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Abstract. Contemporary adaptive learning systems rely on static psychometric models that
insufficiently capture the temporal dynamics of student knowledge acquisition. This study proposes
a hierarchical latent variable decomposition (HLVD) framework that integrates item response
theory with Bayesian temporal inference to optimize individualized learning trajectories in
technology-enhanced classroom environments. Using longitudinal assessment data from 1,847
secondary-level students across three academic cycles, the framework demonstrates statistically
significant improvements in predictive accuracy of competency state estimation (RMSE reduction
of 18.4%) over conventional computerized adaptive testing pipelines. Structural equation modeling
confirmed mediation effects of metacognitive regulation on trajectory divergence. The HLVD
framework advances diagnostic measurement practice by enabling real-time, formative recalibration
of instructional scaffolding parameters, with direct implications for precision education deployment
at institutional scale.
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Introduction

The accelerating integration of intelligent tutoring systems and learning management
platforms into formal education has generated an unprecedented volume of granular, time-
stamped learner performance data. Despite this data abundance, the predominant
psychometric architectures deployed within adaptive educational technology remain
anchored to cross-sectional item response theory (IRT) models that treat knowledge states



as static latent constructs. This foundational assumption is epistemologically misaligned
with decades of cognitive science research demonstrating that competency acquisition is an
inherently dynamic, non-linear, and context-dependent process. As of 2024-2026, the
proliferation of Al-mediated instructional platforms across secondary and tertiary
educational systems in OECD nations has intensified the urgency of developing
measurement frameworks capable of capturing intra-individual learning variability with
sufficient temporal resolution to support real-time instructional decision-making. The
limitation of static psychometric models becomes particularly consequential in
heterogeneous classroom contexts, where students exhibit divergent knowledge trajectories
that standard mastery-thresholding algorithms systematically misclassify. Existing
computerized adaptive testing (CAT) pipelines optimize item selection for immediate
measurement precision but lack mechanisms for longitudinal trajectory forecasting or
metacognitive state integration. Consequently, the feedback loops connecting diagnostic
assessment to instructional scaffolding remain coarse-grained, reducing the efficacy of
personalized learning interventions. This gap constitutes a critical methodological barrier to
the realization of precision education at institutional scale. The present study addresses this
barrier through the development and empirical validation of the Hierarchical Latent
Variable Decomposition (HLVD) framework — a psychometric architecture that couples
multi-dimensional IRT parameterization with Bayesian state-space modeling to produce
temporally resolved estimates of individual competency trajectories. The HLVD framework
decomposes observed response patterns into three hierarchically nested latent strata:
domain-general cognitive capacity, subject-specific declarative knowledge, and procedural
skill fluency. Sequential Bayesian updating enables the model to recalibrate latent state
estimates at each instructional time-step, rendering the framework fundamentally adaptive
rather than merely reactive. Empirical validation was conducted using a prospective
longitudinal dataset comprising 1,847 secondary school students distributed across three
full academic cycles. Structural equation modeling was employed to examine the mediating
role of metacognitive regulation indices — derived from embedded process-log behavioral
markers — on between-student trajectory divergence. Comparative benchmarking against
conventional CAT pipelines and static IRT models established the relative predictive
validity and formative utility of the proposed framework. This article is structured as
follows. Section 2 reviews the theoretical foundations of latent variable modeling in
educational assessment and identifies current architectural limitations. Section 3 presents
the formal specification of the HLVD framework, including Bayesian inference procedures
and hierarchical parameterization logic. Section 4 describes the empirical study design, data
sources, and analytical strategy. Section 5 reports primary findings across predictive
accuracy, trajectory classification, and mediation analyses. Section 6 discusses implications
for adaptive instructional system design, diagnostic measurement policy, and future
research directions.
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