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Abstract
Background: The rapid expansion of artificial intelligence in
education has transformed elementary mathematics instruction.
However, most studies remain technology-centered and insufficiently
examine how adaptive deep learning reshapes students’ conceptual
understanding and pedagogical practice.
Aims: This study synthesizes existing research to reframe adaptive
deep learning as a pedagogical framework that supports conceptual
understanding through data-informed personalized learning in
elementary mathematics.
Methods: A qualitative systematic literature review was conducted on
peer-reviewed studies focusing on adaptive deep learning
applications in mathematics education. Selected articles were
analyzed using thematic synthesis to identify recurring pedagogical
mechanisms, conceptual outcomes, and instructional implications.
Results: The synthesis indicates that adaptive deep learning enhances
conceptual understanding by diagnosing misconceptions,
personalizing instructional pathways, and integrating dynamic visual
representations of abstract concepts. Learning analytics generated by
adaptive systems support teacher decision-making and formative
assessment. The reviewed studies consistently report improvements
in engagement, conceptual clarity, and learning equity, particularly in
heterogeneous elementary classrooms.
Conclusion: Adaptive deep learning should be conceptualized not
merely as instructional technology but as a pedagogically grounded
framework that restructures how conceptual understanding develops.
When integrated with teacher mediation and curricular alignment, it
fosters inclusive, responsive, and concept-oriented learning
environments. Its transformative potential lies in harmonizing
algorithmic adaptation with professional judgment, thereby
strengthening both instructional precision and conceptual depth in
elementary mathematics education.

100


mailto:jusmawati@unimerz.ac.id

Jusmawati et. al| Reframing Conceptual Understanding in Elementary Mathematics ...

INTRODUCTION

The growing integration of artificial intelligence in education has reshaped how learning
processes are designed, particularly in mathematics education at the elementary level. Mathematics
learning in primary schools is often challenged by students’ limited ability to construct abstract
conceptual understanding, which remains a persistent issue across diverse educational contexts.
Recent studies indicate that traditional instructional approaches tend to emphasize procedural
fluency rather than conceptual depth, resulting in fragmented understanding among learners, as
highlighted in international mathematics education research by (Vasuki et al.,, 2016). In response to
these challenges, adaptive learning technologies have emerged as a promising alternative by enabling
instructional personalization based on learners’ cognitive profiles. The use of deep learning
algorithms allows learning systems to analyze patterns of student responses and adjust instructional
content dynamically, thereby addressing individual learning needs more effectively, as discussed in
educational technology literature by (Iskakova, 2023). This shift aligns with contemporary
pedagogical paradigms that emphasize learner-centered and data-informed instruction. In
elementary mathematics classrooms, such approaches are particularly relevant because early
conceptual misunderstandings can persist and compound across grade levels. Therefore, examining
how adaptive deep learning can reframe conceptual understanding in elementary mathematics
constitutes an urgent and timely research focus.

Beyond technological innovation, the urgency of this study also lies in its pedagogical
implications for elementary school teachers. While artificial intelligence tools are increasingly
available, their pedagogical integration often lacks theoretical grounding, leading to superficial
adoption rather than meaningful instructional transformation. Research by (Zhang & Li, 2025)
scholars suggests that educational technologies yield significant learning benefits only when aligned
with sound pedagogical principles and teacher mediation. In elementary mathematics education,
teachers play a critical role in guiding students’ conceptual development through representations,
explanations, and formative feedback. Adaptive deep learning systems have the potential to support
this role by providing real-time diagnostic insights into students’ conceptual difficulties. However,
without a clear pedagogical framework, such systems risk being reduced to automated assessment
tools rather than instructional partners. This concern has been echoed in recent reviews of Al in
education, which stress the need to foreground pedagogy over technological novelty, as noted by
(Alam & Mohanty, 2023). Consequently, investigating adaptive deep learning from a pedagogical
synthesis perspective is essential to ensure its relevance and sustainability in elementary
mathematics education.

Existing literature demonstrates that adaptive learning systems can positively influence
students’ engagement and learning outcomes in mathematics education. Studies published in Scopus-
indexed journals report that deep learning-based adaptive platforms are effective in diagnosing
students’ misconceptions and providing personalized learning pathways, as evidenced in research by
(Desheng, 2024). These systems leverage neural networks to model learner behavior and predict
future learning needs, enabling continuous instructional adjustment. In mathematics education, such
adaptability is particularly valuable due to the hierarchical nature of mathematical concepts.
Research by (Chergui et al., 2024) emphasizes that adaptive instructional systems outperform static
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digital materials in supporting conceptual change. Moreover, interactive visualizations generated
through deep learning models have been shown to enhance students’ representational
understanding of abstract mathematical ideas, according to findings by (Li et al.,, 2021). These studies
collectively suggest that adaptive deep learning holds significant promise for improving conceptual
learning processes. However, much of this research focuses on secondary or higher education
contexts, leaving elementary education underexplored.

Further analysis of the literature reveals a growing concern regarding the pedagogical
interpretation of data generated by adaptive systems. While learning analytics provide detailed
insights into student performance, teachers often lack guidance on how to translate these data into
instructional decisions, as reported by (Sajja et al., 2025). In elementary mathematics education, this
gap is particularly critical because instructional decisions must be developmentally appropriate and
conceptually grounded. Several Scopus-indexed studies argue that adaptive technologies should be
framed within data-informed pedagogy rather than purely data-driven instruction, as articulated by
Mandinach and Schildkamp. This distinction emphasizes teacher agency in interpreting learning data
rather than delegating pedagogical control to algorithms. Additionally, research by (Maier & Klotz,
2022) highlights that personalized learning environments are most effective when teachers actively
mediate adaptive feedback. Despite these insights, few studies explicitly synthesize how adaptive
deep learning supports conceptual understanding through pedagogical mechanisms in elementary
mathematics. This absence of integrative perspectives underscores the need for a pedagogically
oriented synthesis.

Although prior studies acknowledge the effectiveness of adaptive deep learning in
mathematics education, most investigations emphasize technological performance rather than
pedagogical transformation. Existing research often measures learning gains or system accuracy
without sufficiently examining how conceptual understanding is constructed within adaptive
learning environments. Furthermore, the majority of studies focus on secondary or tertiary
education, resulting in limited theoretical and empirical attention to elementary mathematics
contexts. There is also a lack of integrative analyses that connect adaptive deep learning with data-
informed pedagogical practices relevant to primary school teachers. Current literature rarely
addresses how teachers interpret and utilize learning analytics to support conceptual development.
As aresult, adaptive systems are frequently treated as standalone solutions rather than components
of instructional ecosystems. This gap limits the practical relevance of existing findings for elementary
education. Therefore, a pedagogical synthesis that bridges adaptive deep learning, conceptual
understanding, and teacher-mediated instruction is necessary to strengthen the field.

The purpose of this study is to synthesize existing research on adaptive deep learning in
elementary mathematics education with a focus on conceptual understanding. This study seeks to
reframe adaptive deep learning not merely as a technological tool but as a pedagogical framework
that supports personalized learning. It aims to identify key pedagogical mechanisms through which
adaptive systems facilitate conceptual learning. Additionally, the study explores how data generated
by adaptive deep learning can inform instructional decision-making in elementary classrooms. By
integrating findings across multiple studies, this research intends to provide a coherent theoretical
perspective on data-informed personalized learning. The study also aims to clarify the role of
teachers in mediating adaptive feedback for conceptual development. Through this synthesis, the
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research contributes to a deeper understanding of pedagogical transformation in elementary
mathematics education. Ultimately, the study aspires to inform future research and instructional
practices involving adaptive learning technologies.

METHOD
Research Design
This study employed a qualitative systematic literature review design to synthesize

pedagogical evidence on adaptive deep learning in elementary mathematics education (Martin et al,,
2020). A systematic review was selected because it enables the integration of findings across diverse
studies while maintaining methodological transparency, as recommended in educational research
synthesis frameworks by (Schreiber & Cramer, 2022). The design emphasizes thematic synthesis to
capture pedagogical mechanisms rather than statistical aggregation of outcomes. This approach
aligns with the study’s objective to reframe conceptual understanding through adaptive deep
learning from a pedagogical perspective. The review followed a structured protocol that included
identification, screening, eligibility assessment, and synthesis stages. Unlike meta-analysis, this
design prioritizes conceptual coherence over effect size estimation. The focus was placed on how
adaptive systems inform personalized learning and teacher-mediated instruction. Consequently, the
research design supports an interpretive yet systematic examination of existing empirical and
theoretical literature.(Lewis et al., 2020)

Participant
The participants of this study consisted of peer-reviewed journal articles rather than human

subjects, consistent with literature-based research methodologies described by Snyder in review
studies. The unit of analysis was empirical and conceptual studies examining adaptive deep learning
in mathematics education. Articles were selected if they explicitly addressed elementary or primary
education contexts. Studies focusing exclusively on secondary or higher education were excluded
unless they provided transferable pedagogical insights. The selected literature represented diverse
educational settings to enhance conceptual generalizability. Priority was given to studies indexed in
Scopus to ensure academic rigor and international relevance. The reviewed articles collectively
represent perspectives from educational technology, mathematics education, and learning analytics.
This selection strategy ensured alignment with the pedagogical focus of elementary education
(MacPhail et al,, 2023).

Instrument

The primary instrument in this study was a structured literature review matrix developed to
extract pedagogically relevant information from each selected article. The matrix captured
publication details, research context, adaptive deep learning features, pedagogical strategies, and
reported impacts on conceptual understanding. This instrument was designed following best
practices in qualitative evidence synthesis suggested by (Flemming & Noyes, 2021). Each article was
systematically coded using the matrix to ensure consistency across sources. Coding categories were
refined iteratively to reflect emerging pedagogical patterns. The instrument also documented how
learning analytics were used to inform instructional decisions. This allowed the analysis to move
beyond technological descriptions toward pedagogical interpretation. The review matrix functioned
as both a data collection and organization tool.
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Analysis plan

Data analysis was conducted using thematic synthesis to identify recurring pedagogical
patterns across the selected studies. Thematic synthesis was chosen because it supports the
integration of qualitative findings into higher-order analytical themes, as articulated by (Fendt,
2025). Initial coding focused on descriptive categories such as personalization strategies, conceptual
scaffolding, and feedback mechanisms. These codes were then grouped into analytical themes
reflecting pedagogical functions of adaptive deep learning. Particular attention was given to how
data-informed insights supported teachers’ instructional decision-making. Cross-study comparison
was applied to identify convergences and divergences in pedagogical implementation. The analysis
emphasized conceptual understanding rather than performance metrics. This analytical strategy
ensured coherence with the study’s pedagogical orientation.

Table 1. Literature Review Matrix Structure.

Component Description
Study Context Educational level, subject focus, and setting
Adaptive Features Type of deep learning and personalization mechanism
Pedagogical Role Teacher mediation and instructional alignment
Conceptual Outcomes Effects on students’ conceptual understanding
Learning Analytics Use of data to inform instruction

Table 1 illustrates the analytical framework used to ensure that each reviewed study was
examined through a pedagogical lens rather than a purely technological perspective.

RESULTS AND DISCUSSION
Results

The results of the literature synthesis indicate that adaptive deep learning consistently
supports improved conceptual understanding in elementary mathematics learning contexts. Across
the reviewed studies, adaptive systems were found to diagnose students’ misconceptions at early
stages of learning, particularly in abstract topics such as number relations, geometry, and algebraic
reasoning. Several studies demonstrate that deep learning-based personalization enables students
to engage with mathematical concepts at an appropriate cognitive level, reducing overload and
confusion. Evidence shows that students receiving adaptive instruction demonstrate clearer
conceptual representations compared to those in non-adaptive digital environments. Learning
analytics embedded in adaptive systems provide continuous feedback loops that align instructional
content with students’ evolving understanding. The reviewed findings further indicate that adaptive
systems promote learning equity by narrowing conceptual gaps among heterogeneous learners.
Improvements in engagement and persistence were also reported as secondary outcomes supporting
conceptual learning. These results collectively suggest that adaptive deep learning functions as a
mechanism for conceptual scaffolding rather than mere content delivery.

Table 2. Summary of Key Results from Literature Synthesis.

Aspect Identified Main Findings

Concept Diagnosis Early detection of misconceptions through response pattern analysis
Personalization Adjustment of content difficulty and sequencing

Conceptual Support Enhanced understanding through visual and interactive representations
Teacher Support Data-informed insights for instructional decisions
Learning Equity Reduced disparity among learners
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Table 2 summarizes the dominant pedagogical outcomes reported across the reviewed
studies, highlighting how adaptive deep learning contributes to conceptual understanding rather
than procedural performance alone.

Further results reveal that adaptive deep learning systems facilitate the use of multiple
representations to strengthen conceptual clarity. Visual simulations generated by deep learning
algorithms enable learners to link symbolic expressions with graphical and contextual
representations. Studies indicate that such representations are especially effective in elementary
settings where abstract thinking is still developing. Adaptive visualization tools dynamically adjust
based on student interaction, allowing misconceptions to be addressed in real time. This
responsiveness supports conceptual coherence and prevents cumulative misunderstandings.
Teachers benefit from analytic dashboards that translate student data into actionable instructional
insights. As reported in several studies, these dashboards enhance formative assessment practices.
Consequently, adaptive deep learning serves as a bridge between student cognition and teacher

pedagogy.

| Adaptive
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Figure 1. Pedagogical Mechanism of Adaptive Deep Learning in Conceptual Understanding.

Figure 1 illustrates how adaptive deep learning operates as a pedagogical cycle that integrates
learner data, algorithmic adaptation, and teacher intervention to support conceptual understanding.

Discussion

The findings of this study reinforce existing research indicating that conceptual
understanding in mathematics is most effectively developed through adaptive and responsive
instructional environments. Prior studies by (Plass & Pawar, 2020) emphasize that conceptual
learning requires sustained engagement with meaningful representations, a condition strongly
supported by adaptive systems. Unlike traditional instruction, adaptive deep learning enables
continuous alignment between learner needs and instructional content. This alignment supports
conceptual coherence across learning stages. Research by (Plass & Pawar, 2020), suggests that
adaptive tutoring systems outperform static instruction when conceptual change is the primary goal.
The results of this synthesis extend such findings into elementary mathematics contexts. Importantly,
the pedagogical framing distinguishes adaptive deep learning from purely technological
interventions. This distinction strengthens the contribution of the present study.

Another significant discussion point concerns the role of learning analytics in data-informed
pedagogy. Learning analytics generated by adaptive deep learning systems provide insights into
students’ conceptual trajectories rather than isolated performance scores. Studies by (Ndukwe &
Daniel, 2020) argue that such analytics become pedagogically meaningful only when interpreted by
teachers. The reviewed literature confirms that teacher mediation remains essential in translating
data into instructional actions. Adaptive systems do not replace teachers but augment their capacity
to make informed decisions. This perspective aligns with research by (Qazi & Pachler, 2025)
highlighting the importance of teacher agency in analytics-driven instruction. In elementary
education, this agency is particularly critical due to developmental considerations. The synthesis thus
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positions adaptive deep learning as a pedagogical partner rather than an autonomous instructor. This
interpretation adds conceptual depth to the discourse on Al in education.

The discussion also reveals that adaptive deep learning contributes to learning equity in
heterogeneous classrooms. Studies indicate that personalized pathways allow slower learners to
consolidate concepts while enabling advanced learners to progress without constraint. This finding
resonates with research by (Dumont & Ready, 2023) on personalized learning environments and
equity. In elementary mathematics, such differentiation is difficult to achieve through conventional
instruction alone. Adaptive systems provide scalable differentiation without stigmatizing learners.
However, the literature also cautions that equity gains depend on equitable access to digital
infrastructure. Research by (Dumont & Ready, 2023) underscores that technology-mediated equity
requires systemic support. Thus, adaptive deep learning offers potential but not guaranteed equity
benefits. This nuanced understanding strengthens the study’s analytical balance.

From a theoretical perspective, the results align with constructivist views of learning that
emphasize active meaning-making. Deep learning-driven adaptations support iterative refinement
of mental models through feedback and representation. Research by (Li et al, 2022) on
representational fluency supports the importance of varied representations in conceptual
understanding. Adaptive systems enhance such fluency by responding to learner interaction patterns.
This capability is particularly valuable in early mathematics education. The synthesis highlights that
conceptual understanding emerges from interaction rather than passive exposure. Adaptive deep
learning amplifies this interaction at scale. Therefore, its pedagogical value lies in supporting learning
processes rather than delivering content.

Finally, the discussion situates this study within the broader discourse on artificial
intelligence in education. Reviews (Jesudas et al, 2025). caution against technology-centric
narratives that overlook pedagogical foundations. The present study responds to this concern by
foregrounding pedagogy in adaptive deep learning applications. By (Baddane & Ennam, 2024)
literature through a pedagogical lens, this research contributes a reframing rather than an evaluation
of effectiveness alone. The focus on elementary mathematics addresses a notable gap in current
scholarship. Moreover, the integration of teacher mediation into the analytical framework
distinguishes this study from algorithm-focused research. This positioning enhances its relevance to
international audiences. As such, the discussion advances both theory and practice.

Implications

The findings of this study have important implications for elementary mathematics
education. Teachers can utilize adaptive deep learning systems as tools for diagnosing conceptual
misunderstandings and guiding instructional decisions. Teacher education programs should
incorporate training on data-informed pedagogy to maximize the benefits of adaptive technologies.
Curriculum developers may consider embedding adaptive mechanisms that support conceptual
progression. Policymakers should recognize that effective implementation requires both
technological infrastructure and pedagogical support. Schools should emphasize teacher agency in
interpreting learning analytics. These implications align with the pedagogical focus of elementary
education. The study thus informs practice, policy, and professional development.

Limitations
This study is limited by its reliance on existing literature rather than primary empirical data.
The findings reflect trends and patterns reported across studies rather than causal relationships.
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Variations in study design and educational contexts may influence the synthesis outcomes.
Additionally, the focus on published studies may exclude innovative practices not yet documented.
The review emphasizes conceptual understanding, potentially underrepresenting affective or social
learning outcomes. Technological contexts evolve rapidly, which may affect the applicability of
findings over time. Despite these limitations, the synthesis provides a robust pedagogical perspective.
Future studies may address these constraints through empirical validation.

Suggestions

Future research should empirically investigate how teachers interpret and act upon learning
analytics in adaptive systems. Longitudinal studies are needed to examine the sustainability of
conceptual gains. Research may explore how adaptive deep learning interacts with specific
instructional models in elementary mathematics. Comparative studies across educational systems
could enrich understanding of contextual factors. Further investigation into students’ metacognitive
development within adaptive environments is also warranted. Studies should examine ethical
considerations related to data use in elementary education. Design-based research approaches may
bridge theory and practice. These directions will strengthen the field and extend the present findings.

CONCLUSION
This study demonstrates that adaptive deep learning plays a significant pedagogical role in

reframing conceptual understanding in elementary mathematics education. Rather than functioning
merely as a technological enhancement, adaptive deep learning emerges as a data-informed
instructional framework that supports personalized learning trajectories. The synthesis reveals that
conceptual understanding is strengthened when adaptive systems diagnose misconceptions, adjust
representations, and provide continuous feedback aligned with learners’ cognitive development.
Importantly, the findings show that teacher mediation remains central in translating learning
analytics into meaningful instructional actions. Adaptive deep learning contributes to learning equity
by accommodating heterogeneous learners without stigmatization. The integration of adaptive
mechanisms fosters deeper engagement with mathematical concepts through iterative refinement of
understanding. These outcomes confirm that conceptual learning benefits most when technology and
pedagogy are coherently aligned. Consequently, adaptive deep learning should be positioned as a
pedagogical partner within elementary mathematics classrooms.

From a broader perspective, this study contributes to the growing discourse on artificial
intelligence in education by shifting the focus from technological effectiveness to pedagogical
transformation. By foregrounding conceptual understanding and data-informed pedagogy, the study
addresses a critical gap in elementary mathematics education research. The findings underscore the
necessity of equipping teachers with the capacity to interpret and act upon learning analytics
generated by adaptive systems. Institutional support, curricular alignment, and professional
development are essential to ensure sustainable implementation. The pedagogical synthesis offered
in this study provides a theoretical foundation for future empirical investigations. It also offers
practical guidance for educators seeking to integrate adaptive learning responsibly and effectively.
Ultimately, adaptive deep learning holds substantial promise for enhancing conceptual
understanding when embedded within thoughtful pedagogical design. This study therefore affirms
its relevance for advancing elementary mathematics education in digitally mediated learning
environments.
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