The
global technological transformation, which affects not onl§tudy can be useful for executives and strategists involved
the digital sphere, but also traditional industries (energy) the transformation of business models under the
transport, medicine, education). Innovation managemeffluence of technological changes; for investors assessing
today requires the integration of management strategiéd¢ potential of companies with an active R&D policy, as
technological thinking and analytics, which is especiallyvell as for government agencies that formulate policies to
important in conditions of instability and high uncertaintypUpport innovation and technological entrepreneurship.
in the markets. From a practical point of VieW, the It would be advisable to conduct similar mOde”ng for
relevance of this topic is manifested in the activéther sectors of the economy (for example,
transformation of business models under the influence BRarmacedticals, fintech, mechanical engineering), which
Al, automation and sustainable development. Companigdl identify industry-specific features of innovative
need clear tools for assessing the return on innovatidigvelopment. Implementation of ESG indicators in
managing risks and building an organizational structutgnovation analysis. ~Combining innovation and
that can flexibly respond to changes. As a result of tiféIstainability —agendas (ESG - ecology, social
analysis of existing innovation management strategies, tfsponsibility, corporate governance) is becoming relevant
main types were identified and classified: offensiven the strategy of many companies. Integration of these
defensive, imitative, open, portfolio and radical. Each dpdicators into econometric models will provide a more
them has its own characteristics, areas of application ag@Mmprehensive picture. It is promising to study the role of
depends on the industry, technological and resour€égital ecosystems and artificial intelligence as drivers of
characteristics of the company. Offensive strategies, geganizational transformation and new forms of innovation
shown by the analysis of the cases of Apple, Alphabet aff@" €xample, through automated decision-making and
Tesla, have the greatest impact on the growth of long-tefifeds forecasting). Development of tools for strategic
competitiveness and leadership in the global marketiagnostics of innovation potential. Creation of applied
Assessment of the impact of innovation on the efficiend@ols (assessment methods, dashboards, ratings) that allow
of companies. Using multiple linear regression models arigial-time monitoring of the level of innovative activity of a
fixed effects (Fixed Effects Model) on panel data for fiv¢ompany and its effectiveness. _
technology giants (Apple, Alphabet, Amazon, Microsoft, The study confirmed the importance of a strategically
Tesla), a stable positive relationship was establish&@'ified approach to managing technological innovations.
between the level of R&D costs and key performand@novations have a significant impact on efficiency, and
indicators. This confirmed the hypothesis of a directhoosing the right organizational and management strategy
positive impact of innovation activity on financialis becoming the key to success in the new technological
performance. To ensure the reliability of the results, tHgality. The results obtained lay the foundation for further
instrumental variables methodology (IV assessment) wagpirical and applied research aimed at improving
used, which allowed us to exclude the influence dfnovation managementin companies of various sizes and
interdependent variables and confirm that investments idustries.
innovation not only correlate with efficiency, but are also
its cause. The use of tools such as tax incentives, pat&gferences
activity and external indices of technological developmeiit] TIDD, J.:Managing innovationlEEE Technology and
ensured the stability of the model. The novelty of the study Engineering Management Society Body of Knowledge
lies in the integrated approach, combining strategic (TEMSBOK), Wiley, pp. 95-108, 2023.
management analysis with quantitative modeling at the https://doi.org/10.1002/9781119987635.ch6
level of specific companies. Unlike many existing workg2] MARIANI, M.M., MACHADO, |., MAGRELLI, V.,
this study: 1) An integrated classification of innovation DWIVEDI, Y.K.: Atrtificial intelligence in innovation
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