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Abstract: 

Growing focus has converged on how the brain 
responses to naturalistic stimuli, yet the underlying 
neural mechanisms remain poorly understood. Cognitive 
map theory proposes that human memory encodes 
external information internally by establishing 
relationships between experience fragments. In this 
study, we investigated brain’s cognitive map-like 
representations during movie watching and their 
alignment with the lexical characteristics of movie 
dialogue. Using functional magnetic resonance imaging 
(fMRI), we uncovered two brain states with dynamic 
alternations between internal (State 1) and external 
(State 2) focuses during movie watching. Specifically, 
State 1 was characterized by more globally organized 
internal representations and exhibited continuous 
learning of lexical features, mirroring the modular 
structures of lexical network. In contrast, State 2 was 
primarily engaged in the sensory processing of external 
stimuli. Using successor representation (SR) technique, 
we recognized typical place fields in brain state spaces, 
and demonstrated a significant association between the 
predictive skewness of the SR field and individual 
vocabulary comprehension capacity. Our findings offer 
novel insights into the neural mechanisms underlying 
the processing of naturalistic stimuli in the human brain, 
and support to the involvement of cognitive map theory 
in lexical feature encoding. 
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Introduction 

Understanding the neural substrates of human 
cognition is a central goal of neuroscience research. 
With the aid of modern imaging techniques, such as 
functional magnetic resonance imaging (fMRI), 
neuroscientists have shown growing interests on how 
the brain processes naturalistic stimuli such as movie 
watching (Kringelbach et al., 2023). Research has 
demonstrated that the brain segments continuous 
streams of stimuli into discrete events and constructs 
narrative graphs linking these segments, which 
consequently influence memory performance and 
behavior (Lee & Chen, 2022). Yet, the precise 
characterization and neural representations of such 
naturalistic information remain unclear.  

According to the theory that brain encodes and 
organizes experiences into relational maps (Behrens et 
al., 2018; Tolman, 1948), our study aims to investigate 
cognitive map-like representations in the human brain 
during movie watching. Firstly, we identified two brain 
states with distinct spatiotemporal representations 
during movie watching. Secondly, we demonstrated 
map-like representations of State 1 aligned with the 
lexical features of movie dialogue and significantly 
predicted vocabulary comprehension capacities. 

Materials and Methods 

We adopted 7T movie-watching fMRI data consisting of 
184 subjects (age: 22-35; 112 females) acquired from 
the Human Connectome Project (HCP) dataset (Elam 
et al., 2021). The minimal preprocessed fMRI data were 
downloaded and used in the following analysis. 

Construction of brain-state spaces on 
cognitive-map networks 

We first identified different brain states that showed 
distinct spatiotemporal patterns during movie watching 
(Figure 1). A similar approach has been proposed for 
resting-state fMRI in our recent paper (Li et al., 2024). 
Initially, for each brain state, we calculated the similarity 
matrix (W) of hippocampal activity between identified 
occurrences (a series of short sequences). Next, we 
mapped brain-state occurrences into a two-dimensional 
(2D) space by using t-SNE, and clustered the 
occurrences using k-means. After that, we calculated 
transitions between occurrence clusters and explored 
representation organization of each brain state. 

Estimation of lexical features  

We extracted the lexical features of state occurrences 
by applying wave2vec to the text of movie dialogue, and 
generated a lexical structure matrix (S) by calculating 
Pearson correlation between lexical vectors (Figure 1). 
Next, we evaluated the association of the lexical 
similarity matrix S and the neural similarity matrix W, 
and specifically investigated the lexical similarity within 
and between clusters of state occurrences. 

Cognitive map-like representation 

We constructed a successor representation (SR) matrix 
(M) for each brain state, with each column representing 
the place field (PF) of corresponding state occurrence 
(Li et al., 2024; Stachenfeld et al., 2017). We then  

 

Figure 1: Analytical flowchart of the study. 



mapped SR columns of occurrence clusters into the 2D 
brain-state space and detected typical place fields. 
Subsequently, we estimated the backward skewness of 
the SR fields, which has been shown to reveal the 
predictivity and preference of representation 
organization (Stachenfeld et al., 2017). Furthermore, 
we examined the relationship between predictive 
skewness of SR fields and -participants’ language skills. 

Results 

Spatiotemporal patterns of brain states during 
movie watching 

We identified two brain states using fMRI data during 
movie watching (Figure 2A). State 1 predominantly 
involved default more network (DMN) and hippocampus, 
while State 2 exhibited strong activation in sensorimotor 
regions and hippocampus. By estimating the coherence 
of hippocampal activity (W) within each state, we 
uncovered that State 1 exhibited significantly higher 
variability or lower similarity in neural representations 
over the course of movie watching (t=8.85, p<10-15). By 
mapping brain-state occurrences into a 2D state space, 
we found that the organization of occurrence clusters in 
State 2 more closely followed the proximity principle, i.e., 
cluster hubs, as indicated by larger nodal size in Figure 
2A, positioned closer together in the brain-state space 
(a significant interaction between ‘distance between 
clusters’ and ‘state’ as detected in the two-way ANOVA, 
F(695,1)=13.6, p<10-3).  

Lexical features of brain state representation  

 

Figure 2: Representational and lexical features of 
brain state space during movie watching.  

Compared to State 2, we observed significant lower 
association between the representational similarity of 
lexical features and hippocampal activity in State 1 (t=-
18.93, p<10-23). Notably, the representational similarity 
of State 1 gradually enhanced over the course of movie 
watching (Figure 2B left), exhibiting a significant 
interaction effect between ‘movie segment’ and ‘brain 
state’ as detected in the two-way ANOVA 
(F(1143,3)=6.02, p<10-3). Moreover, we observed 
higher lexical similarity within occurrence clusters than 
between clusters for both brain states (State 1: t=39.19, 
p>10-30; State 2: t=-51.72, p<10-30), with a more 
pronounced effect in State 1 (Figure 2B right).  

Cognitive map-like representations in brain 
state space 

We identified typical ‘place fields’ of occurrence clusters 
in the brain-state space using SR analysis (Figure 2C 
left), suggesting a cognitive map-like representation in 
brain state space. We assessed the predictive 
skewness (i.e., predictivity) of SR fields and observed a 
significant increase in the predictivity of State 1 (F(707, 
3)=4.7, p=0.003; post-hoc t test, ps<0.05). Besides, the 
predictivity of State 1 also demonstrated a significant 
correlation with behavioral performance on the Picture 
Vocabulary Test (Figure 2C right). 

Conclusion 

The present study identified two brain states associated 
with internal and external focus during movie watching. 
State 2 responds to immediate sensory processing of 
external lexical features, while State 1 integrates 
abstract relational representations of movie segments 
into internal knowledge maps. Specifically, State 1 was 
dominated by DMN and hippocampus, and exhibited a 
longer temporal receptive window compared to State 2, 
may contribute to the formation of long-term memory. 
Over the course of movie watching, the cognitive map-
like representations of State 1 gradually converged on 
lexical features, may support the continuous learning of 
complex structures and knowledge. Using the SR 
approach, we revealed typical 'place fields' patterns in 
both brain state spaces, mirroring 'modules' in the 
lexical structure of movie dialogues. Moreover, the 
predictivity of SR place fields was significantly 
associated with participants' vocabulary skills and 
verbal comprehension. Our results provide supporting 
evidences for cognitive map theory in the human brain, 
such that the internal neural representations of lexical 
features are organized into a cognitive map during 
movie watching. 
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