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Computational Modeling and Neural Mechanisms of Hierarchical Inference and

Decision-making in Partially-observable Environments
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In the real world, decision-making inherently involves uncertainties arising from multiple sources of
information. Particularly in environments with hierarchical hidden states, efficient decision-making
requires resolving these uncertainties through mutual inference and incorporating higher-order
uncertainties into lower-order inference and decision-making. Hierarchical information processing
mechanisms, imitating human behaviors, are being studied in the field of machine learning with the aim
of applying them to artificial intelligence. In the fields of neuroscience, however, most previous studies
have used simple experimental tasks and flat computational models, resulting in the neural mechanisms
of hierarchical information processing in complex and uncertain environments faced by humans in the

real world, as well as the effect of metacognition on these processes, remaining unclear.

In this study, to investigate the neural substrates contributing to hierarchical information processing in
partially observable environments, we designed hierarchical inference and decision-making tasks that
extend traditional simple partially-observable problems, and conducted behavioral modeling analyses
and functional magnetic resonance imaging analyses using computational approaches. In the first study,
using the partially-observable maze exploration task, we demonstrated that scene prediction based on
uncertain state inference can be decoded from brain activity patterns in the fronto-parietal network, and
that the distinctiveness of its neural representation varies depending on the level of uncertainty. In the
second study, we developed a new spatial navigation task incorporating a hierarchical partially-
observable problems, demonstrating that the information processing in the human brain during this task
is reproduced by a hierarchical inference model in which beliefs of two types of hidden states are
mutually updated. We also showed that the uncertainties of these multiple hidden state inferences are
represented in distinct subregions of the medial prefrontal cortex. In the third study, using a bandit task
incorporating contextual inference, we demonstrated that the confidence in higher-order hidden states
modulates lower-order decision-making and its metacognitive assessment. Furthermore, it was revealed
that the insular-prefrontal network is involved in such decision-making relying on uncertain higher-order

information (i.e., inference of the environmental state).

Together, the findings in this study suggest that a broad brain network, including the parietal, medial
frontal, and prefrontal cortices, is involved in hierarchical information processing in partially observable
environments, with distinct brain regions responsible for different components of such processes.
Specifically, our findings show that the posterior parietal cortex encodes the content of predictions and

inferences, while the medial and anterior parts of the prefrontal cortex encode the value and confidence




evaluations of one’s actions. Additionally, the dorsal anterior cingulate cortex and insular cortex
represent the uncertainty of hidden states and modulate cognitive processing through functional

connections with other brain regions.
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