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Abstract

A transformer is an artificial neural network (ANN) that is built by compos-
ing layers, each of which transforms the features of a data point that consists
of tokens, such as the words of a sentence. The feature vectors of the tokens
are stacked into a matrix, and each layer maps this matrix to a transformed
matrix of the same shape, so that layers can be composed freely into a deep
ANN. The layers alternate between token mixing, which combines information
across tokens, and a position-wise multilayer perceptron (MLP), which trans-
forms each token separately. In the original transformer, token mixing is imple-
mented by multi-head attention. Alternative mixing transformations, such as a
fixed Fourier transform or a state-space layer, can take the place of attention.
Transformers underlie large language models (LLMs).

Definition

In the context of machine learning (ML), the term transformer refers to an arti-
ficial neural network (ANN) that is built by composing layers, each of which im-
plements a transformation of the features of a data point that consists of tokens
(Vaswani et al., 2017). The feature vectors (or embeddings) x(V), ... x(" ¢ R?

of the n tokens are stacked into a matrix X = (x(l), e ,x(”))T € R"*4. Each
layer of a transformer maps such a matrix to a transformed matrix of the same
shape. Since input and output have the same shape, the layers can be com-
posed freely into a deep ANN. For example, a transformer that translates a
sentence transforms the stacked word embeddings layer by layer into feature
vectors from which the translated words are predicted (Vaswani et al., 2017);
the same principle underlies large language models (LLMs).

The layers of a transformer alternate between two types of transformations
of X (see Fig. . A token-mixing layer combines information across tokens, i.e.,
across the rows of X. In the original transformer, token mixing is implemented
by multi-head attention; the attention mechanism is what sets transformers
apart from previous models for sequential data such as recurrent neural networks
(RNNs). A position-wise multilayer perceptron (MLP) then transforms each
row of X separately, so that tokens interact only through the token-mixing
layers. Residual connections and layer normalization are interleaved with these
transformations.
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Figure 1: Signal-flow chart of one transformer block. The input is processed in
parallel by a multi-head attention layer (the token-mixing layer) and forwarded
by a residual connection to the first addition; layer normalization, a position-
wise multilayer perceptron, and a second residual 4+ normalization follow. A
transformer ANN stacks many such blocks

Token mixing need not be implemented by attention. Any transformation
that combines the rows of X can take its place: a multilayer perceptron applied
across tokens (Tolstikhin et al., 2021), a fixed Fourier transform (Lee-Thorp et
al., 2022), or a state-space layer whose cost grows only linearly in the num-
ber n of tokens (Gu and Dao, 2024). These alternatives replace the pairwise
token comparisons of attention, whose cost grows as n?, with cheaper mixing
transformations (see attention).
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