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Transformers - Revolutionary Architecture

» ChatGPT is based on the GPT (Generative Pretrained
Transformer) architecture.

» Introduced in the paper "Attention is All You Need" by
Vaswani et al. in 2017.

» Excel in NLP and Imaging tasks thanks to their capacity to
incorporate extensive context. Outperforms in image
classification, segmentation, and machine translation.

» The name "transformer" reflects the ability to seamlessly
transform one sequence of data into another, thanks to its
sophisticated self-attention mechanisms.
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Tokens and Input Tokenizing

Text Audio
_ Tokens :

41 : .
121 g

gg Patches, t t t t t tt tt
153 | = words or | [Two] [red] [panda] [cubs] : 4'4 * e _n,’
145 Snippets X T
145 Input Two red panda cubs
224 pu P -

19 ‘M‘H’
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Image Tokenization and Linear Transformation

Patch Higher
vectorization © dimensional
per pixel value X projection

T :
O\ - zg € R
O
O T
O W -
o6 [T
o4 Il
Q4 D
O T
7]
X(l) - WX(O) Emii?gillg
(Remember

location)
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Patch Embedding Has Meaning

Z Space
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Coloring Problem
Missing color
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Coloring Problem - Query Vector

Patch
projection

(learned)

W, € R4 xd qQo € R

“Looking for
panda’s head
color”

In general, d’' > d
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Coloring Problem

“Looking for panda’s query

head color” D
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Coloring Problem - Key Matrix

Patch

projection (learned)

W, € Rdxd 7 ko € R

“panda’s head, vegetation
eyes, ears, black and white

W, € RAxd 7 Rd’ W, € Rdxd’ Kc Rtxzt’

i

Zo € R? Wy € R¥xd 7y ko

“colorful panda’s head
vegetation, ears, nose”

\IIIIIIIm

RY

“black and white
vegetation, branches”

== ™

ki = Wiz, K=272ZW,



FSAN/ELEG815

Coloring Problem

query key

“Looking for panda’s

head color” D D
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Coloring Problem - Self-Attention

K o
¢
% a €R i V/d Scales the dot product for numerical
_[os i stability on the softmax function and
ap = softmax - ?)'j i balancing signal magnitudes with respect

to the dimensionality
/d’

T

softmax(z;) = Zte—()eg”
=

— a KTClo
ag = softmax ( NG )
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Coloring Problem - SeIf—Attention Heat Map

To generate vegetation’s color

Attention to each patch

To generate panda’s color

High
attention

Low
attention
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Why Dot Product for Similarity?

A

d’ Space
Dot product
k§ - qo = 35
ko qq ki -qo =22
kj -qo=4
k;

similar vectors — larger dot product

ko
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Coloring Problem

“Looking for panda’s query key

head color” D D

measure
similarity

| Attention |
- - - i Values |
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Coloring Problem - Value Matrix

Patch
projection (lcarned)
~tzg €RY L W, e R¥*d 2z 0 ER
y Detailed features such
- ; as borders, textures,
H colors, etc.

a drxd g @ ,

z1 €R H W, € R 1 Vi E_R 5 7 c Rtxd W, ERdxd V e Rtxd

1 Detailed features such
— — [] as borders, textures, :
H | colors, etc. e

H "
z€RY P W, eR¥*4 22y, c R4
Detailed features such
as borders, textures,
colors, etc.

e m

k; = Wyz; V =27ZW,
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Coloring Problem

“Looking for panda’s query key value

head color” D D D

measure
similarity

| Attention |
i Values |
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Coloring Problem - Hidden Representation

hir € RY VT ag hgt € RY hir patch
projection
def 0.5 hg
= [04] = 0.5+ 04[]+ 0.1 = MLP
0.1 H H
4 N :

Raw combination Features from  Features from patch with :

of features BW patch color patch generated color Rd — ]Re

hi® = VTa, hg't = MLP(hi")
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Nonlinear Transformation of Tokens - MLP

nonlinear

rojection
L xO < <@ <3 P o
hil hg

!
RRQ000000
8229609000

§4284333893
FEE T IEE

=
&

R x(1) = ReLU (W(M)x(L-D)
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Coloring Problem

“Looking for panda’s query key value

head color” D D D

measure
similarity
| Attention |
i Values |
linear

combination

nonlinear |
Transformation
(MLP)
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Coloring Problem - Q,K and V Matrices

ZeR™ W, e R Q e R™x&

Q K
e W, € R K ¢ R % A € Rixt
| _ % A = softmax = @
e RX" W, € Rixd Ve Rix4 t = # of patches

Q=17ZW, K = ZW, V =7ZW, A = softmax (QTK)
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Coloring Problem - Attention Map

Attention map

High patch )
attention i pI"O.]eCtIOn.\“

Low
attention

Patch Projection et MLP(H°"*)

H°"* = MLP(AV)
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Position in the Matrix Has no Influence

Vo vy \p) hi» € RY Vo \p) vy
0.5@4— 0.4@4— 0.1@ = = 0500+ 0.1@4—04@
| |
Compute Attention Compute Attention
Values Values

Compute Key Compute Value
Matrix Matrix

Compute Query

Matrix Matrix Matrix

Compute Query Compute Key ‘

Compute Value
Matrix




FSAN/ELEG815

Positional Embedding - Encode Position

» Solution: Add a positional vector to each patch projection.

patch Positional Positional encoded
projection Encoding patch projection
5 d
7y € R4 to € RY 70 €R
—_— + =
z; € RY t; € R? 2, €R?
—_— =+ frng
5 d
ZgGRd tQGRd 2 € R
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Positional embedding - Sinusoidal Waves

Ca - . 1 :
PE(Z, 2]) = s (100002]'/,1) where i is the position of the patch in the sequence, j for j =0,...,d
. is the dimension within the positional vector
PE(4,2j + 1) = cos : and d is the size of the positional vector.
(0:27+1) <100002J/d)

For each dimension of t;, there is a sinusoidal o “/' "\ /\ /\
wave with different frequency J= ‘ | \ i/ ) \ /
1 @ /
i ‘l
¢ b =sin <100002<0>/d> j=2 i s

i
«—— t;1 =cos (W)

P SRR TYETLETVERETIS

100002(1)/d
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Positional embedding - Sinusoidal Waves

» This function provides a large
number of vectors with a constant
distance between them, i.e.
|lt; — t;+1]|2 is constant for all i.

Position

Positional Encoding
Vector distance

5 10 15 20
Position

0.200

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000
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Attention Layer - Normalization

. , : . .
hi* € R VT a 2 hg't € RY hit  hid

= fnorm E]Z] + = fnorm MLP +

0.1
A A
.
Raw combination features of patch
of features with generated color

h%)n = fnorm(VTaO + ZO) hgut = anm,(N[LP(hg‘) + hb“)
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Sum & Norm ! 3 Sum & Norm
\ MLP } \ MLP

H» ? § H
A 1 : A

3 Sum & Norm <€——— | ! Sum & Norm <€———— |
| Attention Head ! : oowe
MatMul ; | : Concat

A [ R R B |

SoftAmax Attentlon Head ‘/ h
Scaled ! : S x
Dot-Product E ' ' W | ) W |
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Single Attention Layer -
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ARE

Mylti—Head Attention

for h = 2 (two heads)

Single Attention Layer -

Attention Head




Single Attention Layer -

FS:\N/ELEGSL‘B
Mu|t| Head Concat

for h = 2 (two heads)

[

MLP

; ﬁ% Zout E Rth,
MLP . i
Concat

'
¥

Concat
1 2
o i
o A
Attention Head :
' i Attention Head 1

A

Attention Head 2
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Sum & Norm ! 3 Sum & Norm
\ MLP } \ MLP

H» ? § H
A 1 : A

3 Sum & Norm <€——— | ! Sum & Norm <€———— |
| Attention Head ! : oowe
MatMul ; | : Concat

A [ R R B |

SoftAmax Attentlon Head ‘/ h
Scaled ! : S x
Dot-Product E ' ' W | ) W |




FSAN/ELEG815

A

Transformer BB
v >

T O
Patch Projection

4

Multi-Head Attention Layer N

A
Multi-Head Attention Layer 2
[}

Multi-Head Attention Layer 1

Positional @
Encoding

Patch Projection

-
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Vision Transformer - Reconstructing Masked Image

Ground Truth

Reconstruction Masked Image

75% 90% 98%
Mask Ratio
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