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Background

ÅStimulus Ą Brain activates 
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Electroencephalography , EEG functional magnetic resonance imaging, fMRI



Neural/Brain Encoding and Decoding
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ÅNeural encoding is the study of how neurons represent information
with electrical activity (action potentials) at the level of individual cells
or in networks of neurons . Studies of neural encoding aim to
characterize the relationship between sensory stimuli or behavioural
output and neural signals .



Neural/Brain Encoding and Decoding
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ÅNeural decoding is the study of what information is available in the
electrical activity (action potentials) of individual cells or networks of
neurons . Studies of neural decoding aim to identify what stimulus,
event, or desired output elicits a particular pattern of neural activity .

https://www.nature.com/subjects/neural-decoding
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Brain Encoding
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Brain Encoding
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Brain Encoding
Å fMRI data from 9 healthy, college -age participants who viewed 60 different word -picture pairs

presented 6 times each .
Å 12 semantic categories (animals, body parts, buildings, building parts, clothing, furniture, insects,

kitchen items, tools, vegetables, vehicles, and other man -made items) .
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Brain Encoding

Mitchell TM , Shinkareva SV, Carlson A, Chang KM, Malave VL, Mason RA, Just MA. Predicting human brain activity associated with 
the meanings of nouns . Science. 2008.

Stimulus ψ

Representation ψ Mapping 
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Stimulus/ Features -Lexical and syntactic
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ÅKai-min K. Chang, Vladimir L. Cherkassky, Tom M . Mitchell,
and Marcel Adam Just. 2009 . Quantitative modeling of the
neural representation of adjective -noun phrases to
account for fMRI activation . ACL 2009.

Findings σNeural activity encodes distinguishable patterns
for adjective -noun phrases . Multiplicative models best
capture how adjectives modify nouns, while noun -centric
processing dominates for attribute -specifying phrases .

ÅSubba Reddy Oota, Mounika Marreddy , Manish Gupta, and Raju Bapi. 2023 .
How does the brain process syntactic structure while listening? . In Findings
of ACL 2023.

Findings χConstituency parsers (especially CC) better predicted activity in the
temporal lobe (ATL, PTL) and middle frontal gyrus (MFG) . Dependency parsers
(DEP) were more effective in the angular gyrus (AG) and posterior cingulate
cortex (PCC)



Stimulus/ Features -Meaning Composition

8/14/2025 Piji Li, BrainEncDec 10

Å Mariya Toneva , Tom M . Mitchell & Leila Wehbe . Combining computational controls with natural
text reveals aspects of meaning composition . Nature Computational Science (2022)

Findings χSupra -word embeddings significantly predicted activity in the anterior temporal lobe (ATL)
and posterior temporal lobe (PTL).

Ɏilqlvkhg wkh dssoh/ juhhq edqdqdɏ



Stimulus/ Features -Meaning Composition
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Å Changjiang Gao, Jixing Li, Jiajun Chen, and Shujian Huang . Measuring Meaning Composition in the
Human Brain with Composition Scores from Large Language Models . ACL 2024.



Stimulus/ Features -Meaning Composition
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Å Changjiang Gao, Jixing Li, Jiajun Chen, and Shujian Huang . Measuring Meaning Composition in the
Human Brain with Composition Scores from Large Language Models . ACL 2024.

Findings χ(1) Scores vary across layers, with higher layers showing greater compositional complexity ;
correlations between layers are low, indicating unique information in each layer ; (2) The Composition
Score correlates with broader brain clusters (left inferior frontal gyrus, left anterior superior temporal
gyrus ) compared to control variables .



Stimulus/Features -Discourse Comprehension
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Shaoyun Yu, Chanyuan Gu, Kexin Huang, and Ping Li. Predicting the next sentence (not word) in large 
language models: What model -brain alignment tells us about discourse comprehension . Science 
Advances, 2024.



Stimulus/ Features -Discourse Comprehension
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For coherent sentences (Reading -brain 2019 ), MLM_NSP showed stronger alignment in right hemisphere language network
regions (e.g., right inferior frontal gyrus [IFG], right anterior temporal gyrus [ATG]) .
For unconnected sentences (Pereira 2018 ), MLM_NSP aligned better with the domain -general multiple demand (MD) network,
including left middle frontal gyrus (MFG) and right superior frontal gyrus (SFG)

Findingsχ

Shaoyun Yu, Chanyuan Gu, Kexin Huang, and Ping Li. Predicting the next sentence (not word) in large 
language models: What model -brain alignment tells us about discourse comprehension . Science 
Advances, 2024.



Stimulus/ Features -Multimodal
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Subba Reddy Oota, Jashn Arora, Vijay Rowtula, Manish Gupta, and Raju S. Bapi. Visio -Linguistic Brain 
Encoding . COLING 2022.



Stimulus/ Features -Multimodal
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Subba Reddy Oota, Jashn Arora, Vijay Rowtula, Manish Gupta, and Raju S. Bapi. Visio -Linguistic Brain 
Encoding . COLING 2022.

Findings σ

ÅVisualBERT outperforms other
models : The multi -modal
Transformer VisualBERT
achieves state -of-the -art results
on both datasets, surpassing
single -mode models, image
Transformers, and other multi -
modal models .

ÅBrain region correlations :
Regions with dual language
and vision functions (e.g.,
LPTG, LMTG, LIFG, STS) show
higher correlation with multi -
modal models, indicating these
models better mimic human
brain behavior



Stimulus/ Features -Multimodal
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Å Vighnesh Subramaniam, Colin Conwell, Christopher Wang, Gabriel Kreiman , Boris Katz, Ignacio Cases, Andrei Barbu . 
Revealing Vision -Language Integration in the Brain with Multimodal Networks . ICML 2024.

Å SUBBA REDDY OOTA, Khushbu Pahwa, mounika marreddy , Maneeesh Singh, Manish Gupta, Raju Surampudi Bapi. 
Multi -modal brain encoding models for multi -modal stimuli . ICLR 2025.

Findings : Multimodal models, particularly those with CLIP-style
training, are best suited for predicting neural activity in integration
sites.

Findings : Multi -modal models outperform unimodal ones in alignment
with key language (e.g., AG, IFG) and visual (e.g., EVC, MT) regions . Cross -
modal models rely partly on video for brain alignment ; jointly pretrained
ones use both video and audio .



Goal/Tasks - SFT
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Khai Loong Aw, Syrielle Montariol, Badr AlKhamissi, Martin Schrimpf, Antoine Bosselut. Instruction -
tuning Aligns LLMs to the Human Brain . COLM 2024.

Findingsχ

Findings : Instruction -tuning enhances LLMs' alignment with human brain activity, likely by improving their representation of 
world knowledge. However, this neural alignment does not translate to stronger behavioral alignment in reading tasks.



Goal/Tasks - Predictive Coding
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Charlotte Caucheteux, Alexandre Gramfort & Jean -Rèmi King. Evidence of a predictive coding hierarchy 
in the human brain listening to speech .  Nature Human Behaviour  (2023).



Goal/Tasks - Predictive Coding
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Charlotte Caucheteux, Alexandre Gramfort & Jean -Rèmi King. Evidence of a predictive coding hierarchy 
in the human brain listening to speech .  Nature Human Behaviour  (2023).

Findings : Modern language models (e.g., GPT-2) linearly map onto brain responses, with this mapping improving when models
include multi - timescale predictions . Critically, predictions are hierarchically organized : frontoparietal cortices predict higher -
level, longer -range (e.g., 8 words, ~ 3.15s) and more contextual representations than temporal regions . Semantic forecasts are
long -range, while syntactic ones are short - range . These results support hierarchical predictive coding in language processing



Goal/Tasks - Working Memory
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Congchi Yin, Yongpeng Zhang, Xuyun Wen, Piji Li. Improve Language Model and Brain Alignment via 
Associative Memory. Findings of ACL 2025.



ÅData augmentation score Ą Association simulation
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Goal/Tasks - Working Memory

The data augmentationof one specific
voxel is defined as the difference
between brain score with association
andoriginalbrainscore:



ÅEmpower LLMs to Associate
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Goal/Tasks - Working Memory



ÅBrain Score Comparison and Brain Score Ceiling Test
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Goal/Tasks - Working Memory



ÅData Augmentation Score
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Goal/Tasks - Working Memory



ÅData Augmentation Score of ROIs
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Goal/Tasks - Working Memory

Å4 ROIs
ÅL/R



ÅMental Association Score
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Goal/Tasks - Working Memory



Brain Encoding - Others
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Å Li Ji-An, Corey Yishan Zhou, Marcus K. Benna ~Marcus_K._Benna1 , Marcelo G Mattar. Linking 

In -context Learning in Transformers to Human Episodic Memory . NeurIPS 2024.  

Å Christina Sartzetaki, Gemma Roig, Cees G. M. Snoek, Iris Groen. One Hundred Neural Networks 

and Brains Watching Videos: Lessons from Alignment . ICLR 2025.

Å Khai Loong Aw, Mariya Toneva. Training language models to summarize narratives improves 

brain alignment . ICLR 2023.

Å ............

Oota et al (2024)



ÅBrain encoding can serve as a special evaluation or
verification method or metrics to analyze grammar,
semantics, model structure, model mechanism, and so
on .

ÅHow does the brain carry out processes of
representation, compression, memorization, storage,
retrieval, and reasoning ?

ÅIt is necessary to conduct dual verification of the
conclusions from the perspective of neuroscience .

Brain Encoding - Key Takeaways

8/14/2025 Piji Li, BrainEncDec 29



8/14/2025 Piji Li, BrainEncDec 30

Brain Decoding
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Brain Decoding

ÅGeneration from Signals



Brain Decoding
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Pengyu Liu, Guohua Dong, Dan Guo, Kun Li, Fengling Li, Xun Yang, Meng Wang, and Xiaomin Ying. A Survey on fMRI -based Brain 
Decoding for Reconstructing Multimodal Stimuli . arXiv:2503.15978 (2025).

Representation 
Learning Pretraining Decoder

Alignment
Groundi

ng



Brain2Text
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Zhenhailong Wang, and Heng Ji. Open vocabulary electroencephalography -to - text decoding and 
zero -shot sentiment classification . AAAI 2022.


