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Background and Motivation
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Question: What percent is 120 of 90?
Options:   (A) 133 1/3%  (B) 134 1/3 %  (C) 135 1/3 %  (D) 140 1/3 %  (E) 143 1/3 %

What is the formula to 
calculate the percentage 
of one number relative 
to another?

Knowledge Recall

The formula is (part/
whole) ×100%

What is the part and 
whole in the context of 
'What percent is 120 of 
90?

Semantic Understanding

The part is 120 and 
the whole is 90.

HIPPOCAMPUS HIPPOCAMPUS

Input

HIPPOCAMPUS

   Math Decision Making

HIPPOCAMPUS

Which option 
corresponds to 133 

1/3%?

Option (A)

Calculate 120 / 90 
*100%

133 1/3

To solve a complex question, the human brain engages multiple regions to perform distinct
cognitive functions necessary for generating a response.
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Question:

Whether there are specific attention heads in LLM play functional roles in 
producing answers. 

Background and Motivation

We present a novel interpretability framework to systematically analyze 
the cognitive roles of attention heads during complex reasoning.
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Ø The low-level cognitive functions include:
• Retrieval
• Knowledge Recall
• Semantic Understanding
• Syntactic Understanding
Ø The high-order cognitive functions include:
• Mathematical Calculation
• Logical Reasoning
• Inference
• Decision-Making

CogQA (3,402 subQAC)



Probing Method
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v Probing data with head activations

v Two-Layer MLP for classification

v Importance score for each head 

v Heads with high importance score 
identified as cognitive heads



Experiments
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v Properties of Cognitive Heads (Sparsity, universally, layered functional organization)

Llama3.1-8b Llama3.2-3b

v Three LLM Families   

• Llama3.1-8b and Llama3.2-3b • Qwen3-8b and Qwen3-4b • Yi-1.5-9b and Yi-1.5-6b



Experiments
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v Functional Contributions of Cognitive Heads

Masking cognitive heads leads to a significant decline in performance, whereas masking 
an equal number of random heads results in only marginal degradation across all LLMs.



Experiments
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v Relationship Among Cognitive Heads    

Ø Functional Clustering Ø Hierarchical Structure

Related cognitive functions localize 
in overlapping brain regions

Heads linked to reasoning, inference, 
and decision-making group closely

Lower-level functions such as retrieval and comprehension 
support higher-level inference and decision-making

Masking attention heads tied to early-stage functions  
effect on later tasks



Experiments
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v Influence of Cognitive Heads on Downstream Tasks

Ø Negative Intervention Ø Positive Intervention

Masking the Math Calculation heads 
leads to errors in arithmetic tasks, 
while retrieval and language 
functions remain largely unaffected

Adjusting cognitive head activations along 
their functional directions reliably enhances 
performance on complex reasoning tasks



Ø We propose an interpretability framework that connects attention heads in large language models (LLMs) to human
cognitive functions involved in reasoning.

Ø We introduce CogQA, a cognitively grounded dataset that decomposes complex questions into step-by-step subquestions
with a chain-of-thought design.

Ø Leveraging CogQA, we develop a multi-class probing method to identify and characterize attention heads responsible for
distinct cognitive operations within the transformer architecture.

Ø Our analysis across multiple LLM families and scales demonstrates that attention heads exhibit universality, sparsity,
intrinsic roles, and dynamic, hierarchical organization.

Conclusion
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Thank You!

Xueqi Ma

xueqim@student.unimelb.edu.au


