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Abstract: Against the backdrop of digital transformation in education, artificial intelligence technology provides core support
for the large-scale implementation of smart classrooms. Based on constructivism and human-computer collaboration theory, this
paper integrates technologies such as multi-modal perception, knowledge tracing, and generative Al to construct an
empowerment model for smart classrooms titled "Three-dimensional Perception - Intelligent Engine - Scenario Application".
By analyzing the model's technical architecture and operational mechanism, it elaborates on its application pathways in
scenarios such as lesson preparation optimization, personalized teaching, and dynamic evaluation, and discusses ethical
constraints and practical challenges in technology implementation. Research indicates that this model can achieve precise
empowerment and structural transformation of classroom teaching, providing an operable technical solution for the construction
of a smart education system.
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1 Research Background and Significance

1.1 Research Background

Global education is rapidly entering a new phase of digital and intelligent integration. The traditional teacher-centered,
one-way lecture model struggles to meet the needs of students' personalized development, urgently requiring structural
transformation empowered by technology. China's Ministry of Education's "Long-term Development Plan for Educational
Informatization" explicitly proposes the goal of achieving a smart education system where "classrooms are perceivable,
teaching is diagnosable, and resources are adaptable". Breakthroughs in Al technology, especially in large multi-modal
models, make it possible to shift classroom teaching from "experience-driven" to "intelligence-driven". Their capabilities in
speech interaction, learning condition diagnosis, and resource adaptation provide a key leverage point for addressing the

dual challenges of educational equity and quality.

1.2 Domestic and International Research Status

Current research on the integration of Al and education shows three main trends: First, focusing on how technology
elevates teaching models. Scholars like Yu Guoming propose shifting from knowledge transmission to ability cultivation in
the Al era, building an Al thinking cultivation system. Second, exploring interdisciplinary curriculum restructuring. Yang
Hua suggests breaking disciplinary barriers through "course cluster construction”, while Shi Daning advocates using Al to
achieve "consistency in teaching, learning, and assessment". Third, addressing the ethics of human-computer collaboration.
Scholars like Huang Juchen propose a transition path from "AI exclusion" to "Al enablement". However, existing research
has shortcomings such as fragmented theoretical frameworks, vague practical pathways, and weak evaluation mechanisms,
lacking a systematic empowerment model design for the entire smart classroom process. This is precisely the research entry

point of this paper.
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1.3 Research Content and Methods

This paper employs literature research and architectural design methods. Firstly, it reviews the core technologies and
theoretical foundations of Al in education. Secondly, it constructs a multi-dimensional smart classroom empowerment
model and analyzes its layered architecture and operational logic. Finally, it elaborates on application pathways combined
with the "preparation-teaching-learning-assessment" full process and analyzes implementation challenges and optimization

directions.
2 Theoretical Foundations of AI-Enabled Smart Classrooms

2.1 Constructivism Theory

Constructivism emphasizes student-centered active learning, proposing that knowledge is dynamically generated
through situational interaction. Al technology, by intelligently analyzing learning behaviors, providing dynamic feedback on
learning effects, and personally recommending learning resources, helps construct an autonomous exploration learning
environment for students, supporting the deep internalization and transfer of knowledge. Large multi-modal models can
better simulate real teaching scenarios through diverse interaction methods like speech and text, aligning with

constructivism's demands for situationality and interactivity.

2.2 Human-Computer Collaboration Theory

The core of human-computer collaboration theory lies in the complementary roles of Al and humans. Al handles
repetitive tasks like knowledge retrieval and data processing, while teachers focus on guiding higher-order thinking and
shaping ethical values. In smart classrooms, this theory is embodied in the "teacher-led, Al-assisted" collaborative model:
teachers are responsible for setting teaching objectives, providing emotional support, and value guidance, while Al enables
learning condition diagnosis, resource adaptation, and process feedback, forming a functionally complementary teaching

community.

2.3 Knowledge Tracing Theory

Knowledge Tracing theory aims to dynamically depict students' knowledge states through learning data, providing a
basis for personalized teaching. Traditional knowledge tracing models are based on binary state assumptions, while deep
learning-driven methods like Deep Knowledge Tracing (DKT) and Dynamic Key-Value Memory Networks (DKVMN) can
capture knowledge dependency relationships and learning patterns through sequence modeling, providing precise learning

condition diagnostic support for Al empowerment.
3 Model Construction of AI-Enabled Smart Classrooms

3.1 Model Design Principles

The model construction follows three principles: First, learning-centeredness, where all technical modules are designed
around students' personalized development needs. Second, human-computer collaboration, clearly defining the functional
boundaries of Al and teachers to avoid the alienation of the essence of teaching by technology. Third, scalability, adopting a

layered architecture to support adaptation needs for different disciplinary scenarios and technological iterations.

3.2 Overall Model Architecture

We propose a three-layer empowerment model, termed:"Three-dimensional Perception - Intelligent Engine - Scenario
Application". Each layer achieves collaborative linkage through data interfaces. The specific architecture is shown in Figure
1 (text description): The Perception Layer is responsible for multi-source collection of classroom data; the Intelligent Engine
Layer handles data processing and intelligent decision-making; the Application Layer enables precise empowerment of
teaching scenarios.

3.2.1 Three-dimensional Perception Layer

The Perception Layer is the data input port of the model, achieving comprehensive capture of classroom information
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through multi-modal terminals, comprising three dimensions:

Speech Perception: A speech interaction module based on LLaMA-like large models, enabling transcription of teacher's
lecture speech, recognition of student questions, and intent understanding. It uses Rotary Position Embedding (RoPE) to
handle long-sequence classroom content, improving semantic understanding accuracy.

Behavior Perception: Collects student behavior data such as answer processes, resource access trails, and discussion
participation through classroom interaction terminals, using lightweight collection schemes to minimize interference with
the teaching process.

Context Perception: Integrates visual information like PPT presentations and whiteboard content, correlating speech
and visual data through cross-modal fusion technology to achieve a complete depiction of the classroom context.

3.2.2 Intelligent Engine Layer

The Intelligent Engine Layer is the core processing unit of the model, built based on the Transformer architecture and
the pre-training-fine-tuning paradigm, containing four modules:

Learning Condition Diagnosis Module: Integrates DKVMN and Graph Neural Networks (GNN), modeling knowledge
points as an associated graph, dynamically updating the student's cognitive profile through learning sequence data, and
identifying knowledge weaknesses and learning styles.

Resource Generation Module: Uses generative Al technology to dynamically generate adaptive learning resources
based on diagnosis results, including tiered exercises, knowledge point explanatory texts, etc., ensuring content educational
value and accuracy through prompt optimization.

Decision Recommendation Module: Based on reinforcement learning algorithms, takes the student's knowledge state as
input, aims for learning efficiency improvement, and generates personalized learning paths and real-time intervention
strategies.

Security and Ethics Module: Built-in data encryption and algorithm fairness verification mechanisms, ensuring the
compliance of technology application through access control management and bias detection.

3.2.3 Scenario Application Layer

The Application Layer is the value output port of the model, designed for the
"preparation-teaching-learning-assessment" full process with four application subsystems:

Intelligent Lesson Preparation System: Provides teachers with knowledge point correlation analysis, teaching resource
recommendation, and lesson plan generation services, supporting teaching design optimization based on learning condition
data.

Interactive Teaching System: Enables real-time Q&A, group discussions, etc., through speech interaction, providing
dynamic whiteboard content and resource push services based on context perception.

Personalized Learning System: Provides students with customized exercises, knowledge point remedial learning, etc.,
based on recommended learning paths, supporting intelligent tutoring during the autonomous learning process.

Dynamic Evaluation System: Integrates process and summative evaluation data to generate multi-dimensional learning

reports, providing basis for teacher intervention and student reflection.

3.3 Model Operational Mechanism

The model operates through a closed-loop mechanism of "Data Collection - Intelligent Processing - Scenario Output -
Feedback Iteration": The Perception Layer collects classroom multi-modal data in real-time, which is processed by the
Intelligent Engine Layer to generate learning condition diagnosis results and intervention strategies, acting on teaching
scenarios through the Application Layer; new data generated during the teaching process flows back into the Intelligent
Engine Layer, driving model parameter updates and strategy optimization, achieving dynamically adaptive teaching

empowerment.
4 Application Pathways and Practical Key Points

4.1 Lesson Preparation Phase: Al-assisted Teaching Design Optimization
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In the preparation phase, teachers input teaching objectives and baseline learning conditions into the intelligent
preparation system. The system generates a knowledge point correlation graph based on the knowledge graph and
recommends suitable teaching resources and activity design schemes. Teachers can use the generative function to quickly
create draft lesson plans and presentation frameworks, focusing their effort on designing higher-order thinking training
segments. In practice, the principle of teacher leadership must be noted; Al output should only serve as a design reference to

avoid homogenization of teaching designs.

4.2 Teaching Phase: Human-Computer Collaborative Interactive Teaching Implementation

During teaching, the interactive teaching system receives student questions through the speech interaction interface.
After parsing by the intelligent engine, it generates responses appropriate to the cognitive level and simultaneously pushes
related knowledge point resources. For common problems encountered by the group, the system automatically prompts the
teacher for centralized explanation; for individual differences, it provides one-on-one tutoring through personalized learning
terminals. Teachers need to manage classroom pacing and provide emotional guidance, adjusting teaching strategics

promptly based on Al feedback.

4.3 Learning Phase: Support for Personalized Autonomous Exploration

Students complete learning tasks recommended by Al in the personalized learning system. The system dynamically
adjusts content difficulty and presentation methods through real-time behavior analysis. When learning confusion is detected,
it automatically activates the intelligent Q&A function, clarifying problems and providing step-by-step hints through
multi-turn dialogue; when learning fatigue is recognized, it pushes interactive resources suited to the learning style. This

phase requires balancing autonomous exploration with teacher guidance, setting boundary thresholds for Al tutoring.

4.4 Evaluation Phase: Generation of Multi-dimensional Dynamic Feedback

The dynamic evaluation system integrates multi-source information such as classroom interaction data and homework
completion, generating learning reports using a combination of qualitative and quantitative methods. The reports include
visualizations of knowledge mastery and diagnostic suggestions for learning methods and thinking skills. Teachers can
conduct targeted tutoring based on the reports, while students can identify areas for improvement. Evaluation results must be

reviewed by teachers before use to ensure objectivity and educational value.
5 Deep Challenges and Systemic Optimization Strategies for Model Application in Education

5.1 Core Challenge Analysis
(1) Technical Adaptability Challenges:

Differences in cross-disciplinary knowledge representation pose significant challenges for the model, especially in
highly abstract subjects like mathematical proofs and philosophical reasoning, where the model struggles to accurately
capture logical relationships between knowledge points, leading to significantly reduced diagnostic accuracy. Furthermore,
limited by the computing power and storage of edge devices, complex models involving multi-modal inputs like vision and
speech struggle to run smoothly, severely impacting the real-time nature of teaching interactions and user experience.

(2) Ethical and Security Risks:

Educational scenarios involve large amounts of sensitive data, including student classroom performance, homework
grades, and other personal privacy information. Traditional centralized training models pose serious data leakage risks. More
notably, biases in training data can lead to systemic discrimination in algorithms, such as unfair evaluations of students from
specific regions or groups, fundamentally undermining the core value of educational equity.

(3) Practical Implementation Dilemmas:

Some experienced teachers have cognitive biases and resistance towards new technologies, lacking the professional
ability to integrate Al tools into the teaching process. Simultaneously, the gap in digital infrastructure between urban and
rural areas, and between developed and underdeveloped regions, may lead to a "Matthew Effect" in educational Al

applications, potentially widening existing inequalities in educational resource allocation.
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5.2 Systemic Optimization Pathways

(1) Technological Innovation Dimension:

Focus should be on building professional knowledge graph systems covering core concepts and competency
dimensions of various subjects. Develop lightweight versions suitable for mobile terminals and IoT devices through model
compression techniques like knowledge distillation and parameter pruning. Adopt federated learning frameworks to achieve
distributed model training, ensuring raw data remains locally stored, with only encrypted model parameter updates uploaded,
fundamentally addressing privacy protection concerns.

(2) Ethical Governance System:

Special ethical guidelines for Al educational applications need to be formulated. Establish a multi-party review
mechanism involving education experts, technical teams, and ethics committees to regularly test algorithms for potential
biases related to gender, region, etc. Strictly adhere to regulations like the "Minor Protection Law", building a full-lifecycle
data security management system through measures like data desensitization and hierarchical access control.

(3) Application Promotion Strategy:

Design a three-phase teacher training program of "theoretical training + hands-on practice + teaching observation".
Develop application case libraries for typical subjects to help teachers master core skills like intelligent lesson preparation
and precise tutoring. Governments should lead the establishment of regional collaborative development mechanisms,
providing economically feasible digital solutions for resource-weak areas through flexible deployment methods like cloud

service platforms and mobile terminals.

6 Conclusion

The "Three-dimensional Perception - Intelligent Engine - Scenario Application" model constructed in this paper
integrates core technologies such as multi-modal perception, knowledge tracing, and generative Al, achieving full-process
empowerment of "perception-decision-application" for smart classrooms. Through its layered architecture design, the model
ensures technical professionalism while enhancing practical operability via scenario-based application subsystems, aligning
with the "teacher-led, Al-assisted" smart education philosophy.

Research shows that this model can effectively support the intelligent upgrade of scenarios like lesson preparation
optimization, personalized teaching, and dynamic evaluation, providing a technical paradigm reference for the digital
transformation of education. Future research can further focus on disciplinary adaptability optimization and ethical
mechanism improvement, promoting iterative model upgrades through cross-school pilot projects, and facilitating the

large-scale construction of the smart education system.
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