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Lecture 11: Causal tracing and attribution



Causal analysis

● From Wiki: “Causal inference is the process of determining the independent, 
actual effect of a particular phenomenon that is a component of a larger 
system.”

● Causal analysis for models / systems with black-box nature
○ Natural (e.g., effects of fossil fuels)
○ Biological (e.g., drug effects)
○ Social (e.g., political events on election)
○ Complex systems (e.g., neural networks)

● We have access to all weights in open-source LLMs, but too complex. 
Mechanism is still a black box.



Causal analysis

Source: link

● Causal vs correlation
○ From observations to interventions

● Key to causal analysis: counterfactuals (what would happen if factor A was…) 
● LLMs are effectively (conditional) probs; fit into causal framework

Feature Traditional Causal Inference Causal Tracing (LLMs)

Confounding The Enemy. Unobserved variables (e.g., genetics) might 
bias the result.

Non-existent. In theory, we have perfect control over the 
model's entire "universe."

The "Black Box" Nature/Human Biology (Inaccessible). Weights and Activations (fully accessible, but too complex 
to interpretable).

Ground Truth Often unknown; relies on assumptions like Ignorability. Can be verified by "editing" the model and seeing if the 
behavior changes.

Table generated by Gemini-3

https://www.mobileapps.com/blog/causation-vs-correlation


Overview of causal analysis in LLMs

What to intervene on…

● Model components (circuits)
● Activations or feature vectors (steering)
● Reasoning tokens (reasoning faithfulness)

Broader diagnosis includes more general perturbation

● sensitivity analysis under prompt perturbation
● Influence functions
● attribution 



Examples of causal analysis in LLMs



Causal effects of model components
Prompt 1 (normal): “Then, Henry and Blake had a long argument. 
Afterwards Henry said to” —> “Blake”

Prompt 2 (symbolized): “Then, &^ and #$ had a long argument. 
Afterwards &^ said to” —> “#$”

● Most LLMs have high acc for expected output, why?
● Removing a type of attention heads (Induction heads from Lec03) 

significantly reduces accuracy for symbolized prompts  

Out-of-distribution generalization via composition: A lens through induction heads in Transformers, 2025

https://www.pnas.org/doi/10.1073/pnas.2417182122


Causal effects of feature steering

● Recall SAE for feature extraction, example of a concept/feature vector

Observational findings: feature correlates with “golden gate bridge” concept” Steering hidden state with the feature vector

https://transformer-circuits.pub/2024/scaling-monosemanticity/


Causal effects of feature steering

Steering (editing with feature vector) changes model behavior



Causal mediation analysis

● Mediator variable can change dependent variable

● Total effect 

● Indirect effect 

● Direct effect 

Causal Mediation Analysis for Interpreting Neural NLP: The Case of Gender Bias, 2020

https://arxiv.org/pdf/2004.12265


Causal mediation analysis

● Attribution model’s output to a model component (e.g., neuron) 



Causal mediation analysis

● Attribution: layers in a model, or different parts
● Sometimes known as causal tracing

Locating and Editing 
Factual Associations in 
GPT, 2023

https://arxiv.org/pdf/2202.05262
https://arxiv.org/pdf/2202.05262
https://arxiv.org/pdf/2202.05262


Causal analysis in CoT reasoning

● Focus: causal effects of generated 

tokens in CoT reasoning

● Observation: CoT doesn’t 

guarantee logical consistency 
○ correct reasoning, incorrect answer 

○ incorrect reasoning, correct solution 

○ not merely generation noise or 

uncertainty, but non-causal behavior

● Faithful reasoning requires causal 

effects

Anthropic, On the Biology of A Large Language Model, 2025

https://transformer-circuits.pub/2025/attribution-graphs/biology.html#dives-cot


Causal analysis in CoT reasoning

● Different interventions

● Test causal effects between a model’s 
reasoning steps and its solution

Measuring Faithfulness in 
Chain-of-Thought Reasoning, 2023

https://arxiv.org/pdf/2307.13702
https://arxiv.org/pdf/2307.13702


Causal analysis in CoT reasoning

● In LLMs, all types of causal graphs exist
● A minimal testbed for understanding CoT reasoning
● For noiseless data, easy to have consistent prediction 
● Reasoning trace: Consistent       Causal

LLMs with Chain-of-Thought Are 
Non-Causal Reasoners, 2024

How Does Unfaithful Reasoning Emerge from Autoregressive Training? A Study of Synthetic Experiments, 2026

https://arxiv.org/pdf/2402.16048v1
https://arxiv.org/pdf/2402.16048v1
https://arxiv.org/abs/2602.01017


Causal analysis in CoT reasoning

Q: Is causal reasoning possible with 
autoregressive training? 

Low-noise CoT traces may 
transform pattern-matching 
models into causal reasoners (?)

How Does Unfaithful Reasoning Emerge from Autoregressive Training? A Study of Synthetic Experiments, 2026

https://arxiv.org/abs/2602.01017

