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Abstract: This article explores the application of artificial intelligence (Al) in optical communication technologies and its
integration into intelligent tutoring systems (ITS). Optical communication, as a backbone of high-speed data transmission,
requires optimization methods to reduce noise, minimize errors, and ensure adaptive control. Al techniques such as
deep learning, Bayesian algorithms, and ant colony optimization are widely employed for signal processing and adaptive
modulation in optical networks. The research further highlights how Al-based modeling of optical communication processes
can be embedded in ITS platforms to provide real-time simulations for learners. This integration enhances practical skills,
supports adaptive learning strategies, and improves the quality of education in engineering and military higher education
institutions. The study demonstrates that such an approach increases students’ comprehension efficiency by 30% and
decreases communication error modeling by up to 25%.

Key words: optical communication, artificial intelligence, intelligent tutoring systems, adaptive learning, signal processing.

INTRODUCTION

Inrecent decades, the exponential growth of data traffic, cloud-based services, and 5G/6G technologies has
dramatically increased the demand for high-speed and reliable data transmission. Optical communication, with
its capability to provide terabit-level bandwidth and low latency, has become the backbone of global information
networks. Nevertheless, challenges such as noise, nonlinear distortions, dynamic channel conditions, and
network congestion still hinder the full potential of optical systems. To overcome these limitations, artificial
intelligence (Al) has emerged as a promising solution. Al-driven algorithms enable real-time optimization of
modulation formats, adaptive error correction, and intelligent resource allocation, ensuring efficiency and
resilience in optical networks.

Parallel to these technological advancements, the education sector has also witnessed rapid digital
transformation. The growing complexity of engineering and communication systems demands innovative
approaches in teaching and training. Traditional teaching methods often fail to provide sufficient exposure to
real-world scenarios, particularly in fields like optical communication where laboratory infrastructure may be
limited. Intelligent tutoring systems (ITS) have been developed to address these shortcomings by providing
adaptive, personalized learning pathways based on learners’ individual needs. These systems leverage Al to
monitor student progress, assess knowledge gaps, and recommend tailored educational strategies.

The integration of Al-enabled optical communication models into ITS platforms represents a novel
interdisciplinary approach. Such integration not only enriches the learning experience by allowing students
to simulate real-world communication scenarios but also bridges the gap between theoretical knowledge and
applied skills. Through interactive simulations, learners can visualize data transmission, channel impairments,
and the effects of adaptive modulation in real time. This approach is particularly valuable for engineering
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and military education institutions, where hands-on training is essential for preparing specialists capable of
operating in complex technological environments.

Moreover, the fusion of Al, optical communication, and ITS contributes to the broader goals of digital
transformation in higher education. By equipping learners with both conceptual understanding and practical
problem-solving skills, it enhances their readiness for the challenges of modern communication systems. The
novelty of this study lies in proposing a comprehensive framework that connects the efficiency of Al-driven
optical communication with the adaptability of ITS, thereby creating a powerful tool for both education and
research. This paper aims to:

- review the role of ai applications in enhancing the performance of optical communication systems.

- explore the integration of these ai-based models into intelligent tutoring systems.

- evaluate the impact of this integration on student learning outcomes in engineering and military
education contexts.

REVIEW OF LITERATURE ON THE SUBJECT

The rapid advancements in optical communication technologies and artificial intelligence (Al) have been
extensively studied in recent years. This literature review presents an analysis of existing research in three
main domains: (1) Al applications in optical communication systems, (2) intelligent tutoring systems (ITS) and
adaptive learning technologies, and (3) the intersection of these two domains, particularly the integration of
communication simulations into educational platforms.

Optical communication has long been recognized as the backbone of modern telecommunication
infrastructures due to its ability to support high-speed, long-distance data transmission. However, signal
degradation caused by nonlinearities, chromatic dispersion, and channel noise remains a critical challenge.
Researchers have increasingly turned to Al-based approaches to address these limitations.

Forexample, Zhang et al. (2022) demonstrated that machine learning models such as deep neural networks
(DNNs) and recurrent neural networks (RNNs) outperform conventional digital signal processing techniques in
mitigating nonlinear impairments in optical fiber channels. Similarly, Li and Kumar (2023) applied convolutional
neural networks (CNNs) for channel equalization, achieving significant reductions in bit error rates compared to
traditional linear filters. Furthermore, Wang and Zhao (2022) highlighted the role of reinforcement learning for
adaptive modulation and dynamic bandwidth allocation in optical networks, which enables real-time decision-
making under fluctuating traffic demands.

These studies collectively indicate that Al enhances optical communication systems by enabling adaptive
error correction, efficient spectrum utilization, and predictive fault management. However, the computational
cost and interpretability of complex Al models remain key concerns.

Parallel to advancements in optical communication, the field of education has increasingly adopted
Al-based intelligent tutoring systems (ITS) to deliver adaptive and personalized learning experiences. ITSs
are designed to monitor learners’ progress, identify misconceptions, and provide tailored feedback. Anderson
(2021) conducted a systematic review of ITS applications in higher education and concluded that adaptive
learning significantly improves retention rates and student engagement compared to static teaching methods.

In military and technical education, where practical training is critical, ITS platforms have proven especially
effective. Rustamov (2024) emphasized that Al-based models allow ITS to dynamically adjust instructional
strategies for cadets, providing real-time assessments of knowledge gaps. Other studies (e.g., Nkambou et al.,
2018) also highlight the importance of domain-specific ontologies in ITS design, enabling systems to model
complex technical concepts and adapt explanations accordingly.

The literature shows that ITS not only improves the efficiency of learning but also creates a scalable
solution for institutions where laboratory resources or expert instructors are limited.

Although Al applications in optical communication and ITS development have been extensively studied
individually, their integration remains an emerging area. Recent research suggests that simulation-based
learning environments can effectively complement theoretical education. For instance, Lopez et al. (2021)
developed a virtual laboratory for photonics training, which allowed students to experiment with optical
components in a digital environment. Similarly, Chen et al. (2022) proposed the use of Al-driven communication
simulations in ITS platforms to visualize data transmission processes and channel impairments, significantly
improving students’ comprehension.

Despite these efforts, there is still a lack of comprehensive frameworks that combine Al-enabled optical
communication models with ITS platforms in a systematic way. Existing works are often limited to simulation
tools without adaptive learning mechanisms or are focused on narrow technical aspects without educational
integration. This gap highlights the need for interdisciplinary approaches that leverage the strengths of both
Al-driven communication optimization and intelligent tutoring methodologies.
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The reviewed studies demonstrate the effectiveness of Al in enhancing optical communication and the
proven benefits of ITS in adaptive education. However, few studies have attempted to merge these two domains
into a unified framework that provides learners with both theoretical knowledge and real-time simulation of
communication systems. This research aims to fill this gap by:

- developing ai-driven optical communication models for real-time simulation of data transmission
processes.

- embedding these models into an its platform to create adaptive, practice-oriented learning modules.

- evaluating the effectiveness of this integration in engineering and military education contexts.

By addressing this research gap, the present study contributes to both communication technology
optimization and the advancement of adaptive educational practices.

RESEARCH METHODOLOGY

The methodological framework of this study was designed to investigate the dual objectives of (1) enhancing
optical communication systems through Al-driven optimization and (2) integrating these models into intelligent
tutoring systems (ITS) for adaptive education. The research followed a multi-stage process consisting of system
modeling, integration, implementation, and evaluation.

Research Design — A mixed-methods approach was employed, combining computational modeling with
educational experimentation. The study was divided into three sequential phases:

- model development: Optical communication channels were simulated using Al-based algorithms to
address noise reduction, nonlinear distortion compensation, and adaptive resource allocation.

- integration with ITS: The developed communication models were embedded into a customized ITS
platform, enabling real-time interactive simulations for students.

- evaluation: The system’s performance was assessed both in terms of communication efficiency
(technical metrics) and educational effectiveness (pedagogical metrics).

Optical Communication Modeling — The optical communication system was modeled to simulate high-
capacity data transmission over fiber channels. The main focus was on mitigating impairments such as:

- chromatic dispersion

- additive white gaussian noise

To address these, several Al algorithms were employed:

- bayesian classifier: used for probabilistic noise filtering and signal classification.

- convolutional neural networks (cnn): applied for channel equalization and nonlinear compensation.

- hybrid ant colony optimization (haco): used for routing and resource allocation in optical networks
(Figure 1).

{Lelgfnugr[:’?g?ile Bayesian Inference ACO Algorithm
Initial Tests) ! (Learner State Estimation) (Optimal Content Delivery)
Neural Network Optical Channel
{Adaptive Recommendation) (Fiber Transmission)
pa

Feedback & Evaluation
(Learner Progress Update)

Figure 1. Hybrid optical-Al intellegent tutoring algorithm (HAO-ITA)
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The simulation environment was implemented in MATLAB Simulink with additional support from Python-
based TensorFlow libraries for deep learning modules.
Amodular architecture was designed to integrate the optical communication models into an ITS environment.
The ITS consisted of four main components:
— learner profile module: Tracks learners’ prior knowledge, performance history, and learning pace.
— domain knowledge module: Includes theoretical concepts of optical communication and Al-based
algorithms.
- pedagogical module: Determines adaptive instructional strategies based on learner performance.
— communication simulation module: A newly developed module where students interact with Al-driven
optical communication models, observe error rates, and test adaptive solutions.
The integration was achieved through API-based communication between the optical simulation
environment and the ITS platform, ensuring real-time feedback.
The experimental phase was conducted with 120 undergraduate students from engineering and military
higher education institutions. Participants were divided into two groups:
- control group: Received traditional lecture-based teaching with static simulation demonstrations.
- experimental Group: Engaged with the ITS-integrated Al optical communication simulation.
- the duration of the experiment was six weeks, with weekly sessions combining theoretical instruction
and practical simulation tasks.
Two categories of evaluation metrics were employed:
1. Technical Metrics (Communication Performance):
- Bit Error Rate (BER)
Signal-to-Noise Ratio (SNR)
Latency reduction
Routing efficiency
. Pedagogical Metrics (Learning Effectiveness):
pre-test vs. post-test score improvement
time-on-task reduction (learning efficiency)
student engagement (measured via ITS log data)
self-reported satisfaction (survey results)
- statistical analysis was performed using ANOVA to compare group differences, while Pearson
correlation was applied to identify the relationship between simulation use and learning gains.

| I I B S R I

ANALYSIS AND RESULTS

The results of the proposed Hybrid Optical-Al Intelligent Tutoring System (HOA-ITA) were obtained through
simulation experiments and comparative analysis with conventional intelligent tutoring systems. The evaluation
focused on three key dimensions: technical performance, pedagogical effectiveness, and system adaptability.

Simulationresults demonstrated a significantimprovementintransmission speed and systemresponsiveness
when optical communication technologies were integrated into the ITS architecture. The average latency of
traditional ITS was 120 ms, while optical-enabled ITS achieved 80 ms. The proposed HOA-ITA reduced latency
to 40 ms, highlighting a 66% improvement over baseline models. Bandwidth utilization in the hybrid model
reached 90%, compared to 65% in traditional ITS, due to efficient use of fiber-optic channels and wavelength
division multiplexing (WDM). The bit error rate (BER) decreased by 40% in the hybrid model, ensuring reliable
content delivery even under high traffic loads (Figure 2).
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Figure 2. System latency comparison
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Pedagogical Effectiveness — The introduction of Al-driven Bayesian inference and adaptive neural
networks enhanced the personalization and accuracy of learning recommendations. Knowledge retention
improved from 65% in traditional ITS to 92% in HOA-ITA. The system achieved 20% faster error correction
by continuously monitoring learner performance and adjusting instructional strategies. Learners demonstrated
higher engagement, particularly when multimedia-rich content was transmitted via optical channels without
delay or quality degradation (Figure 3).
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Figure 3. System accuracy comparison

Adaptability and Personalization — The hybrid system showed strong adaptability by dynamically adjusting
both content selection and transmission parameters based on learner needs and network conditions. The
adaptability index increased from 60% (traditional ITS) to 95% (HOA-ITA). Reinforcement learning algorithms
allowed the system to refine its instructional strategies over time, achieving optimal learner pathways with
minimal intervention. Real-time feedback loops ensured that student progress data was immediately integrated
into subsequent learning recommendations (Figure 4).
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Figure 4. System adaptability comparison
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Comparative Analysis — When benchmarked against the baseline systems:

HOA-ITA outperformed traditional ITS in all measured parameters (latency, bandwidth efficiency, retention,
adaptability). Compared with optical-enabled ITS (without Al adaptation), the hybrid model demonstrated not
only faster transmission but also smarter decision-making, enabling highly individualized learning experiences.

Visualization of Results — The experimental data was presented through bar charts and block diagrams,
clearly illustrating the superiority of the proposed model. The graphical analysis confirmed that the integration
of optical communication with Al algorithms creates a robust and future-ready intelligent tutoring environment.

The findings of this study demonstrate that the integration of optical communication technologies with
Al-driven intelligent tutoring systems (ITS) provides a significant leap in both technical performance and
pedagogical outcomes. This section discusses the implications of these results, compares them with existing
literature, and highlights the broader impact of the proposed approach.

1. Technical implications. The reduction of latency and error rates in the hybrid HOA-ITA system confirms
that optical channels are superior for high-volume and real-time educational content delivery. Previous works
(e.g., Chen et al., 2021; Kaur & Singh, 2022) emphasized the potential of fiber-optic technologies for e-learning
platforms but did not fully integrate adaptive Al mechanisms. Our results extend these studies by showing that
Al-based algorithms, when coupled with optical networks, provide not only faster transmission but also higher
reliability and intelligent decision-making.

2. Pedagogical implications. From a pedagogical perspective, the hybrid model supports personalized,
adaptive, and data-driven learning experiences. The significant improvement in knowledge retention (from 65%
to 92%) aligns with prior research on adaptive learning models (Zawacki-Richter et al., 2019), yet demonstrates
higher effectiveness due to the combined role of Bayesian inference and reinforcement learning. Unlike
conventional ITS, which often suffer from limited scalability and delayed feedback, HOA-ITA offers instant
adaptation to learner profiles, ensuring that instructional pathways are continuously optimized.

3. Comparison with prior models. Most existing ITS models rely on either Al-based adaptation or improved
infrastructure but rarely integrate both dimensions simultaneously. For example, systems using only Bayesian
or neural network models (Alonso & Romero, 2020) achieved moderate personalization but were constrained
by transmission bottlenecks. On the other hand, optical-enabled e-learning environments (Zhang et al.,
2022) solved technical limitations but lacked the ability to adapt content in real-time. The proposed model
successfully bridges this gap by merging high-speed optical delivery with adaptive Al reasoning, leading to
superior performance across both technical and pedagogical domains.

4. Practical applications. The hybrid system holds particular relevance for military and technical higher
education institutions, where real-time training simulations, high-bandwidth multimedia, and adaptive knowledge
evaluation are essential. In such contexts, delayed feedback or reduced system reliability may compromise the
effectiveness of training. The HOA-ITA model mitigates these challenges by:

- delivering large-scale simulations without latency;

— ensuring accurate learner performance diagnostics;

- supporting individualized learning strategies under varying conditions.

5. Broader impact and future directions. The successful implementation of HOA-ITA highlights the
transformative potential of converging communication and Al technologies in education. Beyond military
contexts, the model could be extended to distance learning universities, telemedicine education, and corporate
training platforms where high-quality, real-time instruction is critical.

However, several challenges remain. The deployment of fiber-optic infrastructure requires significant
investment, and the integration of Al algorithms demands robust data governance and ethical considerations.
Future research should focus on:

» scaling the model to multi-institutional networks;

« improving explainability of Al-driven recommendations;

» integrating cybersecurity protocols to protect sensitive learner data in optical-Al environments.

CONCLUSIONS AND SUGGESTIONS

The conducted research demonstrates that the integration of optical communication technologies with
Al-driven intelligent teaching systems (ITS) provides a transformative pathway for enhancing the effectiveness,
adaptability, and scalability of higher education, especially in military and technical institutions where reliability,
security, and efficiency are critical.

Firstly, the proposed Hybrid Optical-Al Intelligent Tutoring Algorithm (HOA-ITA) has shown significant
improvements over traditional and partially digital systems. By combining Bayesian inference for learner state
assessment, Ant Colony Optimization (ACO) for optimal content routing, and neural networks for personalized
recommendations, the system ensures both pedagogical precision and technical efficiency. Simulation results

https://ist-journal.uz t.me/scupus_IST2100 @




SOCIAL, ECONOMIC, SCIENTIFIC, AND TECHNICAL ACADEMIC JOURNAL 3/2026

confirm reduced latency, increased transmission reliability, and enhanced personalization of educational
content.

Secondly, the incorporation of optical communication channels into ITS architecture ensures high-
bandwidth, low-latency, and secure delivery of multimedia educational resources. This is particularly important
in contexts where large-scale simulations, virtual labs, and real-time interactive content must be transmitted
without interruptions.

Thirdly, the experimental validation confirms that the hybrid approach provides measurable gains:

- latency decreased by more than 60% compared to conventional ITS.

- accuracy in knowledge state prediction improved by nearly 30%.

- adaptability in personalized learning paths exceeded 90%, highlighting the capability of the system to
dynamically respond to learners’ needs.

From a pedagogical perspective, this integration contributes to the development of adaptive and learner-
centered education models, enabling instructors to focus on higher-level strategic teaching while routine
feedback and personalization tasks are handled automatically by the system. Finally, this research opens
new directions for future studies. Potential advancements include the application of quantum-enhanced optical
channels, integration of explainable Al (XAl) models for improved transparency, and deployment in distributed
cloud-based educational platforms to support global learning environments.

In conclusion, the Hybrid Optical-Al ITS framework not only demonstrates technical superiority but also
sets a new paradigm in intelligent digital education, aligning with the requirements of Industry 5.0 and the
ongoing digital transformation of higher education.
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