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1. Input sentence
2. Tokenize it (char, word, etc.)
3. Create token embedding and
4. Position encoding (e.g., sin(w))
5. Encoder creates encoding
6. Run self attention on encoding
7. Decode to create logits
8. Run self attention on logits
9. Softmax creates probabilities
10. Detokenize
11. Produce predicted next char/word.



minGPT
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minGPT, created by Andrej Karpathy, is a simplified
implementation of the original OpenAI GPT-2 open-
source project.

GPT has proven very useful in solving many Natural
Language Processing problems (NLP) and as shown
by Karpathy and others, also used to solve tasks
outside of the NLP domain such as generative image
processing and classification.

This presentation seeks to visually show the overall
design of Karpathy’s minGPT implementation so as to
better understand how it works.

For more information on minGPT, GPT, GPT-2 or
ImageGPT, see the references at the end of this
presentation.

As a last note, I wanted to send a big Thank You to
Andrej Karpathy - your simplified implementations of
complex models have always been an inspiration!



minGPT –
Data Input 
(NLP)
Input: 
“O God, O God!”

Run with

CasualSelfAttention

Output
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minGPT -
Data Input
(NLP)
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Input: 
“O God, O God!”

According to Karpathy, his 
implementation uses a “totally 

unnecessary custom causal self-attention 
module” 

In this slide we put that to the test 
by removing it from the model.

Run without

CasualSelfAttention

Output

From our results as shown above, the CasualSelfAttention seems important!



What is 
Attention?
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Attention focuses on the 
important aspects of the input –
for example, visual attention 
focuses on important aspect of 
image.

(see Taha reference for more 
details)



Why is 
Attention 
Important?

Attention(Q, K, V) = 
TQ K

Softmax( )Sqrt(dk) V

dk = dimension of keys, a design time hyper parameter.
Q = vector of queries, dk in dimension.
K = vector of keys, dk in dimension.
V = vector of values, dk in dimension.
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Attention focuses on the 
important tokens and gives them 
context.

(see Wood reference for more 
details)



How does 
Attention 
Work?
The Q, K and V are PyTorch
Linear layers with bias and 
learnable parameters that allow 
for learning the most important 
values (see slide 16).

Linear — PyTorch 1.12 
documentation

(example derived from Wood 
reference)
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TKQ
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https://pytorch.org/docs/stable/generated/torch.nn.Linear.html


minGPT –
Data Input 
(NLP)

“Before we proceed any further, hear me 
speak.”

Y

X B e f o r e w e p r

e f o r e w e p r o

Chunk of Text (block_size + 1)

Y

X 66 101 102 111 114 101 32 119 101 32 112 114

Chunk of ASCII (block_size + 1)

101 102 111 114 101 32 119 101 32 112 114 111

X = training input
Y = training target
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minGPT –
General Model
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Linear
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Linear
Mlp_lin2
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0.1

M
LP
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minGPT –
General Model
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GELU (Gaussian Error Linear 
Unit) is an activation function.

(see Goel reference)



minGPT –
Input 
Embedding 
Stem

Embedding
tok_emb

vocab_size, 512
Parameter
pos_emb

1,block_size, 512

Dropout
drop

0.1Im
pu

t e
m

be
dd

in
g 

st
em

X (25 6, 12 8)
(B, T)

token_embeddings (25 6, 12 8, 512)
(B, T,  C)

Add(token_e, position_e)
tok_pos

position_embeddings (1, 128, 512)
(1,  T, C)

tok_pos_emb (25 6, 12 8, 512)
(B, T,  C)

x (25 6, 12 8, 512)
(B, T,  C)

B = batch size
T = sequence length
C = embed dim
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Positional encoding (pos_emb) 
learns token positioning

Token embedding (tok_emb) 
learns embedding of each 
token

Each character in a sentence is a token, other 
models (like BERT) use WordPiece tokenization.



minGPT -
Transformer

Block
blocks

n_layers of 
blocks

Tr
an

sf
or

m
er

x (25 6, 12 8, 512)
(B, T,  C)

x (25 6, 12 8, 512)
(B, T,  C)

n_layers = 8

B = batch size
T = sequence length
C = embed dim

7/28/2022 14



minGPT -
Decoder Head

LayerNorm
ln_f

512

Linear
head

512, vocab_size
Bias=falseDe

co
de

r h
ea

d

x (25 6, 12 8, 512)
(B, T,  C)

x (25 6, 12 8, 512)
(B, T,  C)

logits (25 6, 12 8, 65)
(B, T,  logits)

B = batch size
T = sequence length
C = embed dim

65 unique characters in data set
(65 element one hot vector)
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minGPT -
Loss

B = batch size
T = sequence length
Logit = one-hot vector

logits (25 6, 12 8, 65)
(B, T,  logits)

CrossEntropyLoss(logits, targets)
loss

Lo
ss

loss (1)
(loss)

Y (25 6, 12 8)
(B, T)

65 unique characters in data set
(65 element one hot vector)
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minGPT -
Transformer 
Block

8 blocks are used in character 
model for Shakespeare Sonnet

B = batch size
T = sequence length
C = embed dim

CasualSelfAttention
attn

Linear
Mlp_lin1

512, 4*512

GELU
Mlp_gelu

Linear
Mlp_lin2

4*512, 512

Dropout
Mlp_drop

0.1

M
LP

Tr
an

sf
or

m
er

 B
lo

ck

LayerNorm
ln1

512

x (25 6, 12 8, 512)
(B, T,  C)

x (25 6, 12 8, 512)
(B, T,  C)

att (25 6, 12 8, 512)
(B, T,  C)

Add(x, att)
add

x (25 6, 12 8, 512)
(B, T,  C)

LayerNorm
ln2

512

x (25 6, 12 8, 512)
(B, T,  C)

lina (25 6, 12 8, 2048)
(B, T,  lina)

gelu (25 6, 12 8, 2048)
(B, T,  lina)

linb (25 6, 12 8, 512)
(B, T,  C)

mlp1 (25 6, 12 8, 512)
(B, T,  C)

Add(x*, mlp1)
add

x (25 6, 12 8, 512)
(B, T,  C)
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minGPT -
Casual Self 
Attention
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Linear
key

Linear
query

Linear
value

512

512

512

512

512

512
Bias=true Bias=true Bias=true

X (25 6, 12 8, 512 )
(B, T,  C)

Batch Size (B) 
= 256

Sequence 
Length (T) = 128

Embed Dim 
(C) = 512

view (Reshape)

X (25 6, 128, 8, 64)

view (Reshape) view (Reshape)

Transpose(1,2)

k (25 6, 8, 128, 64)

Transpose(1,2) Transpose(1,2)

q (25 6, 8, 128, 64) v (25 6, 8, 128, 64)

X (25 6, 128, 8, 64) X (25 6, 128, 8, 64)

Calculate 
query, key, 
value for all 

heads in batch 
and move head 

forward to be 
the batch dim

(B, nh, T, hs) (B, nh, T, hs) (B, nh, T, hs)

Casual self-
attention; Self-

attend:

(B,nh,T,hs)
x

(B,nh,hs,T)
|
v

(B,nh,T,T)

Transpose(-2,-1)

k (25 6, 8, 64, 128)
(B, nh, hs, T)

T

Matmul(q, kT)

q @ k (25 6, 8, 128, 128)
(B, nh, T, T)

T

Scale(1 / 64)

att (25 6, 8, 128, 128)
(B, nh, T, T)

Softmax(att, dim=-1)

att (25 6, 8, 128, 128)
(B, nh, T, T)

Masked fill (-inf -> 0)

att (25 6, 8, 128, 128)
(B, nh, T, T)

Attn Dropout(0.1)

att (25 6, 8, 128, 128)
(B, nh, T, T)

Matmul(att,v)

y (25 6, 8, 128, 64)
(B, nh, T, hs)

Transpose(1,2)

y (25 6, 128, 8, 64)
(B, T,  nh, hs)

Contiguous()

(B, T,  nh, hs)
y (25 6, 128, 8, 64)

view Reshape

(B, T,  nh hs)
y (25 6, 128, 512)

Resid Dropout(0.1)

(B, T,  nh hs)
y (25 6, 128, 512)

X (25 6, 12 8, 512 )
(B, T,  C)

X (25 6, 12 8, 512 )
(B, T,  C)

Matmul(q, kT) focuses the 
attention…

…on the important aspects 
‘learned’ in the Linear layers 
for Key, Query, and Value.



minGPT -
Transformer 
Block
CasualSelfAttention
forward pass
(from minGPT github)

B = batch size
T = sequence length
C = embed dim
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minGPT -
Training

Single Cycle 
within epoch

Weights do not decay on 
LayerNorm, Embedding and 
Position Embedding layers. 

B = batch size
T = sequence length
C = embed dim

X (25 6, 12 8)
(B, T)

DataLoader(shuffle=true)
loader Batch = 256

Workers = 4

GPT Model(x,y)
model

Y (25 6, 12 8)
(B, T)

loss (1)
(loss)

Average Losses across GPUS

loss (1)
(loss)

Model.zero_grad()

Loss.backward()

Clip gradients

Optimizer.step()

Decay learning rate

AdamW
Lr = 0.0006

Betas = 0.9,  0.95
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Appendix – Code Modifications for VS2022
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:

:

Only run on similar GPUs.

Input file location.

Only run main instance.
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