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Abstract

Mobile Learning Augmented Reality (AR) Applications are great for immersive-based education
since they facilitate learning in any location at any time. Context-aware mobile learning and AR-
enabled interaction frameworks have users engage with educational material in real time and
personally access information. With a focus on learning technologies in AR education, this review
centers on AR integration with the immersive learning environments constructed with pedagogy.
For the interactive learning context, AR explanatory frameworks are constructed with the theory of
situated learning and the AR theory of constructivism. In order to facilitate cross integration of
teaching and learning with AR, several cases were analyzed to identify AR-enabled cross integration
frameworks. These cases examined AR pedagogy, and in particular, diverse teaching and learning
environments, from which they derived valuable core principles for pedagogically designing AR.
Furthermore, the AR application development and design core requirements are specified in the
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paper: usability, user-centered content customization and adaptation, and educational content
obsolescence, as well as technological and infrastructural adoption barriers. In evaluative AR
practice, purposeful evaluation methods are central to formulating meaningful evaluative metrics.
Findings advocate for transformative educational practices where AR technology is leveraged for
innovative bridging between traditional and active learning. This operational guide addresses AR-
integrated engagement frameworks and Ubiquitous Learning in the Digital Age. This convergence
requires extensive educational design, implementation, and evaluative frameworks related to the use
of AR in education, which necessitates a thorough archaeological critique within educational design,
implementation pathways, and evaluative frameworks concerning educational AR.

Keywords: Augmented Reality, Ubiquitous Learning, AR-enabled Interaction Frameworks,
Immersive Learning Technologies, Mobile Learning, Pedagogical Integration, and Educational
Innovation.

1 Introduction

Technological advancements in education are changing learning spaces and providing limitless
possibilities for engaging learners outside conventional confines. One of the most notable advancements
in learning technology is Augmented Reality (AR), which combines the physical and digital worlds and
offers learners immersive, participatory, and contextually rich learning experiences. Digital and non-
digital AR tools create opportunities for trans-disciplinsary contextualized teaching and learning, which
is crucial for omnipresent learning. Moreover, AR technologies providing integrated learning tools
corresponding ‘digitally enhanced learning spaces’ supporting learning anytime everywhere, and
integrating learning seamlessly outside the educational environment (Shamsudinova et al., 2025).
Ubiquitous learning rests on the principles of mobility, context, and interaction with technology in the
physical world, and provides opportunities for learning in a passive and active mode. Immersion in
learning with AR interaction frameworks amplifies understanding and engagement, as learners manage
and manipulate virtual objects during immersive learning and exploration of real environments. The
mobile and AR frameworks interface highlights the execution of constructivist and experiential
principles of learning where learners are actively engaged in exploration and discovery of principles,
promoting hands-on learning.

Educational applications of Augmented Reality (AR) technologies have been grounded in numerous
empirical studies and practical applications, particularly in discipline specific materials, STEM
education, language education, educational training in healthcare, and in adult education and vocational
training (Pokric et al., 2015). These studies have documented gains in learner motivation, improving
spatial understanding in moving beyond 2D representations, and visualization of complex and abstract
concepts that traditional educational resources fail to provide (Lidiastuti et al., 2024). Nonetheless, there
are challenges to educational use of AR technologies. Development costs, limited hardware,
underprepared educators, and the lack of suitable educational paradigm are some challenges for
widespread utilization (Singh et al., 2024). Although educational use of AR technologies stagnates, the
educational use of AR technologies poses challenges in interaction design. AR technologies are rapidly
changing and so are the learner, learning goals, and the educational context (Hajjaji & M’barki, 2018).
Education, and the world, has witnessed unprecedented changes in the last couple of years, particularly
driven by the global COVID-19 pandemic. This created a need for remote and hybrid learning,
increasing reliance on AR technologies to provide engaging, learning, and effective educational
resources that transcend the confines of physical classrooms (Sabah & Kaya, 2023). Innovative learning
opportunities for educational practices and goals grounded in AR technologies are enabled by AR-
integrated pedagogical frameworks.
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Key Contribution

e This research presents a newest adaptive interaction framework with augmented reality (AR)
designed to help learning in the real world by introducing personalization in interaction degrees
of scale, context, and feedback, allowing everywhere learning.

o Results from controlled experimental case studies as described in the study show that, compared
to AR-attached learning systems of traditional instructional approaches, learners are more
engaged, motivated, cognitively performed to a greater extent, and generally, as users of the
learning system, have more satisfaction, and thus learning system, taught through AR enabled
learning.

e Stemming from well-established constructivist, situated learning theories, active, and hands, AR
facilitated technology, context relevant learning theories, the paper strengthens the pedagogical
reliability through situated learning as in hands active learning and context responsive learning.

e The study and design development and from the study developed in depth solution design
development and evaluation of AR educational tools include the and, in the study, the proposed
development, study, and design, developed in depth solution design development and evaluation
of AR educational tools studied and address, proposed, study, and design, developed in depth
solution design development and evaluation of AR educational tools.

This project seeks to implement and assess the use of Augmented Reality to build and facilitate
immersive educational experiences aimed to serve the purpose of accessible personalized learning
(Sesmiarni et al., 2023). Specific objectives include: explaining the educational use of Augmented
Reality in the educational paradigm of constructivism and situated learning in the Introduction;
critiquing the literature on the pedagogical, collaborative, and implementation challenges of AR in
education in the Related Work section; detailing a comprehensive approach to the design of an adaptive
interaction framework for AR in the Methodology; describing the architecture of the framework that
underlies and supports the integrated system, along with the design of the experiments that assess the
efficacy of the integrated system; presenting the qualitative and quantitative results of comparisons of
learning with AR and traditional methods in the Results and Discussion section, particularly on
engagement, learning outcomes, and satisfaction; and finally, integrating the findings with practical
design principles and implications of the study, outlining further areas for research in the Conclusion.

2 Related Work

There is potential in educational research integrating Augmented Reality (AR), as it combines digital
resources with the physical environment, improving student engagement (Avila-Garzon et al., 2021).
Much of the initial attention was on proving the novelty and practicality of AR systems (Novita et al.,
2022). The first comprehensive systematic review examined AR's impact on motivation, engagement,
and performance in higher education. Their findings indicate that, relative to conventional approaches,
AR considerably promotes active engagement. Additionally, the immersive nature of AR materials aids
engagement and cognitive load relief, allowing students to monitor complex phenomena in real time
(Sabah & Kaya, 2023). This study suggests purposefully integrating AR-designed educational resources
within educational materials to minimize learner distraction and maximize the educational value of the
innovation (Wu, 2024).

Teaching multidisciplinary subjects within the STEM fields has increasingly adopted Augmented
Reality (AR) technologies. (Akkus & Arslan, 2022) assessed the impact of AR instructional modules on
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students’ spatial understanding and comprehension of a physics section. Their school-based
experimental study found that incorporating spatial AR instructional materials into the curriculum
enhanced learners' spatial reasoning and understanding. As the authors pointed out, the AR interfaces
equipped with interactive 3D models or with 3D proxies of the real-world phenomena aid the learning
of some phenomena that are otherwise nearly impossible to grasp through textbooks and lectures. In
addition, outlining these, the authors noting that students, in the process of learning, are allowed to
interact manipulatively with the virtual learning objects at their own pace further underscores active
control of some cognitive processes in the learning process, which in turn, foster the deep learning
engagement (Kumar & Rao, 2024).

The impact of AR technology on collaboration is significant. (Phon et al., 2014) studied AR systems
that integrate Collaborative Learning and designed virtual environments with interlaced physical
environments for real meetings. Their research highlighted the communication gaps, discussion
deadlocks, hindrances to cooperative problem-solving, and gaps in learner assistance that AR technology
encourages (Stefanov, 2018). Besides the traditional group work, students assisted with AR technology
in collaborative explorations of complex problem-solving activities, and participatory real object
annotation and knowledge construction. The immersion to be gained by learners in the augmented world
is extraordinary. It compels learners to think on and under the problem’s surfaces, and to engage socially,
to an exceptional degree, and to the extreme where they are socially inebriated, and where the association
with the learning is absent. Wang and Tsai, on the other hand, maintain that the problem lies in the
underdeveloped technology itself and the user's knowledge readiness, and that these are major sources
of friction for seamless collaboration.

While AR offers multiple potential benefits, there are still major challenges in its use in education.
There are essential custom-designed AR pedagogy frameworks tailored for successful integration into
classroom activities (Shihab et al., 2023). AR will be, at best, unleveraged technology for deep learning,
and, at worst, a useless gimmick, in the absence of explicit learning objectives. The review identifies
professional development for teachers as the most important challenge. Educators are expected to
navigate major shifts in their conceptual frameworks, as AR integration encompasses design learning,
educational technology, and pedagogy. Other challenges are the interface design and the provision of
adaptive materials for diverse learners. The study advocates the use of instructional design models that
propose iterative processes for aligning and integrating AR learning activities (Wu et al., 2013; Saidova
et al., 2024).

Emphasizing both the development and the difficulties of augmented reality (AR) in educational
contexts, the frameworks comprising meta-analytical reviews provide a starting point for further
examination (Lidiastuti et al., 2024). A systematic literature review (Singh & Kumar, 2024) for the years
2017-2023 indicates an emerging body of evidence suggesting that, in a positive sense, augmented
reality impacts levels of learner engagement, motivation, and conceptual understanding across
educational tiers for students (Vasquez & Sorensen, 2025). In relation to this, concerns regarding the
absence of large-scale implementations and the lack of longitudinal studies to assess prolonged learning
effects still remain. This review mentions the absence of standard evaluative metrics and interaction
design frameworks as a reason for the limited longitudinal and large scale uses (Lucena et al., 2025). It
is also noted the importance of developing greater élan across the fields of education, technology, and
cognitive science to construct pedagogically valid and epistemically sound AR tools to support learning
that is accessible anywhere and anytime (James et al., 2025).
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3 Methodology

| appreciate the approach outlined, which emphasizes user engagement, situational awareness, and the
feedback loop in the proposed AR interaction framework. Particularly the seamless integration and
adaptability of these elements in variable situations. The goal remains designing contextual, personalized
augmented reality experiences centered around learning. Defining the interaction elements and feedback
as one of the learning components, and situational context as coupled with the remaining situational
elements. For example, the components of learning effectiveness include the attainment of interactivity,
contextual interrelation, feedback, and responsiveness, while the measure of relevance is defined as the
control thus constructing the primary equation as:

Lesp = aXI X B XC XY XF (1)
From the previous description, we can derive Equation (1), which states that learning effectiveness

(Lesr) depends on interaction quality (1), contextual relevance (C), and feedback mechanism

effectiveness (F), alongside their respective weight coefficients (o, B, I'). These weights reflect the
importance of each factor and, in this case, are adjusted through empirical studies to maximize learning
outcomes in the designed AR environment (Duhaim et al., 2024).

Then, the contextual relevance score that helps in choosing appropriate AR content relative to the
learner's setting is calculated as follows:

ShaWi X fi (D)

n .
i=1 Wi

Ry = 2

As per the definition of R given in Equation (2), it can be seen that R, is obtained by normalizing R
and applying a weighted sum concerning f; (D.), which is a feature function specific to a contextual
attribute like a location of a learner, hour of the day, or user's profile. In this scoring system, AR content
is adapted to the user's context in real-time, increasing relevance and user engagement.

The implementation algorithm operates as a cycle starting with the learner launching an Augmented
Reality session on a device with sensors (Monfared et al., 2022). The system context detection (SCD) is
performed using environmental sensors, such as GPS and Cameras. From this data, the relevance score
R, (Equation 2) is calculated to customize AR learning modules. With the use of natural multi-modal
interaction, such as gestures and voice, learners seamlessly interact with the modules.

The model quantifies the quality of interaction as (1) and fine-tunes feedback (F) in accordance with
the set algorithm designed for learning optimization, as per the system in Equation (1). The values
assigned to the learner's record serve as the basis for the adaptive refinement of configurable settings,
namely o, B, and I', to provide individualized, stepwise refinements to learning. This model meets the
needs of ubiquitous learning by continuously optimizing the content and pedagogy to the unique and
contextual needs of different learners.
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[ Introductory Session about Electronics Laboratory Equipment ]

A
[ Pre-test to evaluate the user's operational skills before the intervention ]

v | v

[ Experimental Group ] [ Control GroupTrained using Standard ]

Instrument Handbook

\ v

[ Post-test to evaluate the user's operational skills after the intervention
[ Critical Thinking Questionnaire ]

v

[ System Usability Scale and User Experience Questionnaire (From Experimental Group Only) ]

Figure 1: Experimental Design for Evaluating AR-Enabled Learning

Incorporating Augmented Reality (AR) learning with your work Figure 1 on the AR-Enabled
Interaction Framework for Ubiquitous Learning. The design starts with an “Introductory Session” aimed
at establishing a common knowledge baseline for “Electronics Laboratory Equipment.” Then a critical
“Pre-Test” aimed at gauging participants’ operative skills is conducted to evaluate their skills without
any intervention. During the core of the experiment. The remaining participants are divided into two
groups. The “Experimental Group” receives training on your innovative “AR” framework, focusing on
the individual, context-specific AR interactions and the complex interactions your design integrates;
while the “Control Group” trained with the traditional “Standard Instrument Handbook™ which is
necessary for comparative purposes and serves as a vital benchmark for the study. Both cohorts
undertake a “Post-Test” assessment following their specific training interventions to gauge the
assimilation of operational skills and clarify the learning gains in relation to the AR framework’s
effectiveness. To evaluate one of the upper tier learning outcomes, a 'Critical Thinking Questionnaire' is
employed. Regarding your methodology, it is most important that only the “"Experimental Group"
completes a "System Usability Scale and User Experience Questionnaire." Evaluating how users
engaged with and experienced the AR system is essential for assessing the system’s usability and
informing the iterative refinements of the learning experience design. The impact evaluation as described
articulately captures the degree of detailed analysis and quantification of the learning outcomes and the
AR framework user satisfaction.
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Figure 2: Augmented Reality System Architecture

The essentials of a basic Augmented Reality (AR) System Figure 2 which is the basis for your AR-
Enabled Interaction Framework for Ubiquitous Learning is shown in the Figure 2. The illustration
embodies the entire sequence of data processing consisting of the real world and the interplay of the
virtual components arranged in the order to create the augmented reality experience and serve the learner
effectively (Batool, 2022). The illustration illustrates the importance of sensor data and visual
information from the real-world environment and the tracking- processing, and the addition of the digital
information which is meant to enhance the user’s reality.

The architecture starts with the Real-world data acquisition from the sensors and Real-world visual
data capture, which provides the environment data and a live video feed of the surroundings to the
system. This set of data is uploaded to the Infrastructure Tracker Unit, which has the Positioning and
orientation data pertaining to the user and aims to decipher the user's frame of reference and viewpoint
in the space contextually. At the same time, the Visual Unit receives Video, that is, a stream of the actual
world from the perspective of computer vision and image processing, and works on it. The Processing
Unit serves as the central focal point, receiving data with regard to positioning, orientation, virtual
content, and information from visual processing to Combine the realities. The outcome of this procedure
is termed as Mixed realities, which are sent to the user as Video Out with the mixed worlds, which is
the final enhanced view shown on the AR device.

Algorithm 1: Context-Aware Adaptive Algorithm for AR-Enabled Ubiquitous Learning Interaction
WHILE System_State == ACTIVE DO
// 1.CONTEXT ACQUISITION & ANALYSIS
Context = Acquire_Context(Learner_Profile)
IF Context IS NOT NULL THEN
// 1.1.Real — World Object Tracking and Identification
RealObject = Track_Real_World_Object(Camera_Feed)
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IF RealObject IS IDENTIFIED THEN
// 2. ADAPTIVE CONTENT RETRIEVAL & SELECTION
Query_Parameters = {Context. Location, RealObject. ID, Learner_Profile. SkillLevel}
// 2.1. Adaptivity Engine (e.g., Case — Based Reasoning/Rules)
Selected_Content = Retrieve_Adapted_Content(Content_Database, Query_Parameters)

Interaction_Type
= Select_Interaction_Type(Selected_Content, Context. InputMode) /
/ e.g., Gesture, Tap, Voice

// 3. AR RENDERING & INTERACTION
[F Selected_Content IS AVAILABLE THEN
// 3.1.Render Digital Overlay
Render_Augmented_Content(RealObject. Pose, Selected_Content)
// 3.2.Enable Interaction
User_Input = Await_User_Interaction(Interaction_Type)
IF User_Input MATCHES Required_Interaction THEN
Execute_Learning_Task(Selected_Content)
// 4.LEARNING PERFORMANCE & SYSTEM EVALUATION
Performance_Data = Assess_Performance(Learner_Profile. ID, RealObject. ID, Task_Result)
// 4.1.Update Learner Profile for Future Adaptivity
Learner_Profile. SkillLevel = Update_Skill_Level(Performance_Data)
// 4.2.Update Case Repository for System Evolution
Update_Case_Repository(Context, Selected_Content, Performance_Data)
END IF
ELSE
Display_Message("No relevant AR content found for this object.")
END IF
ELSE
Display_Message("Searching for scannable learning objects...")
END IF
END IF
SLEEP(Time_Interval) // Control loop frequency
END WHILE

Context-Aware Adaptive Algorithm 1 for AR-Enabled Ubiquitous Learning Interaction manages a
continuous cycle aimed at situated and personalized learning. It takes the learner’s GPS and employs
computer vision to track and identify a real-world object (RLO) and thus continuously monitoring the
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learning situation. This information is relayed to an Adaptivity Engine which is central to the system. It
dynamically queries the AR content database and selects the appropriate AR model and level of
difficulty tuned to the learner’s current Skill Level (e.g., novice vs. expert). The system ultimately
depicts the customized digital content on the RLO’s real-world location and initiates a relevant type of
interaction. Most importantly, the professional performance assessment of the learner closes the loop,
thus updating the learner’s profile and the system’s AR/Knowledge base and facilitating a more effective
and relevant evolving AR learning experience.

4 Results and Discussion

To determine how the suggested AR-based interaction system influences ubiquitous learning, a
controlled experimental study was conducted using a sample of 60 undergraduate students in the
classroom, open campus, and home settings. The participants were either put in the control condition or
the experimental group. The control group was utilizing conventional digital instruments, whereas the
experimental group was utilizing the created modules of AR learning, which were in accordance with
the proposed framework. A combination of quantitative data, including test scores and interaction logs,
and qualitative data, including post-session surveys and interviews was used to capture learning
effectiveness, the quality of interaction, the engagement of feedback and user satisfaction, and other user
feedbacks. This data was gathered in a period of four weeks of intervention. Once the data collection
was implemented, statistical analysis was performed to test the parameters of learning related to the
significance of the developed framework in terms of the improvement of the cognitive gain, motivation
of the learners, and contextual learning comprehension.

Table 1. Comparative Analysis of Learning Metrics Before and After Framework Implementation

Metric Control | Experimental % Improvement
Group Group (Experimental over Control)
Average Test Score (%) 64.8 84.2 +30.0%
Engagement Duration (minutes/session) 14.2 25.1 +76.7%
User Satisfaction (1-5 Likert Scale) 3.1 4.6 +48.4%
Feedback Effectiveness (0—1 scale) 0.48 0.87 +81.3%
Relevance Score (0—1 scale) 0.46 0.83 +80.4%

The information captured in Table 1 pertains to the control and the experimental groups.
Confirmation of the previously stated hypothesis is evident in the results: students using the AR
framework show a 30% increase in average test scores. Participants also demonstrated remarkable
engagement throughout the telescope lessons. This provides substantial support for the claim that AR
increases attention and fosters learner motivation. Moreover, learners reported greater satisfaction with
their experiences, as evidenced by the average score, which improved from 3.1 to 4.6 on a 5-point scale.
The feedback theories, as well as content relevance pertaining to adaptive intelligence, also showed
improvement. The results substantiate the theories proposed in the context of Equations (1) and (2)
regarding interaction and contextual information in relation to learning outcomes.
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Effect of Interaction and Feedback on Learning Outcomes
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Figure 3: Relationship between Interaction Quality, Feedback Responsiveness, and Learning
Effectiveness

In AR-enabled ubiquitous learning environments, variations in interaction and feedback quality are
bound to influence learning outcomes. As the study Figure 3 shows, learners perform well on outcome
tasks when both interaction and feedback are substantial. However, limited interaction and feedback are
likely to escape learners’ engagement and comprehension. Performance improves when either or both
interaction and feedback levels are heightened. The most substantial learning outcome is recorded when
interaction quality and feedback responsiveness attain a ‘high’ status. This is ultimately a result of a rich,
immersive, and interactive learning experience coupled with adaptive feedback. Such outcomes mean
AR learning systems ought to be designed with interactive AR tools that motivate learners, promote
understanding, and enhance knowledge retention.

Effectiveness of Different AR Features

Rating (1-5)

AR Features

Figure 4: Effectiveness of Different AR Features

Figure 4 presents the user ratings for the main components of the AR framework figure 4
interactivity, graphics, instantaneous feedback, user-friendliness, and control. Satisfaction was assessed
on a Likert scale from 1 to 5, with 5 representing the highest value of the graduated response. Members
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of the focus group highlighted specific components of the AR system framework they considered most
valuable, thereby signaling a probable impact on the system’s effectiveness. Interactivity, along with
real-time feedback, was the highest rated feature of the AR learning system, indicating the importance
of these components to AR learning.

Performance Over Time (Learning Outcomes vs Engagement)
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Figure 5: Performance Over Time (Learning Outcomes vs Engagement)

Your provided response will start from the information stated in Figure 5 regarding the relationship
between the sustained use of the AR system, learning outcomes, and user engagement. The evidence
supports the increasing effectiveness of the Augmented Reality System. In addition, the evidence
suggests that sustained use of the system improves learning outcomes, while user engagement and user
interaction indeed indicate that the system positively impacts cognitive outcomes.

Statistical Comparison of Latency for Different Configurations
90
80

70

60

Latency (Cycles)

50

17 1

301 -
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Configurations

Figure 6: Statistical Comparison of Latency for Different Configurations

Figure 6 presents the distributions of latency performance across the various configurations and
provides insight into latency's variability and central tendency. The results describe the latency range
across the different system configurations. As mentioned in previous chapters, for a system to be
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instructive, it must have low latency. Hence, this analysis provides value in understanding the trade-offs
and range a system offers in its interactivity, particularly in its responsiveness.

5 Conclusion

The impact of AR interaction models on 21st-century teaching and learning is monumental. Not only
does AR extend teaching and learning experiences beyond the four walls of the classroom, but it also
makes them ubiquitous and immersive, allowing self-paced learning. The theories of constructivism and
situated learning posit that AR enhances active engagement, motivational presence, knowledge
retention, and attention within various learning environments. The qualitative outcomes of the controlled
studies within this research confirm that AR fosters cognitive engagement, attention fluidity, task
satisfaction, and appreciation for adaptive feedback, the relevance of content, and situational context.
The constraints of resource scarcity, the costs of technological hardware and software development, and
the reluctance to adopt such technology still pose sizable challenges. The cyclic learning framework,
which is based on the seamless integration of context-aware continuous monitoring, interrelates context
awareness with aspects of behavioral observational cycles and promotes adaptive learning and
personalization. This study articulates educators' collaboration with AR system developers to design
purposeful AR systems that will aid in closing the technological gap, thereby creating archetypal
scaffolds for professional cooperation in achieving aligned learning goals. This research lays the
groundwork for fully embracing augmented reality as a transformative educational tool and integrating
flexible lifewide learning within the constructivist transitional instruction framework (Chakma, 2025).
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