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Dear Readers,

It is our pleasure to present Volume 16, Issue 1 of the Journal of Information Technology and Applica-
tions (JITA), continuing our commitment to advancing interdisciplinary research in information tech-
nologies and their practical applications across contemporary digital society.

This issue reflects several dominant technological directions shaping current scientific and industrial
development, particularly the rapid integration of artificial intelligence, intelligent information sys-
tems, cybersecurity, distributed architectures, and data-driven decision-making into everyday tech-
nological environments. The published papers collectively demonstrate how modern ICT research in-
creasingly moves beyond theoretical frameworks toward practical, scalable, and application-oriented
solutions.

Contributions address Al-assisted energy optimization in smart homes, large language model appli-
cations in financial technologies, sentiment analysis of social media content, and broader integrated
approaches combining cloud computing, IoT, big data, machine learning, and information forensics.
These studies confirm the growing role of predictive analytics and autonomous systems in shaping
future digital infrastructures.

The issue also highlights advances in software engineering and cyber-physical systems. Particularly
notable are contributions exploring robust robotic operating architectures, distributed industrial
machine control systems, and implementation strategies for honeypot-based cybersecurity environ-
ments. Such research demonstrates the increasing importance of resilient, secure, and adaptive com-
puting systems capable of operating in complex real-world conditions.

In parallel, several papers examine digital transformation processes within organizational and pub-
lic-sector contexts, including ERP, GIS, and document management system implementation, empha-
sizing the strategic role of ICT in institutional modernization and operational efficiency.

One of the strengths of this issue lies in its methodological diversity. The published works combine
machine learning models, experimental system validation, applied software development, cyberse-
curity analysis, and conceptual architectural frameworks. This diversity reflects the interdisciplinary
nature of contemporary information technology research and its growing convergence with engi-
neering, economics, communication systems, and intelligent automation.

We are particularly pleased to see strong participation from emerging researchers and regional sci-
entific communities, whose contributions continue to strengthen the visibility and relevance of ap-
plied ICT research in Southeast Europe and beyond. Supporting young researchers and encouraging
international scientific collaboration remain central goals of JITA.

We extend our sincere gratitude to all authors, reviewers, and members of the editorial and technical
teams for their professionalism, dedication, and contribution to maintaining the academic quality
and integrity of the journal.

We hope this issue will provide valuable insights, stimulate further research, and encourage new in-
terdisciplinary collaborations within the rapidly evolving field of information technology.

Editor-in-Chief

Dalibor P. Drljaca, PhD

Pan-European University APEIRON

Journal of Information Technology and Applications (JITA)
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Original scientific paper

https://doi.org/10.7251/JIT2601005Z UDC: 007.52:621.317.38

Abstract: This paper presents a machine-learning-based approach for short-term forecasting of household electricity consumption.
The study aims to model temporal consumption patterns and support intelligent energy management in residential environments.
Historical power consumption data were collected, cleaned, normalized and transformed into supervised learning sequences
using sliding window techniques. A Long Short-Term Memory (LSTM) neural network was developed to capture time-dependent
characteristics of electricity usage. The model was trained using the Adam optimization algorithm and evaluated using standard
regression metrics, including Mean Absolute Error (MAE), which indicated high prediction accuracy and robustness. To ensure
practical applicability, the proposed system integrates edge computing principles. Experimental results demonstrate that deep
learning-based time-series forecasting can effectively predict short-term energy consumption. The proposed approach contributes
to smart home energy monitoring by providing a scalable, efficient and reliable solution, and supports sustainable electricity
usage through data-driven decision-making. The findings highlight the importance of integrating predictive analytics into future

intelligent energy systems.

Keywords: LSTM, UCI, Al, Smart Homes

INTRODUCTION

Electricity consumption has been steadily in-
creasing worldwide because of industrialization,
urbanization and the growing reliance on electri-
cal devices in everyday life. [1] This trend poses
significant challenges for energy systems, particu-
larly in the context of climate change mitigation and
the transition towards sustainable energy use. As
a result, energy efficiency has been recognized as
one of the most effective instruments for reducing
greenhouse gas emissions while maintaining eco-
nomic and social development. In this framework,
residential buildings represent a critical sector, as
households account for a substantial share of total
electricity consumption. [2]

Smart home technologies have emerged as a
promising approach to addressing these challenges by
enabling advanced monitoring, control and optimiza-

tion of household energy usage. A central component
of smart home systems is energy management, which
aims to provide end users with insights into their
consumption behavior and tools for improving effi-
ciency. However, most existing energy management
systems operate in a reactive manner, responding to
current or past conditions without the capability to
anticipate future demand. Such approaches limit the
potential for proactive decision-making and optimal
resource utilization.

Recent advances in artificial intelligence, particu-
larly in deep learning, have introduced new possibili-
ties for electricity consumption forecasting. [3] Deep
learning models are capable of learning complex
temporal dependencies from historical data, mak-
ing them well suited for time-series prediction tasks.
Among these models, Long Short-Term Memory
(LSTM) neural networks have demonstrated strong
performance in capturing long-term dependencies in
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sequential data and have been successfully applied in
various energy-related forecasting problems. [4] De-
spite these advances, many existing studies remain
focused on theoretical performance evaluation or
cloud-based solutions, with limited attention given to
practical deployment in real-world smart home envi-
ronments.

A notable gap exists between demonstrated po-
tential of artificial intelligence techniques in academ-
ic research and their integration into affordable, us-
er-oriented energy management systems. Challenges
related to system complexity, computational require-
ments and deployment constraints often hidden into
translation of research prototypes into practical solu-
tions. Furthermore, there is a lack of studies address-
ing the application of intelligent energy management
systems in developing of under-researched regions,
such as Bosnia and Herzegovina, where smart home
adoption and energy efficiency research are still at an
early stage.

This paper addresses these limitations by propos-
ing a complete and practical system for short-term
household electricity consumption forecasting based
on deep learning techniques. The primary objective
of the research is to design and implement an end-to-
end solution that combines accurate prediction capa-
bilities with practical deployment considerations for
smart home environments. The proposed approach
utilizes an LSTM-based neural network trained on
historical consumption data to generate short-term
forecasts that can support proactive energy manage-
ment decisions.

The contribution of this work is threefold. First,
it demonstrates the effectiveness of deep learning-
based time-series forecasting for residential elec-
tricity consumption. Second, it presents a practical
system architecture that supports deployment in re-
source-constrained smart home environments. Third,
it provides insights into the applicability of intelligent
energy management solutions in the local context of
Bosnia and Herzegovina, contributing to the broader
understanding of smart home technologies in emerg-
ing markets. The results of this research highlight the
potential of integrating artificial intelligence into fu-
ture energy management systems to support sustain-
able and efficient electricity consumption.

METHODS AND MATERIALS

For the development of the predictive model, the
publicly available UCI Individual Household Electric
Power Consumption was used. [5] The dataset con-
tains detailed electricity consumption measurements
from a single household located in a suburb of Paris,
recorded over the period from December 2006 to No-
vember 2010. It comprises 2,075,259 individual ob-
servations collected at one-minute intervals, making
it one of the most comprehensive publicly available
datasets for residential energy consumption analysis.

Each observation includes nine attributes that
provide a detailed representation of the household’s
electrical load profile. These attributes include the
date and time of measurement, total active and re-
active power,; voltage, current intensity and energy
consumption recorded by three sub-metering chan-
nels corresponding to the kitchen, laundry room and
air-conditioning systems. Active power represents
the actual electricity consumption of the household,
while reactive power provides additional insight into
power quality characteristics.

The datasetis provided in a text-based format with
a semicolon as the field separator. Missing values are
indicated by a question mark and were handled dur-
ing the data preprocessing stage. The high temporal
resolution and detailed sub-metering information en-
able precise analysis of consumption patterns as both
aggregate and appliance-group levels, making the da-
taset particularly suitable for time-series forecasting
and smart home energy management research.

The primary development environment used in
this study was Visual Studio Code, which enabled
integrated development of both the Python-based
backend and the React Native frontend application.

The backend component was implemented using
Python 3.11, with the Flask framework employed for
the development of RESTful application program-
ming interfaces. TensorFlow was used to implement
the LSTM model for electricity consumption predic-
tion, while NumPy, Pandas and Scikit-learn were uti-
lized for data processing, preprocessing and statisti-
cal analysis.

The mobile frontend application was developed
using React Native version 0.73, providing a cross-
platform solution for user interaction. Communica-
tion with the backend services was handled using the
Axios library for HTTP requests, while data visualiza-
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tion was implemented using react-native-chart-kit,
enabling intuitive graphical representation of elec-
tricity consumption data and prediction results.

The complete data-processing pipeline consists
of several sequential stages: raw data acquisition,
preprocessing and cleaning, normalization, sliding-
window sequence generation, LSTM-based predic-
tion, threshold-based optimization logic and mobile
application alert generation. This workflow enables
transformation of raw household electricity mea-
surements into actionable user recommendations for
energy optimization.

The dataset loading process was implemented in
the Python programming language using the Pan-
das library, which provides efficient tools for ma-
nipulating structured data. The loading routine was
designed to automatically detect the presence of the
UCI dataset on the local file system. In cases where
the dataset was unavailable, the system generated
simulated data that preserved the statistical and
temporal characteristics of real household electricity
consumption measurements. This approach ensured
system robustness and independence from external
data availability.

The dataset loading function first verified the
existence of the required data files. If the files were
present, a parsing process was initiated that involved
several steps. The raw data were read from a text-
based file with explicit specification of the field sepa-
rator and the symbols representing missing values.
Although Pandas supports automatic data type infer-
ence, additional parameters were defined to correctly
handle special characters and non-standard numeric
representations present in the dataset.

Following data import, the date and time attri-
butes were combined into a single datetime object.
This transformation enabled temporal aggregation
and facilitated the analysis of seasonal and cyclical
consumption patterns. Python’s datetime objects
provide extensive functionality for time-series ma-
nipulation, which was essential for subsequent pre-
processing and modelling stages.

Subsequently, relevant columns were selected for
further analysis. The focus of this study was placed
on Global Active Power and the three sub-metering
variables representing different appliance groups.
Other variables, such as voltage and reactive power;
while informative for advanced power quality analy-

sis, were excluded as they were not directly required
for the baseline predictive model.

Data cleaning represents a critical phase in pre-
paring the dataset for machine learning applications.
Despite its high quality, the UCI dataset contains a
certain proportion of missing values resulting from
measurement errors or communication interrup-
tions in the monitoring equipment.

In the original dataset, missing values were de-
noted by a question mark. During the loading pro-
cess, these values were identified and converted into
NumPy NaN representations. A dropout-based strat-
egy was then applied, removing all records contain-
ing atleast one missing value. Although this approach
resulted in the removal of a limited number of obser-
vations, it ensured data integrity and prevented the
propagation of invalid values through the modeling
pipeline.

An additional challenge involved the conversion
of string-based values into numerical formats. While
Pandas attempts automatic type conversion, the
presence of special characters and varying decimal
formats required explicit conversion using the pd.to_
numeric function. The parameter errors=’coerce’
was applied to ensure that any non-convertible val-
ues were replaced with NaN, allowing consistent
handling of conversion errors.

Following type conversion, an additional consis-
tency check was performed to identify records con-
taining negative consumption values. As negative
electricity consumption is physically implausible,
such records were interpreted as measurement er-
rors and removed from the dataset. The outcome of
this process was a clean and consistent dataset con-
taining valid numerical values suitable for further
preprocessing and predictive modelling.

To enable system testing in scenarios where the
original UCI dataset was unavailable, an algorithm
for generating synthetic electricity consumption data
was developed. This approach ensured that the sys-
tem could operate autonomously without external
dependencies while preserving realistic consump-
tion behaviour.
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Figure 1. Synthetic electricity consumption signal generated

using sinusoidal daily patterns and Gaussian noise, compared

with LSTM-predicted values to validate realism of generated
data.

The algorithm employed a combination of sinusoi-
dal functions to model daily consumption cycles, with
added Gaussian noise to simulate real-world variabil-
ity. Kitchen energy consumption was modelled using
a Gaussian curve centered around midday, reflecting
typical appliance usage patterns. The amplitude and
width of the curve were calibrated to match the aver-
age values observed in the UCI dataset (Figure 1).

Laundry room consumption was generated us-
ing a stochastic approach, in which discrete wash-
ing events were created at random intervals. These
events were assigned fixed durations and amplitudes,
simulating the intermittent and discrete nature of
washing machine usage.

The third consumption group, encompassing wa-
ter heating and air-conditioning systems, was gener-
ated using a combination of constant baseline con-
sumption and a variable component influenced by
daily temperature patterns. An evening peak was in-
troduced to reflect increased hot water usage during
typical household routines.

Global active power was calculated as the sum of
all three sub-metering components, along with an ad-
ditional baseline load representing other household
appliances. The final signal was processed through a
filtering mechanism to ensure the absence of nega-
tive values and to constrain all measurements within
realistic operational ranges. This methodology pro-
duced synthetic data that statistically resembled the
original UCI dataset, enabling reliable system testing
under diverse operational scenarios.

An LSTM-based neural network was developed
for short-term electricity consumption forecasting.
The model consists of two stacked LSTM layers fol-

lowed by fully connected layers. The first LSTM layer
contains 64 units and processes input sequences of
24 hourly time steps, corresponding to one day of
historical consumption. This layer is configured to
return full sequences in order to preserve temporal
dependencies for subsequent processing.

A dropout layer with a rate of 0.2 is applied to re-
duce overfitting. The second LSTM layer contains 32
units and outputs only the final hidden state, which
represents a condensed temporal representation of
the input sequence. This is followed by a dense layer
with 16 neurons using ReLu activation. The final out-
put layer consists of a single neuron with linear acti-
vation, producing a continuous-valued consumption
prediction for the next hour.

The original time series was transformed into
overlapping input-output pairs using a sliding win-
dow approach. Each input sample consists of 24 con-
secutive hourly values, while the target corresponds
to the following hour. Prior to sequence construction,
the data were normalised using Min-Max scaling to
the range [0,1] to ensure stable training and faster
convergence. The resulting input tensor has the
shape (samples, 24, 1), which is the standard format
for LSTM networks.

The model was trained using the Adam optimizer
with a learning rate of 0.001. Mean Squared Error
(MSE) was used as the loss function, while Mean Ab-
solute Error (MAE) was monitored as an additional
performance metric. The dataset was divided into
training and validation subsets using an 80/20 split.
Training was performed for 50 epochs with a batch
size of 32.

The model converged rapidly, with a signifi-
cant reduction in training loss observed during the
first 20 epochs. After 50 epochs, the final training
MSE reached 0.0234, while the validation MSE was
0.0267, indicating good generalisation and no signifi-
cant overfitting (Figure 2).
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Figure 2. Training and validation loss curves during LSTM
model training, demonstrating stable convergence and absence
of significant overfitting after 50 epochs.

The final validation MAE of 0.094 kW corresponds
to an average relative prediction error of approxi-
mately 4%, demonstrating high forecasting accuracy.
The model performed best during stable consump-
tion periods, while larger deviations were observed
during rapid load changes, particularly during morn-
ing and evening peak hours. These results confirm
suitability of LSTM networks for short-term house-
hold energy consumption prediction.

The system consists of a Flask REST API backend
connected to an LSTM prediction model, and a React
Native mobile application. This architecture enables
real-time electricity consumption prediction, device
management and visualization for smart homes.

The backend is implemented using Flask, selected
for its simplicity, flexibility and seamless integration
with Python'’s data science ecosystem. The server ex-
poses multiple RESTful endpoints:

e /api/predict generates 24-hour electricity

consumption forecasts using an autoregressive
LSTM model.

e /api/devices supports CRUD operations for
smart home devices and tracks their real-time
status.

e /api/current-consumption provides real-time
total household consumption.

e /api/statistics computes daily, weekly and
monthly consumption statistics, including
peak and low hours.

e /api/health returns server and model status
for monitoring and diagnostics.

In-memory instances of the LSTM model, scaler

objects, datasets and device logs are maintained to
ensure fast response times. Robust error handling

ensures the server can manage unexpected inputs
without crashing.

The mobile application is developed using React
Native, offering cross-platform support for Android
and i0S. It communicates with Flask API to fetch pre-
dictions, device data, real-time consumption and sta-
tistics. Interactive charts visualize energy forecasts,
while users can control smart home devices directly
from the app.

T ] nok 1 G o
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Figure 3. Main interface of the Smart Home Energy Saver
application displaying real-time electricity consumption, 24-
hour LSTM-based forecasts and peak consumption statistics for
proactive energy monitoring.

Figure 3 represents the Smart Home Energy Saver
mobile application interface, which serves as the pri-
mary user interaction point for the system. The ap-
plication displays real-time consumption data (0.935
kW), LSTM-based 24-hour consumption predictions
with hourly granularity, and comprehensive statistics
including peak usage (1.16 kW) and average con-
sumption (1.15 kW). The predictive model success-
fully captures daily consumption patterns, enabling
users to anticipate and optimize their energy usage.
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The interface has been localized in Serbian for de-
ployment in the target market.
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Figure 4 Configuration interface allowing users to customize
energy pricing, alert thresholds, reporting schedules and
notification preferences within the smart home energy
management system.

The application includes a settings button that
provides access to the configuration menu (Figure 4),
where users can define key parameters such as elec-
tricity specifications, notification preferences and
application information. Users can customize energy
pricing (€/kWh), consumption thresholds (kWh), en-
able push notifications for excessive usage alerts and
set daily reporting schedules. The interface also dis-
plays technical information including the LSTM Neu-
ral Network model and UCI Machine Learning datas-
et. This configuration capability enables personaliza-
tion and adaptation to individual user requirements.

The interface uses a modern, card-based layout
for clarity, displaying current consumption, predic-
tive graphs, device controls and alerts.

The system continuously monitors predicted con-
sumption against predefined thresholds. When a
threshold is exceeded, the app generates an alert and
recommends actions to optimize energy usage, al-
lowing users to take immediate corrective measures.

RESULTS

The performance of the proposed LSTM-based
prediction model was evaluated using standard re-
gression metrics: Mean Absolute Error (MAE), Root
Mean Squared Error (RMSE), Mean Absolute Percent-

age Error (MAPE) and the coefficient of determina-
tion (R?).

The model achieved an MAE of 0.0943 kW
(94.3W). Considering the average household con-
sumption of 2.38 kW, this corresponds to a relative
error of approximately 3.96%, indicating high predic-
tion accuracy in absolute terms.

The RMSE value of 0.1634 kW reflects the pres-
ence of occasional larger deviations, as expected due
to the quadratic penalization of errors. The moder-
ate difference between RMSE and MAE suggests that
large prediction errors are not dominant and that the
model remains stable over time.

The MAPE of 4.2% confirms strong performance
across varying consumption levels. According to
commonly accepted industry thresholds, MAPE val-
ues below 5% are considered excellent, [6] placing
the proposed model in the highest accuracy category.

The coefficient of determination (R*= 0.9534) in-
dicates that over 95% of the variance in energy con-
sumption is explained by the model, demonstrating
strong predictive capability.

To provide comparative context for evaluating
the proposed LSTM architecture, its expected per-
formance can be related to simpler forecasting ap-
proaches commonly used in time-series prediction
tasks, such as ARIMA models and Feedforward Neu-
ral Networks (FNN).

Traditional ARIMA models are effective for model-
ing linear temporal dependencies but often struggle
with highly nonlinear and dynamic household con-
sumption patterns. Similarly, FNN architectures can
model nonlinear relationships but lack internal tem-
poral memory mechanisms required for sequential
time-series learning.

In contrast, LSTM networks are specifically de-
signed to capture long-term temporal dependencies
and complex sequential patterns, which makes them
more suitable for short-term electricity consumption
forecasting in smart home environments.

The Flask-based backend was evaluated under lo-
cal development conditions to access responsiveness
and resource usage.

The health-check endpoint exhibited the low-
est latency, responding within 3-5ms, as it performs
minimal processing. The device status endpoint re-
sponded within 8-12ms on average.

The prediction endpoint, which includes data
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preprocessing, normalization, 24-step LSTM infer-
ence and result formatting required 35-50ms per re-
quest. Approximately 30ms of this time is attributed
to LSTM inference. These response times are suitable
for real-time interaction in a mobile application con-
text.

The initial server startup time, including model
loading into memory, was approximately 2.3 seconds.
Once loaded, the model instance is reused, signifi-
cantly reducing latency for subsequent requests.

Memory profiling showed that the LSTM model
occupies approximately 8 MB of RAM, while the total
Python process uses around 156 MB, which is accept-
able for small-scale deployment.

The mobile application was tested using an An-
droid emulator (Pixel 4, API 36). The average startup
time was 1.8 seconds, providing a responsive user ex-
perience.

Ul rendering performance remained stable at 60
FPS, ensuring smooth navigation and interaction.
Memory consumption ranged between 85-95 MB,
including application logic, data and graphical com-
ponents.

Network usage was minimal. Initial data loading
required approximately 8 KB, while periodic updates
of real-time consumption (every 5 seconds) trans-
ferred 150-200 bytes per request. The 24-hour con-
sumption graph required approximately 2 KB. Over-
all, daily network usage remained below 1 MB.

The system employs a proactive energy optimiza-
tion strategy based on 24-hour consumption fore-
casts. A dynamic detection threshold is computed as
the 90 percentile of historical consumption, allow-
ing the system to adapt to household-specific usage
patterns.

When predicted consumption exceeds the thresh-
old, the system generates a warning prior to the ac-
tual occurrence of high load. The maximum predicted
value and its expected time are identified, enabling
contextual recommendations (e.g., anticipated peak
hours).

Device selection for optimization is based on three
criteria: current power consumption, operational sta-
tus and device type. Devices with the highest active
consumption are prioritized, while heuristics ensure
that critical appliances are deprioritized. This selec-
tion process is implemented via descending sorting
based on real-time power usage.

Recommendations are presented through a clear-
ly visible warning card containing: a quantitative
problem description, peak consumption details and
a concrete actionable recommendation.

User actions result in immediate feedback, includ-
ing updated device status and real-time consumption
changes, while preserving full user control over deci-
sion-making.

DiscussioN

The achieved predictive performance confirms that
the proposed LSTM model is well suited for household
energy forecasting. With a Mean Absolute Error of 94.3
W and a Mean Absolute Percentage Error of 4.2%, the
model demonstrates a high level of accuracy relative to
the average household load. Such error levels are con-
sidered excellent in energy forecasting applications
and indicate reliable short-term predictions.

The high coefficient of determination (R* =
0.9534) shows that the model captures the dominant
temporal patterns in the data, explaining over 95%
of the observed variance. The relationship between
MAE and RMSE suggests that large prediction errors
are infrequent and not systematic. From a practical
standpoint, these results indicate that the model pro-
vides stable and consistent forecasts rather than oc-
casional extreme deviations.

Importantly, the model’s performance should be
interpreted in relation to its intended purpose. The
primary objective is not exact point-wise prediction,
but timely identification of high-consumption period.
In this context, the achieved accuracy is sufficient to
support proactive energy management decisions.

The predictive model serves as an enabling com-
ponent for higher-level optimization logic rather than
an isolated forecasting tool. Since the system relies on
dynamic, percentile-based thresholds, minor numer-
ical prediction errors do not significantly affect the
detection of high-load intervals. As long as relative
consumption trends are preserved, the system can
reliably anticipate critical periods.

The proactive nature of the approach is a key ad-
vantage. By generating warnings based on predicted
values, the system allows users to act before peak
consumption occurs. Even moderate forecasting in-
accuracies do not undermine this functionality, as
early notification remains beneficial compared to re-
active responses.
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Moreover, the optimization strategy prioritizes
devices based on their relative contribution to total
consumption. This ranking-based approach is inher-
ently robust to small prediction errors and ensures
that recommended actions consistently target the
most impactful devices. As a result, the system trans-
lates predictive insights into practical, actionable
recommendations with minimal cognitive effort re-
quired from the user.

From a system-level viewpoint, the integration of
the predictive modeling, backend services and a mo-
bile user interface demonstrates the feasibility of de-
ploying machine learning-based energy optimization
in an interactive application. Low response latency and
modest computational requirements enable real-time
interaction without compromising user experience.

The design intentionally abstracts technical com-
plexity from the user. Instead of exposing forecasts or
raw data, the system delivers concise warnings and
concrete recommendations. This user-centric ap-
proach increases the likelihood of engagement and
highlights the importance of coupling predictive ac-
curacy with effective presentation and usability.

Compared to many commercial smart home solu-
tions that focus primarily on automation or reactive
monitoring, the proposed system emphasizes proac-
tive decision support through forecasting. While ex-
isting platforms often provide historical insights or
rule-based automation, they rarely integrate short-
term prediction directly into user-facing optimiza-
tion recommendations.

In contrast to many academic studies that remain
limited to offline model evaluation, this work demon-
strates an end-to-end system that bridges the gap be-
tween prediction, optimization and user interaction.
The contribution lies not in outperforming all exist-
ing methods in terms of accuracy, but in demonstrat-
ing a practical and deployable integration of these
components.

Despite encouraging results, several limitations
should be acknowledged. The use of a single-house-
hold dataset restricts generalizability, and simulated
device control does not fully capture the complexities
of real-world IoT deployments. Additionally, the re-
cursive prediction strategy may introduce cumulative
errors over longer horizons.

These limitations suggest that while the results
are promising, further validation on diverse datasets

and real hardware integrations is necessary before
large-scale deployment. Nevertheless, they do not in-
validate the conclusions regarding system feasibility
and design effectiveness.

The presented system provides a foundation for
several future extensions, including adaptive thresh-
olding, personalized recommendation strategies
based on user behavior and integration with variable
electricity tariffs. Incorporating real IoT devices and
exploring multi-output forecasting models could fur-
ther enhance robustness and practical impact.

Overall, this work demonstrates that predictive
modelling can be effectively translated into action-
able decision support for smart energy management,
highlighting the importance of system-level design
alongside model accuracy.

CONCLUSION

This study presented the development and evalu-
ation of a functional system for short-term electricity
consumption prediction and optimization in smart
homes using LSTM neural networks. The central
objective was to investigate whether an artificial in-
telligence-based system could provide accurate en-
ergy forecasts and translate them into personalized,
actionable recommendations through an accessible
mobile application. The results demonstrate that this
objective was successfully achieved.

The proposed system integrates an LSTM fore-
casting model with a Flask-based backend and a
React Native mobile application into a cohesive end-
to-end solution. The predictive model achieved high
accuracy at an hourly resolution, confirming the
suitability of LSTM architectures for household en-
ergy forecasting. More importantly, the integration
of prediction with optimization logic enabled a tran-
sition from reactive energy monitoring to proactive
energy management.

Beyond predictive performance, the main con-
tribution of this work lies in demonstrating the fea-
sibility of deploying machine learning-based energy
optimization without reliance on expensive hard-
ware infrastructure. The system operates at a proof
of concept showing that advanced artificial intelli-
gence techniques can be embedded into lightweight,
user-friendly applications suitable for real-world use.
From a technical perspective, the achieved backend
response times and stable mobile application perfor-
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mance indicate that such systems can support inter-
active and responsive user experiences.

Several limitations should be acknowledged.
The use of a single-household dataset limits gener-
alizability, and device control was simulated rather
than implemented on real [oT hardware. Addition-
ally, the recursive prediction strategy may lead to
cumulative errors over longer forecasting horizons.
These limitations suggest that further validation is
required before large-scale deployment. It should be
emphasized that the presented results are based on
a single-household dataset and therefore primarily
demonstrate proof-of-concept feasibility rather than
universal generalization. Additional validation using
heterogeneous multi-household datasets and real [oT
deployments will be necessary to confirm scalability
and applicability in broader smart home scenarios.

Future work will focus on integrating real smart
devices using standardized IoT protocols, exploring
alternative multi-output forecasting approaches and
conducting long-term user studies to evaluate sus-
tained effectiveness and user engagement. Overall,
this work establishes a solid foundation for further
research and practical applications in smart home
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Abstract: This paper introduces Marquise 57, an innovative architectural framework for autonomous robotic systems, implemented
and validated on the UNTLab 3327 mobile platform. Inspired by the mathematical symmetry and refractive properties of the
Marquise diamond cut, the architecture employs a dual-core deconvolution strategy to eliminate logical blind spots and systemic
latency.

The framework conceptualizes the robot as a digital organism, with operations divided into two cognitive layers: the Crown (Core
1), responsible for high-precision motion control via EncoMotors, and the Pavilion (Core 0), dedicated to environmental awareness
through the SiLog (Sensor Information Log) protocol. At the center of this architecture is the Tower, a hardware-encrypted vault
utilizing military-grade AES-256 algorithms to ensure forensic integrity of mission data.

Experimental validation over a verified distance of 1,089.57 meters demonstrates near-zero latency execution and bit-perfect
forensic reconstruction of environmental events. By transforming physical stimuli into coherent informational structures, the
Marquise 57 architecture establishes a robust blueprint for mission-critical cyber-physical systems operating in complex real-
world environments.

Keywords: Marquise 57 Architecture, Digital Organism, SiLog Protocol, AES-256 Encryption, Cyber-Physical Systems, UNTLab

3327, Bit-Perfect Odometry

THE NEED FOR A NEW PARADIGM

Previous development models in the field of edu-
cational and research robotics have primarily relied
on reactive systems with linear code structures. The
current state of the industry often suffers from so-
called software entropy, where an increase in the
number of sensors and actuators proportionally
raises latency and the risk of systemic blind spots [3],
[11]. Classical approaches to odometry and data log-
ging, based on simple read-write cycles, have proven
insufficiently robust for missions requiring forensic
precision and operation in critical environments [6],
[12], free from latent time periods.

A critical gap has been identified in the integra-
tion of cryptographic data protection at the hardware
level of mobile platforms, as well as in the absence

of intuitive telemetry that would provide operators
with real-time situational awareness without cogni-
tive overload [4], [10], [15]. Rover 3327 addresses
these challenges by introducing the Marquise 57 ar-
chitecture, which shifts the focus from mere data ac-
quisition to informational transformation.

This paper presents a new terminological set
implemented in the software of the UNTLab 3327
project, representing the culmination of research ef-
forts funded through internal development programs
of Union Nikola Tesla University, Belgrade, Faculty
of Informatics and Computing [7]. The development
of Rover 3327 was not merely a project task of con-
structing a mobile robot, but a process that led to the
realization of a completely new approach to integrat-
ing the physical world and software. This integra-
tion is reflected in abandoning classical concepts of
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“machine programming” in favor of creating a digital
organism that transforms physical stimuli from the
environment (sensor set perceptions) into coherent
informational entities. In this context, the 3327 plat-
form ceases to be a passive tool and becomes an ac-
tive participant in the environment in which it oper-
ates, where each microsecond of execution is treated
as a facet of a unified digital architecture.

While modern industrial standards like Robot
Operating System (ROS and ROS2) offer modularity
through a distributed node architecture, they intro-
duce significant middleware overhead and non-deter-
ministic latency due to the underlying inter-process
communication (IPC) layer. ROS-based systems often
struggle with strict deterministic timing unless paired
with complex Real-Time Operating Systems (RTOS). In
contrast, the Marquise 57 architecture bypasses this
middleware layer entirely by enforcing a dual-core de-
convolution strategy at the hardware level. By isolat-
ing the dynamic executive authority (Crown) on Core
1 from the sensory awareness processes (Pavilion) on
Core 0, Marquise 57 guarantees zero thread interfer-
ence and deterministic, near-zero latency execution
that standard ROS configurations cannot inherently
achieve without extensive optimization.

DIAMOND GEOMETRY AS AN ENGINEERING
IMPERATIVE

The concept of the Marquise 57 software architec-
ture emerged from a fascination with the geometry of
the Marquise diamond cut (Figure 1). Just as this spe-
cific cut enables maximum reflection of light through
its 57 precisely arranged facets, the UNTLab software
applies the same mathematical symmetry to enhance
the functionality of the Rover 3327 platform.

MARQUISE

Figure 1. Marquise geometry, Crown with 33 facets

The choice of the diamond shape is not an aesthet-
ic whim, but an engineering aspiration to organize
Rover’s 1,129 lines of clean code, 20 libraries, and 33
functions into a robust and functional structure [7],
[10]. Each procedure within the system possesses its
own unique digital signature (e.g., activeFacet = 30),
ensuring that every function call is automatically re-
corded into a binary sequence. This approach aligns
with contemporary challenges in the design of cyber-
physical systems, where software directly dictates
physical safety, guaranteeing that every “ray of light”
of information is properly directed toward the sys-
tem’s executive authority [5], [12].

TAXONOMY OF THE NEW TERMINOLOGICAL SET

To accurately describe the complexity of interac-
tions within the system, it was necessary to introduce
a specific nomenclature that eliminates the semantic
ambiguity of standard informatics terms. Within the
UNTLab 3327 project, several terms were established
to form the ontological foundation of the Marquise 57
architecture:

Marquise 57 Architecture

Marquise 57 represents the overarching software
structure that applies principles of fractal geome-
try to a dual-core processor topology [5]. Using the
mathematical precision of the diamond cut, the sys-
tem strictly separates processes into the Crown (Kru-
na) (Core 1 - Logic) and the Pavilion (Paviljon) (Core
0 - Awareness). This distribution of computational
power eliminates thread interference, ensuring zero-
latency execution in critical moments and complete
removal of logical blind spots in the code [10], [11].

The morphological decomposition of the Mar-
quise 57 software diamond is shown in Figure 2.
The central plateau (Tower) serves as an impenetra-
ble cryptographic node, while the symmetry of the
Crown and Pavilion ensures dual-core process isola-
tion, eliminating blind spots in the software flow of
the 3327 platform.
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Figure 2. Conceptual representation of the Marquise 57
architecture

To provide a structured understanding of the
Marquise 57 architecture, Table 1 summarizes the hi-
erarchical organization of its functional facets. Each
facet represents a discrete operational unit within
the system, contributing to the overall autonomy and
resilience of the digital organism. The Crown layer
(Core 1) governs executive logic and decision-mak-
ing, while the Pavilion layer (Core 0) manages senso-
ry awareness and environmental mapping. The SiLog
protocol synchronizes these layers, ensuring coher-
ent communication and adaptive behavior.

Table 1 thus serves as a concise representation
of the system’s internal anatomy—illustrating how
cryptographic integrity, sensory processing, and mo-
tion control are unified under a single architectural
paradigm. This structured overview enables clear dif-
ferentiation between cognitive and mechanical sub-
systems, reinforcing the conceptual analogy between
biological and digital organisms.

Table 1. Functional Facets of the Marquise 57 Architecture

Facet Layer Function Description
Decision-making,
1-7 Crown (Kruna) Executive task prioritization,
(Core 1 Logic) Authority and system integrity
control
Real-time data
Pavilion (Paviljon) Sensory acquisition and
8-14 ) .
(Core 0 Awareness) Processing environmental
mapping
Communication
. Neural bridge between
15 Siog Protocol Synchronization  Crown and Pavilion
layers
16 Tower (Kula) Cryptographic D?:J?'eenns?gszleogr:ii;d
(AES-256) Security
assurance
Encoder-based
17 EncoMotors Motion Control precision movement
and feedback
correction

Crown (Kruna): Executive Authority and

Dynamic Execution

Within the Marquise 57 architecture, the Crown

represents the operational zenith of the system, lo-
cated on processor core 1. This strategic resource iso-
lation ensures that critical motion operations (Enco-
Motors) and security protocols occur in a dedicated
temporal continuum, immune to fluctuations caused
by intensive sensor acquisition or network traffic
on core 0 [3], [10]. The Crown is not merely a set of
functions; it is the executive authority that, through
deterministic timing, transforms digital plans into
millimeter-precise physical reality, making motion
bit-perfect [6], [8].

[llustrative facets include:

e Facet 07 - Vector decomposition of force across
all four EncoMotors simultaneously, enabling
lateral translation without chassis reorientation.

e Facet 15 - Real-time comparison of planned
trajectory (SD card) with encoder readings
(355 pulses/cycle), ensuring zero-tolerance
path accuracy [6].

e Facet 22 - “Digital instinct” function with high-
est execution priority; upon detecting instabil-
ity via IMU sensors, generates a corrective im-
pulse within 200ms.

e Facet 33 - Final operational layer that digitally
signs SiLog packets and activates the AES-256
encryption engine before physical data storage
[9], [15].
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Pavilion (Paviljon) (Core 0): Sensor Mirror

and Informational Base

While the Crown dominates logic, the Pavilion

represents the reflective lower layer of the Marquise
57 architecture, serving as the primary receptor and
processor of environmental information. Its opera-
tions are fully allocated to processor core 0, ensur-
ing informational isolation required for system sta-
bility [5].

Key facets include:

e Facet 34 - Automatic sampling of ambient
electromagnetic noise, establishing a “zero
point” for signal isolation.

e Facet 42 - Quadrant laser shield monitoring,
triggering hardware interlock upon intrusion
[7].

e Facet 50 - Analysis of volatile organic com-
pounds (VOC/TVOC), producing SiLog-format-
ted chemical terrain maps.

e Facet 57 - Final aggregation of sensor data, bi-
nary alignment, and transfer to the Tower for
AES-256 encryption [13].

Tower (Kula): Cryptographic Fortress at AES-
256 Level
At the heart of the Crown lies the Tower; a dedicat-
ed encryption module ensuring data integrity within
the 3327 system. Implementing AES-256, the only
encryption standard approved by the U.S. National
Security Agency for Top Secret data [2], the Tower
provides:
e Digital signatures for each function call.
e Real-time encryption of sensor data before
physical storage.
e Forensic precision enabling mission recon-
struction via Windows C# applications.
e Automatic verification of storage media, with
vocal telemetry alarms upon failure.

SiLog - Digital Nervous System

Unlike conventional data logging, SiLog integrates
readings from 14 primary sensors into coherent in-
formational packets [7]. Each packet contains:

e Header (Facet identifier).

e Payload (sensor set).

¢ Checksum (integrity verification).

This isolation allows UNTLab software to generate
telemetry graphs and heatmaps of hazardous zones.

EncoMotors (Encoder-Based Motors)

Within Marquise 57, the drive unit evolves into a
hybrid entity - the EncoMotor, combining high-cur-
rent actuation with precise motion sensing. With op-
tical resolution of 355 pulses per cycle, EncoMotors
enable:

e Bit-perfect synchronization with the system'’s

time base.

¢ Predictive correction via gyroscopic data.

e Experimental validation over 1,089.57 meters,

producing irrefutable forensic evidence in .enc
format.

== el Paf*
= lowed 1137 Corvecd Bath
= Lnaoerersd farh

Ly o [ 271
- I

i koo e i 0
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Figure 3. Experimental validation of odometry precision over
1089.57 m

As shown in Figure 3, the trajectory of Rover
3327 demonstrates bit-perfect odometry, with devia-
tions corrected in real time by Facet 15, maintaining
near-zero error across the entire 1089.57 m path.

To evaluate the statistical significance of the real-
time correction loop governed by Facet 15, a detailed
analysis of the cross-track error (A x) was conducted
across the entire experimental sample 1,089.57 m. For
the uncorrected path, the maximum deviation reached
1,76 cm with amean errorofp =0,84cmanda
standard deviationofo,  =0,42 cm.Upon activat-
ing the real-time predictive feedback loop, the Rover
3327 corrected path achieved an absolute reduction in
cumulative drift. The mean cross-track error dropped
tou, ..=0,31cma highly stable standard deviation
ofo =011 cm proving that the precision of the
diamond geometry configuration guarantees statisti-
cally robust, near-zero error localization under con-
tinuous mission execution.
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AuTONOMUS DIGITAL ORGANISM

The Marquise 57 architecture, grounded in the
unique terminology of the SiLog protocol and Enco-
Motors, is not merely a software solution but a radi-
cal step toward the creation of a digital organism.
Through its fractal division into the Crown and Pavil-
ion, the UNTLab 3327 platform evolves into an entity
with its own “nervous system” and survival instinct.
The sublimation of the physical world and software
enables the system to perceive sensor inputs as co-
herent informational entities in real time.

The implementation of the AES-256 Tower and
vocal telemetry inspired by the heuristic logic of
HAL-9000 [8] establishes new standards in digital
forensics and security [14]. Experimental validation
over a distance of 1,089.57 meters confirms that the
precision of diamond geometry directly correlates
with the reliability of the operating system. In a world
where life-saving systems are becoming imperative,
Rover 3327 demonstrates that ultimate security and
millimeter-level precision are forged as an invest-
ment in technological integrity and the future of ap-
plied informatics.

Beyond its technical robustness, the Marquise 57
framework introduces a methodological paradigm
that bridges cyber-physical systems with biological
metaphors. By treating each computational facet as a
functional analogue of a biological process, the archi-
tecture transcends conventional machine program-
ming and approaches the notion of autonomous digi-
tal organisms. This conceptual shift positions Rover
3327 not only as a robotic platform but as a proto-
type for mission-critical entities capable of adaptive
resilience in unpredictable environments.

Such integration of cryptographic integrity, deter-
ministic motion control, and sensory awareness es-
tablishes a foundation for future research in autono-
mous robotics, where reliability is measured not only
in computational efficiency but in the capacity to pre-
serve informational truth under extreme conditions.

CONCLUSION

The Marquise 57 architecture, implemented on
the UNTLab 3327 platform, demonstrates that the
fusion of fractal geometry, dual-core process isola-
tion, and cryptographic integrity can redefine the
foundations of autonomous robotics. By conceptual-
izing the robot as a digital organism, the framework

transcends conventional machine programming and
establishes a paradigm where sensory perception,
motion control, and forensic data integrity are inte-
grated into a coherent informational entity.

Experimental validation over 1,089.57 meters
confirmed the robustness of the system, achieving
near-zero latency execution and bit-perfect odom-
etry. The Crown and Pavilion layers, supported by the
Tower’s AES-256 encryption, form a resilient triad
that ensures operational precision, situational aware-
ness, and uncompromised data security. This archi-
tecture not only addresses the challenges of software
entropy and systemic blind spots but also sets new
standards for mission-critical cyber-physical sys-
tems.

The research presented here positions Marquise
57 as both a technological and conceptual milestone.
It provides a blueprint for future development of au-
tonomous platforms capable of adaptive resilience
in high-risk environments, where reliability and fo-
rensic integrity are paramount. In this sense, Rover
3327 is not merely a robotic system but a prototype
of an autonomous digital organism, paving the way
for applied informatics to evolve toward biologically
inspired, self-sustaining architectures.

Acknowledgment

This research was carried out within the framework of the UN-
TLab at ,Union - Nikola Tesla” University, Faculty of Informatics
and Computing, Belgrade. The authors gratefully acknowledge
the support of the laboratory infrastructure and the internal de-
velopment programs of the university, which provided the foun-
dation for the design, implementation, and validation of the Mar-
quise 57 architecture.

REFERENCES

[1] S. K. Card, T. P. Moran, and A. Newell, The Psychology of
Human-Computer Interaction. Hillsdale, NJ: Lawrence Erl-
baum Associates, 1983. doi: 10.1201/9780203736166

[2] National Institute of Standards and Technology (NIST),
Advanced Encryption Standard (AES), Federal Information
Processing Standards Publication (FIPS) 197, 2001. doi:
10.6028/NIST.FIPS.197-upd1

[3] R. Siegwart, I. R. Nourbakhsh, and D. Scaramuzza, Intro-
duction to Autonomous Mobile Robots, 2nd ed. Cambridge,
MA: MIT Press, 2011.

[4] 1SO 9241-210:2019, Ergonomics of human-system inter-
action — Part 210: Human-centred design for interactive
systems. International Organization for Standardization,
2019. doi: 10.3403/30388991U

[5] E.A. Lee, “Cyber Physical Systems: Design Challenges,” in
Proc. IEEE 11th Int. Symp. Object Oriented Real-Time Dis-
tributed Computing (ISORC), 2008.

[6] ]. Borenstein and L. Feng, “Measurement and Correction

18

Journal of Information Technology and Applications

www.jita-au.com



THe Marauise 57 ArcHITECTURE: A Diamond FracTAL GeomeTRY APPROACH TO RosusT MogiLe OS (UNTLag 3327)

JITA 16(2026) 1:14-19

of Systematic Odometry Errors in Mobile Robots,” I[EEE
Trans. Robotics and Automation, 1996.

[7] University Union “Nikola Tesla,” Internal Technical Docu-
mentation: Marquise 57 Software Architecture and SiLog
Protocol for Rover 3327. Belgrade: Faculty of Informatics
and Computing, 2025. [Internal Publication]

[8] A.C.Clarke, 2001: A Space Odyssey. New York: New Ameri-
can Library, 1968.

[9] N. Ferguson and B. Schneier, Practical Cryptography.

Hoboken, NJ: Wiley, 2003.

S. G. Tzafestas, Introduction to Mobile Robot Control. Am-

sterdam: Elsevier, 2013.

Natmeladze, N., Pitel, ]., Zidek, K., & Romaniuk, V. (2025).

Research on the Implementation of New Communication

Technologies to Improve Quality and Stability in Motion

Control of Autonomous Mobile Robots. Technologies,

13(12), 556.

Waga, A., Benhlima, S., Bekri, A., Abdouni, ]., & Saber, F. Z.

(2025). A survey on autonomous navigation for mobile

robots: From traditional techniques to deep learning and

[10]

[11]

[12]

ABOUT THE AUTHORS

Olja Krcadinac (Latinovic, maiden name) is
assistant professor at “Union - Nikola Tesla”
University - Faculty of Informatics and Com-
puter Science. She earned her Ph.D. in biomet-
ric field from University of Belgrade - Faculty
of Organizational science, where she conduct-
ed groundbreaking research on speaker rec-
ognition. In addition to her teaching responsibilities, Olja has
authored numerous impactful publications in peer-reviewed
journals, contributing valuable insights to the scientific com-
munity. Her research focuses on biometric, sensors, [oT and Al,
addressing critical issues in Al and making significant contribu-
tions to the academic community.

large language models. Journal of King Saud University
Computer and Information Sciences, 37(7), 198.
[13] Allamanda, A., Hartejo, B. W,, Zulfikar, M. N,, & Ogi, D.
(2023, August). Implementation of aes-256 algorithm for
secure data transmission in lora-based forest fire moni-
toring system. In 2023 IEEE International Conference on
Cryptography, Informatics, and Cybersecurity (ICoCICs)
(pp. 224-229). IEEE.
Cohen, Y., Faccio, M., & Rozenes, S. (2025). Vocal Com-
munication Between Cobots and Humans to Enhance
Productivity and Safety: Review and Discussion. Applied
Sciences, 15(2), 726.
Podder, R,, & Barai, R. K. (2021, February). Hybrid encryp-
tion algorithm for the data security of esp32 based IoT-
enabled robots. In 2021 Innovations in Energy Manage-
ment and Renewable Resources (52042) (pp. 1-5). IEEE.

Received: April 17, 2026
Accepted: May 5, 2026

Zeljko Stankovic received his higher educa-
tion in Cleveland, Ohio, USA, where he graduat-
ed in 1981. The topic of the thesis was “Revers-
ible sound in halls”. He defended his master’s
thesis (“Learning control system (LMS) based
on ADL SCORM specifications”) in 2006 at the
University of Novi Sad, Faculty of Science, De-
partment of Informatics. He defended his doctoral dissertation
(Laser perception of defined objects and encapsulation of control
and logic elements for an autonomous robotic teaching tool) at
Singidunum University, Belgrade, in 2010. He has been program-
ming since 1984, creating programs for his first Commodore 64
computer.

£

Ao

‘

FOR CITATION

Olja Kréadinac, Zeljko Stankovi¢, The Marquise 57 Architecture: A Diamond Fractal Geometry Approach to Robust Mobile 0S
(UNTLab 3327),JITA - Journal of Information Technology and Applications, Banja Luka, Pan-Europien University APEIRON, Banja Luka,
Republika Srpska, Bosna i Hercegovina, JITA 16(2026)1:14-19, (UDC: 004.738.5:[519.711:519.245), (DOI: 10.7251/JIT2601014K),
Volume 16, Number 1, Banja Luka, June (1-76), ISSN 2232-9625 (print), ISSN 2233-0194 (online), UDC 004

June 2026

Journal of Information Technology and Applications

19



JITA 16(2026) 1:20-30

DANIEL MENICANIN, ET AL.

CENTRALIZED DATABASE AND DISTRIBUTED COMMUNICATION IN
A SOFTWARE SYSTEM FOR HIGH-PRECISION INDUSTRIAL MACHINE
CONTROL

Daniel Menic¢anin?, Jelena Radanovi¢?, Drazen Marinkovi¢3
IPan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina,
danijel. menicanin@gmail.com, 0009-0001-6311-4043
2Pan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina,
dev.radanovic@gmail.com, 0009-0001-5135-7662
*Pan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina
drazen.m.marinkovic@apeiron-edu.eu, 0009-0006-8001-2168

Original scientific paper

https://doi.org/10.7251/JIT2601020M UDC: 004.6:[004.9:004.451.9

Abstract: High precision in industrial processes depends not only on the mechanical and control components of the system, but also
on the way data related to machine operation and operator activity are organized, stored, and processed. This paper examines the
application of the relational data model and distributed communication architecture in an industrial software system intended for
controlling machines in which deformation, forming, and material processing are directly conditioned by precise positioning and
stable process supervision. The implemented solution includes a centralized application layer developed in the Dart programming
language using the Flutter framework, a distributed microcontroller layer implemented in C++, and a centralized PostgreSQL
database deployed in a Docker environment on a Proxmox server. Communication between the computer and the main control
node is established via a USB-UART connection, while remote actuator and sensor modules are interconnected through a CAN bus.
The system supports management of operator accounts, position presets, work sequences, worker-specific tasks, event logs, and
remote access via Tailscale VPN infrastructure. The paper analyzes the database structure, relationships between tables, integrity
constraints, data export and import organization, as well as security mechanisms based on PIN hashing and software license
protection using asymmetric cryptography. The results show that the integration of a centralized database layer and a distributed
communication architecture represents a functionally and technically justified solution for this class of industrial systems.

Keywords: PostgreSQL, RDBMS, Flutter, Dart, ESP32-S3, CAN bus, Tailscale VPN

INTRODUCTION pecially pronounced in machines used for material

deformation, forming, and processing, where even

Modern industrial production increasingly re-
lies on software systems that in addition to process
control, provide reliable organization, storage, and
processing of data generated during operation. Their
importance is particularly evident in environments
where process quality depends on positioning accu-
racy, repeatability of work sequences, event logging,
and access control. Under such conditions, the data-
base is not merely a supporting application compo-
nent, but one of the key elements of the overall soft-
ware architecture [1].

The need for systematic data management is es-

minor deviations can affect product quality and op-
erational efficiency. In addition to process param-
eters, it is necessary to ensure the storage of position
presets, work sequences, user settings, operator ac-
counts, access rights, sessions, machine parameters,
events, and audit trails. Such requirements point to a
strictly structured and consistent data model suitable
for multi-machine and multi-location environments.
This paper considers an industrial software sys-
tem based on a distributed architecture in which the
central application layer interacts with a main micro-
controller node and a set of remote actuator and sen-
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sor modules. The application layer is implemented in
the Dart/Flutter environment, while the control firm-
ware is developed in C++. Since the system is based
on clearly defined entities with stable relationships,
the relational model represents a natural choice for
data organization [2]. The main application interface,
which provides access to command functions, posi-
tioning controls, and predefined position registers, is
shown in Fig. 1.
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Figure 1. Main interface of the implemented software system for
industrial machine control

The technical contribution of this paper lies in
the definition, implementation, and evaluation of an
integrated model that combines a centralized rela-
tional persistence layer, a distributed communication
architecture, multi-client access, and access control
within a precision-control system intended for indus-
trial environments. The proposed model is not lim-
ited to data storage alone, but also encompasses the
structural organization of operator, machine, process,
and event-related information, as well as its interac-
tion with the distributed control layer. In this way,
the paper addresses both the informational and com-
munication aspects of industrial software systems in
which reliability, consistency, and operational conti-
nuity are of critical importance. Within this context,
the following research questions are addressed:

1. Does a centralized relational data model pro-
vide a reliable foundation for managing op-
erator, configuration, and process data in high-
precision industrial systems?

2. To what extent does PostgreSQL, as a central-
ized RDBMS, satisfy the functional and archi-
tectural requirements of a distributed system
compared with NoSQL approaches?

3. How do relational structure, integrity con-
straints, access control, audit trails, and distrib-
uted communication contribute to the sustain-
ability and practical applicability of the imple-
mented solution?

4. How does the proposed architecture contrib-
ute to operational continuity, supervision, and
coordinated management in multi-machine in-
dustrial environments?

METHODS AND MATERIALS

This section presents the architecture of the im-
plemented system, the organization of the communi-
cation layer, the structure and logic of the data model,
and the technological environment in which the solu-
tion was developed. Special attention is given to the
distribution of functions between the application,
control, and sensor-actuator layers, centralized data
persistence, remote access mechanisms, and system
security aspects. In this way, the methodological and
technical framework underlying the analysis present-
ed in the remainder of the paper is defined.

System Architecture

The considered system was implemented as a
multi-layer architecture in which supervision, con-
trol, acquisition, and persistence functions are dis-
tributed across several interconnected components.
At the highest level, there is a central application
layer developed in the Dart programming language
using the Flutter framework [3]. This layer is avail-
able through desktop and mobile applications and
serves as the main user, supervisory, and adminis-
trative interface of the system. Through it, operator
login, worker account management, password reset,
user creation and deletion, task definition and assign-
ment, access to position presets, creation and modi-
fication of work sequences, as well as review of logs
and system events are performed. The administrative
interface for managing operator accounts and access-
related actions is shown in Fig. 2.
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Figure 2. Administrative interface for managing operator
accounts and access-related actions

At the control level, the system consists of mul-
tiple microcontroller nodes. The main control node
is implemented on an ESP32-S3 microcontroller and
communicates with the computer via a USB-UART
connection. It acts as a bridge between the applica-
tion layer and the remote microcontroller modules,
receiving commands, forwarding them to actuator
and sensor nodes, and returning status information
to the application. The internal hardware layout of
the main ESP32-S3 control node is shown in Fig. 3.

AT ST PN

Figure 3. Internal hardware layout of the main ESP32-S3
control node

The firmware of the main node was developed in
the C++ programming language and includes commu-
nication logic, operating mode management, coordi-
nation of execution modules, and data acquisition
from the distributed layer. Remote execution nodes
are responsible for actuator control, particularly hy-
brid stepper motor drivers with encoder feedback.
Their function includes generation of control signals,
supervision of axis states, execution of motion com-

mands, and system calibration through the machine-
zero referencing procedure. In addition to the execu-
tion modules, the system includes sensor nodes for
collecting information from various types of sensors,
including industrial PNP and NPN metal detectors,
limit switches, laser presence and position sensors,
as well as high-pressure probes in the hydraulic sys-
tem. In this way, a functional separation is achieved
between actuator control and process-signal acquisi-
tion, which improves modularity, reduces local sig-
nal-routing complexity, and supports a clearer distri-
bution of responsibilities within the distributed con-
trol layer. At the application level, this architecture is
complemented by dedicated supervisory interfaces
through which machine-specific parameters can be
reviewed, modified, and validated. These interfaces
provide controlled access to axis parameters such as
steps per millimeter, speed, acceleration, homing set-
tings, backlash compensation, and working limits, as
shown in Fig. 4.
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Figure 4. Interface for axis parameter, homing, and working-
range configuration

A particular value of the solution lies in its cross-
platform nature. The application can run on Windows,
Linux, and Android operating systems, enabling flex-
ible use in office, production, and field environments.
At the same time, access to centralized data is orga-
nized through a central server layer within the Tails-
cale VPN environment [4], [5], thereby logically sepa-
rating desktop and mobile clients from the database
itself. In this way, direct exposure of the infrastruc-
ture is avoided, while controlled access, clearer archi-
tecture, and easier system maintenance are ensured.
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Communication Architecture

The communication architecture of the imple-
mented system is organized hierarchically. At the
first level, there is a USB-UART connection between
the computer and the main ESP32-S3 node, through
which commands, status messages, and process data
are exchanged between the supervisory software and
the control layer. At the second level, the main control
node communicates with remote execution and sen-
sor modules via a CAN bus [6]. The selection of the
CAN bus is based on the requirements of the indus-
trial environment, in which high-power electric mo-
tors, contactors, relay assemblies, variable-frequency
drives, and power lines represent significant sources
of electromagnetic interference. The hardware plat-
form of the main ESP32-S3 control node, including
the CAN and RS485 interfaces used within the com-
munication layer; is shown in Fig. 5.

Figure 5. Hardware platform of the main ESP32-583 control node
with CAN and R5485 interfaces

Under such conditions, differential signal trans-
mission increases the resistance of the communica-
tion layer to electromagnetic disturbances, which
makes the CAN bus an important element of the over-
all robustness of the architecture.

An additional advantage of this organization is that
execution modules can be physically positioned close
to the actuator assemblies they control, while sensor
modules remain close to the sources of process infor-
mation. This reduces the need for long and sensitive
sensor and actuator wiring, while communication to-
ward the main node remains unified through the bus
infrastructure.

Robustness to Network and Server

Interruptions

In the implemented architecture, the central da-
tabase and VPN layer are not part of the real-time
motion-control path. Critical machine-control op-
erations are handled locally by the ESP32-S3 main
control node and the distributed execution modules
connected through the CAN bus. Therefore, interrup-
tion of the connection to the central server primarily
affects remote supervision, synchronization of logs,
retrieval of new tasks, and access to centralized his-
torical data, while already validated local machine-
control functions remain available at the controller
level.

In the event of communication loss between the
supervisory application and the central service, the
architecture is designed so that unverified remote
commands are not executed until the connection is
restored and the machine state is re-synchronized.
During such an interruption, the central server pri-
marily loses its role in remote supervision, data syn-
chronization, and access to historical or administra-
tive information, while the local control layer remains
responsible for previously validated machine-control
routines. Safety-related signals, such as limit switch-
es, homing state, end-limit supervision, emergency
conditions, and local actuator status, remain under
the responsibility of the ESP32-S3 control node and
the distributed execution modules. This means that
critical control behavior is not directly dependent on
continuous availability of the central database or VPN
connection. Such separation between the supervisory
layer and the local control layer reduces dependence
on the central server for critical machine movements,
limits the risk of unsafe command execution during
communication interruptions, and improves opera-
tional continuity in industrial environments.

Centralized Database Architecture

The implemented solution uses a centralized Post-
greSQL database. The database is installed in a Dock-
er container, while the complete server environment
runs on a Proxmox server [7], [8] within the company
infrastructure. This approach was introduced be-
cause of the need for multi-layer access to the system,
including desktop and mobile clients, simultaneous
operation of multiple machines, and access from mul-
tiple locations.
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Relational Data Model

The data model was designed as a multi-context
relational system that explicitly models the organi-
zational structure, access levels, machine context,
and process data. At the top of the hierarchy are the
companies and locations entities, which define the
organizational and spatial context of the system. The
machines entity represents the central connection
between the physical infrastructure and the process
layer, with each machine being linked to a company
and location, and further associated with controllers,
process parameters, sessions, events, and operator
access. The machine_controllers entity is used to re-
cord the identity and status of control units, including
controller type, firmware version, and operational
data relevant for supervision. The structure of the
centralized relational data model and the relation-
ships between its main entities are shown in Fig. 6.

The operator layer is modeled through the operators
entity, along with the additional relations operator lo-
cation_access and operator_machine_access, thereby
establishing multi-level access control. In this way; it is
possible to precisely define which operator is allowed to
work at particular locations and on particular machines.
The operator:_sessions entity enables the recording of
logins, logouts, and session statuses, thereby introduc-
ing additional traceability of operator activities.

The process layer is modeled through the entities
presets, sequence_articles, and sequence_steps. The
presets entity includes predefined position presets,
while the sequence_articles and sequence_steps enti-
ties model work sequences through logical group-
ing and the elaboration of individual steps. Such an
organization enables process patterns to be stored,
shared, reused, and adapted to different operators,
machines, or locations. The machine_parameters en-
tity is used to store machine configuration param-
eters, such as steps per millimeter, speeds, and ac-
celerations, while machine_state_snapshots models
current or periodically recorded machine states, in-
cluding position, calibration status, reference mode,
and end-limit states. In this way, the database stores
not only static configuration information, but also dy-
namic operational data. The event and revision layer
is modeled through the entities machine_events and
audit_logs. The machine_events entity contains pro-
cess and system events related to a specific machine
and operator, while audit_logs provides a generic
trace of administrative and entity-level changes in
the system.

Long-Term Data Management and Database
Scalability
Since the machine_state_snapshots table may

Figure 6. Entity-relationship schema of the centralized relational database
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grow rapidly in a multi-machine environment, long-
term data management must be considered as part of
the database architecture. In the implemented model,
current machine states and historical state records
are conceptually separated. Recent records are used
for supervision, diagnostics, and synchronization,
while older records can be archived or aggregated
depending on maintenance and reporting require-
ments.

For larger deployments, the table can be opti-
mized using indexes over machine_id and timestamp
fields, time-based partitioning, and retention poli-
cies that keep high-resolution state data only for a
defined operational period. Older snapshot data may
be transferred to historical tables or summarized
into aggregated diagnostic records. In this way, the
system preserves traceability without allowing high-
frequency operational data to reduce database per-
formance over time.

Integrity Constraints and Transaction

Management

The quality of the model is reflected not only
in the number of entities, but also in the way con-
straints are defined over the data. Primary keys en-
sure the unique identity of each record, while foreign
keys prevent illogical associations between entities.
Mandatory fields are defined as NOT NULL, and ap-
propriate relations apply cascading deletion or NULL
assignment rules depending on the semantics of the
data. In this way, the database actively contributes to
preserving system integrity.

In more complex operations, such as creating a
work sequence with multiple steps, assigning access
to an operator, or changing machine configuration,
transactional consistency plays a key role. Such op-
erations represent a set of mutually related writes
that must be treated as a single logical unit. The Post-
greSQL transaction mechanism ensures that such
units are either fully committed or completely rolled
back in the event of an error, thereby preventing par-
tial writes and preserving the logical correctness of
the system [9].

Multi-Client Access and Remote Availability

The centralized database allows an operator to
retain access to personal settings, work measures,
sequences, tasks, and work history regardless of the

machine being used, provided that the machine be-
longs to the same system environment. In this way,
a unified user and process context is achieved across
multiple machines, which is particularly important
in production systems where operators work on the
same or similar machines distributed across multiple
workstations or locations. Access to the database is
organized through the application layer, which sepa-
rates business logic from the query layer itself, there-
by achieving clearer code organization, easier testing,
and greater maintainability of the system. In the im-
plemented architecture, desktop and mobile clients
do not access the PostgreSQL database directly, in-
stead, all interactions with centralized data are medi-
ated through the application service layer within the
Tailscale VPN environment, which enforces access
control and isolates the database from direct client
exposure.

The use of a centralized PostgreSQL solution, in-
stead of a local database tied to a single workstation,
naturally supports multi-client operation, central
administration, and the availability of the same data
across multiple devices.

The complete work process can be monitored
and administered remotely using a dedicated Flut-
ter mobile application [10] and desktop client, with
access established through Tailscale VPN infrastruc-
ture. In the implemented solution, Tailscale enables
secure connection of devices within a closed virtual
network, without the need for public exposure of
services or complex configuration of traditional VPN
solutions. In this way, the mobile application, remote
computer, and the server environment hosting the
PostgreSQL database remain available through con-
trolled, identity-based access, which supports secure
supervision, centralized administration, and reliable
access to operational and configuration data from
different locations. The administrative interface for
remote monitoring of service and database status is
shown in Fig. 7.
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Figure 7. Administrative interface for remote monitoring of
service and database status

The practical value of this architecture lies in the
fact that all centrally defined data related to a spe-
cific worker are available through the VPN, including
their settings, predefined measures, work tasks, and
activity history. In this way, the system goes beyond
the framework of a local control application tied to a
single machine and becomes a centralized industrial
software environment supporting multiple users,
multiple devices, and multiple locations.

Data Portability and Security Mechanisms

An additional operational value of the system lies
in its support for data export and import. The imple-
mented approach enables backup creation, data mi-
gration, and restoration of the system state whenever
servicing, infrastructure replacement, or transfer of
configuration to another controlled environment is
required. In this way, the system supports not only
routine administrative procedures, but also recovery
scenarios in which continuity of operation must be
preserved. Exportand import mechanisms [11] make
it possible to transfer operator data, presets, work se-
quences, and related configuration elements without
the need for repeated manual setup. This reduces
downtime, simplifies maintenance procedures, and
improves portability of the software solution across
different workstations and deployment contexts.
Consequently, these mechanisms do not represent
merely auxiliary administrative functions, but an im-
portant element of system continuity, maintainabil-
ity, and long-term operational reliability. An example
of the interface used for database restoration from a
backup file is shown in Fig. 8.

Figure 8. Interface for restoring the database from a backup file

The security aspect of the system does not relate
only to the protection of user access to the applica-
tion, but also to the protection of the software solu-
tion itself against unauthorized use. For this reason,
two mutually complementary protection mecha-
nisms have been applied. The first relates to opera-
tor authentication, where login is performed using a
PIN whose value is stored in the database in hashed
form, thereby reducing the risk associated with direct
exposure of authentication data and improving pro-
tection of user credentials. In addition, this approach
supports personalized access to operator-specific
settings, presets, and work sequences while ensur-
ing that unauthorized users cannot access protected
system functions. The operator login interface used
for authentication and loading of personalized user
settings is shown in Fig. 9.
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Figure 9. Operator login interface of the implemented industrial
control application
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The second relates to software license protection
using asymmetric cryptography [12]. In this model,
the private key remains with the system author and
is used for digitally signing the license, while the pub-
lic key is embedded in the application and is used to
verify its authenticity. Such an approach ensures that
valid licenses can only be issued within the controlled
service environment and that the verification process
can be performed locally within the application itself.
In this way, both user-level access protection and
software-level authorization are addressed as inte-
gral parts of the overall system security model.

The implemented licensing subsystem also in-
cludes a dedicated internal License Manager appli-
cation intended exclusively for the software author
or authorized service personnel. The tool processes
exported request files generated by the main appli-
cation and enables license generation, renewal, and
activation-code export. The licensing workflow sup-
ports both perpetual and time-limited licenses and
is fully based on the same asymmetric cryptographic
model, in which the private signing key is retained
exclusively within the internal service environment.
The administrative interface used for license verifica-
tion and activation is shown in Fig. 10.

=

Figure 10. Administrative interface for license verification and
activation

This architecture prevents local generation or
modification of a valid license by the end user, while
license verification remains possible without relying
on a constant Internet connection or a remote license
server.

RESULTS

The performed validation confirmed that the
implemented system provides stable and consistent
operation of the centralized data model, distributed
communication layer, and remote multi-client access
architecture. The obtained results indicate that the
proposed software-hardware integration satisfies
both the functional requirements of precise indus-
trial control and the organizational requirements of
centralized data management in multi-machine envi-
ronments.

At the application and database level, the central-
ized relational model enabled reliable management
of operator accounts, position presets, work sequenc-
es, assigned tasks, and system events within a unified
information environment. The average operator log-
in time, including authentication, access-right verifi-
cation, and loading of the user context, was 142 ms,
while loading of position presets and work sequences
required 31 ms and 56 ms, respectively. These values
indicate that centralized persistence does not intro-
duce delays that would negatively affect routine in-
dustrial use.

At the communication level, validation showed
that the hierarchical organization based on the main
control node and remote execution and sensor mod-
ules enables reliable exchange of commands and
status information under industrial operating con-
ditions. The average response time between the ap-
plication layer and the main ESP32-S3 node over the
USB-UART connection was 48 ms, while the average
exchange time between the main node and remote
modules over the CAN bus was 14 ms. No communi-
cation loss was observed during the test scenarios,
and the functional separation between execution and
sensing layers was preserved in all cases. These re-
sults confirm that the selected communication archi-
tecture provides both responsiveness and robustness
in environments exposed to electromagnetic distur-
bances.

Remote access through the Tailscale VPN infra-
structure was also successfully validated. Desktop
and mobile clients were able to access centralized
data and administrative functions with an average
remote response time of 187 ms under normal op-
erating conditions. This result confirms that the de-
veloped architecture supports centralized supervi-
sion and coordinated management of multiple users,
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machines, and locations within a single software en-
vironment, without compromising practical usability.

At the database consistency level, the correctness
of relations between the organizational, machine,
operator, process, and revision layers was verified
through complex transactional operations. Work-
sequence modification, access-right assignment, and
machine-parameter updates were executed with a
100% success rate in the validation scenarios, with-
out integrity violations or partial writes. Export and
import of configuration and operational data re-
quired 3.2 s and 4.7 s, respectively, confirming that
backup, migration, and restoration procedures can be
performed efficiently within maintenance and recov-
ery workflows.

From the industrial perspective, the implemented
solution improved operational consistency, reduced
dependence on machine-local data, and increased the
availability of process-related information. Central-
ized storage of operator settings, work measures, and
task assignments enabled the same operator to con-
tinue work on different machines without repeated
manual reconfiguration, thereby reducing setup ef-
fort and improving workflow continuity. In addition,
the availability of logs, audit records, and machine-
event history improved process traceability, diagnos-
tics, supervision, and accountability in production
conditions.

The obtained results also show that the distrib-
uted architecture contributes to maintainability and
scalability of the overall system. By separating execu-
tion and sensing functions across dedicated remote
modules and interconnecting them through the CAN
bus, the implemented solution reduced sensitivity to
long signal lines, improved communication robust-
ness, and supported modular deployment across
multiple machines and locations. In that sense, the
proposed architecture provides not only a technically
valid integration of software, database, and commu-
nication layers, but also measurable operational ben-
efits relevant to industrial practice.

DiScusSION

The obtained results confirm the justification for
selecting a centralized relational data model for the
analyzed type of industrial software system. The na-
ture of the data within the system clearly corresponds
to the relational approach, since the entities are pre-

defined, their relationships are stable, and preserving
the integrity of those relationships is essential for the
correct operation of the system. Under such condi-
tions, a relational database management system rep-
resents the most suitable architectural and functional
solution.

The choice of PostgreSQL proved justified due
to the centralized nature of the system. Unlike local
databases tied to a single machine or workstation, a
centralized RDBMS allows the same operator to ac-
cess their data from multiple machines and different
client platforms while preserving a unified operator
and process context. Such an approach is particularly
important in systems with multiple workstations,
multiple users, and multiple locations, where local
persistence would not be able to provide the required
level of consistency, availability, and administrative
transparency.

An additional value of the implemented solution
lies in the breadth of the data model, which includes
companies, locations, machines, controllers, access
rights, sessions, machine parameters, states, events,
and audit trails. In this way, the organizational, ma-
chine, operator, process, and revision layers of the
system are integrated within a single database, en-
abling not only reliable persistence but also improved
traceability, supervision, and process management.

From the communication perspective, the distrib-
uted architecture based on the main control node
and remote execution and sensor modules proved
suitable for the industrial environment. The choice of
the CAN bus is particularly significant, since differen-
tial signal transmission provides greater resistance
to electromagnetic interference typical of systems
with electric motors, contactors, variable-frequency
drives, and power lines. In this way, the communi-
cation layer does not represent only a transmission
mechanism, but also an important element of the
overall robustness and maintainability of the system.
Remote access via the Tailscale VPN infrastructure
further extends the functional scope of the solution
by enabling centralized administration, log review,
task assignment, and access to user settings from dif-
ferent locations.

The comparison with NoSQL approaches further
confirms the appropriateness of the selected solu-
tion. A NoSQL approach may be useful in systems
dominated by unstructured telemetry, high-volume
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sensor streams, or document-oriented data storage.
However, the analyzed industrial control system is
based on clearly defined entities and stable relation-
ships between operators, machines, locations, access
rights, process parameters, work sequences, ses-
sions, events, and audit records. In such a context, re-
lational integrity is more important than flexible data
representation.

For example, when an operator is granted access to
a specific machine at a specific location, this relation-
ship must remain consistent with the corresponding
company, location, machine, session, and audit re-
cords. In a document-oriented NoSQL model, such in-
formation would often have to be duplicated or coor-
dinated across multiple documents, which increases
the risk of inconsistent access rights, outdated copies
of security-related data, and more complex validation
logic at the application level. In contrast, PostgreSQL
enforces these relationships through foreign keys,
constraints, transactions, and rollback mechanisms.

Therefore, NoSQL systems could be considered as
an auxiliary layer for high-volume telemetry, analyti-
cal storage, or non-critical log aggregation, but they
are less appropriate as the primary source of truth
for this type of safety- and integrity-sensitive indus-
trial application. For the implemented system, the
centralized relational model provides clearer consis-
tency rules, stronger auditability, and more reliable
management of operator access, machine param-
eters, and work-sequence modifications.

Based on this, it can be concluded that the main
contribution of the paper does not lie only in the ap-
plication of individual technologies, but in their archi-
tectural integration. The centralized database layer,
distributed communication architecture, multi-client
access, and security mechanisms are integrated into a
unified solution tailored to industrial precision-con-
trol systems. It is precisely in this integration that the
key value of the proposed model can be recognized.

CONCLUSION

This paper examined the application of a central-
ized relational data model and distributed communi-
cation architecture in an industrial software system
intended for high-precision machine control. The
analysis showed that such systems require not only
reliable control of process-related functions, but also
structured management of operator accounts, posi-

tion presets, work sequences, access rights, system
events, and audit-related data. In that context, the re-
lational model proved to be a suitable foundation for
organizing and maintaining consistency of industrial
operational data.

The proposed architecture combines a central-
ized PostgreSQL persistence layer, a distributed
microcontroller-based communication structure,
and multi-client remote access within a unified soft-
ware environment. Such integration enables a clear
separation between application, control, sensing,
and data-management layers, while also supporting
centralized supervision, improved traceability, and
coordinated operation across multiple machines and
locations. The obtained findings confirm that this ap-
proach is functionally, technically, and architectur-
ally appropriate for industrial environments in which
precision, consistency, and operational continuity are
critical.

An additional contribution of the paper lies in
showing that the selected architecture provides not
only technical feasibility, but also practical industrial
value through improved maintainability, centralized
administration, controlled access, and support for
backup, recovery, and licensing mechanisms. At the
same time, the study indicates that the developed
model provides a solid basis for further extension
toward advanced supervision, analytics, production-
resource coordination, and broader integration of
multiple industrial machines into a shared informa-
tion environment.
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Abstract: Integrated information systems represent a key element of the digital transformation of public enterprises, enabling
data integration, improvement of business process control, and an increase in transparency. This paper analyzes the effects of
implementing an integrated information system in the Public Forestry Enterprise “Forests of the Republic of Srpska” JSC Sokolac,
which integrates SAP ERP, a Geographic Information System (GIS), and a Document Management System (DMS).

Preliminary implementation results indicate concrete operational improvements, including the elimination of a 24-hour data
synchronization delay, reduction of the field data collection cycle from 48 hours to near-real-time, instant document retrieval
through the DMS, and automatic invoice generation upon mobile application synchronization. Once fully operational, the system is
expected to further improve efficiency, control, transparency, and analytical management.

Special focus is placed on the identification of effects in the areas of operational efficiency, work organization, control and
transparency of business operations, as well as the improvement of analytical capacities through the application of Bl and OLAP
technologies.

The research results indicate that the implementation of an integrated information system creates the preconditions for data
centralization, standardization of business processes, and the establishment of a unified information environment. The integration
of SAP ERP and GIS enables more comprehensive monitoring of the forest timber assortment production process and the
improvement of analytical capacities through the application of BI tools.

A particularly significant contribution of the system is reflected in the possibility of linking planned and realized activities, thereby
creating the preconditions for more efficient business monitoring and decision-making based on reliable data.

The integrated information system represents an important tool for improving efficiency and data-driven decision-making, while
the achieved implementation results indicate significant potential for further development through advanced analytical methods
and digital resource management.

Keywords: integrated information system, SAP, ERP, GIS, DMS, public enterprises

INTRODUCTION

Modern business systems are characterized by a
high level of complexity, a large amount of data, and
the need for fast and reliable decision-making. In
such an environment, information systems repre-
sent a key factor in the efficient management of or-
ganizations, especially in the public sector, where the
requirements for transparency, control, and rational
use of resources are particularly pronounced [1], [4].
The integrated information system in the Public For-

estry Enterprise “Forests of the Republic of Srpska”
is currently in the final phase of implementation, and
the system is expected to achieve full operational
capacity and provide complete support for business
process management, control, transparency, and ana-
lytical decision-making.

Public enterprises that manage natural resources,
such as the Public Forestry Enterprise “Forests of
the Republic of Srpska,” face specific challenges that
include the management of spatially distributed re-
sources, coordination of a large number of activities,
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and processing of heterogeneous data. Under such
conditions, traditional decentralized information
systems often cannot provide an adequate level of
integration and reliability of data, which leads to re-
duced business efficiency and more difficult decision-
making [4], [5].

Modern forestry management is increasingly in-
fluenced by concepts of digital transformation and In-
dustry 4.0, including the application of ERP systems,
GIS technologies, mobile platforms, cloud infrastruc-
ture, and advanced analytical tools. In contemporary
forestry systems, digital technologies enable more ef-
ficient resource management, improved monitoring
of field activities, real-time data collection, and data-
driven decision-making processes. The integration of
spatial and business data through unified informa-
tion systems represents one of the key directions in
the modernization of forestry organizations and pub-
lic enterprises managing natural resources [6], [13].

The earlier information system in the Public For-
estry Enterprise “Forests of the Republic of Srpska”
was based on a decentralized approach, whereby or-
ganizational units used different databases and their
own coding systems. This approach led to data frag-
mentation, inconsistency of information, and limited
possibilities for analysis. As a consequence, it was dif-
ficult to monitor business processes and establish a
unified control system [8]-[10].

The introduction of an integrated information
system represents a strategic step toward improving
business operations and the digital transformation of
the enterprise. The new system is based on the inte-
gration of an ERP system, a Geographic Information
System (GIS), and a Document Management System
(DMS), thereby creating conditions for the integra-
tion of business, spatial, and documentary data into
a unified information environment [1], [4], [5]- Since
the system is still in the final phase of implementa-
tion, the full effects of this integration are expected
after its complete functional completion.

The aim of this paper is to examine the role of the
integrated information system and its implementa-
tion in the Public Forestry Enterprise “Forests of the
Republic of Srpska,” with particular focus on improv-
ing the efficiency of business processes, increasing
the level of control and transparency, and developing
analytical capacities through the integration of dif-
ferent information components. Special attention is

devoted to the role of the BI system as an analytical
layer that enables the integration and interpretation
of data from different sources [3], [12].

The paper is structured so that, after the introduc-
tory part and methodology, a description of the inte-
grated information system follows, while the central
part of the paper analyzes the effects of its implemen-
tation. The final part of the paper includes conclu-
sions and recommendations for the further develop-
ment of the system.

RESEARCH METHODOLOGY

The methodological framework of this paper is
based on the application of the case study method,
which enables a detailed analysis of the implemen-
tation of an integrated information system in a real
organizational environment. This approach is partic-
ularly suitable for the study of complex information
systems, as it enables consideration of the technical,
organizational, and process aspects of their applica-
tion in practice [1], [4].

The subject of the research is the integrated infor-
mation system implemented in the Public Forestry
Enterprise “Forests of the Republic of Srpska”, which
consists of three basic components: the ERP system,
GIS, and DMS. Together, these components form a
unified information framework that enables the inte-
gration of data and business processes at the level of
the entire enterprise [8]-[10].

A combined methodological approach was ap-
plied in the paper, including qualitative and descrip-
tive-analytical analysis. The qualitative aspect of the
research is reflected in the analysis of the system
implementation process, organizational changes, and
the challenges that arise during the transition from
a decentralized to a centralized system. The descrip-
tive-analytical approach is used to identify and inter-
pret the effects of system implementation on the en-
terprise’s operations.

The research methodology includes three key
phases. The first phase relates to the analysis of the
situation before the implementation of the integrated
information system, during which the basic prob-
lems of the decentralized approach were identified,
including data fragmentation, inconsistency of cod-
ing systems, and different working methods among
organizational units. The second phase includes the
analysis of the system implementation process, with
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particular focus on the integration of the SAP ERP,
GIS, and DMS components, as well as on challenges
in the area of data migration and standardization.
The third phase relates to the evaluation of the effects
of system implementation, during which changes in
business efficiency, the level of control and transpar-
ency, and the analytical capacities of the organization
are analyzed [8]-[10].

For the purposes of the research, internal enter-
prise documents, project documentation, and op-
erational data generated during system implementa-
tion were used. In addition, an important source of
information consists of practical experience gained
through work on the implementation and use of the
system, which enables a realistic and detailed insight
into the functioning of the integrated information
system.

A special aspect of the methodology relates to the
analysis of the integration of different information
components. The SAP ERP system is observed as the
central operational system that generates and pro-
cesses business data, GIS as the system that provides
the spatial context of those data, while DMS enables
document management and records of business pro-
cesses. The analysis of their mutual integration en-
ables an understanding of the way in which the in-
tegrated information system contributes to business
improvement [1], [5].

For the purpose of a comprehensive evaluation
of the effects of implementation, the results were
analyzed through several dimensions, including op-
erational efficiency, data quality, the level of process
standardization, and the possibilities of analytical
data processing [3], [12]. Such an approach enables
an objective assessment of the impact of the integrat-
ed information system on the enterprise’s operations.

The research was conducted during the imple-
mentation phase of the integrated information sys-
tem between 2020 and 2025. The analysis included
data and observations collected throughout different
implementation stages, including system design, data
migration, integration, testing, and operational de-
ployment.

Data collection methods included:

e analysis of internal project documentation,

e analysis of conceptual designs and user man-

uals,

e operational reports and system records,

e direct observation during implementation ac-
tivities,

e consultations and interviews with employees
involved in implementation and operational
processes.

Such an approach enabled a more comprehensive
understanding of both technical and organizational
aspects of the implementation process.

The methodological approach applied in this pa-
per enables the identification of the key advantages
and limitations of the implemented system and rep-
resents a basis for further research in the field of the
application of integrated information systems in the
public sector.

Integrated Information System Architecture

The integrated information system in the Public
Forestry Enterprise “Forests of the Republic of Srp-
ska” represents a complex and integrated informa-
tion framework that includes three key components:
the SAP ERP system as the central business system,
the Geographic Information System (GIS) for the
management of spatial data, and the Document Man-
agement System (DMS) for document management.
Together, these components enable the integration of
data and business processes at the level of the entire
enterprise, thereby achieving a high level of integra-
tion, control, and efficiency [8]-[10].

The introduction of the integrated information
system represents a significant step forward com-
pared to the previous decentralized model of work,
in which organizational units used different data-
bases and their own coding systems. Such an ap-
proach led to data fragmentation, inconsistency in
work, and more difficult monitoring of business op-
erations. By implementing the new system, a unified
information framework was established, enabling
data centralization and standardization of business
processes (Figure 1).
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Figure 1. User interface of the SAP ERP system

The central role in the system is played by the
ERP platform, which represents the basis for man-
aging all key business functions. Through the im-
plementation of the ERP system, the integration of
procurement, sales, finance, payroll calculation, and

project management processes was enabled. The
MM (Materials Management) module is used for the
procurement of goods and services, including spe-
cific processes in the field of forestry, while the SD
(Sales and Distribution) module supports the sales
processes of forest timber assortments. The FICO
module enables the management of financial flows
and controlling, while FICO/PY covers payroll and
labor cost calculation [1], [7].

Of particular importance are PS (Project System),
that is, WBS elements, which enable the planning,
monitoring, and control of activities through projects,
including silvicultural works, exploitation, and other
operational processes. The PM (Plant Maintenance)
module is used for fleet management and equipment
maintenance, thereby further improving operational
efficiency and resource availability [1], [7].

The DMS component of the system is used for elec-
tronic recording and document management, includ-
ing electronic protocol records, electronic document
exchange, and records of court cases (Figure 2). By
introducing the DMS system, the digitization of busi-
ness documentation was enabled, thereby improving
data availability, reducing the use of paper documen-
tation, and increasing efficiency in the management
of administrative processes [8]-[10].

The GIS component of the system represents a
key element for the management of spatial data and
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Figure 2. DMS system interface
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Figure 3. GIS system interface

their integration with business processes (Figure 3).
Through the establishment of a unified GIS database,
all spatial data that had previously been distributed
across several different databases were integrated.
This process was accompanied by significant chal-
lenges, especially with regard to overlapping poly-
gons, inconsistencies in boundaries, and different
ways of naming spatial objects, which required de-
tailed data standardization and harmonization [5],
[8]-[10].

The GIS system includes several thematic units,
including forest management plans, operational proj-
ects, forest cadastre and felling schedules, forest com-
munications, private forests, and forest protection. In
this way, detailed planning and monitoring of field ac-
tivities are enabled with a high level of precision and
data reliability.

A particularly significant role within the integrated
information system is played by mobile applications,
which represent the link between field activities and
the central information system. Two key mobile ap-
plications have been implemented: the GIS mobile
application and the SAP mobile application.

The GIS mobile application enables spatial and
attribute data to be collected directly in the field.
Through this application, it is envisaged that data
will be collected for the preparation of forest man-
agement plans (forest inventory), as well as data for
operational projects, that is, the marking of trees. In

addition, the GIS mobile application is also used in
the forest protection segment, where it enables the
recording of locations of illegal logging, pheromone
traps, and polygons of burned areas [13].

An important aspect of this application is the pos-
sibility of electronic completion of forms that were
previously in paper form. In this way, automatic
centralization and availability of data are enabled,
whereas previously such data remained in written
form in archives and were not easily available for
analysis and control.

Figure 4. SAP mobile application integrated with a portable
printer

The SAP mobile application serves to record the
movement of forest timber assortments through all
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phases of the production process. This application
enables the recording of felled trees, their extraction
to truck roads, and the dispatch of forest timber as-
sortments. This process envisages the recording of
detailed data on each tree, as well as information on
the type of felling and the method of carrying out the
work (Figure 4).

The system enables precise recording of whether
the works were performed by the enterprise’s own
workforce, in which case data on the executors are
recorded (felling and extraction groups), or whether
external contractors were engaged, thereby establish-
ing a direct link with work performance contracts. In
the dispatch phase, a connection is established with
the buyer and sales contracts, whereby the system
automatically checks whether all contractual and fi-
nancial obligations have been fulfilled. If the buyer
has outstanding obligations, it is not possible to issue
a dispatch order, which provides an additional level
of control.

One of the key characteristics of the system is the
complete monitoring of all activities. Each phase of
the process records data on completed works, includ-
ing information on who performed a given activity,
when, and in what manner. In this way, a clear and re-
liable trace is provided for all phases of work, which
will significantly contribute to transparency and con-
trol of operations.

The integration of ERP, GIS, and DMS systems, sup-
ported by mobile applications, enables the consolida-
tion of operational, spatial, and documentary data
into a unified whole. Such an approach provides the
basis for improving efficiency, increasing transpar-
ency, and developing advanced analytical capabilities,
thereby positioning the integrated information sys-
tem as a key tool for managing enterprise operations.

An important segment of the integrated informa-
tion system is the BI (Business Intelligence) compo-
nent, which enables the integration and analysis of
data from ERP, GIS, and DMS systems. The BI system
takes over data from the GIS component related to
felling plans and planned activities and links them
with data from the ERP system covering the real-
ization of felling, extraction, and dispatch of forest
timber assortments. In this way, the integration of
planned and realization data is enabled, thereby pro-
viding a complete insight into production and realiza-
tion flows [2], [3], [12].

Through such an integrated approach, the BI sys-
tem enables the generation of reporting documenta-
tion that links planned and realized activities, there-
by enabling continuous monitoring of deviations and
the efficiency of plan realization. A particularly im-
portant aspect of this approach is reflected in the pos-
sibility of analyzing the entire process, from planning,
through work execution, to final realization and sale.

In addition, the BI system enables the generation
of a large number of standard and customized reports,
including reports on work monitoring, stock levels,
movement of forest timber assortments, realization
of contracts, as well as monitoring of planning docu-
ments. These reports enable a detailed insight into the
enterprise’s operations through different dimensions,
thereby significantly improving control and support to
the decision-making process [2], [3], [12].

By integrating data from different sources and
analyzing them through the BI system, a unified and
reliable source of information is provided, which rep-
resents the basis for efficient management of busi-
ness processes and strategic planning.

RESULTS AND DISCUSSION

Preliminary implementation results and opera-
tional observations indicate several important or-
ganizational and technological improvements. The
implementation of the integrated information system
in the Public Forestry Enterprise “Forests of the Re-
public of Srpska” has already led to certain changes
in the way the enterprise functions. The effects of im-
plementation can be observed through several inter-
related dimensions, including operational efficiency,
work organization, business control, and the devel-
opment of analytical capacities.

One of the most significant observed and expected
effects of system implementation is reflected in the im-
provement of operational efficiency. By introducing the
ERP system and integrating it with GIS and DMS com-
ponents, the automation of a large number of business
processes has been enabled. This reduces the need for
multiple data entries, decreases the possibility of er-
rors, and accelerates information processing. Mobile
applications contribute to improved data timeliness,
as they enable data entry directly in the field and its
availability in the central system [8]-[10].

At the organizational level, the implementation of
the integrated information system has contributed
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to the standardization of business processes and the
unification of work methods across organizational
units. The previously decentralized system, in which
different parts of the enterprise used their own pro-
cedures and coding systems, is gradually being re-
placed by a unified work model based on centralized
data and standardized rules. In this way, conditions
have been created for greater consistency of work,
better coordination, and a clearer distribution of re-
sponsibilities [1], [4].

A particularly important expected effect of sys-
tem implementation is reflected in the increase in
the level of control and transparency of business
operations(Table 1). Through the integration of ERP
and GIS systems, more complete monitoring of tim-
ber assortments is enabled through all phases of the
process, from planning and felling to transport and
sale. Each activity is recorded with relevant data on
time, location, and executor, thereby creating condi-
tions for more efficient supervision and more reliable
business control.

Data centralization represents one of the key ex-
pected effects of system implementation. The previ-
ous system was characterized by data fragmenta-
tion and the existence of different material coding
systems, which made integration and analysis more
difficult. By introducing a unified database and stan-
dardizing coding systems, data consistency, easier
accessibility, and a stronger basis for reporting and
management have been established [8]-[11].

A significant expected effect of the implementa-
tion of the integrated information system relates to

the improvement of the organization’s analytical ca-
pacities. The BI component of the system enables the
integration of data from the ERP and GIS systems and
their analysis through different dimensions. Particu-
larly important is the linking of planning data from
the GIS system with realization data from the ERP
system, thereby creating the preconditions for more
precise monitoring of plan implementation and the
identification of deviations [2], [3], [12].

Through the BI system, it is possible to generate a
large number of reports that cover different aspects
of operations, including work monitoring, stock lev-
els, movement of forest timber assortments, realiza-
tion of contracts, and execution of planning docu-
ments. These reports enable a more detailed insight
into operations and represent the basis for more ef-
ficient resource management and decision-making.

The special value of the BI system is reflected in
the possibility of integration with the GIS component,
thereby enabling spatial data analysis. This approach
enables business activities to be viewed in their geo-
graphical context, which is of particular importance
in forestry. In this way, it would be possible to identify
the spatial distribution of activities more precisely,
monitor the execution of works, and analyze resource
utilization [5].

Several concrete operational improvements have
already been observed during the implementation
process. In the area of data availability, the previous
system relied on nightly synchronization between
decentralized organizational units, which meant that
all data in the system were at least 24 hours old at

Table 1. Preliminary indicators and expected operational improvements

Business Process Previous State

Current / Expected State Expected Improvement

Document processing Paper-based workflow

Digital DMS workflow Faster document availability

Field data collection Manual paper forms

Real-time data availability (48h

Mobile GIS data collection .
reduction)

Timber tracking Partial traceability

Integrated SAP-GIS tracking Increased transparency

Reporting generation Manual report preparation

Automated Bl reporting Reduced reporting time

Data storage Decentralized databases

Improved data consistency

Centralized database (24h nightly sync eliminated)

Monitoring of contracts Manual verification

ERP-based control mechanisms Improved operational control

Planning and realization analysis Separate systems

Better decision-making

Integrated Bl analysis
& ¥ support

Document retrieval (DMS)

Physical archive search (minutes to hours)

Near-instant retrieval (search
time eliminated)

Instant electronic search by
protocol no., date, or sender

Invoice generation

Handwritten dispatch note - manual re-
entry (next day) - invoice: min. 24h delay

Mobile app sync - automatic
invoice generation and
delivery to buyer

24h reduction in billing cycle
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any given point. The new integrated system elimi-
nates this delay, providing near-real-time data avail-
ability across all organizational units. In the case of
field data collection, the previous workflow required
field workers to complete handwritten forms on-site,
manually re-enter the data into the system the follow-
ing day, and then wait for an additional synchroniza-
tion cycle — resulting in a total data delay of up to 48
hours. The integrated mobile application eliminates
this entirely by capturing data directly in the field and
synchronizing it with the central system immediately.
In the domain of document management, the DMS
enables instant retrieval of any document by proto-
col number; date, or sender, replacing a process that
previously required physical archive searches lasting
from several minutes to several hours. A particularly
significant operational improvement relates to the in-
voicing process: previously, dispatch notes for timber
assortments were handwritten in the field, manually
re-entered into the system the following day, and only
then could an invoice be generated — resulting in a
minimum 24-hour delay in the billing cycle. The new
system generates and delivers invoices to buyers au-
tomatically upon mobile application synchronization,
eliminating this delay entirely and contributing to
faster revenue collection. Finally, whereas year-over-
year data comparisons previously required manual
extraction from separate annual databases, the inte-
grated system now supports cumulative multi-year
analysis directly through the Bl component.

In addition to the expected positive effects, the
implementation of the integrated information system
has also been accompanied by certain challenges. The
most significant challenges relate to data migration,
standardization of coding systems, and adaptation
of employees to a new way of working. Particularly
complex is the process of integrating spatial and busi-
ness data, as well as the need to harmonize different
work practices across organizational units [8]-[10].

Viewed as a whole, the implementation of the inte-
grated information system has a potentially transfor-
mational impact on the enterprise’s operations. By inte-
grating operational, spatial, and analytical components,
a unified information framework is being established
that enables more efficient resource management, in-
creases transparency, and provides a better basis for
strategic and operational decision-making, especially
after the system begins to operate at full capacity.

LIMITATIONS OF THE RESEARCH

The integrated information system analyzed in
this paper is still in the final phase of implementation,
which represents one of the main limitations of the
research. As a result, certain effects described in the
paper are based on preliminary operational obser-
vations and expected long-term benefits rather than
fully measurable empirical indicators.

In addition, some organizational units are still un-
dergoing the process of adaptation to standardized
workflows and centralized data management. There-
fore, a complete quantitative evaluation of all system
effects will be possible only after full operational sta-
bilization and long-term use of all implemented func-
tionalities.

Future research should include detailed quantita-
tive analysis of operational indicators, comparative
efficiency measurements, and long-term evaluation
of the impact of integrated information systems on
forestry management processes.

CONCLUSION

The results of the analysis indicate that the imple-
mentation of the integrated information system in
the Public Forestry Enterprise “Forests of the Repub-
lic of Srpska” represents a significant step toward the
modernization and digital transformation of business
operations. Since the system is still in the final phase
of implementation, it is possible to speak primarily
of the establishment of a unified information frame-
work that should integrate business, spatial, and
documentary data, while the full effects are expected
after its complete functional completion.

One of the key expected effects of system imple-
mentation is reflected in the increase in operational
efficiency, through process automation and the re-
duction of the need for manual data entry. The intro-
duction of mobile applications further improves the
accuracy and timeliness of data, enabling their collec-
tion directly at the point of origin.

At the organizational level, the system contrib-
utes to the unification of business processes and
the increase in employee responsibility, while at the
management level it should enable a higher degree
of control and transparency. A particularly impor-
tant aspect is that the system enables more complete
monitoring of timber assortments through all phases
of the process, which contributes to more efficient su-
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pervision and more rational use of resources.

The development of the Bl component of the sys-
tem enables the improvement of analytical capacities
through the integration of data from ERP and GIS sys-
tems, as well as their processing through different ana-
lytical models. In this way, data-driven decision-mak-
ing should be enabled, which represents a key element
of modern organizational management [2], [3], [12].

Although the implementation of the system has
been accompanied by significant challenges, particu-
larly in the areas of data migration and standardiza-
tion, as well as the adaptation of employees to a new
way of working, the results achieved so far and the
functionalities established indicate the justification
of investing in the integrated information system and
its potential benefits.

The further development of the system can be
directed toward the completion of all planned func-
tionalities, the improvement of analytical capabili-
ties, greater integration with advanced technologies,
including artificial intelligence, as well as the con-
tinuous improvement of data quality and business
processes. This would further increase management
efficiency and enable the development of a modern
model of digital resource management.
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Abstract: Following research evaluated conventional machine learning and deep learning algorithms used for the purpose of binary
text classification, in accordance with previous research demonstrating advantages in supervised learning models such as Naive
Bayes, Logistic Regression, and LSTM networks. Models that were subject of implementation are: Logistic Regression, Naive Bayes,
Support Vector Machine (SVM), Random Forest, and LSTM. Responses from nonprofit organizations have been cleaned, tokenized,
and preprocessed implementing either TF-IDF vectorization or sequence trimming determined by the model that was chosen. The
majority of the models were performed using 50,000 samples because of computational capacity limitations, whereas the LSTM
was executed only with 5,000 samples. LinearSVC is implemented for the purpose of accelerating training of the SVM model, as well
as Random Forest parameters optimization for algorithmic efficiency. On the other hand the LSTM model provided an embedding
component and a single LSTM unit for maintaining the sequence information. The performance of the models was evaluated
according to the accuracy, precision, recall, and F1 score metrics. The findings are indicating that fundamental models perform
effectively and consistently, however the LSTM model demands more computational capacity to provide context for classification.

Keywords: sentiment analysis, twitter data, machine learning, performance metrics

INTRODUCTION

Sentiment analysis or opinion mining is a widely
studied application of Natural Language Processing
(NLP) that involves identifying and classifying opin-
ions contained in text data-specifically if the senti-
ment of a statement is positive, negative, or neutral.
With user-generated content ballooning exponen-
tially on Twitter, Facebook, Reddit, and Instagram,
sentiment analysis has been rendered crucial in un-
derstanding public opinion, monitoring brand repu-
tation, detecting misinformation, and even predicting
political leanings.

In the age of the internet, people tend to share
opinions online. Those unstructured bits of data have
plenty of information but are hard to analyze at large
manually. The overall interest in sentiment analysis is
due to its applications across fields—businesses use
it to improve user experience, governments monitor
it for indicators of unrest, and researchers use it for
studies of mental illness or consumer behavior.

The problem solved by this work is the analysis
of social media sentiment data through the auto-

matic classification of social media postings (such as
tweets) to identify whether they have a positive or
negative sentiment. In this research, posting classifi-
cation used five different machine learning models to
classify postings into binary (two classes) or multi-
class (three classes) classifications. For this purpose,
I have used the Sentiment140: Twitter Sentiment
Analysis Dataset [1], which contains 1.6 million an-
notated tweets labeled for sentiment classification.
The Sentiment140 dataset contains tweets as-
signed polarity sentiment classifications. An example
of this is the positive tweet “Lyx is cool” that was cre-
ated by user robotickilldozr on May 16, 2009, and is
given a sentiment score of 4 (positive). The purpose
of this example is to show how the dataset encodes
the public’s expression of feelings toward something
into values that can be used for analyzing sentiment.

RELATED WORKS ON SENTIMENT ANALYSIS

Since there is a lot of user-generated content for
expressing the general attitude of society at large it is
crucial to highlight that social media sentiment anal-
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ysis and statistics, especially data related to Twitter
posts, have been a primary focus of interest in natural
language processing (NLP). It is important to consid-
er different strategies that have been utilized with a
wide range of models including rule-based and con-
ventional machine learning models on the one side,
as well as transformer and deep learning models on
the other. Although preliminary studies were focused
on techniques for remote monitoring in large-scale
data processing, research presented in [1], it is im-
portant to emphasize that recent initiatives have in-
cluded additional domain features and neural archi-
tectures to enhance sentiment classification efficien-
cy. Even though significant advances have been made,
concerns including flexibility of the domain, as well
as the informal text, and absence of suitable labeled
data in languages with limited resources remain in
the focus of the corresponding studies.

Observing the approach established in [1] the
foundation utilizing Sentiment140 data by leveraging
emoticons as distant supervision labels (“:\)” and “:\
() allowing scalable gathering of sentiment-labeled
tweets. Corresponding study utilizes the same data-
set as utilized in our project. Their methodology en-
couraged most modern social media sentiment pro-
cessing pipelines.

Research presented in [2] talks about deep learn-
ing models (CNN, RNN, LSTM) used in sentiment anal-
ysis and highlights their advantages over traditional
ML methods. This survey is relevant to the topic of
my research since it provides theoretical grounding
for your use of LSTM and justifies your choice of deep
learning for modeling sentiment on unstructured
text.

The main idea of work proposed in [3] paper sur-
veys sentiment analysis techniques over Twitter data
and suggests challenges such as short text, sarcasm,
and colloquialisms. Paper is relevant to this topic
since it provides assistance to establish the unique
nature of Twitter sentiment analysis and helps the
need to preprocess noisy tweets before classification.

When it comes to the idea introduced in [4] article
provides a clear explanation of sentiment analysis al-
gorithms (lexicon-based, ML-based) and areas of ap-
plication like politics, business, and healthcare. Con-
sidering that article helps in defining a project’s so-
cial impact and positions your model in the broader
scope of application.

Although CNN-focused, the work discussed in [5]
introduced new methods for using deep learning for
text classification that set the stage for many subse-
quent sentiment models. Demonstrates how deep
structures like CNNs (and later, LSTMs) can achieve
better results than classic methods - comparative jus-
tification, relating it to the topic of my research.

Dataset preparation

In the manner of this study in the foreground is a
comparison of five supervised learning models for bi-
nary text classification, including Logistic Regression,
Naive Bayes, Support Vector Machine (SVM), Ran-
dom Forest, and Long Short-Term Memory (LSTM)
networks. Following that the pipeline began with a
preprocessing stage which included tokenization,
contaminating the text, and encoding the labels. Con-
sidering the traditional machine learning model, the
feature extraction process was performed using TF-
IDF vectorization.

In light of computer limitations and to accelerate
selected models, only 50,000 samples were used to
train all the models, except the LSTM model which
was limited to 5,000 samples. LSTM stands out from
other models because it could not handle textual data
as a matrix of fragmented features. Keras’s Tokenizer
and pad_sequences were utilized in order to convert
the text into sequences of augmented integers to be
used by LSTM since it takes sequential inputs. Tak-
ing it into consideration all models were trained and
tested according to different performance measures
including: accuracy, precision, recall, and F1 score.

Data Preprocessing

Dataset has been broken down into training and
testing sets for the purpose of performance evalua-
tion on data that is not part of the sample. Each com-
ponent of textual data encountered basic the prepa-
ration process, including:

¢ Stopword removal and punctuation

¢ Lowercase all tokens

¢ Stemming or lemmatization

The dataset was already in binary classification
format, consequently there was no need for one-hot
encoding or manual label encoding.
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Text Vectorization

Three vectorization approaches have been ad-

dressed:

e TF-IDF (Term Frequency-Inverse Document
Frequency): The majority of models supported
this approach, which involved transforming
text to a minimal matrix of normalized word
frequencies.

e CountVectorizer: Converts a collection of text
documents into a token counts matrix.

e HashingVectorizer: This method represents
a more efficient, as well as memory-friendly
method of vectorizing text that implements the
hashing trick.

Considering how it impacts the memory and per-

formance, TF-IDF has been chosen with ‘'max fea-
tures=1000", as the default for all the classical models.

RESEARCH DESIGN

Exploratory Data Analysis (EDA)

In advance of doing the analysis, the initial step
was Exploratory Data Analysis (EDA), for the pur-
pose of better dataset comprehension. This has been
accomplished by implementing text lengths analysis,
while discovering the most frequent words, and visu-
alizing the class distributions. Additionally, the pre-
processing stage included a wide range of tasks, such
as identifying missing values, stopwords, as well as
text normalization that has been applied in the same
time frame. The most commonly used phrases in each
class are presented as well using semantic clouds
and bar charts, which enhanced the feature selection
and allowed observations, which could be useful in
understanding the data itself. Furthermore, EDA has
provided assistance for easier decision making when
it comes to tokenization and vectorizer implementa-
tion used afterwards in the stage related to develop-
ment of the model.

Model Development

Five different algorithms were trained and imple-
mented for binary classification of text. Each algo-
rithm was chosen based on its applicability to the
task, scalability, and ability to work with sparse or
sequential data.

Logistic Regression was used as a baseline, lin-
ear classifier algorithm due to its speed, simplicity,
and interpretability (Fig. 1). It had been trained with

TF-IDF vectorizer features in order to preserve im-
portance of the term while still being computation-
ally efficient. The model would choose features that
had a sufficient amount of importance while still dis-
regarding terms of lower importance. Training the
Logistic Regression model directly to a limited, high-
dimensional matrix could result in relatively ineffi-
cient convergence. Furthermore, the maximum num-
ber of iterations completed was increased to ensure
convergence while training.

# Logistic Regression
Ir = LogisticRegression(max_iter=1000)
Ir.fit(X_train_vec, y_train)
metrics[‘Logistic Regression’] = evaluate_
model(“Logistic Regression”, y_test,
Ir.predict(X_test_vec))

Figure 1. Logistic regression

Naive Bayes algorithm (MultinomialNB specifi-
cally) was chosen for its stochastic structure, while
resulting in outstanding performance with previous
research in binary classifications of text (Fig. 2). Na-
ive Bayes assumes independence among features,
which is a potential simplification of reality, but ef-
fectively works in classification tasks where the fea-
tures can be substantially represented in their states,
either with word frequencies or terms method of TF-
IDF. Since Naive Bayes is a lightweight architecture
and performs very well with sparse representations
of data, it was expected to be one of the most efficient
models in the experiment.

# Naive Bayes

nb = MultinomialNB()

nb.fit(X_train_vec, y_train)

metrics['Naive Bayes’] = evaluate_
model(“Naive Bayes”, y_test, nb.predict(X_
test_vec))

Figure 2. Naive Bayes

Support Vector Machine (SVM) was implement-
ed using the SVC() classifier at first, but because it
had slow training times and convergence issues with
large, high-dimensional datasets, it was topologically
replaced with LinearSVC. The linear version, while
different theoretically, is more suitable for sparse and
large-scale text classification tasks by providing more
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scalability and implementation alternatives without
significantly compromising robustness, such as accu-
racy. (Fig. 3)

# SVM

svm = LinearSVC(max_iter=1000)

svm.fit(X_train_vec, y_train)

metrics['SVM’] = evaluate_model(“Linear

SVM”, y_test, svm.predict(X_test_vec))
Figure 3. SVM

Random Forest was also implemented because it
is an ensemble learning method, therefore combin-
ing multiple decision trees to improve performance
and robustness. There were considerable challenges
with resources and an extensive training period since
the problem was how it was used in the implementa-
tion. Following that, the model was tuned (n_estima-
tors=10, max_depth=5, n_jobs=-1) to limit the tree
number, tree depth, and enable parallel computations
just to train a model efficiently while still capturing
important feature interactions. (Fig. 4)

# Random Forest

rf = RandomForestClassifier(n_
estimators=10, max_depth=10, random_
state=42)

rf.fit(X_train_vec, y_train)

metrics['Random Forest’] = evaluate_
model(“Random Forest”, y_test, rf.predict(X_
test_vec))

Figure 4 Random forest

Long Short Term Memory (LSTM) neural net-
work was used to explore deep learning-based se-
quential modeling. The model was built using Ten-
sorFlow/Keras. The text input was tokenized and
represented as augmented integer sequences, which
were converted to be input to the embedding layer
and LSTM. In general, the architecture of the LSTM is
done in a structure of first an embedding layer that
takes tokens and converts them into dense vectors,
followed by a single LSTM layer that captures tempo-
ral dependencies in sequences of words. Additionally,
two layers were built including the regularization
dropout layer as well as the final dense layer for bi-
nary classification with a sigmoid activation function.
Because of limited resources, the maximum size of

the training set was limited to 5000 text samples, one
training epoch, a batch size of 64, embedding dimen-
sion of 32. Despite the reduced efficiency of the LSTM
algorithm, the LSTM provided clear evidence refer-
ring to potential and capabilities of deep learning
models in the field of text classification. (Fig.5)

# LSTM

sample_size = 5000

X_train_sample = X_train[:sample_size]

y_train_sample = y_train[:sample_size]
Figure 5 LSTM

EVALUATION

The corresponding models were evaluated ac-
cording to four performance metrics including ac-
curacy, precision, recall, and F1 score. Accuracy
is an overall metric of how frequently predictions
were correct, while precision is the proportion of
true positives based on positive predictions. On the
other hand recall represents the proportion of true
positives found from all true positives, and F1 score
is the representation of balance between precision
and recall. The metrics were calculated using scikit-
learn’s evaluation measuring functions. Afterwards,
all the results gathered were stored as a dictionary,
and the results were able to be visualized in a bar
graph, making it relatively straightforward to ob-
serve all models on the same chart. The evaluation
pipeline ensured consistency and equity between
models.

The data set used in the current study consisted
of 1,583,691 Twitter tweets, about evenly split be-
tween sentiment classes (50.1% positive and 49.9%
negative), and hence well-suited for objective model
testing. A comprehensive data quality check revealed
no missing values, an extremely low rate of duplica-
tion of about 0.14%, and significant variability in the
lengths of tweets (mean = 74.47 characters, std =
36.2), consistent with previous reports that Twitter
data is short-lengthed and noisy [3]. Preprocessing
involved token cleaning and noise reduction, as used
in earlier studies to improve performance for social
media text in an informal setting [4].

Five classifiers were trained and tested: Logistic
Regression, Naive Bayes, Linear Support Vector Ma-
chine (SVM), Random Forest, and a deep learning
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LSTM-based model. Their performance, in terms of
accuracy, precision, recall, and F1 score.(Table 1)

Table 1. Performance Comparison of Machine Learning Models
on Text Classification Task

Model Accuracy Precision Recall F1 Score
Logistic 0.7586 0.7484 0.7833 0.7654
Regression
Naive Bayes 0.7453 0.7436 0.7531 0.7483
Linear SVM 0.7579 0.7463 0.7854 0.7653
Random 0.6773 0.6353 0.8411 0.7238
Forest
LSTM 0.6099 0.5826 0.7905 0.6708
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Figure 6: Comparative Accuracy of Machine Learning and Deep
Learning Models for Sentiment Analysis

The accuracy examination demonstrates that
simple machine learning models can be significantly
more accurate than deep learning models under con-
trolled conditions. Logistic Regression (75.86%) and
Linear SVM (75.79%) are reaching around 75.8%
accuracy rate (75.86% for Logistic Regression and
75.79% for Linear SVM) as shown in Figure 6, while
supporting the effectiveness of the corresponding
method when it comes to handling high-dimensional,
insufficient data such as tweet texts. This finding is in
line with that of [3], who highlighted that linear clas-
sifier, and SVMs in particular, are optimal for short-
text sentiment analysis since they manage to monitor
optimum separating hyperplanes in sparse feature
spaces. In addition, accuracy results are supported by
[1] as one of the previous studies as well, while indi-
cating that standard models perform well on Twitter
data. It is important to emphasize that Naive Bayes
was close behind these results with accuracy equal to
74.53% while Random Forest did well, with 67.73%
there was a significant decline in performance. On
the other hand, achieving relatively low accuracy of

0.6099 as shown in Figure 6. while demonstrating
a wide range of limitations when it comes to the in-
terpretation of the LSTM model to the brief texts with
minimal context without depending on more com-
plex architectures or pretrained incorporated data.
This opposed the estimated outcome of the deep
learning model achievements from [2], expanding on
the statement that neural networks most commonly
require considerable tuning alongside with other se-
mantic resources before overtaking simpler models
in the tasks related to the classification of the texts.
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Figure 7: Comparative Precision of Machine Learning and Deep
Learning Models for Sentiment Analysis

Precision results highlight that the traditional
methods are effective for Twitter sentiment analy-
sis. Logistic Regression has the highest precision at
74.8%, followed closely by Linear SVM at 74.6% has
a marginally lower precision rate shown in Figure
7. within the same variation range, demonstrating
identical effectiveness. Taking it into account there
is an additional reinforcement of SVM model deter-
mined chronology of performance in corresponding
NLP tasks, especially in cases when comprehension
takes a secondary function prioritizing performance.
However, Naive Bayes had 74.4% when it comes to
precision rate, as we can see from Figure 7. reflecting
marginal variation when it comes to overall perfor-
mance of models which were subject of examination.
Following that, results of precision metric are consis-
tent with previous work done by [1], where the de-
velopment of corresponding model is also reported
to be a reliable alternative on emoticon-labeled data
similar to the Sentiment140 dataset. It is important
to emphasize that Random Forest has reached 63.5%,
while LSTM achieved 58.3% precision rate as shown
in Figure 7. as well, indicating far lower results in the
field of positive sentiment identification, revealing
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several types of constraints in terms of implementing
the LSTM model to brief texts, as mentioned earlier.

One of the reasons for the performance incon-
sistencies could be that traditional models, such as
TF-IDE are able to perform more effectively with in-
complete information. However, the LSTM method
developed in the current research involved hyper-
parameter adjustment, contextual embeddings, and
large datasets, while weak performance had been ex-
pected given the absence of pretrained embeddings,
along with concurrently fragmented and misleading
format of tweets.
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Figure 8: Comparative Recall Performance of Machine Learning
Models for Sentiment Classification

Recall performance provides insight into the dif-
ferent strengths of the models in identifying true
positive sentiments. Random Forest had the highest
recall performance with 84.1%, while LSTM achieved
79.1% and Linear SVM with a very close percentage
of 78.5% as is represented in Figure 8. Logistic Re-
gression has reached 78.3%, although Naive Bayes
has the lowest recall percentage among recall per-
formance results which equals to 75.3% as shown in
Figure 8 as well. The difference between the samples
tends to be related to the capacity of various models
to identify more positive sentiment instances (in this
case positive sentiment), with the more responsive
deep learning and ensemble frameworks achieving
more efficient performance then more resistant tra-
ditional methods. Taking into consideration ensem-
ble structure and capacity to compromise precision
in favor of identifying more positives, Random Forest
most certainly achieves high levels of recall. Indicat-
ing the tendency to overpredict positive sentiment
while building up a rate of false positives. Despite the
accomplishments of models based on trees on the
corresponding textual classification tasks, respon-

siveness to noise on high-dimensional data was cer-
tainly the reason for these results as well, which is in
line with [4].

Corresponding results demonstrate a wide range of
limitations, when it comes to implementing the LSTM
model to brief phrases with minimum context, while
itis not depending on more advanced architectures or
preconditioned data. This opposed the estimated out-
come of the deep learning model achievements from
[2], expanding on the statement that neural networks
most commonly require considerable tuning along-
side with other semantic resources before overtaking
simpler models in the tasks related to the classification
of the texts. In addition the results of this analysis also
align with the findings of [1], since their learning was
supported through using the Sentiment140 dataset,
which had emoticon labelled tweets, and was based on
an extensive repository of labelled data that provided
communicative labels for comprehension, which im-
plements recall-based learning.
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Figure 9: Comparative Analysis of F1-Score for Machine
Learning Models in Sentiment Classification

Furthermore, in the context of Twitter sentiment
analysis, the F1 evaluations indicate the manner in
which conventional models perform while maintain-
ing an even balance between precision and recall. The
most outstanding values of F1 Score were reported
by Logistic Regression and Linear SVM, achieving
76.5% regarding both two models respectively such
as Figure 9. represents. On the other hand, Naive
Bayes followed closely behind with a recall percent-
age of 74.8% as shown in Figure 4. The convenience
of Naive Bayes is an important benchmark because
of its responsiveness and decent performance, par-
ticularly in systems that are running in real time and
when computational resources are limited as it is ex-
plained by [1]. Each of these models discussed above
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achieved a balance between evaluating real positives
and decreasing false positive results, which is crucial
when handling simple terms, as well as fragmented
text such as tweets. Random Forest has achieved
72.4%, while LSTM generated a lower percentage of
67.1% when it comes to F1 Score as it is visible from
Figure 9., which additionally reflects the reliability of
their results, to indicate nothing of the outstanding
recall they reported in certain instances. Traditional
models perform better in terms of F1 performance,
which is in accordance with [1], while indicating that
various methods including Logistic Regression con-
sistently performed effectively while trained on the
Sentiment140 dataset. The results demonstrate
that traditional machine learning models still have
a competitive advantage, especially in contexts with
well-preprocessed and balanced data, as well as re-
duced tweet lengths. This also corresponds with [3]
and [4], addressing that Logistic Regression and SVM
will outperform deep models in short-text conditions
without significant semantic complexity.

The main reason for the corresponding perfor-
mance was the capacity of conventional models to
manage fragmented text representation (TF-IDF).
Taking it into consideration Logistic Regression could
be fractionally implemented on social media informa-
tion, since it can be modified to informal language and
have reduced capacity in order to prevent overfitting.
The limited dataset size could have been responsible
for low performance of the LSTM in corresponding
research, while being determined in the field of con-
sistent data that reflects social media content and in-
sufficient contextual embeddings. On top of that, low
performance results achieved by the LSTM model re-
gardless its ability to process sequential context are in
the line with [1] and [5], while domain-sensitive limi-
tations, such as acronyms, informal language, and sar-
casm, are required to be responded to and solved more
effectively, which involves hybrid or attention models.

Future research should be focused on combining
contextualized embeddings (BERT, RoBERTa) and in-
vestigation of the ensemble methods that provide bal-
ance precision and recall. Sentiment misclassifications
could also be assisted with comprehension evalua-
tions, uncovering feature importance or using atten-
tion mechanisms to detect limited textual indicators.

The corresponding research is important for sen-
timent analysis because it established a comprehen-

sive benchmark comparing classical machine learn-
ing methods - Logistic Regression, Naive Bayes, SVM,
and Random Forest - with a deep learning model,
LSTM, and provided relevant information related
to the differences between accuracy, scalability, and
computational effectiveness through an objective
evaluation of the five methodologies.

This study operates under real-world conditions,
including limited hardware and reduced dataset size
(limiting the LSTM training, for instance, to 5000 sam-
ples) in order to to make the results more relevant for
working in real-time, and potentially useful in imple-
menting related research, opposing several studies
that perform in ideal environments with a wide range
of resources. Additionally, through evaluating all
models using accuracy, precision, recall, and F1 Score
metrics, the research presented a balanced, and com-
prehensive assessment of the models in terms of the
advantages and limitations of each model, especially
around imbalanced or complex sentiment datasets.

This research presents a responsive and uniform
pipeline with an accurate and consistent evaluation
of a range of models: whether they be commonly
used linear classifiers, decision tree approaches, or
recent deep learning architectures such as LSTM. The
use of common processing and evaluation methods
enhances reproducibility across models, providing
an important baseline for future work and extensi-
bility. Furthermore, this work includes an effective
LSTM implementation which demonstrates how sig-
nificant performance can be achieved even with lim-
ited computational capacity - an important contra-
diction that is most frequently ignored in sentiment
analysis work. Moreover, this project has a balanced
approach towards performance and interpretabil-
ity. Even though deep learning models provide more
contextual information, it is important to emphasize
efficiency and transparency for the less complex
models, such as Logistic Regression. This work is use-
ful for implementation across different fields where
comprehensibility is nevertheless taken into account,
even if it is not as critical as accuracy.

CONCLUSION

This study investigated sentiment analysis on so-
cial media data, while evaluating the performance of
five machine learning models (Logistic Regression,
Naive Bayes, Linear SVM, Random Forest, and LSTM),
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trained against the Sentiment140 dataset and vec-
torized using TF-IDE Research found that out of the
five models evaluated, traditional classifiers (Logis-
tic Regression, Linear SVM) produced the most bal-
anced results with Fl-scores of 76.5% and 76.5%,
respectively, demonstrating that the classical models
are more relevant when working with highly limited
and dimensional text data that are typical for Twit-
ter. Analysis of precision scores further supported
that classical methods were more efficient, while re-
call scores indicated Random Forest and LSTM per-
formed well when it comes to identification of a wid-
er range related to positive sentiments, even though
compromising the precision.

Corresponding research supports findings of [1]
indicating that distant supervision model and devel-
opment of a scalable methodology for classifying sen-
timent while incorporating data labeled using emoti-
cons. Research also supports the outcomes of [4] that
traditional machine learning models are effective
methods for sentiment analysis datasets, particularly
because traditional approaches are simple to inter-
pret and require low resources, limiting input and
complexity. Furthermore, the restrictions observed
in current research with the deep-learning models
(LSTM), as discussed by [5] , indicated that deep
learning models need to be effectively optimized with
large, appropriately interpreted datasets, and con-
text sensitive embeddings to successfully outperform
their alternatives.

Future research could incorporate contextual
word embeddings (eBERT or GloVe) and transform-
er-based architectures to improve semantic under-
standing for tweets, preprocessing specific to a do-
main, hyperparameter tuning, and ensemble meth-
ods. There is also potential for extending the appli-

o
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cation to multilingual sentiment datasets, real-time
analysis scenarios, and other useful applications.

The approach used in this paper creates a mod-
ular, extensible framework for exploring different
approaches to text classification. By allowing for a
direct comparison of traditional machine learning
techniques and modern deep learning techniques,
this approach can suggest practical findings regard-
ing strengths and weaknesses among both categories
of techniques. In this study, we were able to optimize
both the models and the sampling strategy to make
the study feasible, but one advantageous next step
would be to increase the dataset size, play with differ-
ent neural models such as transformer models, along
with hyperparameter tuning or cross-validation, to
achieve more generalization. This study serves as
a basis for future work to create scalable, well-per-
forming text classification systems.
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Abstract: The modern payment infrastructure assumes well-defined inputs by users, involving specifying parameters such as the
amount of the transaction, payee identity, and timing of payment execution. This mode of operation causes procedural overhead
and constrains the possibility of abstraction, especially with the ongoing evolution of financial products towards greater user-
friendliness. This article presents a conceptual framework for intent-driven payments, in which users formulate their financial
intentions in natural language and large language models (LLMs) are used to generate corresponding structured payment
workflows. While the term has been used informally in prior industry commentary, this work offers a structured architectural
treatment of the paradigm. The framework described here is proposed and has not yet been empirically implemented. The intent-
to-payment system presented is built as a multistep pipeline, incorporating such stages as intent extraction, entity recognition,
constraint validation, and orchestration. One significant novelty of this work concerns the development of the financial intent
compiler, which is designed to enforce that the outputs generated by the system are deterministic, transparent, and aligned with
applicable regulatory constraints. This article touches upon a number of topics relating to the design of systems, such as latency-
related problems, handling ambiguity, considerations of security, and verifications of computations made by people.

Keywords: Intent-Driven Payments; Large Language Models; Natural Language Processing; Financial Automation; Semantic

Parsing

INTRODUCTION

Modern payment systems are designed mostly on
the basis of an interface approach. For a payment to
be made, a user has to submit certain information in
an orderly manner, which is required for starting a
transaction. Although the approach is very solid and
deterministic, it does not match the way humans de-
scribe financial purposes. To convert their thought
about making a particular payment into filling out
form fields is quite problematic.

Advances in large language models (LLMs) have
substantially expanded the frontier of natural lan-
guage processing, enabling systems to produce out-
puts that approximate inference over ambiguous, un-
derspecified, or contextually rich inputs with consid-
erable surface accuracy [1, 2]. We note that, although
such outputs may resemble reasoni