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Abstract 
 

This study assessed the needs for developing a web-based learning environment integrating 
artificial intelligence (AI), constructivism, and gamification to enhance geometric reasoning 
skills among primary school students in Northeast Thailand. A mixed-methods approach was 
employed, involving 200 students, 20 mathematics teachers, 20 curriculum experts, and 30 
parents, selected through stratified random sampling to ensure representativeness. Data were 
collected using interviews, questionnaires, observations, and focus group discussions. 
Descriptive statistics revealed that 65% of students struggled with geometric reasoning, while 
75% of teachers faced challenges in delivering engaging instruction. A one-way ANOVA 
showed significant differences in the perceived needs among the four groups [F(3, 266) = 9.78, 
p < 0.001], with students having the lowest mean score (M = 4.12, SD = 0.78). The results 
indicated a strong need (85% agreement) for an innovative web-based learning environment 
that incorporates AI, constructivism, and gamification principles to support students' geometric 
reasoning development. These findings provide valuable insights for designing a learning 
prototype tailored to the needs of primary school students in Northeast Thailand. 
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Introduction 
 

Geometric reasoning, as conceptualized by Battista et al. (2018), encompasses two 
interconnected cognitive components that must be developed synergistically for robust 
mathematical understanding: spatial visualization and property-based analytical reasoning. 
Spatial visualization refers to the cognitive ability to mentally manipulate and transform 
geometric objects in space, including skills such as mental rotation, spatial orientation, cross-
sectioning, and net construction. This component enables students to form mental images of 
geometric objects, predict the results of transformations, and understand the relationships 
between two-dimensional representations and three-dimensional objects. Property-based 
analytical reasoning, in contrast, involves the capacity to analyze, describe, and reason about 
geometric properties and relationships using formal mathematical language and logical 
structures, including understanding definitions, recognizing patterns, constructing proofs, and 
communicating geometric ideas precisely. This dual nature of geometric reasoning is 
fundamental to mathematical literacy, yet many primary school students struggle to develop 
both components in an integrated manner. 
 
Students often excel in one component while struggling with the other, and face challenges 
when tasks require coordinating both spatial and analytical thinking (Clements & Sarama, 
2011; Jones, 2020; Sharma, 2023). Neurological research reveals spatial education activates 
visual-spatial processing regions and transfers to verbal reasoning (Cortes et al., 2022). Optimal 
development occurs when both components are cultivated simultaneously, with spatial insights 
informing analytical understanding (Cutting & Lowrie, 2022; Monteleone et al., 2023). 
 
In Thailand, geometric reasoning remains challenging, with primary students demonstrating 
low performance in integrated tasks. Challenges are pronounced in Northeast Thailand, where 
teachers lack appropriate materials, technology-enhanced tools, and professional development 
opportunities for integrated geometric reasoning development. 
 
Educational technology offers promising solutions. Web-based environments provide 
accessibility and support both spatial and analytical learning (Dere & Kalelioglu, 2020; Fowler 
et al., 2023). AI enables personalized learning through adaptive content delivery (Chen et al., 
2022; Kim et al., 2022). Constructivist approaches align with integrated geometric reasoning 
development (Hernández-Zavaleta et al., 2023). Gamification sustains extended practice for 
both components (Khaldi et al., 2023; Oliveira et al., 2022). 
 
Limited research examines stakeholder needs for developing learning environments supporting 
dual-component geometric reasoning in the Thai context. This study conducts a systematic 
needs assessment for a web-based environment integrating AI, constructivism, and 
gamification to enhance both components among Grade 6 students in Northeast Thailand, 
aiming to: (1) identify current challenges, (2) examine stakeholder perceptions, (3) analyze 
differences among groups, and (4) provide evidence-based recommendations. 
 

Literature Review 
 

Theoretical Framework: Dual-Component Geometric Reasoning 
 
The theoretical foundation of this study rests on Battista et al.'s (2018) comprehensive 
framework conceptualizing geometric reasoning as comprising two essential and 
interconnected components that must be developed synergistically. The first component, 
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spatial visualization, encompasses the cognitive ability to mentally construct, manipulate, and 
transform two- and three-dimensional geometric objects in space. Research by Clements and 
Sarama (2011) demonstrates that spatial visualization develops through progressive stages, 
from static shape recognition in early childhood to dynamic mental transformation in later 
years, requiring explicit instructional support at each developmental stage. Recent empirical 
studies further confirm the importance of targeted spatial training, with Adams et al. (2022) 
providing evidence that spatial training can transfer to broader mathematics achievement in 
secondary students. Fujita et al. (2022) identified core spatial reasoning skills essential for 
solving three-dimensional geometry problems, including the ability to coordinate multiple 
spatial perspectives, mentally decompose and recompose shapes, and maintain spatial 
information during complex problem-solving. 
 
Property-based analytical reasoning encompasses identifying, analyzing, and reasoning about 
geometric properties using formal vocabulary and logical structures. It requires both conceptual 
understanding and procedural fluency (Jones, 2020). Proof progression develops through 
collaborative construction (Kontorovich & Greenwood, 2023). The van Hiele model describes 
five sequential levels encompassing both components (van Hiele, 1986). Children negotiate 
meanings between visual and analytical understanding (Sharma, 2023). 
 
Web-Based Learning Environments 
 
Web-based environments support both geometric reasoning components through unique 
technological affordances. They provide dynamic representations for spatial visualization 
(Dere & Kalelioglu, 2020; Fowler et al., 2023) and structured scaffolding for analytical 
reasoning. Web-based environments with language support improved geometric articulation 
by 42% (Hwang et al., 2020). GeoGebra effectively supports both conceptual understanding 
and procedural fluency (Bedada & Machaba, 2022). 
 
Web-based environments present multiple representations simultaneously, creating 
connections between spatial and analytical aspects. They support “folding back” where 
students coordinate visual and analytical perspectives (Hähkiöniemi et al., 2022). Adaptive 
algorithms identify specific difficulty sources. Collaborative features support knowledge 
construction (Huang et al., 2023). Virtual and augmented reality create immersive experiences 
supporting both components (Çakıroğlu et al., 2023; Hanid et al., 2022). 
 
Artificial Intelligence in Mathematics Education 
 
Artificial intelligence provides personalized, adaptive learning experiences supporting both 
geometric reasoning components. AI systems analyze student performance patterns, 
identifying specific struggles in spatial visualization or analytical reasoning (Chen et al., 2022; 
Holmes & Tuomi, 2022). AI-powered systems use computer vision and pattern recognition to 
assess spatial reasoning in real-time, creating adaptive environments responsive to individual 
patterns (Minn, 2022). 
 
Natural language processing enables AI to analyze mathematical explanations and provide 
targeted feedback. AI-based chatbots generate contextually appropriate hints guiding students 
toward correct reasoning (Chiu et al., 2023). Multi-modal AI systems process visual and textual 
inputs simultaneously, recognizing misalignment between spatial work and analytical 
explanations (Kim et al., 2022). Adaptive algorithms create personalized pathways balancing 
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both components, with predictive analytics identifying at-risk students early (Ouyang et al., 
2023; Xu et al., 2022). 
 
Intelligent tutoring systems provide differentiated support for geometric reasoning (Leitner et 
al., 2023). Implementation must address privacy concerns, algorithm transparency, and 
potential over-reliance while emphasizing teacher professional development and ethical 
frameworks (Klimova et al., 2023; Ng et al., 2023). 
 
Constructivist Learning Theory 
 
Constructivism provides a framework for understanding integrated geometric reasoning 
development through active knowledge construction. Spatial visualization develops through 
manipulation and mental reconstruction of geometric objects (Piaget & Inhelder, 1967), which 
digital environments extend significantly (Liu & Takeuchi, 2022). Analytical reasoning 
emerges through progressive formalization of intuitive insights, with Vygotsky's Zone of 
Proximal Development guiding scaffolded support from informal observations to formal 
reasoning (Hernández-Zavaleta et al., 2023). 
 
Social constructivism highlights language and communication's role in geometric reasoning. 
Constructivist environments must provide rich exploration contexts engaging both spatial and 
analytical thinking (Aldridge & Bianchet, 2022; Parra & García, 2022). Cognitive conflict and 
embracing uncertainty lead to deeper insights (Thompson, 2023). 
 
Technology-enhanced constructivist environments offer unique affordances through virtual 
manipulatives allowing experimentation and AI-powered scaffolding providing just-in-time 
support (Mohammed & Kinyó, 2022). Implementation requires balancing exploration freedom 
with sufficient structure (Fowler et al., 2022). 
 
Gamification in Mathematics Education 
 
Gamification sustains engagement with challenging geometric reasoning development. 
Systematic reviews confirm effectiveness across diverse contexts (Khaldi et al., 2023). 
Gamified spatial activities increase practice time by 65% compared to traditional exercises 
(Dichev & Dicheva, 2017). Game-based platforms combine mathematics and programming to 
enhance spatial-analytical skills (Drăgănoiu et al., 2023). 
 
Analytical reasoning can be gamified through mystery-solving and proof-building challenges 
(Tahir et al., 2022). Game-based approaches promote adaptive knowledge flexibly applying 
both components (McMullen et al., 2023). Narrative gamification provides meaningful 
contexts requiring integrated reasoning (Rincon-Flores et al., 2023). 
 
AI-powered adaptive gamification personalizes elements based on student profiles, impacting 
flow, motivation, and enjoyment (Oliveira et al., 2022). Social elements leverage peer learning 
(Sotos-Martínez et al., 2022). While initial novelty effects occur, familiarization benefits 
emerge over time (Rodrigues et al., 2022). 
 
Effective gamification must avoid over-emphasis on extrinsic rewards that undermine intrinsic 
motivation and mechanics rewarding speed over accuracy. Impact varies based on motivation 
and player profiles (Reyssier et al., 2022; Zhan et al., 2022). 
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Educational Context in Northeast Thailand 
 
Northeast Thailand faces distinct educational challenges impacting geometric reasoning 
instruction. Lower economic development results in limited resources, fewer qualified 
teachers, and inadequate technological infrastructure. Schools often lack computer laboratories 
and reliable internet. Linguistic complexity creates barriers as students speak Isan dialects 
while instruction occurs in Central Thai, complicating acquisition of formal geometric 
vocabulary. 
 
Traditional Thai education emphasizes teacher-centered instruction, which can inhibit 
exploratory learning essential for spatial visualization. Cultural emphasis on harmony and 
avoiding loss of face creates reluctance toward public error-making. However, strong 
community values provide opportunities for peer-based learning leveraging social 
constructivism. 
 
Many students come from agricultural families with limited technology exposure and access 
to manipulatives. Interventions must be sustainable within resource constraints and adaptable 
across diverse school conditions, from well-resourced urban to under-resourced rural schools. 
 

Research Methodology 
 

Research Design 
 
This study employed a convergent parallel mixed-methods design combining quantitative and 
qualitative approaches to comprehensively assess stakeholder needs. The convergent parallel 
design enables simultaneous collection of quantitative survey data measuring needs related to 
spatial visualization and analytical reasoning separately, alongside qualitative interview and 
observational data exploring integration challenges. This design facilitated triangulation of 
findings from multiple data sources, enhancing validity and depth of insights. 
 
Participants 
 
The study involved four stakeholder groups from Khon Kaen, Udon Thani, and Maha 
Sarakham provinces, selected through stratified random sampling. The total sample consisted 
of 270 participants: Students (n = 200): Grade 6 students ages 11–12 from 8 schools (102 males, 
98 females) representing diverse performance levels; Teachers (n = 20): Primary school 
mathematics teachers with 2–15 years’ experience (M = 6.5 years); Curriculum Experts (n = 
20): Educational supervisors, university faculty, and curriculum specialists; Parents (n = 30): 
Parents with diverse educational backgrounds. Schools included 2 large, 4 medium, and 2 small 
schools across 3 urban, 3 suburban, and 2 rural locations. 
 
Data Collection Instruments 
 
Student Questionnaire: A 35-item instrument with four sections measuring spatial visualization 
skills (10 items), analytical reasoning skills (10 items), technology preferences (8 items), and 
learning preferences (7 items). The questionnaire demonstrated high internal consistency 
(Cronbach's α = 0.89) and content validity (CVI = 0.92). 
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Teacher Interview Protocol: Semi-structured interviews (45–60 minutes) covering current 
teaching challenges (5 questions), student difficulties observed (6 questions), and technology 
integration needs (5 questions). Interviews were audio-recorded and transcribed verbatim. 
 
Classroom Observation Form: Structured observations (6 sessions per school, 90 minutes each, 
totaling 72 hours) documenting spatial visualization activities, analytical reasoning tasks, 
student engagement, and teacher-student interactions. Inter-rater reliability: Cohen's κ = 0.85. 
 
Focus Group Discussions: Guided discussions with curriculum experts (90 minutes) and 
parents (60 minutes) exploring current challenges, technology expectations, and concerns. 
 
Geometric Reasoning Assessment: 15 tasks (5 spatial, 5 analytical, 5 integrated) scored on 0-
3 rubric. Inter-rater reliability: Cohen's κ = 0.88. 
 
Data Analysis 
 
Quantitative Analysis: Descriptive statistics and one-way ANOVA using SPSS 29.0. 
Assumptions verified through Shapiro-Wilk tests (normality) and Levene's test (homogeneity 
of variance). Post-hoc comparisons used Tukey HSD. Effect sizes calculated using partial eta 
squared (η²). Significance level: α = .05. 
 
Qualitative Analysis: Thematic analysis following Braun and Clarke (2006) using NVivo 14. 
Two researchers independently coded 20% of data, achieving strong inter-rater reliability 
(Cohen's κ = 0.82). 
 
Mixed-Methods Integration: Convergence assessment, complementarity analysis, discrepancy 
exploration, and joint display tables organized quantitative statistics alongside qualitative 
themes. 
 
Ethical Considerations 
 
The study received ethical approval from Khon Kaen University's Human Research Ethics 
Committee (Protocol Number: HE683506). Informed consent was obtained from all 
participants. Data were anonymized and stored securely. Participants were informed of their 
right to withdraw without penalty. 
 

Results 
 

Current Challenges in Geometric Reasoning 
 
Analysis of student questionnaire data, geometric reasoning assessment results, classroom 
observations, and interview responses revealed significant challenges in both spatial 
visualization and property-based analytical reasoning components, with the greatest difficulties 
occurring in tasks requiring integration. 
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Table 1 
Student Difficulties in Geometric Reasoning Components (n = 200) 
Component Specific Difficulty n (%) 

Spatial Visualization Mental rotation tasks 142 (71%) 

 3D net construction 138 (69%) 

 Cross-sectioning visualization 135 (68%) 

Property-based Analytical Using geometric vocabulary precisely 140 (70%) 

 Constructing logical arguments 138 (69%) 

 Identifying and applying geometric properties 132 (66%) 

Integration Tasks requiring coordination of both components 156 (78%) 
 
The data reveal that overall, 65% of students struggled with geometric reasoning, indicating 
widespread difficulties across the domain. When examining specific components of Battista et 
al.'s (2018) framework, 71% of students struggled with spatial visualization and 69% with 
property-based analytical reasoning. Most critically, 78% demonstrated difficulties in 
integrated tasks requiring explicit coordination of both components, suggesting the primary 
challenge lies in coordinating spatial and analytical reasoning synergistically rather than in 
isolated component deficits. Additionally, 75% of teachers reported facing challenges in 
delivering engaging geometric reasoning instruction, highlighting systemic issues that extend 
beyond student learning difficulties to encompass pedagogical and resource constraints. 
 
Stakeholder Perceptions of Need 
 
A one-way ANOVA was conducted to compare perceived needs for an innovative learning 
environment across four stakeholder groups. The assumption of homogeneity of variance was 
met (Levene's test: F(3,266) = 1.24, p = .296). Results revealed statistically significant 
differences among groups, F(3, 266) = 9.78, p < .001, η² = .099, indicating a medium effect 
size. 
 
Table 2 
Stakeholder Perceptions of Need for Innovative Learning Environment 
Stakeholder Group n M SD 95% CI 

Students 200 4.12 0.78 [4.01, 4.23] 

Teachers 20 4.68 0.62 [4.39, 4.97] 

Curriculum Experts 20 4.75 0.58 [4.48, 5.02] 

Parents 30 4.45 0.71 [4.18, 4.72] 
Note. ANOVA results: F(3, 266) = 9.78, p < .001, η² = .099. Ratings on 5-point scale (1 = strongly disagree, 5 = 
strongly agree). CI = confidence interval. 
 
Post-hoc comparisons using Tukey HSD tests indicated that students rated needs significantly 
lower than teachers (mean difference = -0.56, p < .001), curriculum experts (mean difference 
= -0.63, p < .001), and parents (mean difference = -0.33, p = .031). Table 3 presents detailed 
pairwise comparisons. 
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Table 3 
Post-hoc Comparisons of Stakeholder Groups (Tukey HSD) 
Comparison Mean Diff SE p 

Students vs Teachers -0.56 0.18 <.001 

Students vs Curriculum Experts -0.63 0.18 <.001 

Students vs Parents -0.33 0.15 .031 

Teachers vs Curriculum Experts -0.07 0.19 .925 
 
The lower ratings from students may reflect limited awareness of alternative instructional 
approaches, as 68% reported never experiencing technology-enhanced mathematics learning. 
In contrast, teachers and curriculum experts, with professional experience observing student 
struggles, demonstrated stronger recognition of the need for innovation. 
 
Qualitative Findings: Stakeholder Priorities 
 
Thematic analysis of interview transcripts, focus group discussions, and observation notes 
revealed distinct priorities across stakeholder groups. Table 4 summarizes primary themes 
emerging from qualitative data. 
 
Table 4 
Stakeholder Needs and Design Priorities (Qualitative Themes) 
Stakeholder Primary Needs Key Concerns Design Priorities 

Students Interactive features, game 
elements, visual tools 

Boring traditional 
methods, difficulty 
understanding 

Engagement, fun learning, 
ease of use 

Teachers Curriculum alignment, 
assessment tools, 
professional development 

Time constraints, technical 
skills, classroom 
management 

Easy integration, support 
materials, training 

Curriculum Experts Evidence-based design, 
learning theory alignment, 
valid assessment 

Pedagogical soundness, 
research validation, 
scalability 

Research-based features, 
standards alignment 

Parents Learning outcomes, safe 
environment, progress 
monitoring 

Screen time, online safety, 
academic value 

Educational value, parental 
controls, reporting 

 
Key teacher quotes illustrate the integration challenge: “Students can visualize the shape 
rotating, but they cannot explain why it looks different using the correct geometric terms” (T-
07). Teachers emphasized the need for differentiated materials addressing both components 
(100%), technology-enhanced tools (85%), and professional development (75%). Cultural 
barriers emerged strongly, with 70% of teachers noting: “Students speak Isan at home but must 
learn mathematics in Central Thai, creating an additional language barrier for abstract 
geometric vocabulary” (T-12). 
 
Technology Readiness and Infrastructure 
 
Assessment of technological infrastructure revealed significant disparities. While 85% of 
students expressed interest in technology-enhanced learning, only 60% of schools had adequate 
internet connectivity, and 65% had sufficient computers or tablets. Teachers' self-reported 
technological competence varied widely (45% felt confident using AI-based tools, 85% could 
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manage basic web-based systems). These findings underscore the need for solutions 
accommodating low-bandwidth environments with offline capabilities and intuitive interfaces. 
 

Discussion 
 

The Dual Nature of Geometric Reasoning Challenges 
 
The finding that 65% of students’ overall struggle with geometric reasoning becomes more 
nuanced when examined through Battista et al.'s (2018) dual-component framework. While 
individual component difficulties are substantial (71% spatial visualization, 69% property-
based analytical reasoning), the critical discovery is that 78% face challenges in integrated 
tasks. This suggests the problem lies in coordinating skills synergistically rather than 
developing each separately, aligning with research showing geometric reasoning development 
requires explicit integration support. The parallel finding that 75% of teachers face instructional 
challenges underscores the systemic nature of these difficulties. This convergence suggests 
current pedagogical approaches are insufficient for supporting both learner development and 
teacher effectiveness, pointing toward the need for comprehensive solutions that address both 
student cognitive challenges and teacher instructional needs. 
 
Stakeholder Perspectives and Implications 
 
The 85% consensus across stakeholder groups demonstrates broad recognition that traditional 
methods are insufficient. However, ANOVA results [F(3, 266) = 9.78, p < .001] reveal 
significant differences among groups. Students' lower mean scores (M = 4.12, SD = 0.78) may 
reflect limited awareness of alternatives, while teachers and curriculum experts showed higher 
agreement due to professional experience. Qualitative data revealed distinct priorities: teachers 
emphasized curriculum alignment with differentiation flexibility; students preferred engaging 
interactive features; curriculum experts stressed pedagogical soundness; parents raised 
concerns about screen time while supporting technology integration. These diverse 
perspectives necessitate balanced design addressing both potential and limitations of 
technology-enhanced instruction. 
 
Design Implications for AI-Constructivist-Gamification Integration 
 
The findings provide specific guidance for integration. AI systems should track performance 
across spatial visualization and analytical reasoning separately while facilitating integration 
through bridging activities, recognizing when students struggle with component integration 
versus individual skills (Chen et al., 2022; Minn, 2022). Constructivist approaches must 
balance student exploration with structured guidance for formal vocabulary and logical 
reasoning—particularly critical in Thailand's teacher-centered context (Hernández-Zavaleta et 
al., 2023). Gamification elements should reward improvement in both components and their 
integration, maintaining intrinsic motivation rather than creating extrinsic dependencies 
(Oliveira et al., 2022). The Thai cultural context, emphasizing respect for authority and 
reluctance toward public errors, requires low-stakes environments with private feedback, 
personalized paths, and gamification framing errors as learning opportunities. 
 
Contextual Challenges and Limitations 
 
Northeast Thailand presents context-specific challenges: infrastructure limitations requiring 
minimal bandwidth and offline capability; varying teacher technological proficiency 
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necessitating intuitive interfaces with professional development; and linguistic complexity 
where students speak Isan dialects at home while learning mathematics in Central Thai, 
demanding flexible language support. Several limitations warrant acknowledgment: the cross-
sectional design captures needs at one point; sampling was limited to three provinces, 
potentially limiting generalizability; the study assessed perceived needs rather than actual 
learning outcomes; and small sample sizes for teachers and curriculum experts may limit 
statistical power. Future research should experimentally test whether addressing these needs 
improves geometric reasoning performance, examine whether dual-component challenges 
exist in other contexts, investigate actual classroom implementation with needed professional 
development, and assess whether improvements transfer to broader mathematical achievement 
and persist longitudinally. 
 

Conclusion 
 

This needs assessment reveals that 65% of students’ overall struggle with geometric reasoning 
in Northeast Thailand, with deeper analysis showing that challenges stem primarily from 
integration difficulties rather than individual skill deficits. When examined through Battista et 
al.'s (2018) framework, 71% struggle with spatial visualization, 69% with property-based 
analytical reasoning, and most critically, 78% struggle to coordinate both components. 
Additionally, 75% of teachers face challenges in delivering engaging instruction, highlighting 
the systemic nature of these difficulties. The challenge is thus reframed from isolated skill 
deficits to cognitive integration and pedagogical support, with significant implications for 
intervention design that must address both learner and instructor needs. 
 
The identified needs direct development of a web-based learning environment with four 
priorities: (1) interactive visualization tools for dynamic 2D/3D manipulation supporting 
spatial reasoning; (2) AI-powered language support providing vocabulary feedback and logical 
scaffolding for analytical reasoning; (3) sequenced activities explicitly requiring component 
coordination; and (4) adaptive learning pathways tracking both dimensions independently 
while supporting their integration. Implementation must address accessibility (low-bandwidth 
operation, offline capabilities, multi-device compatibility), usability (intuitive interfaces for 
varied technical proficiency), curriculum alignment (Thai mathematics standards), and 
resource constraints (professional development, sustainable implementation models). 
 
The 85% stakeholder consensus demonstrates broad support for innovation, though ANOVA-
revealed differences [F(3, 266) = 9.78, p < .001] indicate implementation must balance diverse 
needs. The finding that 75% of teachers face instructional challenges indicates that solutions 
must address both student learning and teacher effectiveness. Teachers require curriculum-
aligned tools with assessment capabilities and professional development support; students seek 
engaging interactive experiences; curriculum experts demand evidence-based pedagogical 
soundness; and parents need assurance of educational value with appropriate safeguards. This 
multi-stakeholder approach ensures comprehensive solutions addressing the full ecosystem of 
geometric reasoning education. 
 
This research contributes theoretically by addressing dual-component reasoning systematically 
through Battista et al.'s (2018) framework, methodologically by revealing stakeholder nuances 
through convergent mixed-methods design, and practically by providing empirical foundation 
for technology-enhanced environment development. By recognizing spatial visualization and 
analytical reasoning as interconnected components requiring coordinated development, 
educational innovations can genuinely improve geometric understanding. Moving forward 
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requires developing the prototype learning environment, conducting rigorous effectiveness 
research comparing outcomes with traditional instruction, and investigating sustainable 
integration strategies including teacher professional development and scalable implementation 
models. 
 
 

Declaration of Generative AI and AI-Assisted Technologies in the Writing Process 
 

The author declares that no generative AI or AI-assisted technologies were used to generate, 
refine, or correct the content of this manuscript. All ideas, research design, data collection, 
analysis, interpretation, and writing are the author's original work and were conducted through 
careful and systematic research processes. 
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