
Zooming into MoEs



about me



When science zooms in

● microscope let us see cells leading to                         

cellular biology

● X-ray crystallography let us see DNA leading to 

molecular biology



When science zooms in

● not just a change in precision.

● qualitative changes in the objects of scientific inquiry

● shifts what questions we can ask & what we can 

understand



Deep learning

In last 15 years,

● Opus 4.5 is remarkable at most coding tasks

● AlphaFold → protein folding

● GPT5 pro, Gemini DeepThink → IMO level math



Deep learning

● we only observe what the model does, loss curves & 

benchmarks

● we do not understand or know how it does it



What if we zoomed in?



Mechanistic Interpretability

● reverse-engineer neural networks

● “biology” of neural networks



Mechanistic?

In biology, you look for a compound’s 

“Mechanism of Action”



Mechanistic?

complete end-to-end causal pathway from model inputs 

to outputs using intermediate model representations 

(weights and activations)



What is the fundamental unit of 
computation?



Aside: Transformers



Aside: Residual Stream
● the “communication channel” running through the 

model



Features

● directions in activation space corresponding to 

interpretable concepts

● e.g, “dog head”, “love”, “is_number”, etc.



Neurons



Monosemanticity



Circuits

● subgraphs of features connected by weights

● implements specific computations





the problem

● number of features >>> dimensions

● interference → polysemantic neurons



superposition

● features in an input are also sparse

● sparsity allows the model to pack many features as 

“almost orthogonal” directions





superposition

● the central goal is

disentangling superposition



How do we solve superposition?



Sparse Autoencoders 

● unsupervised 

● feature dictionary





Steering



other circuits
● induction
● indirect object identification
● addition
● factual recall



limitations

● SAE features might not be faithful to the actual model

● high reconstruction error



the problem

● all of our insights have been only on dense models

● almost all frontier models are Mixture of Experts 

(MoEs)



Aside: MoEs

● only a small subset of total 

params (experts) are activated



I.
Are the experts actually experts in 

a task?



MoE Lens



MoE Lens



MoE Lens

● a small number of experts dominate majority of 

tokens for any given domain

● but most experts don’t specialize in any particular 

domain (overlap)



II. 
How do experts affect output 

representations?



MoE Lens



MoE Lens



MoE Lens

● the top-weighted expert approximates all the activated 

experts contribution to final repr.

● high representational overlap between top-weighted 

and all other active experts



III.
How does superposition differ in 

MoEs?



Setup



Rep strength & Interference



Rep strength & Interference



Rep strength & Interference

● the dense & MoE represent comparable number of 

features for equal total params

● MoEs exhibit local superposition while reducing 

global scope of interference



Expert sparsity



Expert sparsity



Expert sparsity

● dense model has higher number of features per 

dimension than the MoEs

● the greater the number of experts, the less 

superposition.



IV.
Expert specialization & 

monosemanticity



Expert specialization

● experts partition the input space 

into subspaces

● experts are specialized to handle 

specific feature combinations.



Expert specialization

● Features initially routed to an 

expert become monosemantically 

represented by that expert



Expert specialization

● Experts specialize in – and are routed to – their 

monosemantic features.



Expert specialization



Circuit sparsity

● preventing superposition during 

training using weight & expert 

sparsity



FlexOLMO

● merges independently-trained experts with no join 

training by initializing router with domain 

embeddings



What’s next

● does geometry of features matter?

● what about multi-dimensional features?

● how do you define faithfulness?

● what’s the right unit of computation?



Binding design

● Design binders that hit target A but avoid B

● But data is sparse & the model overfits



Binding design
● Are the representations for “bind here” & “avoid 

here” different or conflated?

● Localize binding logic to specific attention heads & 

edit it directly rather than retraining.



Binding design
● train binding MoEs where the experts learn very 

specific tasks like interface shape, charge 

complementarity, hydrophobic patches
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