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Encoder-decoder Architecture

Figure 1: Tunstall et al. 2022, p. 4.
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Attention

Figure 2: Tunstall et al. 2022, p. 5.
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Attention

context as a weighted average:

ci =
T e
∑

j

αi, jh
e
j

normalization via softmax:

αi, j =
exp (ei, j)
∑T e

k exp(ei,k)

importance of he
j for hd

i−1:

ei, j = a(hd
i−1,he

j)
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Self-Attention

Figure 3: Tunstall et al. 2022, p. 6.
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Attention Masks

Figure 4: Raffel et al. 2020.
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Which pre-training objectives do you know?
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A Mathematical Framework for Transformer Circuits
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Figure 5: Vaswani et al. 2017.
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Figure 6: Elhage et al. 2021.
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Residual Stream as Communication Channel

main idea: attention heads and MLPs add information
to the residual stream
compositionality, responsibility splitting
residual stream hardly interpretable, components adding
to it may be interpretable
We (probably) don’t want to interpret the residual
stream!
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Attention Heads are Independent and
Additive

Figure 7: Alammar 2018.
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Attention Heads as Information Movement

Figure 8: Voita 2023.
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Attention Heads as Information Movement

AxW T
V W T

O
attention matrix
(ncontext, ncontext)

residual stream
(ncontext, dmodel)

value matrix
(dmodel, dhead)

output matrix
Shape: (dmodel, doutput)
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T (x) =WUWE x T +
∑

h∈H

Ah x(WUW h
OV WE)

T



Fundamentals

Recap

A Mathematical
Framework
Preliminaries

One-Layer Attention-Only
Transformers

References

16/24

T (x) =WUWE x T +
∑

h∈H

Ah x(WUW h
OV WE)

T

We can look at each attention head independently.
Attention is the only communication possibility, enabling
skip-trigrams.
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Attention Heads as Information Movement
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Skip-Trigrams
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The Tokenizer
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Bugs
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Induction Heads
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Wrapping Up

How would you conceptualize the residual stream?
What does attention essentially do?

What is the meaning of query, key, and value?
What does an MLP essentially do?
What can a One-Layer Attention-Only Transformer do?
What do we enable with two layers?
What is an Induction Head?
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