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This study proposes an integrated framework that combines artificial intelligence (Al)
and information systems to enhance pedagogical efficiency in inclusive digital learning
environments while supporting sustainable education development. The framework
integrates adaptive learning technologies, intelligent tutoring systems, web-based
information systems, real-time learning analytics, and data-driven decision-making
within a system engineering perspective. A mixed-method research design was
employed through experimental implementation, system-based analysis, classroom
observations, structured questionnaires, and performance assessments involving
higher education learning environments. The findings demonstrate that the integrated
framework improves instructional effectiveness, learner engagement, accessibility,
personalized learning, and administrative efficiency. These improvements are
achieved through adaptive instructional pathways, automated feedback, continuous
learning analytics, and intelligent monitoring that support diverse learner
characteristics and optimize teaching and learning processes. The proposed framework
contributes to educational technology by bridging information systems, Al, and
pedagogical strategies into a unified model for inclusive digital education.
Furthermore, the framework supports Sustainable Development Goal 4 (Quality
Education) by promoting accessible, adaptive, learner-centered, and technology-
driven educational environments that enhance both learning outcomes and long-term
educational sustainability.
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1. Introduction

The rapid advancement of digital technologies has fundamentally transformed educational
systems by enabling more flexible, data-driven, and learner-centered instructional approaches [1,2].
Educational institutions increasingly adopt artificial intelligence (Al), information systems, learning
management systems, and intelligent analytics to improve teaching effectiveness, optimize
administrative processes, and enhance student learning experiences. These technological
innovations provide opportunities to develop adaptive learning environments capable of responding
to diverse learner needs while improving institutional efficiency. Consequently, the integration of Al
and information systems has become one of the most promising strategies for supporting sustainable
digital transformation [3-5].

Al has demonstrated significant potential in improving educational quality through adaptive
learning, intelligent tutoring systems, automated assessment, predictive learning analytics, and
personalized instructional support [6-8]. Unlike conventional digital learning platforms, Al-based
educational systems continuously analyze learner behavior and performance to provide real-time
recommendations and adaptive instructional pathways. These capabilities enable educators to
monitor learning progress more effectively while assisting students in achieving individualized
learning outcomes. Previous studies have consistently reported that Al enhances learner
engagement, academic achievement, instructional responsiveness, and decision-making in
educational environments [3,9].

In parallel with Al development, information systems play a fundamental role in managing
educational data, integrating learning resources, facilitating communication among stakeholders,
and supporting evidence-based academic management. Modern educational information systems
provide centralized platforms that integrate learning activities, assessment records, administrative
processes, and institutional decision support. When combined with Al technologies, these systems
evolve from passive data repositories into intelligent educational ecosystems capable of continuous
monitoring, automated analysis, and dynamic instructional support [10,11].

The growing emphasis on inclusive education further increases the demand for intelligent
educational systems capable of accommodating learners with diverse academic abilities, learning
preferences, and accessibility requirements. Inclusive digital learning requires more than equal
access to educational resources; it requires adaptive instructional strategies, personalized learning
pathways, accessible interfaces, and continuous pedagogical support. Al technologies offer
significant advantages in addressing these challenges by dynamically adjusting learning content,
providing automated feedback, and supporting individualized instructional interventions based on
learner characteristics [12,13].

Despite these developments, existing studies generally investigate Al, educational information
systems, adaptive learning, or inclusive education as separate research domains. Most previous
studies emphasize technological implementation without sufficiently integrating pedagogical
strategies, system architecture, educational management, and learner diversity into a
comprehensive framework. Consequently, educational institutions often experience fragmented
digital transformation, limiting interoperability, instructional effectiveness, and long-term
sustainability. Furthermore, relatively few studies have adopted a system engineering perspective
that simultaneously integrates Al technologies, information systems, pedagogical processes, and
inclusive learning environments within a unified educational framework [5,14].

To address these limitations, this study proposes an integrated Al and Information Systems
Framework for enhancing pedagogical efficiency in inclusive digital learning environments. The
proposed framework combines adaptive learning technologies, intelligent tutoring systems, learning
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analytics, web-based information systems, and data-driven instructional management within a
unified system engineering architecture. Rather than focusing on isolated technological components,
the framework emphasizes the interaction among intelligent technologies, educational information
systems, instructional design, and learner characteristics to optimize educational effectiveness,
accessibility, and institutional performance.

The novelty of this research lies in the development of an integrated framework that unifies Al,
educational information systems, adaptive learning, and inclusive pedagogical strategies within a
comprehensive system engineering approach. The framework extends previous studies by
establishing a holistic relationship between technological infrastructure, educational management,
instructional processes, and learner-centered adaptation. This integrated perspective provides a
scalable model capable of improving pedagogical efficiency while simultaneously strengthening
accessibility, personalization, and administrative effectiveness across digital learning environments.

Therefore, the objective of this study is to develop and evaluate an integrated Al and Information
Systems Framework that enhances pedagogical efficiency, learner engagement, accessibility, and
instructional effectiveness in inclusive digital learning environments. The proposed framework also
contributes to sustainable education development by supporting technology-driven, adaptive, and
learner-centered educational ecosystems aligned with the Sustainable Development Goals (SDGs),
particularly SDG 4 on Quality Education.

The limitation of existing approaches is the absence of an integrated framework that connects Al
technologies, educational information systems, adaptive learning mechanisms, and inclusive
pedagogical strategies. A comprehensive educational ecosystem requires interaction among
technological components, instructional processes, and learner characteristics.

The integrated framework proposed in this study combines Al, information systems, learning
analytics, adaptive learning, and inclusive education principles. This integration enables continuous
monitoring, personalized instructional adjustment, and data-driven educational decision-making.
The framework extends previous studies by positioning Al and information systems as
interconnected components that support pedagogical efficiency and sustainable digital education
development.

This study develops a conceptual and operational framework integrating Al modules, information
systems, adaptive pedagogy, learning analytics, and inclusive instructional design.

2. Literature Review
2.1. Artificial Intelligence in Digital Education

Al has emerged as a transformative technology in education due to its ability to provide adaptive
learning, intelligent feedback, predictive analysis, and personalized instructional support. Al-based
educational systems enable learning environments to move from conventional teacher-centered
approaches toward intelligent and learner-centered models by continuously analyzing student
characteristics, learning behavior, and academic performance. These capabilities allow educational
systems to provide appropriate learning pathways based on individual needs and improve the
effectiveness of instructional processes [5, 15].

Recent studies have demonstrated that Al applications, including intelligent tutoring systems
(ITS), natural language processing, and generative Al platforms, can improve student engagement
and instructional efficiency. Al-based tutoring systems provide real-time assistance, automated
feedback, and personalized recommendations that support diverse learning requirements.
Furthermore, Al integration assists educators in monitoring student progress and making evidence-
based instructional decisions [3,4].
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The implementation of Al in education is also closely related to adaptive learning systems.
Adaptive learning enables educational platforms to dynamically modify learning materials,
instructional strategies, and assessment approaches according to learner performance. Al-supported
adaptive learning systems improve students’ interest, achievement, and learning consistency by
providing individualized instructional experiences.

However, Al implementation in education requires integration with reliable information systems
to ensure effective data management, continuous monitoring, and sustainable operation. Therefore,
Al should not be considered as an isolated technology but as an essential component within an
integrated educational ecosystem.

2.2 Educational Information Systems and Digital Learning Management

Information systems provide the fundamental infrastructure for managing educational processes,
including academic administration, learning activities, assessment management, and institutional
decision-making. Educational information systems allow educational institutions to collect, process,
store, and analyze learning-related data to support effective management and improve educational
quality.

The development of digital education has transformed information systems from simple
administrative tools into integrated platforms capable of supporting teaching and learning activities.
Web-based management information systems, learning management systems, and digital
monitoring platforms enable real-time access to educational information and improve
communication between students, educators, and institutions. Such systems contribute to improved
efficiency by reducing manual processes, minimizing data errors, and accelerating information
retrieval [10, 16].

The integration of Al with information systems further enhances system capabilities by enabling
intelligent data analysis, prediction, and automated decision-making. As presented in the previous
study, digital systems significantly improved operational performance compared with manual
approaches. Table 1 presents the comparison between conventional manual processes and digital
information systems, demonstrating improvements in data entry duration, record retrieval speed,
error reduction, and user satisfaction.

Table 1

Functional efficiency comparison between manual methods and digital information systems
Performance Indicator Manual Method (Baseline) Digital System (Proposed) Efficiency Gain (%)
Data Entry Duration (Average) 5 min 40 sec 1 min 15 sec 78.7%

Record Retrieval Speed 320.0 sec 12.0 sec 96.2%

Error Rate (per 100 entries) 4.2 0.2 95.2%

User Satisfaction (1-5 scale) 2.1 4.8 128.5%
Performance Indicator Manual Method (Baseline) Digital System (Proposed) Efficiency Gain (%)
Data Entry Duration (Average) 5 min 40 sec 1 min 15 sec 78.7%

Record Retrieval Speed 320.0 sec 12.0 sec 96.2%

Error Rate (per 100 entries) 4.2 0.2 95.2%

User Satisfaction (1-5 scale) 2.1 4.8 128.5%

The integration between information systems and Al creates an intelligent educational
environment where data-driven decisions can support both administrative efficiency and
pedagogical improvement.
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2.3 Artificial Intelligence for Inclusive Digital Learning

Inclusive education emphasizes providing equal learning opportunities for students with different
abilities, backgrounds, and learning characteristics. In digital learning environments, inclusiveness
requires not only accessibility to educational resources but also adaptive instructional mechanisms
that accommodate individual learner differences.

Traditional instructional approaches often face difficulties in addressing heterogeneous learner
characteristics because they generally provide standardized content and assessment methods. Al
technologies overcome these limitations by enabling adaptive content delivery, personalized
learning pathways, automated feedback, and accessibility enhancement. These capabilities allow
educational systems to respond dynamically to student needs and improve participation among
diverse learners [13].

The proposed Al-based inclusive education framework demonstrates that Al-supported systems
consist of interconnected components involving learner characteristics, instructional objectives, Al
processing mechanisms, and learning outcomes. As illustrated in Figure 1, the framework adopts an
input—process—output structure, where learner information and instructional objectives become
inputs, Al technologies perform intelligent processing, and personalized learning outcomes represent
the system outputs.
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Fig. 1. Al-based framework for optimizing inclusive education processes. Figure was adopted from Omonova
etal., [17]

The framework presented in Figure 1 emphasizes that inclusive education can be modeled as a
dynamic human—Al interaction system. Through continuous feedback and adaptation, Al enables
educational systems to optimize instructional processes while improving accessibility and learner-
centered outcomes [17].

2.4 Adaptive Learning and Pedagogical Efficiency

Pedagogical efficiency refers to the ability of educational systems to achieve improved learning
outcomes while optimizing instructional resources, time, and teaching processes. Al and information
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systems contribute to pedagogical efficiency by automating repetitive activities, providing immediate
feedback, monitoring learner progress, and supporting personalized instruction.

The implementation of Al-supported learning systems improves several educational performance
indicators, including system adaptability, instructional response time, teacher workload
management, and scalability. Table 2 summarizes the differences between traditional instructional
systems and Al-supported instructional systems.

Table 2

Engineering performance indicators of traditional and Al-supported instructional systems
Performance Indicator Traditional System Al-Supported System
Instructional latency High Low
System adaptability Low High
Teacher workload High Moderate
Feedback mechanism Manual Automated
System scalability Limited High

Furthermore, Al-supported systems improve learning outcomes by increasing student
engagement, improving task completion rates, and reducing variations in learning achievement.
These improvements occur because adaptive systems provide instructional content according to
individual learner profiles. Table 3 presents the comparison of learning output indicators between
traditional instruction and Al-supported instruction.

Table 3

Learning output metrics in inclusive classrooms

Metric Traditional Instruction Al-Supported Instruction
Learner engagement Moderate High

Task completion rate Medium High

Learning consistency Variable Stable
Feedback response time Slow Fast

3. Methodology

Figure 2 illustrates the operational framework of the research process based on the Design
Science Research Methodology. This study employs a mixed-methods approach combining system
development and pedagogical experimentation. Detailed information regarding this method is
explained elsewhere [14]. The research was conducted through diagnostic, constructive,
experimental, and analytical stages involving higher education students. Data were collected using
performance assessments, surveys, and system-based monitoring tools. The implementation
integrates web-based information systems, Al modules, and interactive simulations to evaluate
pedagogical effectiveness. Statistical analysis, including reliability testing and comparative
evaluation, was applied to assess the impact of technological integration on learning outcomes. Table
4 presents the distribution of research participants and experimental conditions. Table 5
demonstrates the functional efficiency of the digital system compared to manual processes.

250



Semarak Engineering Journal

Volume 15, Issue 1 (2026) 245-256

Start
Research Initiation

Phase 1: Diagnostic

1. Problem Identification
- Literature Review
- ICT Infrastructure Assessment
- Teachers' Readiness Survey

== Phase 2: Constructive (Design)

2. System Design & Development
- Web-based Information System (RAD)
- Al Prediction Modules (XAI)
- Virtual Simulations

Evaluation
Complete?

3. Pedagogical Experiment
- CG (Traditional Method)

Yes
- EG (Technology-Enhanced Cluster)

Phase 4: Analytical ————

4. Data Analysis
- Cognitive, Motivational, Active Indicators
- Statistical Tests (t-test, Alpha)
- User Satisfaction

!

~ End
Conclusion & Discussion

Fig. 2. Operational framework of the research process based on DSRM

Table 4

Distribution of research participants and experimental conditions

Group Sample Pedagogical Approach Specific Technological Tools & Assessment
Category Size (n) Resources Indicators
Control 90 Traditional: Instructor-led  Printed textbooks, whiteboards, Mid-term exams, final
Group (CG) lectures, face-to-face offline PowerPoint slides, and tests, and manual
seminars, and manual physical library resources. attendance.
assignment submissions.
Experimental 90 Technology-Enhanced: Web-based Management Digital portfolios, real-
Group (EG) Cluster-based education,  Information System (MIS), Al- time analytics, and Al-
flipped classroom, and driven physics/informatics based performance
interactive problem- simulations, RAD-based monitoring  prediction.
solving. tools.
Total 180
Table 5
Functional efficiency of the digital system vs. manual processes
Performance Manual Method Digital System Efficiency Gain Statistical
Indicator (Baseline) (Proposed) (%) Significance (p)
Data Entry Duration 5 min 40 sec 1 min 15 sec 78.7% <0.001
(Avg)
Record Retrieval 320.0 sec 12.0 sec 96.2% <0.001
Speed
Error Rate (per 100 4.2 0.2 95.2% <0.01
entries)
User Satisfaction (1- 2.1 4.8 128.5% <0.05
5 scale)
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4. Results and Discussion

Figure 3 presents the architecture of the integrated educational technology environment
developed in this study. The framework illustrates the interaction among web-based information
systems, Al modules, learning analytics, and digital learning platforms within a unified educational
ecosystem. The proposed architecture enables continuous data exchange between instructional
activities and intelligent analytical components, allowing the system to monitor student progress,
identify learning patterns, and provide adaptive instructional recommendations. The integration of
these components demonstrates how information systems function not only as repositories for
educational data but also as intelligent platforms capable of supporting evidence-based pedagogical
decision-making.

USER LAYER (Front-end)

Students App / Portal Teachers Dashboard Admin Interface

A
Ty
API / Web Request

APPLICATION LAYER (Logic & Al)

RAD-based | | Al Predictive Engine | | XAl Module - || Virtual Simulation Controller
Monitoring Module -C4.5 SHAP / LIME
t
SQL Queries / Data Flow

DATA LAYER (Storage)

«_ Behavioral &
1 ActivityLogs

Fig. 3. Architecture of the integrated educational technology environment

The implementation of the proposed framework was evaluated through an experimental learning
environment involving both control and experimental groups. Students in the experimental group
utilized the integrated platform consisting of web-based management information systems, Al-
assisted learning modules, interactive simulations, and learning analytics, whereas students in the
control group followed conventional instructional approaches. The comparison between both groups
provides evidence regarding the effectiveness of integrating Al and information systems into digital
learning environments.

The overall learning outcomes indicate substantial improvements across multiple competence
indicators following the implementation of the proposed framework. As summarized in Table 6,
students participating in the technology-enhanced learning environment consistently outperformed
those in the conventional learning environment. Improvements were observed not only in cognitive
achievement but also in learner motivation and practical skills, indicating that the integrated
framework positively influenced several dimensions of learning performance simultaneously.
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Table 6
Comparison of competence indicators between control group and experimental group
Competence Indicator Control Group Experimental t-value p-value Improvement
(Mean %) Group (Mean %) Impact

Cognitive (Knowledge) 62.4 84.5 3.84 <0.05 Significant
Motivational (Interest) 58.0 89.2 4.21 <0.01 High Impact
Active (Practical Skills) 55.6 82.3 4.12 <0.05 Significant
Overall Average 58.6 85.3 4.06 <0.05 26.7% Growth

The cognitive competence indicator increased from 62.4% in the control group to 84.5% in the
experimental group, representing the largest improvement in conceptual understanding. The
statistical analysis produced a t-value of 3.84 with a significance level below 0.05, indicating that the
observed difference was statistically significant. This improvement suggests that adaptive learning
supported by Al enables students to receive instructional materials that better match their individual
learning characteristics, thereby facilitating deeper conceptual understanding.

Learner motivation also demonstrated considerable improvement after the implementation of
the integrated framework. Students in the experimental group achieved an average motivational
score of 89.2%, compared with only 58.0% in the conventional learning environment. The resulting
t-value of 4.21 and significance level below 0.01 indicate a highly significant difference between both
instructional approaches. The increase in learner motivation may be associated with continuous
feedback, interactive learning activities, personalized learning pathways, and intelligent
recommendations generated by the Al-supported platform. These features create more engaging
learning experiences compared with traditional teacher-centered instructional methods.

Practical competence showed a similar trend. Students using the integrated educational
technology environment achieved an average score of 82.3%, whereas students receiving
conventional instruction achieved only 55.6%. The statistical comparison indicates significant
improvement with a t-value of 4.12 (p < 0.05). The integration of interactive simulations, web-based
information systems, and adaptive instructional support allows students to practice problem-solving
activities more effectively while receiving immediate feedback throughout the learning process.

Overall learning performance increased from 58.6 to 85.3%, representing an average
improvement of 26.7%. This finding demonstrates that integrating Al with educational information
systems contributes not only to isolated learning outcomes but also to comprehensive pedagogical
improvement across cognitive, motivational, and practical dimensions. The observed improvements
further indicate that combining intelligent technologies with educational management systems
creates a learning environment capable of supporting both instructional effectiveness and learner
engagement.

Beyond student performance, the integrated framework also improves institutional capability for
monitoring learning activities. Throughout the implementation process, learning analytics
continuously collected information regarding learner participation, interaction frequency,
assessment performance, and instructional progress. These data enable educators to identify
learning difficulties at earlier stages and provide appropriate interventions before academic
problems become more severe. Consequently, the integrated information system functions as a real-
time decision-support platform for both instructors and institutional administrators.

The application of explainable Al was further employed to identify variables contributing most
significantly to student learning performance. Rather than treating the predictive model as a black
box, SHAP (Shapley Additive Explanations) analysis was utilized to quantify the relative contribution
of each learning variable. The resulting feature importance ranking is presented in Table 7.
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Table 7
Feature importance ranking based on SHAP values

Feature (Variable) SHAP Value (Impact) Rank Contribution Type Influence Level
Simulation Interaction Time 0.245 1 Direct Positive Very High
Digital Portfolio Quality 0.182 2 Strong Positive High
Online Resource Access 0.115 3 Moderate Medium
Previous Academic GPA 0.084 4 Baseline Medium
Offline Attendance 0.042 5 Indirect Positive Low

The SHAP analysis indicates that simulation interaction time represents the most influential
variable affecting learning performance, with a SHAP value of 0.245. This finding suggests that active
engagement with digital simulations contributes substantially to student achievement. Interactive
simulations encourage students to explore learning materials independently while receiving
immediate system responses, thereby strengthening conceptual understanding and practical
competence simultaneously.

Digital portfolio quality ranks as the second most influential variable with a SHAP value of 0.182.
Digital portfolios document students' learning progress throughout the instructional process and
provide comprehensive evidence of knowledge development, practical activities, and reflective
learning. Higher-quality portfolios generally indicate greater learner engagement and continuous
participation during instructional activities, which subsequently contribute to improved learning
outcomes.

Online resource access occupies the third position with a SHAP value of 0.115. Frequent access
to digital learning resources reflects active learning behavior and independent knowledge
acquisition. Students who regularly utilize online educational materials tend to demonstrate stronger
conceptual understanding due to increased exposure to learning content beyond classroom
instruction.

Previous academic GPA contributes a moderate influence with a SHAP value of 0.084. Although
prior academic achievement remains an important predictor of subsequent learning performance,
the relatively lower contribution compared with simulation interaction and digital portfolio quality
indicates that active participation within the integrated learning environment has a greater influence
on current learning outcomes than historical academic records alone.

Offline attendance demonstrates the smallest contribution among the evaluated variables, with
a SHAP value of 0.042. While classroom attendance remains beneficial for instructional participation,
the integrated educational platform provides multiple alternative learning opportunities through
digital resources, adaptive instructional support, and intelligent feedback mechanisms.
Consequently, student engagement within the digital learning environment appears to contribute
more substantially than physical attendance alone.

The findings consistently demonstrate that integrating Al, educational information systems,
adaptive learning technologies, and learning analytics enhances both pedagogical efficiency and
educational management. This is in line with previous studies [17,18]. Improvements are evident
across multiple learning indicators, while the explainable Al analysis identifies learner interaction
with digital technologies as the dominant contributor to educational performance [19-22]. The
proposed integrated framework therefore supports continuous monitoring, adaptive instruction,
personalized learning, and evidence-based educational decision-making within inclusive digital
learning environments. These outcomes further support the development of sustainable educational
ecosystems by enabling technology-driven instructional practices that improve accessibility, learning
effectiveness, and institutional efficiency.
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5. Conclusion

This study developed and evaluated an integrated framework that combines Al, educational
information systems, adaptive learning technologies, and learning analytics to enhance pedagogical
efficiency in inclusive digital learning environments. The experimental results demonstrate that the
proposed framework improves students’ cognitive achievement, learning motivation, and practical
competence while simultaneously increasing instructional effectiveness and administrative
efficiency. The integration of intelligent technologies enables continuous monitoring of learning
activities, personalized instructional support, automated feedback, and data-driven decision-making,
creating a more responsive and learner-centered educational ecosystem. Feature importance
analysis further indicates that active engagement with digital simulations and the quality of digital
portfolios are among the most influential factors contributing to learning performance. These
findings confirm that effective digital transformation requires the integration of technological
infrastructure with sound pedagogical strategies rather than the implementation of isolated
technological tools. The proposed framework provides a scalable and systematic approach for
supporting inclusive, adaptive, and sustainable education, contributing to the achievement of SDGs
through technology-enhanced teaching and learning practices.
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