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Revised 19 December 2022 particularly regarding how automated systems can enhance

Accepted 24 December 2025  students’ problem-solving abilities in STEM fields. Although
empirical studies consistently show that ITS can outperform
traditional instruction, the mechanisms driving these gains
remain insufficiently emphasized in policy and pedagogical
narratives. This article argues that ITS effectiveness stems
from a synergy of seven cognitive mechanisms: adaptive
scaffolding, immediate and elaborated feedback, model-
tracing and knowledge-tracing, metacognitive prompting,
productive practice, error-driven learning, and cognitive
load regulation. An opinion-based synthesis supported by
extensive literature is presented to advocate for the strategic
integration of ITS within national instructional reforms. The
conceptual framework includes a visual diagram
representing the mechanisms and their interactions. Results
and discussion are organized into three subsections The
article concludes with recommendations for adopting ITS in
large-scale educational systems to improve learners' higher-
order problem-solving.
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Introduction

The increasing complexity of modern knowledge economies has intensified the
demand for learners equipped with advanced problem-solving abilities, critical thinking skills,
and adaptive reasoning. Traditional instructional approaches—while foundational—are often
limited by fixed pacing, inconsistent feedback quality, and difficulties providing individualized
attention to diverse learners. Against this backdrop, Intelligent Tutoring Systems (ITS) have
emerged as a theoretically grounded and empirically validated innovation capable of
addressing these systemic constraints. Numerous studies have demonstrated that ITS can
match or even exceed the efficacy of human tutoring when evaluated under controlled
conditions, particularly in mathematics and science learning environments [1], [2], [3], [4], [5]-
These systems utilize computational models to personalize instruction, monitor learner
cognition, and deliver dynamically generated scaffolds, producing measurable gains in
conceptual understanding and procedural fluency [6], [7], [8].

Opinion in educational technology research is increasingly coalescing around the idea
that Al-based tutoring systems are not merely technological enhancements but represent a
paradigm shift toward cognitive alignment in instructional design. This article adopts the
position that ITS effectiveness is fundamentally rooted in psychological and cognitive science
principles rather than technological novelty alone. For instance, adaptive support mechanisms
allow ITS to match instruction precisely to a learner’s zone of proximal development, while
real-time feedback enables rapid correction of conceptual errors before they become
persistent misconceptions [9], [10]. The convergence of these mechanisms forms a highly
efficient learning environment that outperforms traditional classroom structures, especially
when instructional conditions are suboptimal or class sizes are large [11], [12], [13].

Despite mounting evidence of ITS benefits, skepticism remains regarding their
scalability, pedagogical legitimacy, and long-term impacts on learners’ self-regulation. Critics
argue that ITS risks oversimplifying complex learning processes or diminishing teacher agency
in the classroom. However, such concerns often stem from a limited understanding of the
underlying cognitive mechanisms that drive ITS-mediated learning gains. Research shows that
ITS are most effective when interpreted not as replacements for teachers but as cognitive
amplifiers that extend the reach of evidence-based pedagogy to a broader population [14], [15],
[16]. By synthesizing findings from multiple domains, this article argues that ITS constitute a
central component of the future of education, particularly for problem-solving-oriented
curricula.

The present study contributes an opinionated yet literature-supported analysis that
integrates theoretical frameworks, empirical findings, and cognitive science insights. Through

a conceptual framework and structured discussion, the article highlights how ITS can be
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strategically deployed to enhance educational equity and problem-solving capacity. Each
section draws on multiple scholarly sources to present a holistic view, aligning with calls for
deeper theoretical grounding in the design and implementation of intelligent learning
technologies [17], [18].
Methods

This article employs a narrative opinion-synthesis approach grounded in existing
literature on ITS and cognitive psychology. Unlike systematic reviews that prioritize
methodological homogeneity, this approach synthesizes diverse sources to develop an
informed, theoretically driven argument regarding ITS effectiveness. Central to the method is
the integration of a conceptual framework that organizes the seven major cognitive
mechanisms documented in the supplied file, Cognitive Mechanisms Behind ITS Learning Gains.
A. Conceptual Framework

The conceptual framework identifies seven interacting cognitive mechanisms driving ITS-

based learning:

1. Adaptive scaffolding. ITS menyesuaikan tingkat dukungan, kompleksitas tugas, dan
kecepatan instruksi secara real-time, memastikan bantuan selalu sesuai kebutuhan
belajar siswa sehingga meningkatkan pemahaman, mengurangi frustrasi, dan
mendorong kemandirian bertahap.

2. Immediate and elaborated feedback. Sistem memberikan umpan balik langsung dan
penjelasan rinci saat kesalahan terjadi, mencegah miskonsepsi berkembang,
memperbaiki pemahaman secara cepat, serta membantu siswa membangun akurasi
dan kepercayaan diri dalam proses pemecahan masalah.

3. Model-tracing and knowledge-tracing. ITS membandingkan langkah siswa dengan
model ahli sambil memperbarui estimasi penguasaan keterampilan, memungkinkan
latihan terarah hanya pada konsep yang belum dikuasai sehingga mempercepat
pembelajaran secara efisien dan terpersonalisasi.

4. Metacognitive prompting. Sistem memicu siswa untuk merefleksi, merencanakan, dan
menilai strategi mereka, memperkuat pengawasan diri, meningkatkan kesadaran
proses berpikir, serta mendorong pembentukan keterampilan regulasi diri dalam
pemecahan masalah kompleks.

5. Productive practice. ITS menyediakan latihan berulang dengan variasi tantangan
bermakna, menjaga keterlibatan, meningkatkan kelancaran prosedural, serta
memperkuat memori jangka panjang melalui interaksi belajar yang konsisten dan

berkualitas tinggi.
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6. Error-driven learning. Kesalahan digunakan sebagai peluang belajar; ITS mendeteksi,
menyoroti, dan memperbaiki miskonsepsi melalui umpan balik bertarget,
memungkinkan restrukturisasi pemahaman konseptual lebih mendalam dan
peningkatan kinerja secara berkelanjutan.

7. Cognitive load regulation. Sistem mengelola beban kognitif dengan menyederhanakan
informasi, meminimalkan tugas yang tidak relevan, dan mempertahankan fokus pada
inti konsep, sehingga meningkatkan efisiensi mental dan performa pemecahan
masalah.

These mechanisms collaboratively shape the learner’s cognitive experience by optimizing

challenge, minimizing overload, and enhancing reflective thinking. The framework positions

ITS as a multilevel cognitive support system that dynamically adapts to learner actions.

Immediate
feedback
Adaptive Model-tracing
scaffolding and knowledge-
tracing
Enhanced
Problem-Solving
‘ Performance
Cognitive Metacognitive
load prompting
regulation /
Error-driven Productive
learning practice

Fig. 1. Conceptual Framework

B. Conceptual Framework Description

The conceptual framework illustrates how each cognitive mechanism operates as part of
an integrated ecosystem rather than a linear instructional sequence. Adaptive scaffolding
ensures learners receive tailored support calibrated to their evolving competence levels, while
immediate feedback corrects errors at the point of occurrence, reinforcing accurate mental
models [19], [20]. Model-tracing and knowledge-tracing enhance efficiency by ensuring
practice is targeted to unmastered skills, whereas metacognitive supports cultivate self-
monitoring and strategic reasoning [21], [22], [23]. Productive practice and error-driven

learning provide repeated opportunities for deeper engagement, supported by cognitive load
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regulation features that optimize mental effort [24], [25]. Together, these mechanisms scaffold
the development of durable problem-solving abilities.

Results and Discussion

A. Pedagogical Effectiveness of ITS

ITS has demonstrated consistent pedagogical superiority over traditional methods,
especially in STEM problem-solving contexts. The synergy of adaptive scaffolding and
immediate feedback creates a high-density learning environment in which instructional
guidance is both timely and precise [1], [2], [5]. Studies show that ITS outperforms
conventional teacher-led instruction by reducing wait time for feedback and increasing learner
engagement through task-responsive adaptation [4], [7], [26]. These findings align with
educational psychology research indicating that timely correction and individualized pacing
significantly improve conceptual mastery and procedural fluency across mathematics, physics,
and computer science [9], [11].

Furthermore, ITS enhances instructional differentiation in ways that are difficult to achieve
in large classrooms. Model-tracing enables systems to identify and address prerequisite skill
gaps, ensuring learners do not advance with a fragile understanding [12], [13], [14]. Meanwhile,
productive practice structures embedded in ITS interfaces encourage sustained engagement
through iterative cycles of practice, reflection, and improvement [15], [18]. Opinion-based
analysis suggests that these pedagogically grounded mechanisms can support broader goals of
educational equity by providing customized support at scale, especially in resource-

constrained schools [10], [17].

Table 1. Pedagogical Mechanisms of ITS

ITS Feature Pedagogical Benefit Evidence Summary

Adaptive Aligns pacing to learner needs Improves mastery and reduces

scaffolding frustration

Immediate feedback Prevents misconception Enhances accuracy and learning
reinforcement efficiency

Model-tracing Ensures targeted practice Supports personalized learning

pathways

Productive practice  Sustains engagement Increases time-on-task and retention

Error-driven Facilitates conceptual repair Strengthens deep understanding

learning

These pedagogical strengths collectively position ITS as a transformative instructional tool
capable of enhancing classroom teaching rather than replacing it. When integrated
thoughtfully, ITS can amplify teacher effectiveness, particularly for complex problem-solving
instruction, by automating routine feedback while freeing teachers to focus on human-

centered pedagogical tasks [19], [22].
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B. Cognitive and Metacognitive Impacts

Beyond pedagogical benefits, ITS exerts profound influences on learner cognition and
metacognition. Cognitive load regulation features reduce extraneous mental effort, enabling
students to allocate resources toward understanding rather than navigation [20], [21], [23].
Research indicates that cognitive load-optimized environments significantly improve success
rates in multi-step problem-solving tasks that demand sustained attention and reasoning [9],
[15], [27]. ITS interfaces designed to streamline information flow help novice learners avoid
cognitive overwhelm, particularly in mathematically dense or conceptually abstract subjects
[14], [16], [18].

At the metacognitive level, ITS prompts learners to reflect, plan, and evaluate their
reasoning processes. These metacognitive prompts reinforce monitoring skills that traditional
instruction often neglects due to time constraints [22], [24]. Opinion-based interpretation
suggests that such reflective supports help learners internalize expert strategies, ultimately
promoting transfer to new problem contexts. Studies also show that metacognitive scaffolds
combined with immediate feedback significantly increase learners’ ability to detect and correct
errors independently [4], [5], [6], [26], supporting long-term development of problem-solving
autonomy [11], [17].

Table 2. Cognitive and Metacognitive Contributions of ITS

Mechanism Cognitive Impact Metacognitive Benefit
Cognitive load regulation Reduces extraneous load Supports focused attention
Immediate feedback Reinforces accurate schemas Strengthens error-awareness
Model-tracing Builds efficient skill sequencing Promotes self-monitoring
Metacognitive prompts Deepens understanding Enhances reflective reasoning
Productive practice Increases fluency Fosters strategic planning

The cumulative cognitive and metacognitive effects explain why ITS produce high learning
gains even in comparison with expert human tutors in controlled experiments [2], [7]. By
providing constant, personalized cognitive alignment, ITS helps students internalize deeper
reasoning strategies essential for advanced problem-solving competence.
C. Implementation Challenges and Opportunities

Despite strong evidence of ITS advantages, large-scale implementation faces challenges
related to infrastructure, teacher training, curricular integration, and contextual adaptability.
Opinion-based evaluation indicates that effective ITS adoption requires understanding
technological systems not as isolated tools but as components of a broader instructional
ecosystem [19], [25]. Teachers must be empowered to interpret system feedback, adjust
instruction accordingly, and integrate ITS data into formative assessment cycles [12], [13], [15],

[27]. Without such alignment, ITS risks becoming underutilized despite its potential.
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Infrastructure gaps—including limited devices, connectivity issues, and insufficient
technical support—pose significant barriers, particularly in developing regions [10], [14], [16].
However, literature suggests that even low-resource environments can benefit when ITS are
implemented gradually and supported by targeted professional development [17], [21], [23].
Moreover, concerns about learner over-reliance on automation can be mitigated by blending
ITS with collaborative learning and teacher-led discourse, enabling a balance between

personalized guidance and social learning processes [18], [24].

Table 3. Implementation Considerations for ITS

Challenge Implication Potential Solution

Limited infrastructure Uneven access Gradual rollout with mobile-compatible ITS
Teacher readiness Misalignment with pedagogy Intensive professional development
Curriculum fit Fragmented integration Align ITS tasks with learning outcomes
Data interpretation Underused analytics Teacher dashboards and training

Learner over-reliance  Reduced autonomy Blend ITS with reflective activities

These implementation dynamics illustrate that ITS effectiveness depends not only on cognitive
mechanisms but also on strategic, context-sensitive integration within educational systems.
When these factors align, ITS can serve as a powerful equalizer in education, providing
personalized, high-quality learning experiences at scale [6], [7], [8].

Conclusion

This article argues that Intelligent Tutoring Systems represent a pedagogically and
cognitively transformative innovation for modern education. Through an opinionated yet
literature-supported synthesis, the study highlights how ITS harnesses a constellation of
cognitive mechanisms—including adaptive scaffolding, immediate feedback, model-tracing,
metacognitive scaffolding, productive practice, error-driven learning, and cognitive load
regulation—to enhance learners’ problem-solving competence. The conceptual framework
underscores the multidimensionality of these mechanisms, while the results and discussion
section illustrate how they function pedagogically, cognitively, and operationally within
educational ecosystems.

Evidence across multiple studies demonstrates that ITS outperforms traditional
instructional methods when implemented effectively, particularly in STEM problem-solving
contexts. However, maximizing their potential requires addressing challenges related to
infrastructure, teacher capacity, and curricular alignment. Thoughtful integration of ITS within
classrooms can empower teachers, enhance educational equity, and support the development
of advanced reasoning skills crucial for 21st-century learning.

Ultimately, ITS should be viewed not as a replacement for teachers but as an intelligent

extension of expert pedagogy—one that enables personalized learning at a scale previously
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unattainable. With strategic policies, continued innovation, and attention to local contexts, ITS

can significantly strengthen national education systems and enrich the problem-solving

capacities of future generations.
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