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Behold, a wild pi creature,
foraging in its native

Transformer

land

forest
country
habitat
forests

soil

» territory
woods

lands

waters

woodland
grass
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1.2 a7t (token)

s WAH, HITEEREE. BlEAFERNEINFRAS
A Convenient Lie

Let's

pretend

that

tokens

are always

simply words

The Truth

Thig process

known|
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ides words




1.3 i5F# A (embedding)

N
/|

FlE RIS E N @ E

Four SCOreQ and Sevel years ago oul
777

C+1.0 [+587] [+95] [-47] [-287 [+14 6.8
+4.3 +0.6 +5.9 +5.4 -1.2 ~1.2 ~7.7
+2.0 +1.3 -0.8 -0.9 +3.9 +9.7 +3.1
+0.9 +8.4 +5.6 +1.4 ~8.7 -7.9 ~7.2
-15 -85 ~7.6 -95 +3.3 -5.8 -6.0
+2.9 -8.2 +2.8 +2.3 +3.4 —6.7 2.6
-1.2 -95 -71 +2.2 ~5.7 +3.0 +6.4
+17.8 +6.6 +8.8 +2.3 -7.3 -4.9 -8.0

| 23] |+73] L-17] |+36] L-—27] L-51 -8.0
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Words

All
data
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deep
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vectors
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represented

Vectors

vectors
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E(aunt) - E(uncle) ~ E(woman) - E(man)
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ER(00)FER American shrew mole
6.02 x 10%°
~ =

One mole of carbon dioxide
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NI RERRE Take a biopsy of the mole



2.1 Bl1: ZXiF

c A—MANHBARRR—HYN, REEELTX

American [shrew|mole One||mole|jof|carbon dioxide| | |Take|la|biopsy| of [the|mole

[6.07] [0.47 [5.87] (527 |58 [58] [76] XN fi07 Tas1 T2l Fas1les rss

99 (.0 9.9 7.0 0] 8.7 7.0 99

2.5 2.5 0. 2.5

7.7 3.7 5.9 3.7 8.1 9.8 37

6.1 9.7 91 9.8 91 91 91

| _2:1_ | _2:1_ | | 1L | | | _2..1_

P A -
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2.1 $l1: X3
s ERNNSFTUFMALTXER, KiEEE@E
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2.1 5l1: % X5
o JUEENXE, ¥iR1EAEE + B2 = I8E R 0

mole
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2.1 611: £ X34
o JUIRX L, FEANGRTELREENIEE

American shrew mole
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2.1 $l1: ZX1d
» JUIRX L, EERAINFIBTELFIFENEE

One mole of carbon dioxide




2.2 f5l2: &4
« SFRNVIHIRE L T XEHO=
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2.2 f5l2: &4

o fNR“tower BIE LI T “Eiffel”, MLAERNYEINIZEFH @,
{5 5 5 Eiffel tower”. “Paris’#“France’ &< [aEEH*<

Eiffel Tower
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2.2 f5l2: &4

o MR “towerBiE LI T “miniature”, FPABMENIZIH—F FH,

B 5 large" f1“tall" FE M2 HH %

Miniature Eiffel Tower
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2.3 fl3: KETX
- FlIEKEHEE/NNEF, ZEEBNEEXF

Short distance Long distance

Harry Potter was a highly unusual boy in many ways. For one thing, he hated

the summet-ho ¢s more than any other time of year. For another, he really
wanted to do his vork but was forced to do it in secret, in the dead of
night. And he alsg® dyed to izard.

Itwaanea.rlym.i o/ ing on his stomach in bed, the
blankets drawn right over l.i.kea,aﬂashlight.innnehandanda
large leather-bound book (A C agic\by Bathilda Bagshot) propped
open against the pillow. H thahpfhxsgagle—ﬁaatharqmlldnwn

the page, fmwningaahel ) @ g that would help him write his
i par v Was Completely Pointless

discuss."
The quill paused at the aragraph. Harry Pushed
his round glasses up the H is flashlight closer to the
‘book, and read:
Non-magic people (more ggles) were particularly
afraid of magic in medievy g at recognizing it. On
. the rare occasion that theyi epl witch/or wizard, burning had no
effect whatsoever. The witc i w erform a basic Flame Freezing
I I Ierlcal I S re UV l I IO e Charm and then pretend to qgriek wi : e enjoying a gentle, tickling
sensation. Indeed, Wendelin ird enj g burned so much that she
allowed herself to be caught no en times in various disguises,
Harry put his quill between his “eeth/ard reached underneath his pillow

¢ Slowly and very carefully he
unscrewed the ink bottle, dipped his et into it, and begen to write, peusing

every now and then to listen, ifanyofthﬂDum]ethaﬂ.rdthesﬂutuhmg
of his quill on their way to t! throom, he'd probably find himself locked in
the cupboard under the staigffor the rest of the summer.

The Dursley family fibmber four, Privet Drive, was the reason that
Harry never enjoyed mmer holidays. Uncle Vernon, Aunt Petunia, and

’s only living relatives. They were Muggles, and
amtud.e toward magic. Harry’s dead parents, who
vizard themselves, were never mentioned under the
, Aunt Petunia and Uncle Vernon had hoped that if

they kept Harry as i trodden as possible, they would be able to squash the
‘magic out of him. thei ﬁn,thﬂyhﬂdheenumumesafnl These days they
lived in terror of an finding out that Harry had spent most of the last two
years at Hogwarts ool of Witcheraft and Wizardry. Themnsttheyocm]ddo

This separation from ‘his spellbooks had been a real problem for Harry,
because his teachers at Hogwarts had given him a lot of holiday work. One of
the essays, a particularly nasty one about shrinking potions, was for Harry's
least favorite teacher, Professor
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KETX
ZR1JL™ME, e
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ﬁ XE E]lj é_LI-S'TE PN

The guests were Adam, Jonathan's business

partner; Bella. Jonath estranged sister;
Claire, the caretaker of the mansion; and
Derek, 4 old college friend. Sarah began ler
invesigation. ngting the mnddy footprint

thay/led to Jophthan's room. the abser

sgbbing. Cléire's nervous fidgeting, and
/ /
erek’s cofm démpbangr.

hrl Ifusized ) 1t hig alibi was solid, ha

‘y\c n Ui crgfvded living r
,/'é’( u wr elfua/ despite he rangement.
lv \y1 7(1( fsediy ou the opposite side of the

sioff Clire had ageess to all nml\<~ but

gny/Mmopive. Derek, however, had\been

fouglyAbscur. his whercabouts
huded for,

fc Bibi." She said, as the storm

AR Re orfmson
\ d
"\ { fudpw wite

oply o

of dusk poured

rew ff the window. whily af
e e secoud. key was il

N\
Il

+3.4

+4.1

+0.7
-19

0.8

-238 |

Adiin's yaingbat, Bella's uncontrollable N

i Adand Yad fug given the recent xtnpnrw-n\u

m when the nuu'do._r

5 i fhas wiyht on the surface appears| i

Af you could have knofh
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2.3 %13: KETX
« MMEEBEK., Fiz. EFENLTXER
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ﬂ:b'fm /L:\E—

/

Fl&a—

™aE £,

7
9.7
42
8.7
0.1

0.3
5.8
3.1

| 25 |

SERLXT

3.2
(-2
5.6
7.8
82
8.3
41

28]

0.8
5.4
3.5
9.8
0.1

6.1

X" YT

( the Il 8.82%
probably W 4.37%
John B 4.04%
Sir B 3.66%
Albert B 3.63%
Ber W 3.31%
a W 2.90%

Isaac B 2.01%
undoubtedly [ 1.58%
arguably I 1.33%
Im I 116%
Einstein [ 1.13%
Ludwig I 1.04%

......
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3.1 RN H YL =B

a fluffy blue creature roamed the verdant forest
—REFHEN KE £ BST B WEEEN T
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3.1 FR NS B & =B

» BRERBEBHRNRROHE
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A\

a|tluffy

blue \ creature roamed the
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3.1 FR NS B & =B

o JHETARZEEEAEIT

12,288 <

a|fluffy | blue|creature /roamed the|verdant forest

[9.7] 267 3.6 5.6 [1.6] [9.77]

71 5.2 7.9 (4 4.3 4.3 11 4.6

6.0 5.6 4.6 4.5 6.9 9.8 6.5 9.7

5.4 9.2 7.7 5.6 0.6 1.0 1.4 6.0

4.2 0.7 1.2 0.2 6.6 21 1.9 7.3

6.4 0.9 6.3 6.1 6.6 1.6 3.7 0.4

43 0.2 14 6.1 21 6.5 8.1 2.8

8.8 8.2 94 6.1 13 2.5 1.0 1.2

3.8 | 8.6 | 4.1 | 6.8 | 3.6 | 2.4 [ 1.0 ] | 1.2 |

27



3.1 FR NS B & =B

- BN, NEERBERENTHRARE

Wi'd WEW § TR W
¥ T
1] -

Position

12,288 <

L

a|fluffy|blue|creature|roamed|the|verdant forest
1 2 3 4 5 6 7 8
541 [317 [0.27] (8.2 [3.6] 5.6 ] (5.7 Ekd
yal 41 3.2 0.0 4.3 4.3 2.2 5.8
6.0 0.6 6.6 6.7 6.9 9.8 94 8.7
5.4 6.9 1.3 2.7 0.6 1.0 4.4 6.9
4.2 5.6 71 T3 6.6 2.1 8.4 72
6.4 2.6 29 9.5 6.6 1.6 6.9 5.0
4.3 52 1.8 2.5 21 6.5 2.9 95
8.8 09 5.8 L% ¢ 1.3 2.5 8.1 6.4
3:8_ 5:7_ _0'.2 _5:9_ _3j6_ _2?4_ _3t9_ _4..2_
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« IR HERE
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3.1 FR NS B & =B
» REFIH, BAIREXRBEFETERIUXLETIRE
- XEEEESNETIATHNSE, RIANE R

\rf Y o
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r 3 g'f‘-! I @5!}
% L €

fluffy | blue creature|roamed the|verdant|forest

R T S T T
E

1 Es Ez3 Ey Es Eg E; Eg
1

1 1 1 1 1 1

—426 ] [81 -10 -73 -18 -T4 -07 +67 -T3 -2 1 e 4887 [[455 [ -426 [50a] [20] [ [Ee7] 23] (23] (o] == [Ga3)
272 Co5] 2] Fea] 2] [eo] [Esl o) Fss] 23] +67 -+ 25| ([ 305 52 +61 32 60 +56 +62 +56 +13 +6T ov +28
+1322 +02 94 60 -82 +85 +0.3 +05 +88 - 1 2 A .

5| |G
o| =2
| |
o| 1=

4 4 i 1 1
—/ —/ —/ —/ —/
| DY O E;: E; E-




3.1 FR NS B & =B

o FBREIH, XMFE

FHY D

« RIEZE]

\ /

J
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72 T
L
a|fluffy|blue|creature|roamed|the[verdant forest
L T T
E E«‘L E; E; E; Eg
B, B, By By By By B, Fa
A

Es E; B
iy This is a made-up
motivating example

AN
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3.2 &1 (Query)
- B4, ZBEEHET—NEE EFiE (Query, EEBAHQ)

Any adjectives | ZEHK B EH B
in front of me? | & HE?

e

creature

3 Ky E; Eg E; Eg

33



3.2 &if
- EE,

cRIFAH T EE

7 (Key, ™5 AHK)

I am!

flutty | blue|
.
E, E, Ej

(Any adjectivesj

creature

l

E,

E T aml J in front of me?
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3.2 &Eiff
* ARG T — P EIEZQ;

flutfy|blue|creature

Lol L

El E2 E3 E A E5 E6 E7
Query 5| Ao

| «—
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3.2 &1
o oAU RILA T — e =EQ;

fluffy|blue creature
L A
E; Ey E; Ey4 E; Eg Er
Query o Any adjectives

5.5

128-dimensional | |ss| in front of me?

[ 95

]| «—
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3.2 &if
¢ Q;[m=EH—"T1XE

I 1 1 1

— — — —

E; E; E3 E

l

[+3106 ]
-95.2

Query 21

-152.0
128-dimensional | [-is2

|-127 ]

Wq

L

5 FEFEW, S#A R EE; B3k

fluffy|blue|creature]

A= E
==

!

By

!
E

6

Any adjectives
in front of me?

”
[+75 -32 +91 -53 +89 -+87 +59 +26 +74 -41 --- +23
-96 -30 -70 +95 -04 01 +28 -26 -72 +64 -
-5 -80 +72 +94 +91 +80 +54 -33 -83 18 -+ -73
88 +45 -9.7 +54 -70 -83 -81 34 -50 16 -+ 471
+4.5

L -9.0

-45 -73 -88 -39 —-47 -09 +36 +39 -43 ---

+5.9 -84 3.8 +9.1 29 -92 14 .-

—6.3

E,

[297
24
10
02
92
6.6
7.8
2.8
5.8
06

[+310.6 ]

| 127

197 ]

—95.2
-21
-152.0
-123.2

=l ¢—

| 4=
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3.2 &if
¢ Q;[m=EH—"T1XE

s FB W SR [ EEH RS E

fluffy

blue|creature]

!

By

—

Ey

LLL L
E

Eza E,

Waq

| €
=l ¢

Any adjectives
in front of me?

+7.5
-9.6

8.8
+4.5

| 9.0

[297 Q
|24 4
- 1.0 - -
32 +91 -53 +89 +87 +59 +26 +74 -41 -+ 423 +310.6
0.2
-30 -70 495 04 01 +28 -26 -72 +64 - . -95.2
-55 -80 +72 +94 +91 +80 +54 -33 -83 -18 .-+ -7.3 6'6 -21
+45 -97 +54 -70 -83 -81 +34 -50 -16 -+ +71 7'8 = | -1520
-45 -73 -88 -39 -47 09 +36 +39 43 --- -63 ’ -123.2
‘ ; ) ‘ . q . i " . 2.8 .
; : : : : : : . & £ :
159 -84 38 +15 491 +29 -92 -14 --- I | 127 |
Al
L 9.7 ]

| ¢—
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3.2 &if
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= A g~

EtaJ

L +HNE
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3.2 &if

BWo 55 /\HM\ﬁEEﬂ‘Ei ?E'E'JRQE’\JQL-IE%
y WQTIE%*XE :

SEIRY

|ILIJ|\

a|fluffy|blue|creature|roamed|the[verdant|forest
AN T A
B, B, By By, TBr B; B, By
N A

Sie

Qr

ol
Ol

_’
3 Q4
Any adjectives
in front of me?

Ol
Ol

—
1 QZ

—
Wao W] o
29 Q
A
7~ Y 24 Z
1.0
+75 491 -53 489 +87 +59 2.3 s 310.6
9.6 70 495 )1 +28 6 9; 95.2
80 +72 +94 +9 80 +54 3 3 6'6 21
838 97 +54 83 -81 7‘8 = 152.0
5 73 -88 09 3 ) 123.2
........... 28 i
............ £8 :
9.0 8 +91 ) . -127
5
1 9.7 |




3.2 &if

« WoBI1ER:

RN ERA @ EZEE],
BNt B B E < BT e

RGT | 8/

i), I A ERY

Embedding space

12,288-dimens

ional

“Creature”’

|f§|‘ "

275181 2
a|fluffy|blue|creature|roamed|the|verdant forest
T
E, E; E3 E4 E; E; BE; Eg
lWQ luQ lUQ luQ lWQ an an an
61 (32 63 64 65 66 67 68

Query/Key space

128-dimensional

|
|
|
|

Any adjectives
before position 47

=)
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3.3% (Key)

. SEE AR R EE (Key,

BSHK)

. Ko, B MREEREW, SE— MR RIERED

3]

fluffy

blue

Wi
— —
—E — K,
Wi
— —
—E, — K,
Wi
— —
—E; — K;j

Wi

creature —’E4 — K,

roamed

- W

9

fluffy|blue|creature|{roamed

verdant | forest
Lo
E7 Eg

Vo l”@ l” Q
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3.3 4

. TR A QIR R A E

fluffy

blue

creature
E,
b
Qy
[I'm an adjectiveq
I'm there! Any adjectives
/ in front of me?
— Wi =
—E, — K,

- "
—PE3 —> K3

I'm an adjective!
I'm there!
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3.3
« Wir{EAMNE

[T

. thE

\

\

ZXSEN

creature
ol DLBA ata~ 7 % lWQ
R,
l) *Va (1 a] . iy
( Qy
I'm an adjective!
['m there! Any adjectives
in front of me?
— (W _,
fluffy 5 K,
Wi
blue| > E, — K

I'm an adjective!
I'm there!
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3.3 4

« WieHI1ER: BRIEAMTZARERE, BRHEER/ERE, EI X EEEE N
o RNELBIA I fluffy, BFERE, TE2S4,

creature
pR—y
E,4
2
_)
Qy
Embedding space Query/Key space
Wi 12,288-dimensional 128-dimensional
— —
fluffy |— s = K,
LW Fl.u.ffy
blue —_ 3 _’ K3 position

WK;

Adjective at
position 2
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3.34
o JUE LB RET SR TREFNMN, NESEEEETE—E

“Creature”

Any adjectives
before position 47

Embedding space Query/Key space
Wi 12,288-dimensional 128-dimensional
— —
fluffy] > &, — K,
¢ ’9
bl = o E}Efiyz
ue| =+ E; — K = Wk
—— . —— t:ivrr“'~'7\;‘ % /

Adjective at
position 2
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3.34
o JUE LB RET SR TREFNMN, NESEEEETE—E

“Creature”

Waq

A
4

Any adjectives
before position 47

Embedding space Query/Key space
Wi 12,288-dimensional 128-dimensional
— —
fluffy| > E, — K,
(43 29
blue — e E} I_{ ]5}11111({{},2 W
E3 3 e ’" =———— ;'; s K >

Adjective at
position 2
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s HEE—XQ;. KEEZENAR

[luffy]  [blue|] [creature| [roamed] [verdant| [forest]
DTTTTTIT T
E; E, E; Ey E; Eg E; Eg
Jl)""‘;’ va 13-'0 LI Jin Lv(g b:; ) le@
— — — — — — — —

Q | Q | Q | Q | Q5 | Q¢ | Q7 | Qg

— Wk — —_ = - = — = — = - = —_ = - = —_ =
@_}El _’ Ky Ki'Q | Ki'Q | Ki'Qz | Ki'Qy | Ki'Qs | Ki'Qg | Ki°Qy | Ki'Qg

g Wi —2 - = — = — = - = - = - = - = - =
-}EQ —’ K, Ko'Q | Ko'Qy | Ko Qg | Ko'Qy | Ko'Qp | Ko Qg | Ko Qp | K- Qg
g Wi — = =h EP— — = - = [EP—Y P - = - =+
[blue| = E; =P K; | K@ | Ko, | Ro'@y | Koe@y | Koo@s | Koo@y | Koo @y | Ky @y

g Wi - O — J— [ - = - = —_ = O — =
_}Ea‘l — Ky | Ka'Q | Ki'Qy | Ki°Qp | KioQq | Kot Qs | Ki'Qs | Kot Qr | K40 Qg
g Wi — - = - = - = - = - = - = - = - =
[roamed| = E; = K; | -G | K@, | K@y | Be@, | &ooGy | %Gy | %Gy | K5-Gs
g Wi — T — = — = - = — = - = — = —_ -
_’Eﬁ — Kg | Ke'Q | Ke'Q; | Ke'Q3 | Ke'Qu | Ke' Q5 | Kg'Qs | Ko Q7 | Kg'Qg

=g Wi == —- = - = JEP— — = [EPE—Y - = - = — =
[verdant| 3 E; = K; | &G | %@, | &G | %@, | ReG | %G | Ree@r | KT
g Wk - — = e — = — = e e - = - =
_}ES _} Kg | Ke'Q | Ke'Q | Ke'Qp | Ke'Q | Ks*Qs | Ks*Qg | K5 Qp | Ks° Qg

49



3.4 3 FE N
c REMEREKR, Q;5KMEANF

[fluffy]  [blue] [creature| [roamed] [verdant] |forest|

LT T T
E, | D) E; Ey E; Eg E- By
h’@ Wo JIVQ lim o JlVQ b@ bVQ 11%
61 62 64 65 66 Q’T Q’S

K, *Q; m7

[=]
1
<t
s
a}
®

il
£l

®00 -~
w

=L =l 6

226

K

5| @@

e

£ £l I

K

[ ]

S| ¥

)

o
1
i
l
ol
&

Al
foll

AL
“®
Ol
=

&d
Mty &, = &, | < | @
@
&

i
2
/]
2

L
)
!
w
£
all
fall

@

=)
©
o
E
=N
1
=
~l
(o]
=
: 900
o
® 2O
Al
L1
Al
@
"l
Ll

=L

¢ @
=
£
=
2
=

° | e

3
=
H
d
=

[o's)
IE
A
oo
0
i
e
il
=11
!
2
L
fall
al!
=Tl




34 FEN
o AXFIF, Fidcreaturefforest?E & B & IH1aluffy. blueld X
verdant_E B 23 KA K7

[fluffy]  [blue] [creature| [roamed] [verdant] [forest|

1 1114 1 |1

— — — -

E, | E; | E,

Ol Pl
3
c@i{?c@lh

— Wi — o L I . - . . .

@_’El —_ K, Ki*Q, | K®Q, | K/®Q; | K;*Q, | K/®Q Ki*Qs | Ki*Q; | K/®Qyq

=3 Wk — — _ = — = — = — = — = - = —

fluffy _’EQ — Ky K®Q, | K8Q, | K8Q; 'J K.,®Q; | K/@Q; | K:*Q K,®Qy

- W = -
[blue|= E, = K; | K03, | K04, | K8,

Il
7l
T
Ial]
=~
®
fall
=
[ ]
fall
=
[ d
I}

Wi
- — — — — — — — — — — — — — — — — —
creature _’E4 _b K4 K*Q K.®Q, K.®Q, K,*Qy K,®Q; K 8Q; K, Q, K,®Qq
— Wk = =) — — — — — — — =3 — — — — — — —
roamed - E5 _’ K5 K;5°Q, K@Q, K 0Q; K@Q, Ks5*Q; K@Q; K;5*Q; K@8Q,

+ - + - »
KH.QS Kf?.Q[i Kn.Q.'

oL
=
®
)
®
£

— Wi — N )
*Eb q K6 Kn.Ql Kq®*Q,

K;*Qy
— Wk — 3 — 5 — » » » > > =4 3 3 4 =4
—’ | D — K; | K®Q, | K®Q, | K;*Q; | Ki*Qq | K;*Q; | K;*Q; | K@Q; .

=l
®
ial}
=
I.
L
il
®
o
L
}.
i
Z
®
o
=L
[ J
L
il
/.
Eall

[forest| = B, — Ky | oG




34 3F=AN

 fluffyFbluefyiadx N F=Z (attend to) “creatureRyia#r A\

fcroature

fluffy

blue

52



34 3F=AN

 fluffyFbluefyiadx N F=Z (attend to) “creatureRyia#r A\

“Attend to”’

/~

/

[creature|

fluffy

blue

53



34 FFN
« Mk, BRERMNERE/), WFEIETE

_}
| D
e
—_—
Qy
° [ o
® @ )

the —DE’G — K, ° . . -31.4




3.5 R IER
- MHETIEF B AFREABRAGDEEFTNNE

In a minute...

=
E,
~ W -+
-’ E; —V’ ‘71 0.00
- Wy, ‘ ‘ +_,
I@l-’ EQ _’ VQ 042 V,
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- Wy, o ‘ +
oamed|=} E, = V/, 0.00
- Wy, ‘ ‘ +
the -’Eﬁ —’ Vg 0.00
- W V ‘ +
verdant -’ET —’ Vz 0.00
- Wy, ' +
forest|=) E, == 7/, 0.00




35 FRER
« AEEBH#ITIH—L: B AHEEREMA—

|creature| |roamed| [verdant] [forest|
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roamed|— E‘} Ks . ° °
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[Verdat| - &, — &, o0
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Unnormalized

Attention Pattern

4ok A— LA E R A HERAERER T = AR S —oo

Normalized
Attention Pattern

+3.53|4+0.80| +1.96 |+4.48 +3.74| —1.95

—00 | —-0.30 —0.21 | +0.82|+0.29 | +2.91

—00 | —00 |+0.89|+0.67 | +2.99| -0.41| softmax
>

—00 | —00 | —00 | +1.31 |+1.73| —1.48

—00 | —00 | —00 | —00 [+3.07|+2.94

—00 | —00 | —00 | —00 | —00 | +0.31
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o FEERSfEsoftmaxE EBE 00, BARET R AR BRIA—LEK

Unnormalized

Attention Pattern

Normalized

Attention Pattern

+3.53 |+0.80 | +1.96 |+4.48|+3.74| —1.95 1.00 | 0.75 | 0.69 | 0.92 | 0.46 | 0.00

—00 [ —-0.30 | —0.21 | +0.82|4+0.29 | +2.91 0.00 | 0.25 | 0.08 | 0.02 | 0.01 | 0.46

—00 | —00 |+0.89|+0.67|+2.99|-0.41 Softmax 0.00 | 0.00 | 024 | 0.02 | 0.22 | 0.02
¥
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—00 | —00 | —00 | —00 | —00 |+0.31 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03
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—00 (-0.30| -0.21 | +0.82(+0.29 | +2.91 0.00 | 025 | 0.08 | 0.02 | 0.01 | 0.46
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—00 | —00 | —00 [ +1.31 (+1.73 | 148 i 0.00 | 0.00 | 0.00 | 0.04 | 0.06 | 0.01

—00 | —00 | —00 | —00 [+3.07|+2.94 0.00 | 0.00 | 0.00 | 0.00 | 0:24 | 048 . .

=00 | =00 | =00 | =00 | —00 (+0.31 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 Th].S ].S Called

““masking’’
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Sparse Attention Mechanisms

Blockwise Attention
Linformer
Reformer

Ring attention
Longformer

Adaptive Attention Span
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flufty creature

Lo

+9.2 7.6
23 +28
158 71
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+13 +0.4 E :
+8.4 17 '
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5.1 EFRYJLAE X
« F{EZERE (value matrix) Wy e iz ANa=, SE1E (value ) A=

fluffy creature
[+9.27] [-7.67
-23 +2.8
+5.8 -71
+0.6 +8.8
+13 +0.4
+84 -1.7
[ 82 [ a7 ]
% V
_A"
' N\
[-36 -17 -86 +38 +13 -46 --- -80] 1
+15 +85 -36 +33 -7.3 +43 --- 63 |
F1.7 -95 +65 —98 +35 —46 .-+ +9.2 \) alue '
-50 +15 +18 +14 -55 490 .-+ +69
+39 40 +62 -20 +75 +16 --- +38 M .
+4.5 +9.0 +29 -15 +21 --- -39 atrlx
| +15 +30 +30 -14 +79 -26 --- +78]
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5.1 EFHJLIEAEX

e Ex Nla=, S5E/E (value) [E=

« A{EZEPE (value matrix) Wy 3
fluffy creature
[+9.27] [-7.6]
-23 +2.8
+5.8 =71
+0.6 +8.8
+1.3 +0.4
+8.4 —-1.7
| 82 a7
” V
A
I Y
(36 -17 -86 +38 4.6 80 1[+9.27
1.5 +85 -36 +33 -73 +43 63 || —23
1.7 —95 +65 —98 +35 —46 +92 || +5.8
-5.0 1.8 -55 490 +69 || +06
+39 -40 +62 -20 +75 +16 +38 || +1.3
+4.5 +9.0 +29 -15 +21I -39 || +84
+3.0 +30 -14 +79 -26 +78 ][ -82 ]
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+89.3
—80.2
-17.8
+7.3
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~41.0 |

Value
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* BRAMEHERE=-EHFHRARE

blue fluffy|creature
[+107] [+9.27 [—76]
+4.3 -23 +2.8
+2.0 +5.8 -71
+0.9 +0.6 +8.8
-15 +1.3 +0.4
+2.9 +8.4 —-1.7
[ 75 | 82 a7
[[ V
A
I N
36 -17 -86 +38 4.6 80| +1.07
+15 +85 -36 +33 -73 +43 -6.3 || +43
1.7 —95 +65 —-98 +35 —46 +92 || +20
-5.0 , +1.8 +14 -55 +9.0 +6.9 || +0.9
+39 -40 +62 20 +75 +16 +38 || -15
+45 +9.0 +29 -15 +21 -39 || +29
| 1.5 +30 +30 -14 +79 -26 +78 | +7.8
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] [fuffy]  [blue] [creature| [ronmed] [verdant]  [forest]
Attention | T T E T
Patten » b P P E L LT
Q Q Q Q | Q | Q | Q Qg
[a]=E, = K, . . E . o . . o
[fluffy| = E, EP K, . . . . ° . o
[blue— &, — &, ® ¢ - - | - -
[creature] = B, — &, ol e | e | - .
roamed|— E; E" Ks . o : °
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[Verdat| - &, — i, C N )
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Value ma,t riX [fluffy] [blue| |[creature| |[roamed| [the| |[verdant| |forest|
. PT T T
|4 E, E, E; E; E; E; E- Eg

[a|l = E, — . o o . ° . . ®

[uffy] - E, — . o

o
blue|—= £, — o o - - - -

creature —}ﬁ M 4 > ° ) . °
roamed|— E, — . Y . ®
the —»ﬁG —_) . ®

[verdant] = &, — C A )

forest —DE’S —_ .
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Value ma,t riX (fluffy| |blue| |creature| |roamed| |the| ||verdant| forest|
W oL
Vv E, E, E; E,4 E; E; @ E: Eq
— 4 —
a| = E, — V; . o ® . ® . . °
— W —
fluffy —E, - V, . ® . o ° o
- W —
blue| = E, — Vs . O o . . °
- Wy
creature| =g, —» V, > ° ) . °
- W —
roamed |— E —V} Vs . ® . °
— W —
the| = E —V} Vi . )
- W
[verdant|— &, — ¥, C M
- W
forest| > E; —» Vy .
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B EHILE
‘ X INER=
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EARIBIKN,

« RIEFE

W l
I'lX i
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Value
0.00
%4
Wy o,
Wy
|ﬂuffy —DE’2 - V, -
Wv
blue| 4 E, — V, -
Wv o,
creature —}E’4 — V, -
Wy
roamed —DE’5 - V5 =
the —PEG VE} \_;6 -
- Wy
- B 0.00
rdant|— E-
ve - ‘—[’8
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DK, SHEFTISCKF, S5

Value matrix

-+ R

==
/E/%\

AR EBNEIIEE

=]

l

Wy E,
[a|l = E, vﬁb Vi 0.00 V,
[uffy]— &, — 7, a2l
blue|— &, — ¥, 0.58] V5
creature = E i \_['4 0.00 V,
[roamed| = E s Vs 0.00 V-
the| = E il \76 0.00 Vy
—DE’T ﬁ} \77 0.00 V-
forest —DE’S &} \_/"8 0.00 Vs
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DK, SHEFTISCKF, S5

Value matrix

-+ R

==
/E/%\

AR EBNEIIEE

=]

l

Wy E,
a| = E, VE’ Vi [0.00]V,
[fluffy| = E, il V, 0.42 V,
blue|— E, il \_/"3 0.58 V3
creature = | i \_['4 0.00]V,
[roamed| = E, il Vs 0.00]V
the|— E, il Ve [0.00] V4
—DE’T ﬁ} \77 0.00] V-
forest —bE’S E} \—/"8 OIR%
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4
—
E4
S Wy i
@—bE] —V’ Vv 0.00 ’
- Wy, 5 . +—.
[fluffy|= E, =3 V, 0.42 V,
— | _+__‘
[blue|= E; =) V; 058 V;
T
— Wy — T
et E, 2 7,
e
— Wy, — v
[roamed|=) E; = V; 0.00
e
- Wy, T
[the| = E, == Ve 0.00
e
- Wy, T
[t 5, 24 ¥,
L
- Wy, T
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I

1
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- FEirmAmE (E) = #@®A@E (E) + EHigEs (AE;)

— Wy, — l
-’El — Vi 0.00 T E
4
L W T 4
[fluffy|= £, _V’ v, 042 V; —|—
€
— W i —
[bluc|= &; = ¥ 058 V; AE,
L
[reatine] 5, 2 7,
1
_ W T
[roamed| =) E; _V' v'gj 0.00
1
_ Wy N
—)Eﬁ —V} Vs 0.00
+
- W -
erdat] B, = 7,
+
- Wy, o
(forest| = &, _V’ Vs 0.00
I
—

=



5.2 BRAREEHN

- BEFBRA@E (E) = H&ARE (E) + EFEE

=]

(AE;)

“9‘
1
E,4
S Wy o i
@-’E] —V’ A\ 0.00
—y WW = +
[fuffy|= E, =) V, 042 Vs
WV — +—.
[blue|=) E, = V, 058 V,
, 8 T
W —b
(reature+F, 2 7, |
- ‘
W
Foamsd 5, = 7
. .
W,
-’E( —V' Ve 0.00
- |
Wv,
R B, 2 7,
Wy, B I
o 5, 29 ¥,

Bi=
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5.2 BRAREEHN

© XEMETTEEI TR EH

[fluffy] | [blue| Jcreature] I[m verdant
Ll fLfefefefey
E,| E;x| Es| E, | E5s | Es| E; | Esg
W
E]-)E’J —V’ \_/'1 1.00 V;  0.00 0.00 V, J0.00 V, J0.00 0.00 0.00 0.00
- +t+t+1t+Ft+1+F+ 1+
—}]:])2 —} \_['2 0.00 V, | 1.00 ¥, J0.00 V., Jo.42 ¥, J0.00 0.00 0.00 0.00 \
= + + 1+ -+t
—}E’.s —} {;3 0.00 V; §0.00 1.00 Vg 0.58 {;3 0.00 7 0.00 0.00 V3 [0.00
= 1+ 1+ 11 +1+t1 1+
— V\, —
—)E4 —’ V4 000 0.00 0.00 0.00 V, 10.00 0.00 0.00 0.00
M| 1 ] | = M| Sl 1
— . T LN T L N N T N
—}ES —} V5 0.00 0.00 0.00 0.00 0.01 0.00 0.00 V5 0.00 Y
1 1 1 i 1 1 1 1 1
., P T T T i T_‘ T_‘ T‘ T
-’EG — Ve [0.00 Vi Jo.0o Vi, Jo.0o Vi fo.00 0.99 Vg | 1.00 Vg J0.00 V; f0.00
1 1 L i 1 1 | 1
— . L LN e T LN L L T_‘
—)ET —} V7 000 0.00 V; §0.00 0.00 V; §0.00 Y 0.00 V-, |1.00 \7'7 1.00 V,
1 1 1 AL 1 1 | 1 1
—, Wy s T T T LS T T T T
—}ES —’ Vg [0.00 0.00 V 0.00 0.00 0.00 0.00 0.00 0.00
I I | | I I | I

AE, AE, AE; AE, AE; AE; AE, AFEg
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5.2 BRAREEHN

« XEMETTENHTT

XA A T

[Huffy] ) [ | e [
— — — — — — —
E | E | EB|E |E | E| E | Es
Wy,
— — -
E; —’ Vi 100 vy jo.oo 0.00 0.00 0.00 (.00 0.00 0.00
1 - 1 1 1 i
W | ] I ] I | I 1
— Vi — = o
Es —} Vo 000 100 V3 000 042 V4 10.00 0.00 0.00 0.00
- 1 1 . - - . 4
Wi ! ! I I I ! I I
s Vi = -
E; —’ V3 000 0.00 1.00 V3 §0.58 V3 | 0.00 0.00 0.00 0.00
| | ] ] ] | | |
Wi i | T LN T LN T L
— Vi =
Ey —’ V4 000 ).00 0.00 0.00 0.00 0.00 0.00 0.00
] | ] | | ] | ]
wh L T T Ll Ll L L T
— VN —
Es —} Vi Jooo 0.00 0.00 0.00 0.01 0.00 0.00 0.00
= +t+1+1+1F+ 1+
— Vi — — —
I —’ V6 (.00 0.00 0.00 0.00 0.99 Vg | 100 Vg J0.00 (.00
1 1 1 1 1 1 1 1
W | I I ] I | I 1
— Vi = — —
; =y, Jooo v, Jooo v, Jooo V. Joso V. fooo v Jooo V; fr00 ¥ froo ¥,
] ] | | l ] | ]
Wi Ll T T LN LN Bl e T
— Vi =
] —’ 'VS 0.00 ).00 0.00 0.00 0.00 0.00 0.00 (.00
| | I I | I [ |
—_ — — —_ — — — —
AE; AE; AE; AE; AE; AEg AE; AEg

+ + + + + 4+ 4+ +
AE, AE, AE; AE, AE; AE; AE, AEg
1 | | A | R | B |

—/ —/ —/ —/ —/ —/ —/ —/
E, E, E; E, E E; E; Eg
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szﬁAEEE%

BARR, BRI —RIEBHN =]
. 1 I T Y BX
ALtk R, RBEE—RIEBHIGRARE
iy ) [ | e [
) [ R i o )
E | E2 | Es| Es | E5 | Eg| E7 | Eg
Wy .
E’J, —’ ‘_/’1 100 V; J0.00 0.00 0.00 0.00 0.00 0.00 0.00
+—++F++1t+1+ u +—1+
Wy, - ;.
E, —} \72 0.00 100 V5 Jo.00 0.42 V, Jo.00 0.00 0.00 0.00 ﬁ E E’ E
N e B B R B B B 1 2 s 4
— Wy - -
E; == V5 Jooo v Jooo v Jroo ¥ Joss ¥ Jooo v Jooo v Jooo v foo _|_ _|_ _|_ _I_
l | ! ! | l | l
L We T T T T I il i 1 — — — —
E,y —’ V4 Jooo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 AEl AEQ AE3 AE4
- +—t+—++t++++1+1+1+
— Vi —
E;J —’ V5 0.00 0.00 0.00 0.00 0.01 (.00 0.00 0.00
o Wv, + "‘ _|‘ _|_ + "‘ —/ —/ -/ —/
6 —’ Vg o0 0.00 0.00 0.00 0.99 {;6 1.00 \75 0.00 0.00 El EQ E3 E4
1 1 1 1 i 1 1 1
W I T T T I I 1 ]
— V) —_ ) — —
7 —’ V7 0.00 0.00 0.00 0.00 0.00 0.00 1.00 V7 §1.00 V,
- +—t++4+t++t++t++1++1++
— Vi —
Eg —} Vs [ooo 0.00 0.00 0.00 0.0( 0.00 0.00 0.00
| | I I | I | I
— — — — — — — —
JAN D) 9 AE; AEs AE; AEg AE; AEg
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5.2 BRAREEHN
o U EAERIIERA —K

One head of attention

[Blue] fereature] [[roamed] | [fhe| |fverdant] | [forest]
TR EaE
E, E, E; | E4 Es Eq | Ef Eg
E] W4 _‘1 1.00 \71 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I | I ! | | | |
. Wy o ‘ = ‘ - : ! : I — — — — — — — —
E.z—’ 9 000 100 V, J0.00 0.42 V, fo.0 0.00 0.00 0.00
L) ) N Y Y i P
IE;4 V3 Jooo 1.0 100 V; 058 V5 Jo.00 0.00 in 0.00
E_1 q V4 00 .00 .00 0.00 0.00 0.00 0.00 0.00 AE] AE‘Z AE3 AE4 AES AEG AE7 AES
W 1 1 1 1 I I I I
Es —} 5 Jooo 0.00 .00 0.00 0.01 0.00 0.00 0.00 || || ” || || “ || “
Wy + + + + + + + + —/ —/ —/ —/ —/ —/ —/ —/
_‘h' —' {.‘"6 0.00 ] .00 0.00 0.99 ‘75 1.00 \-{"G 0.00 0.00 E1 E2 Eg El ET'J E(‘] E? Eg
- ~1-1-t1t=-1+t+1+1+
ﬁ.‘. —' {;T 0.00 ).00 0.00 0.00 0.00 0.00 1.00 V'; 1.00 V7
= +—4+—t++ -+t +t++t+t++—t+—
s q {;B 0.00 0.00 ).0¢ 0.00 0.00 0.00 0.00 0.00
I I I Il I I I I

AR, AE, AE; AE, AE; AEg AE;, AEg




5.2 RABEEH
g FPIRAREFHINEE LR, M EZFET (ERETDH)

Multi-headed attention

N\
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F‘Zimﬁﬂ TR IIBER
=Wk Ik} aﬂ (Query) . # (Key)
?%EEB (Masking)

=AM ' (Value)
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é7771</__%'
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Q. KFIVEE[E

6.1 Q. Kf1v

. BY

How many

parameters?

99

3 |
o6
|
b

5| |3
+

|2
©
|
-
o

1 2

o3

6] 03]

.2
T

L

o)
Ll

49 [57]

4

—43

N
3| [
+
| [
'el
I
i
©
B
©
+
R
b~
- L
2 S
Of [
i I )

m

=2

[37] [£39] 24] [63] [-94] [86] [£36] &
132 i

+1.5

3.8

[+59] [84] (04 E

Query
Value

Key



6.1 Q. KFIV
* Q. KNZHEE

128{ |

Query

128 x 12,288 = 1,572,864

12,288

-37 +39 24 63 94 -86 +36 09 .-
+79 +9.7 -56 +32 -47 -95 +51 -36 --- 23
+6.6 26 +74 -45 +59 -62 +90 ~--- +3.7
56 +89 +46 -49 -57 94 868 i~ 1

Key

128 x 12,288 =1,572,864

12,288

AL
Ve N\
2.5 0.7 -44 T AT2 =r8 -73 -+ 443
21 63 -70 02 -29 +87 +53 -+ +49
192 8 +80 -82 17 +01 -41 -51 -79 -+ -96
+85 +34 +56 —43 +17 -86 -03 +05 --- +75
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6.1 Q. KFIV
- IE}LF VIERESEIE

37 +39 3 88 +36 09 -
19 497 -8 33 47 +5.
56 +89 +46 49 67

Query
1,572,864

. 25 -87 ~44 +13 18 13 e 448
]\(\\' 2 63 -T0 03 20 48T 453 - 49

o +80 83 17 481 41 81 79 - 98
1,572,864 M 404 si8 3 7 A a3 es - o

12,288

Value
d input

12,288
12,288

_ A

' \_ } }
32 +91 -53 +89 +87 +59 +26 +74 .- -417 [+02
+69 +23 -96 -30 -7.0 +95 -04 -01 --- +28||+07
-26 -72 +64 61 -55 -80 +72 .-+ +94]||+36
+91 +80 +54 -33 -83 -18 -53 -73 --- -88|[|-44
+45 -97 +54 -70 -83 -81 +34 -50 --- -16 ||-73

+71 +45 -45 -73 -88 -39 -47 --- -09 || -21
36 +39 -43 -24 -63 +57 -88 +39 --- +55|[+90
£55 -48 -25 45 -26 60 -08 --- -90|[-62
159 -84 38 +15 +91 +29 -92 --- -14]|+09]

d output
12,288
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6.1 Q. KFIV

- Big b, VEMSHEE

Query
1,572,864

Key
1,572,864

87
+19

T +08 +26

9 -24
T 66 +8

4

-5

-G8 +80 +48 -40 -&7

5E

+59

42 R0 -+ BT

04 -68 s 15
T3 oo 4
48T +53 e A0
51 79 -+ 88
05 AT,

Value

12,288 x 12,288 = 150,994,944

12,288

12,288

>,

_r —\_ —
-32 491 -53 +89 +87 +59 +26 +74 .- 41
+69 +23 -96 -30 -70 495 -04 0.1 2.8

26 -72 +64 -61 55 —-80 +72 .-+ +94

+91 +80 +54 -33 -83 1.8 -53 -73 8.8

+45 -97 +54 -70 -83 -81 +34 -50 1.6

+71 +45 45 73 -88 -39 47 0.9

+36 +39 -43 -24 -63 +57 -88 +39 :-- +55

+55 -48 -25 +17 -45 -26 -60 -08 -9.0
| +59 -84 -3.8 +91 29 -92

1a] |

102



6.1 Q. KV
o SCFRAR, WIE: VEEFEMZIEE = Q. KNS RIEM

12,288 % 12,288 =150,994,944
Query
Esiemeed) Val
| . +# Value params
| | A

(# Query params) + (# Key params)
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6.1 Q. KFIV
- BRTESMELM B LERTT

Multi-headed attention

ez



6.2 VFEFERYIRIT

N
/|

FVRE AR A PR R

12,288

[-3.2

+6.9
2.6

+9.1

+4.5

+3.6
+5.5

| +5.9

—-9.3
-9.6
+6.4
+5.4
+5.4
+4.5
—4.3
2.5

Value

12,288
e N ——

+8.7 +59
-70 +95

+89
-30
-6.1

-33
-7.0
45
-24

1.7

-3.8

-8.3
-8.3
=73
-6.3

4.5

1.

)

5.5
-18
-81
-8.8
+5.7

2.6

+9.1

+2.6
0.4
-8.0
-56.3
+3.4
GRY
-8.8
6.0

+2.9

+7.4
—0.1
+7.2
-7.3
-5.0
—4.7
+39
0.8

41

+2.38
+9.4
-8.8
1.6
0.9
+5.5
-9.0

vy

[+0.27]

0.7
+3.6
—4.4
-7.3
-2.1
+9.0
—6.2

[ -198.6 ]
+731
—282

+119.4

+215.7
+91.8
-201
-5.6

5.1

| 0.9 |
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6.2 VFEFERYIRIT

N
/|

FVRE AR A PR R

12,288 <

[ +5.0

-89
3.0
+4.2
+7.5
+4.2
+84
3.1

| +89

3.3
—-4.9
+4.8
-5.8

9.7
-81

-9.8

+7.27]

-7.8

+3.5
-9.3

Value

12,288

e N

-78 +89 -53 +38 -87 +46
+49 -52 -6.5 1.0 39 +6.7
+73 +87 +50 +4.0 +93 +98

-18 —4.5 09 -19 -50

+78 4B o =2
5.2 2
10 =8B =+« =6

© 3 O

-3.8

[+0.27
F0.7
+3.6
-44
-7.3
21
+9.0
-6.2

+73.1
—28.2
+119.4
+215.7
+91.8
-29.1
5.6

| +0.9 |

[ 1986
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6.2 VFEFERYIRIT
© FNNEREEA—DEIE,

A 25 M 3 R

Linear map

12,288 {

+5.0

-89
3.0
+4.2
+7.5
+4.2
+84

| +89

8 s
=49 sun
448 oee
58 e
- 93
Qs
+ 94
31 +24 .-

-81

._9.8 “en

+7.27]
—7.8

+3.5

0¥

12,288 A

e e

78 +89 -53 +38 -87 446 +76 -45 --- -25]
49 -52 -65 -10 -39 +67 -52 X
+73 +87 +50 +40 +93 +98 -10 -85 --- —69

- ) =45 098 -19 80 3B e

[+0.2]
0.7
+36
-44
-7.3
-21
+9.0
-6.2

[ -198.6 ]

| 0.9

+73.1
-28.2
+119.4
+215.7
+91.8
-201
-5.6
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6.2 V%EIEEI’J&%‘I‘

Think about the
overall map

SHERER AT 8], BRER

blue (fluffy creature

/l

212288 HYBR N BT =S

1o

9,
+4.3
8

/

12,288 < |7

-

f [+50 -33 -~ +72]
-89 -49 -+ T8

""""""

+1.
12,288 Lo
+4.3
_ A
7’ +2.0
78 53 +38 -87 -+4d -45 .-~ -25
+49 65 -10 -39 +67 -5. e oz | |09
73 487 +50 +40 +93 +98 10 -85 - 15
18 410 —45 09 19 50 +01 38 - 40 +2.9
+738 ]

|

71
8.8

7.6 ]

(8]

[ —103.0

+13.1
+12.6
+95.7
+11.2
+14.4

| +62.1 |
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6.2 VFEFERYIRIT

* - "EEE

5122882V ER A= (8], BRETZE|128%

12,288 dims

.

128 dims

~N-

d_input

12,288

12,288
AL
” ~
-78 489 -53 +38 -87 +46 +76 —-45 - 25
+4.9 5.2 6.5 1.0 3.9 46,7 5.2 2
128 +73 487 +50 +40 +93 +98 —10 -85 -+ —69
\_ 18 45 09 -19 -50 38 .- )

Value,

+

[+0.27]
+0.7

+3.6

N -rs

-21
+9.0
-6.2

| +09 |

d _output
12,288

!

[-1986 ]
+731
-28.2
+119.4
+215.7
+91.8
-29.1
-5.6

| -51 |
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6.2 VEEFERYIRTT
- BIH ETRER

12,288 dims

128 dims

$1284EHY, RRET[E]12288%F

12,288 dims

[

— \ \
V4 4
( 128
N — 12,288
[+50 -33 -+ +72]
-89 -49 - -8 i, .
g Y
30 +48 -+ 424/ _
42 -58 -+ +35
+75 e 93
]-:27:35353 +42 -97 ---
484 -81 --- -94
-31 424 --- 57"
_+§9 —Qa e ;i

d_input
12,288

Value4

!

[+0.27]

+0.7
+3.6

]
-21
+9.0
-6.2

| +09 |

d _output

12,288

!

[-1986 ]
+731
-282
+119.4
+215.7
+91.8
-291
-5.6

L -51 |
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6.2 VFEFERYIRIT

7iwsN: NP0

2, B RS

12,288 dims

12,288 dims
128 dims

/

~

~

“Low rank’ transformation

d_input
12,288

/

12,288

128

—N— 12,288

+42 -58 +-- +3.5

+75 e 03

+42 -97 ---

+84 81 --- 94

-31 +24 --- -B7
| +89 -9.8 ..o 2l

Value4

[+50 -33 -+ +72]
-89 49 -+ T8
30 +48 -+ +24

Value|

N
' Y
-78 +89 -53 +38 8T +46 +76 —-45 .- 2.5
+4.9 5.2 6.5 1.0 39 +6.7 5.2 ves +2.7

+73 +87 +50 +40 +93 +98 -10 -85 .-+ -

4.5 0.9 19 5.0 38 -

!

+3.6

]
-21
+9.0
-6.2

| +09 |

d _output
12,288

!

[-1086 ]
+731
-282
+119.4
+215.7
+91.8
-291
-5.6

L -51 |
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6.3 BFR NS HEE

© SHHE

Total weights: 175,181,291,520

Organized into 27,938 matrices

& GpPT-3

128 12,288

Key d_query * d_embed = 1,572,864 | per head
128 12,288

Query d_query * d_embed = 1,572,864 | per head
128 12,288

Value d_value * d_embed =|1.572,864 | per head
12,288 128

Valuey d_embed * d_value = 1,572,864 | per head

6,291,456
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6.4 XX F=
« BIXFrRI A BIEFERN
s XEBEHFT XX ERT

Self-attention Cross-attention
Wo Wi Wy LWy
vl [Frrisicy I ‘[ mdoHnotHwanthoHpet ’iﬂ
ot ot [ohe) Breaks sharply, the;;;r\eeched loudly, and he/j(;lted forward. Jelnellveux pas le/lcaresser
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6.4 XX FEN

* RXOEERNIEEFIFSIH AR
- BN, NTAARES XARNEE

do

not

want

to

pet| it

Je

e

veux pas

le

caresser
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6.4 XX ERN
« XN, XFHEXF

or maybe audio input of speech, and an ongoing transcription
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6.4 XX FEN
« XXGFERNEEXENIETE L

- W, =
Je —>F14K1 Qi"Ki | Q*K; | Q3°K; | Q4K | Q5°K; | Q¢ Ky | Q7K

- W —
ne _’F24K2 Q' Kz | Q' Ky | Q3° K2 | Q4° Ky | Q5° Ky | Q¢ Kz | Q7K

- W -
veux —’F34K3 QK3 | Qe*K3 | Q3°K3 | Q4°K3 | Q5 K3 | QK3 | QK3

- W, =
pas —’F4_I‘K4 Qi Ky | Qe Ky | Qs°Ky | Qu Ky | Q5 Ky | Qo Ky | Q70 Ky

s W -
le| = Fy—> K| 6,-K; | 6,°Ks | G3-Ks | G Ks | G5 K5 | Qg+ Ks | G+ Ks

- W — B =5 8, . Sh =5 E o = = =
caresser _>F64K6 Q°Ks | Q2 Kg | Q3°Kg | Q4° K | Q5K | Qg Kg | Q7Kg
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6.4 X LR
SR — X AMAT S FNE R
RIS RRIES M2 AR
8 %R AR

X

=
/EE/%\

Je

ne

veux

pas

le

caresser

- W, =
—>F14K1
- W, -
—’FQAKQ
- W, —
—’F34K3
— W, o
—’F4_I‘K4
- W, =
—>F5—1‘K5

— W, =
—PF64K6

do mnot want [to |pet| it
T T
El EQ Eg E4 Eg, Eﬁ E7
}WQ }WQ }WQ lWQ }WQ lWQ }WQ
Q Q Q@ Q Q@ Q

e @

® @

e @
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.OO\I.@.U'.#PO!\JH

o] [i1

F‘thﬂﬁl] TR IIBER
=Wk Ik} al’? (Query) . # (Key)
?%EEB (Masking)

=AM ' (Value)

Z i*ﬁtg

2 =3V

Transformerf3R &

\




7.1 AENEXBEE N
« BIAZEELEIRNP, HTA0H T 7TEE. #., EFMEEIER

Vo
) @ i .
B g gt EAT
I R T LREiTim
— — — — — - 4§ g > k ¥ b
E1 EQ E3 E4 E5 - :} 1 %G § ¢ g
=, - &,
bl Bl Bo| B B 3o
— — - 3 =5 b [yl = E, = i
Q | Q | Q | Q | Q | ¢ B
= WE o =5 g =3 S =y T =5 gj-"‘:‘—;h ~%
@_’El _’ K4 Ki'Q | Ki'Q; | Ki'Q; | Ki°Qq | Ki°Q5 | K v 2
Wi -H-‘I A]\z
= a=ib - = - = o . o - = —
_’EQ - Ko | K2'Q | Ko*Q; | Ko*Q | Ko'Qq | Ko° Qs | Ky @45 L
= Mo o (e s [ as [a.2 |2 ,@—W
blue|=E; =P K3 | &:'@, | &:+@, | K@ | K- @y | KseTs | Ks 2
hlnel fluffvlcreature! - - - —d - — g -
|blue| fluffy creature| E | E;| Es| E; | E; | Eg| E; | Eg
{‘ i i E, W_y’ Vl 100 V, Jo.oc .00 0.00 0.00 0.00 ) 0.00
v 23 128 Wv +++—t+1++1+1+1++1+
k* ‘ff :4 E‘z —' V._, 0.00 100 V, Jo.oo 042 V, Jooo 0.00 0.00 0.00
L 2 as = 1t +1+1+ +—1—+
29 ‘:4 1 ﬁﬂ —’ \73 0.00 0.00 100 V4 058 ¥, Jo.oo 0.00 0.00 0.00
s - a — W S ey o [ ++ 1+ +—1+
. !:J) ) E, = V, ( .00 0 00 0.00 ( ) 000
Wi . = +t++t++-1r+1r+-—1+1r+1+
-, &) 22 foo 7 oo v Joo s ¥, Jooo %, Joiso v, Jou
% N o +——+1+ 1+ -+ +
36 -17 -86 +38 46 - -807[+10 -103.0 B = Ve Jooo V. Jooo v, Jo 0.0 099 V¢ | 1.00 V, Jooo v oo
+85 -36 33 -7.3 43 .- 6.3 || +4.3 +131 Vo = e -+ -+ - -+ -+ -+
95 +65 —98 +35 —46 --- +92||+20 +126 "7—’67 ( 0.00 0.00 0 0.00 0.0 100 V; | 100 ¥,
5.0 1 55 490 -+ +69 0.9 — +95.7 W -+ —+ + - -+ —+- -+
39 -40 +62 -20 +75 e 438 || 18 +11.2 Es = V¢ Jow 00 100 100 V, J0.00 V, J0.00 100 00
+9.0 29 L5 R @ 39 +29 +14.4
14 +79 26 - +18)[ 478 +621 AE, AE, AE; AE, AE; AE; AE; AEg

(@)
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ARNER

T EREN ZRIENEZIEAR

roamed

verdant
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7.1 AENEXBEE N
« BIEXHERITALETIE

roamed

l
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1.1 ANE=

« {540,

BEXRER T
oiEX A IER AR

“.uduﬂi$Uddenb;

they

crashed
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1Into

tree| ...
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7.1 A~[F

« {540,

BEXRER T
oiEX A IER AR

.../ when suddenly

they

crashed

the

tree|l...
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7.1 AENEXBIER S
o X4, FEIEER, BEX HERR

... wizard ... Hogwarts ... Hermione ... Harry
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7.1 AENEXBEE N
« X4, FEIBEEM, BXLHEZR

... wizard ... Hogwarts ... Hermione ...
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7.1 AENEXBEE N
« X4, FEIBEEM, BXLHEZR

... wizard ... Hogwarts ... Hermione ... Harry

... Queen ... Sussex ... William ... Harry
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7.1 AENEXBEE N
« X4, FEIBEEM, BXLHEZR

... wizard ... Hogwarts ... Hermione ...

... Queen ... Sussex ... William ...
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7.2 ZLFE
o FAARRER K RFRARNEFRBENEN KR

TN e

John hit the breaks sharply, they‘ screeched loudly, and @ jolted forward.
NEplaRAE, MELZDRENFS, ftmEgSEEnH
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7.2 Z3AR
« FNHEE. B, BEEBATEJIEDLEAER (MEHEFIIZGER)

IS,

they screeched loudly, and he jolted forward.

John hit the breaks sharply,
NmRFE, MNELZBRENES, hEgsnE
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7.2 ZLFE
« FNKHER. B, BEREEATEIEDLEAER (MWEHEFIIZGEER])

/\ )

John hit the breaks sharply, _they: screeched loudly, and @ jolted forward.
NEplaRAE, MELZDRENFS, ftmEgSEEnH

O
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7.2 Z3FRN

» BNIKNEIR. B BEEMFADERENENARAER (MEEETIIIZRSE])

] [fuffy]  [blue] [creature| [ronmed] [verdant]  [forest]
Attention } ¢ f + ¢+ 1 ¢
Pattern I 3 3 & & ¢ & 4
aoi =5 @ - o - e 0
[y = &, — i, ® - o - - .
bluc|= B, — K, o o - ¢ |
[creature] & &, —) ¢, c e
roamed| — &, — i ® - .
[the|— B, — &, ® -

— Wi —
[Verdan] - &, — i,

- W
(forest| = E; = K
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7.2 AR
+ GPT-37, BMMERSEH, HRI6NK" AR

Multi-headed attention
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7.2 ZLFE
« ML B—AEE. B, EEBFEMEK

Wi W W W W W Wi We
E_.. . @e]-[- (@e]-T- NE QO@®[-[-[eo]: .
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] . @ .
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v A 4 v v
tw®  Iwd W@ W e Iw W I
‘_f,gl) ‘751) ‘_;:(31) vgz) \_f»i(f) \7’_5(32) ‘_7,53) ‘7&:5) v:(33) ‘_/:gd;) \7‘.(24) \7’&1) . o o
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7.2 ZLFE
o FMEANLT, BHESRBEFEIER, 2AEINSCRT

(1) (1) (2) (2) (3) (3) (4) (4)
Wy’ Wg Wy’ Wg Wy’ Wg W Wq
o e N @l [- @l [ @e - [-[o[-] -
| . NS o @@ |- | ° e |l@|o| e ®|e =
of- . . | LJK . .
° ) a = ([ ] ] [ ]
- @ | S
o
v v v v
1) 1) 2) 2 (3) 3 (4) 4
twy) W twy? W W wd W Aw)
w1y w1y w1 wv w1V w1y w1y w1y WV w1y w1V w1y w1y w1y w1V w1y
b i L5 -+ . 4 * i o + . + L i + + + +
WaVy WaVy Wa ¥y WaVy WaVy WaVy Wa¥y Wa ¥y Wa vy Wa ¥y Wa ¥, WaVy Wa ¥y Wa ¥y WaVy Wa ¥y
+ + + + C + 4 & + + + % & + + o o [ ] [}
w3y W3 Vg w3 Vg w3 Vg w3 Vg Wy w3V w3y w3 Vg w3 Vg w3 Vg w3 Vg W3 Vg w3 Vg W3 Vg w3 Vg
+ + + + + + + + + +: + + + + + +
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7.2 Z3FE
« X MATT, B ks — 1B ARENET

il (1) 2 (2) 3 (3) 4 (4)
Wy Wy W W W wg W WS
o e . Q- [ || @l - [ [ ] @®:[-[eo[-] [-]
. o - o @@ |- ° e |l@|o| e o|le| | |- |
[ IK]
| e o o
. @]
| °
A 4 \ 4 v v
Wy R W AW W I W I
Fi\}j ”'f—' a - ”i‘;l e o o
—(1) —(2) —(3) —(4)
AEi AE,L- AE,L- AEi
O
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7.2 ZLFE
SEHN N EIHINER(EN RN ER

N\
o

R
\EI:.. i e[ @[ [ e[ [o]-[ [

9 .- o|@@ ]| |- IHD el .| -

e o o
e
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WP w WP W W W

L] L] L]

AE; '+ AE, '+ AE,” + AR, '+ - - -
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7.2 ZLFE
ENEHSIRIBAER N =M A

1 ) 2 @ 3 3 1 @
WY Wy W Wy W Wy W w§
\ﬂ:.. . D OODEBE @[] [-[ @e-[o[- [-
9 .- o|@@ ] |- . . o 1
T e
v v v v
W

twi  Iwd WP AW W

Original
embedding

[T AE + AE"+ B+ AE,+ - - -
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7.2 Z3AR
IR 7 F R IREER—5 f

New
embedding

Attention

[ +8.3]
+4.2
499
-6.9
+7.3
6.7
+2.3
=74

E;, +AE '+ AR+ AR+ AR '+ - ..
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7.2 Z3FE
o SLERVIEN, SEIEEIEIN A6

Total weights: 175,181,291,520
& 6pPT-3

Organized into 27,938 matrices

128 12,288

Key d_query * d_embed = 1,572,864 per head
128 12,288

Query d_query * d_embed = 1,572,864 per head
128 12,288

Value, d_value * d_embed = 1,572,864 per head
12,288 128

Valuey d_embed * d_value = 1,572,864 per head
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7.2 Z3FE
o JEMEEN, SERIEL

Total weights: 175,181,291,520

=]

==l

AN 596

Organized into 27,938 matrices

& 6pPT-3

Key

Query

128

128

12,288

12,288

96

96

d query *d embed * n_heads = 150,994,944 | per layer

d_query *d embed * n_heads = 150,994,944 | per layer

Value,

128

12,288

96

d value * d_embed * n_heads =| 150,994,944 |per layer

Valuey

12,288

128

96

d embed * d_value * n_heads =|150,994,944 |per layer

603,979,776
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7.3 56 %
- BIEIRE|, EIEREHFS AT EVFHYED

d input d_output
12,288 12,288

[ 128 ) l
—N— 12,288

( 50 —33 -+ 472 0.2 -198.6

-89 -49 -+ -78 "\ 0.7 +731
7 N

30 +48 --- +24 ) +36 —282
—78 +89 -53 +38 -87 +46 +76 —-45 --- -25

F42 —B8 <=+ 4356 || 44 +1194

+49 -52 -65 -10 -39 +67 -52 p)
+75 -ee -03 -7.3 +215.7

]_2 2 +7.3 +87 +50 +40 +93 +98 -1.0 -85 -+ —69 =
Y +42 -97 --- . . . X X X i R . X -21 +91.8

4 i o il T s s +90 -291
-1.8 ) —45 09 -19 -5.0 -3.8 coe
a1 2.4 see 8.7 -6.2 -5.6

\ _+z:3.9 —s;s ,:w_ Va,]_ue\L _H:JAQ_ i ";-1 J
L Valuey 4

W



7.3 56 %

-« AL E—AEVFMED

Head 1
Value map

Head 2
Value map

Head 3
Value map




7.3 56 %
s HFWXH, BNAEVHEE R, EFE S — LA

Head 1 Head 2 Head 3

Value map Value map Value map
' @ b, f N > N
[ s e ] | [ T e s . ] [Il:i e w5 }
~1"1 +;.7 —';.9 —67 . +15 -I\ 1 —;.5 +;.0 +;.9 4::9 —;.4 +':7,3 -H:M +':!.0 —;,h
1 2 3
Valuei ) Valuei ) Valuei )
% J L J | J
Value'l Valllc(z) Valuow)
1) I T
1.0 +43 --- 09| +30 -49 --- 51| 439 -40 --- 20 T
-1.5 429 -:.-- +78 68 =77 - -T2 +75 +16 - +3.8
+92 23 - 0.6 -60 26 -+ =80 +4.5 ) vee 2.9

t13 =<kB4 e =8| +6F =80 = =086| =15 F21 == —=J9 o o o
-95 +66 --- +73| +94 +21 --- -91 432 —42 e —14

—-76 +28 == 488 36 17 o +3.8 H5 +30 s 14

Vaswani, A. "Attention is all you need." Advances in Neural Information Processing Systems (2017).



7.3 ith%E
s HWXTH, B NLaEVHREUE K,

Head 1

Head 2

BT A el H B B

Head 3

Value map Value map Value map
B ' i " o
[‘fgfxﬂ Fﬁﬁﬁ%:ﬂ Fﬁ;ﬁxxﬁ
e il il e .ot s i s R
1 2 3
Valuei ) Valuei ) Valuei )
J 3
.
Value(l) Value(z) Value('g)
T ig ) |
[ +10 +43 --- 4+09| +30 -49 --- -51| 439 -40 --- —20 T
-1.5 +29 +7.8 -6.8 7.7 —12 +7.5 —+1.6 +3.8
Output |
+92 -23 +0.6 —-60 —26 -8.0 +4.5 ). +2.9
ks 1.3 +84 -82| +67 -80 -06| -15 -+21 39| e o @
matrix |
-95 +6.6 +73| +94 +21 -91 432 =42 -14
| -76 +28 +88| -36 -17 +38| +15 +3.0 -14 i
J

Vaswani, A. "Attention is all you need." Advances in Neural Information Processing Systems (2017).




7.3 56 %
s HFWXH, BNAEVHEE R, EFE S — LA

Multi-head attention allows the model to jointly attend to information from different representation
subspaces at different positions. With a single attention head, averaging inhibits this.

MultiHead(Q, K, V) = Concat(head, ..., heady, )W |«
where head; = Attention(QW<, KWX VW)

Where the projections are parameter matrices W° € RmowrXdx 7K ¢ Rinosaxdi [V g Remoser X do
and WO € RhdvXdmoast,

-

1) TN - ¢ y (3)

Value! Value Value

T 1 1
10 +43 -+ +09| +30 -49 .-+ -51| +39 -40 -+ -20
Output 15 +29 +18| -68 -7 72| +75 +16 +3.8
+92 -23 06 -60 -26 -80 | +45 2.9
v k F1.3 +84 -82| +6.7 -80 0.6 1.5 +21 -3.9

matrix

-95 +6.6 +73| +94 +21 g1 | +33 =49 14
76 +28 +88| -86 -17 38| +15 +3.0 1.4

Vaswani, A. "Attention is all you need." Advances in Neural Information Processing Systems (2017).
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7.3 56 %
« “ETA X HHE SR

Head 1 Head 2 Head 3

Value map Value map Value map
" B @ N ~ ™
04 L7 -47 +54 09 - -95 +13 -46 +05 -80 +15 -« -38 +79 -26 13 +78 +61 -+ -79
[ +23 +22 +23 +88 +36 .- LZJ [1—3.3 -73 +43 -42 63 - —9.5:| [+8.3 +42 +99 69 +73 -+ 4 EJ]
—‘;.7 + ] 4 »1: 2 +97 —';.9 . —67 + 1 5 + lh + J 4 —;.5 +;.0 . +69 —(:1.9 +;.4 +':I,3 +;.4 +':7.0 . —;.8

X X X

Value( 1) Value(2) Value(s)
+ 4 4
Value%p Value(TQ) Value%f)

[ +10 +43 --- 409| +30 -49 .-+ 51| +39 -40 .-+ -20

Output -5 +29 .-+ +78| -68 -77 .-+ -72| +75 +16 --- +38

+92 =23 o +t06| —-60 -26 ~--- -80| +45 00 == <429

matriX +13 +84 --- -82| +67 -80 --- —06| -15 +21 -+ -39 e e o
-95 +66 -+ +73| 494 +21 --- 91| 432 42 .-+ -14
| -76 +28 --- +88| -36 -17 --- +38| +15 +30 -+ -14 i
\ J

Vaswani, A. "Attention is all you need." Advances in Neural Information Processing Systems (2017).



7.3 ith%E

o fET RSO A 4B R

Head 1 Head 2
Value map Value map
Value“ ) Value(Q)
i} "

Head 3
Value map

MultiHead(Q, K, V') = Concat(head, ...,
where head; = Attention(QWiQ, KWK,

+79 -26 -13 +78 +61 -+ -T79
+83 +42 +99 —69 +73 .-+ +23

—09 +44 +73 +94 +70 --- -28

X

: (3)
Value
i !

Where the projections are parameter matrices W° € Rfmoa*di 7K ¢ Rdmosaxdi 7V ¢ Rebmow X

and WO g RhdvXdmoder

Vaswani, A. "Attention is all you need." Advances in Neural Information Processing Systems (2017).
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Multilayer
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8.1 IR M 4%

- ARAENRY, EMERE. ERNENXFE

+ HESE. EHRANZERESS

Two roads diverged in a wood, and I—

I took the

one

less traveled by,

— A RMRE 77 H B B,
MmEEE 7T AEEDH—5%...
——ERmE ((%‘ﬁi?%ﬁ’x]ﬁ%))

of twg Toadg
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8.2 S HE
-+ FREEVENN, SEEVEERINGHE

Total weights: 175,181,291,520
& GpPT-3

Organized into 27,938 matrices

128 12,288 96

Key d_query * d_embed * n_heads = 150,994,944 per layer
128 12,288 96

Query d query * d_embed * n_heads = 150,994,944 per layer
128 12,288 96

Value d value * d embed * n_heads = 150,994,944 per layer
12,288 128 96

Output d embed * d_value * n_heads = 150,994,944 per layer
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8.2 S HE
-+ FREEVENN, SEEVEERINGHE

Total weights: 175,181,291,520
& 6pT-3

Organized into 27,938 matrices

128 12,288 96 96

Key d query *d embed * n_heads * n_layers = 14,495,514,624
128 12,288 96 96

Query d query *d_ embed * n_heads * n_layers = 14,495,514,624
128 12,288 96 96

Value d value *d _embed * n_heads * n_layers = 14,495,514,624
12,288 128 96 96

Output d embed * d_ value * n_heads * n_layers = 14,495,514,624

157



8.2 ZHIE
* ERNYEHISEZ EZIA608B

Total weights: 175,181,291,520
& 6pPT-3

Organized into 27,938 matrices

128 12,288 96 96

Key d query *d embed * n_heads * n_layers = 14,495,514,624
128 12,288 96 96

Query d _query *d embed * n_heads * n_layers = 14,495,514,624
128 12,288 96 96

Value d value *d embed * n_heads * n_layers =|14,495,514,624
12,288 128 96 96

Output d embed * d value * n_heads * n_layers =|14,495,514,624

57,982,058,496

O
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8.2 ZHEE
« FENFHSIE=I1/3

About 1/3 of What
% /’——/
Attention is A2 You Need
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8.2 ZHEE
o GPT-3fEEIMEESHNEE

i R
E VXH L VXH
Output(X) = softmax(XWh) | 1 W= eR TWEeR
[ RHA ] y,B € RH
)
N Cil) B T 1 W WK WY, head; € RF*Hi
G; [ ER—k ] MHA € RHXH
_______ 1__________., / 1
| X < x + FFN(x) | ] [ - ] ! wU e RI>*H wP e RE*H p, € RF, b, € R
! 1
[ FEN(X) = max(0,XWV + b)WP + b, | E $ !
1
— A
Xj — ﬁj . ! 1 .
g Dy =1 | [ 1 | | @ GPT-3 Total weights:
' BA— !
! 1
| X< X+ MHA | L) . 175,181,291,520
I I 12,288 50,257
MHA = Concat(head head, )W? : [ AR l' ' wE Embedding d_embed * n_vocab = 617,558,016
= 1y ey h 1 I !
- e yiwk ywV I t K 128 12,288 96 96
head; = Atten(XW, XW{', XWY) ! [ — ] E Wi Key d_query * d_embed * n_heads * n_layers | = 14,495,514,624
Atten(Q, K, V) = softmax( QKT /vd)V | EBEIIENR , 0 — 8 T o 5
I T ' Wi Query d_query *d_embed * n_heads * n_layers = 14,495,514,624
1 1 T
s I =j3— ] v 128 12,288 96 96
X M Y+B j=1..H ! [ RA— E Wi Value d_value * d_embed * n_heads * n_layers = 14,495,514,624
% ey | 0 | 12288 128 96 96
[ REmmE ] WP Output d_embed * d_value * n_heads * n_layers = 14,495,514,624
X =V +p; ) L L 49152 12,288 96
p. (IBHE wV Up-projection n_neurons * d_embed * n_ layers = 57,982,058,496
[ F#BA D . 12288 49,152 96
[vy, .., v7] = v =uWt T w Down-projection d_embed * n_neurons * n_layers = 57,982,058,496
u = [uy,.., ur]: WL one—hotHH5 I ) 50,257 12,288
PN W" Unembedding n_vocab * d_embed = 617,558,016
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8.3 B4

* CERANVHENRINIE TS RN FITH
GPU

Input < ' > output
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8.3 B4

© BRI MM RBA—BRREA
© KBRS AET SHMBIBL R B

Scale matters!

Total parameters: 175,181,291,520

A T T T T T A 0 R T T T T T T T T T/ T T 2 % B
SIS IS A S T/ N /0 N N/ N W/ N W W W S IS /% I /% B /% I /% N /% B
YOO EY -
OO0 -
YOO EEY -
YOO EY -

aYa¥oYatatalatoYatatalataYatatatataYatatalale

JRRAERERE K ks I
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