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 BH&P(x;,1]x;) = Categorical(softmax(g(x<;)))
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piH1: MLP-mixer

> BORBEEL: 753, B (87, #E) x(iFE7T, #E) NiRGIFRSA Axxiax fl HEX4E RS
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piH1: MLP-mixer

< ZILBig2 : NEHE
<+ AR ENSHEARARUEES

| SHEHER

x1 X2 X3
It’s a good

» SHE

HIERS: D2

\

iJARiRg: 101
<+ 8KFFIKE
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“+ BEABETT (-7 ) EREFEEI— SRR
<+ BNE IRIBEESE B EFEEM SRR E IR ETrIERE
h BB Iz F R ft B B ¥ Ik

if (dict[“RiF”]="FER” and dict[“FEEiF”]="UF0z”) then activate
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B 2RI AR

4

IMBIZRE R R ISAFIZ

< 17 seq[1].save(“1)V?)
< BB: seq.load(1)

< 0z: dict.load(“FiF”)
< ¥: seq[4].save(“FE”)
» B: seq.load(4)

< f: dict.load(“FiE”)
< J/K1: wIR—ae%k

<+ BK2: BiDZIEHIRY

dict[“EiB”].save(“/J\i§*)

dict[“igiB”].save(“lz”)

diCt[“EiE”] o SaVE(“Ei”) dict[“'ﬁ%,,] . Save(“ﬁi‘”)

IMNBSIRNEME TR —R
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value
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V2
V3
v4
V5
v6
v/

N/

d HEm=

< N Hiflq

Bif
Query
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ITEEEER
Key P
ITREHUE & > 02
0.01
» 0.8
v 0.03
> 9.03
o 0.1
Q 0.01

P = softmax(({q, k1), (q, k2), ..., (q, kn)))
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i¥57 (Attention)

. Scaled Dot-Product Attention
“Q, K, V = Linear(X)

t
Q KT MatMul
Attention(Q, K, V') = softmax(———)V —t— |
' \/dk n
\ Y / Mask (opt.)
P £
Scale
[ [N ALNEN] '
MatMul
qgl -1 .9 1 f
Q K V
softmax | q2 -6 o ] I/
g3 -1 .8 .1 e
* > * . linear
q4 .1 .7 .2 I 1
——— . ]
_ g 3 I
3—t ] 95 D
g6 5 5 X
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softmax
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ql -5 .5 100000
q2 .33 .33 .33 010000
q3 -5 .5 001000
q4 .33 .33 .33 000100
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q6 000001
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Q, KISMHEENER = (B
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RiES: EHPNES

For each query token i
data = ©
for each token j

data += sim(query(xi), key(xj)) * value(xj)
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ZkixEN

< @ —ZHoK R EElH:
> 5% ASZNEED

SRAETRBSE S

BB I E R fth B W OB

MBIz E R MR B W KB

)
B8
2
¥
-
ft
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=
%
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e —FhiE:
ll%ll

EIRT,

Scaled Dot-Product Attention

b

MatMul
SoftMax
Mask (opt.

Scale

K V

Bt

O

MultiHead(Q, K, V)

where head;

Multi-Head Attention

Concat

!

P

Scaled Dot-Product J& .

Attention
| | [
Vo~ £ P
[ Lin;am[ Linear [ Lin@
r ¥ ¥
V K Q
Concat(head;, ..., head}, )W ©

Attention(QV If’",iQ, KWK vwY)
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TransformerJ%3
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-RERINT
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QOO QOO 900
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1

QOO QOO 900
x1 X2 X3
It’s a good

pILELEHE

2ED, Bkd #E, D/d Ak
~ SYs

BERE: D4

e (QKVIRRZ) : 3D*A4

D=2048, 100 Z={NEE1.67BNEH
+ itRE (FiFx)

BRES+HE=SIRES: 4D IR

DN (MAC)

EBS: - xTdyx2 = 2DTIRFRN
k
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_________________ FH
000 000 000
000 000 000
x1 X2 X3
It’s a good
MLP-Mixer Transformer

+ EESATHNEEPENT RIS 3 AT SES" N, SHBESEIKELX
> PRERS, SHIREX + PRESEENS T (SFEE, AFEE)
& BASL % B3k
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A

ZEE] (kernel) : K: XxX - R, #EK(x,y) = K(y,x)
R THEBn > 0By, . 1, € X, JEHE (K@cym K(xl_'xn)>t'>:l79¥IEz'E
Ktwx) - K ()

BT HBEE" : SIERK (ry) = 2Ty, BHIEK (x,y) = exp (- ||x—y||2)

202

X F# (Mercer’s Theorem) ARSI

SMEEFEERK, GEBHe:X > H, EEYVx,yEX, &
K(x,y) = {px), o))

2 o) =aw]
S NI E—MaIZ A% ERE
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RJHERA

* BEMEHIE—E: d # A

S AN, T, VIR ([Hkdy, FOMRE, @FAkd)) |- °
©SBIN, T, D] ([Hkdh, BEUKE, gm0 |0
+ BE[V, D] IARAE s G
1000 good
%)

def init (self, config: LlamaConfig):

self.embed tokens = nn.Embedding(config.vocab_size, config.hidden size, self.padding idx)

def forward(..):
inputs_embeds: torch.Tensor = self.embed tokens(input_ids)

https://github.com/huggingface/transformers/blob/ebbcf@@adlbo6fa87effel79d128e73390255844/src/transformers/models/1lama/modeling llama.py#L367
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P

¢ FEEH
padding_idx B CMERRIFPAA A TRR:
{ERR IR 5BA
RS ESH 1 4 6 MR ERENG TP ARREHpadding_idxiEE RS | IR\ EENE,

TGN, BZRSINNNBRARENRHCANEE, FEAEBDIIGIREFHEZRT

4 e 1 4 6
M EHRIFAF B (BEhE) .

K IEEBESHE
H{RENN.Embedding®iZE T padding_idx (fl#lpadding_idx=0) , BESMEHATRAE:

e REINSG: BUMERERUBENRALTMREE, BRTEEMILEXEXWERFES), MRS 7l E MK
X,

o BOFH: ERFTHRFATOE, HS5EOEM@DENS[RAIT, XBEHTEHLEERtokenINEZTHNFIITE (155!
e Transformert&&ich) siEMETFHUENITE.
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EE i AR

C
INPUT PROJECTION OUTPUT INPUT PROJECTION  OUTPUT h=2C E Vi—c + Vt+c
c=1
w(t-2) w(t-2)

P(w; = i|context)

w(t-1) w(t-1)
\SUM exp (u'lT h)
/ HJ w(t) w(t) —»L Z= 1 €Xp (u}; h)

w(t+1) / w(t+1)

w(t+2) w(t+2)

CBOW Skip-gram

Mikolov, Tomas, et al. “Efficient estimation of word representations in vector space.” arXiv preprint arXiv:1301.3781 (2013).
NeurIPS 2023 "RIjEIIGIGIE"
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Hin&HEE

Paris - France + Italy = Rome

Relationship

Example 1

Example 2

Example 3

France - Paris
big - bigger
Miami - Florida
Einstein - scientist
Sarkozy - France
copper - Cu
Berlusconi - Silvio
Microsoft - Windows
Microsoft - Ballmer

Japan - sushi

Italy: Rome
small: larger
Baltimore: Maryland
Messi: midfielder
Berlusconi: Italy
zinc: Zn
Sarkozy: Nicolas
Google: Android
Google: Yahoo
Germany: bratwurst

Japan: Tokyo
cold: colder
Dallas: Texas
Mozart: violinist
Merkel: Germany
gold: Au
Putin: Medvedev
IBM: Linux
IBM: McNealy
France: tapas

Florida: Tallahassee

quick: quicker
Kona: Hawaii

Picasso: painter
Koizumi: Japan

uranium: plutonium

Obama: Barack
Apple: 1Phone
Apple: Jobs
USA: pizza

Large Model Computing, Tsinghua University
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FastText 28

< FIAcBoW, AIASZEEO(len * D), TEEZEO(V * D)

output

hidden

L1

L2

LN-1

LN

}&word embedding¥Eiy

B AN TLAREnixES

SHHESHE

TERA IR SRS AEENX

A. Joulin, E. Grave, P. Bojanowski, T. Mikolov, Bag of Tricks for Efficient Text Classification
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|

< HifliFER, FRIECIFEAE?

QKT
7
5!

Attention(Q, K, V') = softmax(

[(Attention(Q, K, V)) = Attention(I1(Q), II(K), II(V))

< A IR 3
<3 B A

W IR
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CEp O (A= T T

R

15“ . dmodel=2@48 P
sin
1 -
0 _
_1 L T T T T T
0 25 50 75 100
pos .
1=0
cos
1 _
O _
_1 L T T T T T
0 25 50 75 100

pos

PE(pos,Zi)

PE(pos,2z'+1)

» B BluBERSRAER—EEA

sin
1_
0_

_1_I T T T T
0 25 50 75 100
pos

1=100
COS
1_
0_
_1_I T T T T
0 25 50 75 100
pos

https://github.com/facebookresearch/fairseq/blob/main/fair

seg/modules/sinusoidal positional embedding.py

sin(pos 100002/ dmosr)
cos(pos /100002 dmos)
)

[AHRIEEUE
m=/)\@HR=6
A EHI=60000

Period

S

Output
Probabilities

Linear

y
| Add & Norm h\

Feed
Forward

I

[ Add & Norm |

Multi-Head
Attention

60000 -

50000 4

40000 -

20000 4

|
|
[1, 10000)
sin
0.010 A
0.005 A
0.000 : : : :
0 25 50 75 100
pos
= 0000 -
... i=100@
1le—5+9.999e-1
10 A

o
N
(6]
(6]
o

10000 -

T
200

T
400

T
600

T
800

T
1000

)

Add & Norm

Masked
Multi-Head
Attention
A )

\. —_—

Positional
Encoding

e_

Qutput
Embedding

T

Qutputs
(shifted right)
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CEp O (A= T T

oo Qﬁiﬂﬁﬁzﬁﬁg + Eiﬁjﬁ A Scaled Dot-Product Attention

_ t
Z=Xx+t p MatMul
f A
# forward the GPT model itself SoftMax
tok _emb = self.transformer.wte(idx) # token embeddings of shape (b, t, n_embd) 1
pos_emb = self.transformer.wpe(pos) # position embeddings of shape (t, n_embd) Mask (opt.)
= tok_emb + pos_emb !
Scale
1
MatMul
q = Wy(x +p), k = Wy(x +p)

(Gns km) = (xp + pn)TWqTWk(xm +Pm) = onTkam + onTWkpm + anTkam + anTWkpm

\ J
Y Y Y

REHEXHE RRBXHE (L EEXE
"EXERE - BARER...”

1. AFAENMZE (MAEHER)
2. A AEHEERSsin, cos, AEEFE?

X P

fo6e78da2cb6eeef@84b717/model . py#L177 Rl Lt (6 ety VEEliine ik ety

https://github.com/karpathy/nanoGPT/blob/93a43d9a5c22450bb



(uBEXE

Heatmap of Attention Scores S = g * k.t()

0:0 iﬂl’*gl‘ﬁgﬁrg’ *H@B{ﬁ%ﬂgp‘%-%i& o (with Sinusoidal Positional Encoding)
<+ SFEHEBtokenty “HHXME" SES

- 0.008

W, = Wy = randn

) 0.006
< BRI E SRR tokenHRER g
0.002

Large Model Computing, Tsinghua University
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1A EBEHES (Rotary Position Embedding, RoPE)

B75Eq. k{IXNB24ERISTRIENR

fo(@m,m) = (W gz )e™
fk(a:n,n) = (vvkiltn)eim9
9(Xm, Tp,m —n) = Re[(an:m)(kan)*ei(m_")o]

i A

ME(x, y) & 8&flx + yi
BERTR((x1, y1), (22, 52))

o SEMAFASERR Re[(x; + y10)(xz — y21)]
RESREhEE - SH8kE

R#ARe[qk"] = llqlllIk|l cos(a + (m — n)6)

v

RBEREE [, 7] \
REEREE [0, +0]

SERIASHEMEN-nBX
583 En-nFK
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SHACRT

SASPRABTILERERREKX, NERER:

MFARe[qk*] = lIqllllk]l cos(a + (m — n)H)

PRUEFRLERERE

2(i-1)
6; = 10000 “model

XXERST iRk, 0&BR

r ....................................................................
E Constant XI2 \m
I
| e X2 L]
: 172 q 1 — (XlIIX'Z)
: Query / Key X1 X3 Position Encoded Query / Key
: m
‘=2 Position
\ A
Enhanced ||| | | |“||.?” EI @".m
Transformer || | | |- [] 2 LT CT T
with [T 1] (10 3 —_— mErEEOEEEE
Rotary [T -+ (T 100 a ] -+ (1
Position [ 1] +++ (T 1 --- C1TTEE
Embedding [ [ [ [ Jees [ | 6 (TT - 1T 11T
Query / Key Position Position Encoded Query / Key

Large Model Computing, Tsinghua University
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R IEREIE =R

+ SASPFRATHMEREREKX, MERERTET?

* AESRER RS, RBEm — v FEELFFBEBI(n —n)6; mod 21 &R/
+ RRBHIER: ARERE=0

<+ AR—ARME, &EB4Alqll = Ikl =1 eltive upper bound

(g, k) = X Nq, ki) = X7 cos(6;4) 18,

16 -

14;
“ A=m—n, ANIES )

8-

+ B%F: WRa + 0, HHEAZE?

- relative distance

1 1 L | 1 L 1 L 1 L L
50 100 150 200 250
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RoPEUFTEHR?

<+ BERRFSEENUE

» KESIZHAIET: FEFFISK, RESKNENABIFNMKE. .

> tbiN1eefEeKIKERINEIHE—EE, RULIEIL. ...
+ BEEEINMUEER, LEERRE

< tHRIAY: BARTANOPE (FTCEMmES) HHF

https://arxiv.org/pdf/2305.19466

https://arxiv.org/pdf/2501.18795

https://www.kexue.fm/archives/10907

Large Model Computing, Tsinghua University
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£

3.2.2 General form

In order to generalize our results in 2D to any x; € R¢ where d is even, we divide the d-dimension space into d/2
sub-spaces and combine them in the merit of the linearity of the inner product, turning fy, 5} into:

f{q,k} (mma m) = R%,mW{q’k}mm (14)
where
cosmb, —sinmb, 0 0 0 0 \
sinmf; cosméb; 0 0 0 0
0 0 cosmbfy — sinmby 0 0
R‘é = 0 0 sinmfy cosmby,  --- 0 0 (15)
0 0 0 0 -+ COS n.wd /2 —sin ';an /2
\ 0 0 0 0 -o+ sinmbgp  cosmby) o )

iFE: IAbdESMheadidim
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£

def apply rotary pos emb(q, k, cos, sin, position_ids=None, unsqueeze dim=1):

def

cos = cos.unsqueeze(unsqueeze dim)

sin = sin.unsqueeze(unsqueeze _dim)
g embed = (q * cos) + (rotate_half(g) * sin)
k embed = (k * cos) + (rotate_half(k) * sin)

return gq_embed, k_embed

rotate_half(x):
x1 = x[..., : x.shape[-1] // 2]
x2 = x[..., x.shape[-1] // 2 :]

return torch.cat((-x2, x1), dim=-1)

https://github.com/huggingface/tra
nsformers/blob/main/src/transforme
rs/models/llama/modeling llama.py

Large Model Computing, Tsinghua University
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£

def forward(self, x, position _ids):
inv_freq expanded = self.inv_freq[None, :, None].float().expand(position ids.shape[0@], -1, 1)
position ids_expanded = position_ids[:, None, :].float()

fregqs = (inv_freq_expanded.float() @ position_ids expanded.float()).transpose(1l, 2)

emb = torch.cat((freqgs, freqs), dim=-1)
cos = emb.cos() * self.attention scaling
sin = emb.sin() * self.attention_scaling

return cos, sin

https://github.com/huggingface/tra
nsformers/blob/main/src/transforme
rs/models/llama/modeling llama.py

Large Model Computing, Tsinghua University 37
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HEERIE

error (%)

ResNet-18
——ResNet-34 34-layer
2%) 10 20 30 40 50
iter. (1e4) iter. (le4)
" Proceedings

He, Kaiming, et al. "Deep residual learning for image recognition.
of the IEEE conference on computer vision and pattern recognition. 2016.

39
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3—{t

< (ER-FEF

tRx1 Fibx2 FEhx3 1EHAy
0 28 3000 1
1 60 1000000000000 O

y=01*x1 —0.1*x24+0.01 xx3

O ExEESER

s —fb: SRR TR EUTEE
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o BBR: "B EERE” (covariance shift)

<+ I2H: JIGISEEREE e 2
S — W
0.9 ,’
0.8 " — — — Without BN 0 0
o 4501 ERI—KIEBUR LS o= 2

(a) (b) Without BN (c) With BN

ot

H H
ht:f[g@(at_#t)_l_b] Mt:%Zaf ot = %Z(af—ut)z
1=1 1=1

Ba, Jimmy Lei, Jamie Ryan Kiros, and Geoffrey E. Hinton. "Layer normalization." arXiv preprint arXiv:1607.06450 (2016).

Large Model Computing, Tsinghua University



BYAESLIERIERIT—b

< WiAN: [N, T, D]

* mu, sigma: [N, T, 1]

.&»a, b: [D] def layer norm(x, normalized shape, gamma=None, beta=None, eps=le-5):

# BERE—TEE ) IEHERTZE, HiFFEELIE #5

mean = x.mean(dim=-1, keepdim=True) # /LA [N, T, 1]

var = x.var(dim=-1, keepdim=True, unbiased=False) # ZHAZLH [N, T, 1]
# H—: (x - mean) / sqrt(var + eps)

x_normalized = (x - mean) / torch.sgrt(var + eps)

# UIRIERT gamma Fl] beta, JUH{T15573E%

return gamma * x_normalized + beta

1 < 1 &
ht:f[g@(at_ut)+b:| ut:EZa: ol = EZ(ai;_lut)2

t
o
=1 =1
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BBpZER—L

< HLNX3: Zigmean

< ITEER

< SERSREFES LNEZSERER(E
A geREAIIERZEEHENE?

Zhang, Biao, and Rico Sennrich.

a;

i~ RMS(a) "

"Root mean square layer normalization."

Advances in neural information processing systems 32 (2019).

Large Model Computing, Tsinghua University
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SSEEREY . GeLUFISwish

GELU(z) = z- &(z) = z- % {1 + erf (“’)]

3.0 1
2.5 4

2.0 1

Output

1.0 4

0.5 A

0.0

V2

GELU and Swish Activation Functions

— GELU
== Swish (B=1)

—
—
—
—

A
EE

-
i ————

Large Model Computing, Tsinghua University
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| =R TTGated Linear Unit (GLU)

ReGLU(z, W, V,b,c) = max(0,zW + b) ® (zV + ¢)
GEGLU(z, W, V,b,c) = GELU(zW + b) ® (zV + ¢) i
SwiGLU(z, W, V,b, c, ) = Swishg(zW +b) ® (V + ¢)

% I ABEF? (X
o BABUATITISHE @

< BhEEEFE (outlier) H1 H2

Th—

X

Shazeer, Noam. "Glu variants improve transformer." arXiv preprint arXiv:2002.05202 (2020).
Dauphin, Yann N., et al. "Language modeling with gated convolutional networks." International conference on machine learning. PMLR, 2017.
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[E

< B/ 'next word prediction{ESHIAIBEIESRE /30 (DT + DT?)
< SiIIN— 1A, BEESZBIFTEIRISIE
< FBER: iLBERANSIEAKIRTF BEIRANSIE=>J9:ES/I18INEEE (mask)

KT

. Q
Attention(Q,K,V) = softmax(
Vdy

0  ifizj
M;; =
Y {—oo otherwise

M)y

/\EbE 'JkJ (J<=1)
;: jJ/ \kutmﬁgi-l-%
BER (causal) ;XT3

Large Model Computing, Tsinghua University
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wEIRF=IBtransformer

» SR B ZAIRNISA R
» BEARSRMZATA EER

p(x2|x1) p(x3|x1,x2) p(x4|x1,x2,x3) < d: FHIFTSEFRERMEEEZE0 (D?T + DT?)

____________

| i o Y WEIGHRTEEME0(D? + DT)/iF

____________

| ; For each token xi
B FISRAHIERRD (x4 | 2<:)

7|<1‘$xi+1 ~p(Xi41lx<)

____________

It’s a good
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<+ BERXEEHEYRFTEREHKE < ¥ Transformer3Eif:

000) | EitE =3 REEATTBRINKER (K, V)
""""""""""" < BRMEKVEETE (KV cache)
000 = & RENIBAT RS

RS | [ ————
—— ey - ——————

————————————

ki vi1 k2 v2
h2 = f(h1)
h3 = £h2)| T
h4 = f(h3) _____ ;i “““““ ;i -----
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[N, H, T_Q, D]
[N, H, T_K, D]
[N, H, T_K, D]

Query:
Sk o == .
fﬁl:iEI!O ;E!E}EER K&
Value:
def eager_attention_forward(module, query, key, value, attention_mask, scaling, **kwargs):
attn_weights = torch.matmul(query, key.transpose(2, 3)) * scaling #[N, H, T_Q, T_K]

if attention_mask is not None:
causal mask = attention mask[:, :, :, : key.shape[-2]]
attn_weights = attn_weights + causal_mask

attn_weights = nn.functional.softmax(attn_weights, dim=-1, dtype=torch.float32).to(query.dtype)

attn_output = torch.matmul(attn_weights, value_states) #[N, H, T_Q, D]

attn_output = attn_output.transpose(l, 2).contiguous() #[N, T_Q, H, D]

return attn_output, attn_weights

https://github.com/huggingface/transformers/blob
/T64354e89a55a456€024b301468da2dbb10ell1b3/src/tr
ansformers/models/1lama/modeling_llama.py#L171

Attention(Q, K, V') = softmax(

6

V7 d
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SCIR . KVEETF

def forward(self, hidden_states, position_embeddings, attention_mask, past_key values, cache_position):
T8 qgkv, it&rope, 5&Flquery states, key states, value_ states
if past_key values is not None: # BHUFIKVENETFR, FMNEFERGTEKY

cache_kwargs = {"sin": sin, "cos": cos, "cache_position": cache_position}

key states, value states = past key values.update(key states, value states, self.layer idx, cache_kwargs)

attention_interface: Callable = eager_attention_forward

attn_output, attn_weights = attention_interface(self, query_states, key states, value_states, ..)

if use cache and past_key values is None: # #JiR{tKVETF

past_key values = DynamicCache(config=self.config)

if cache_position is None:

past_seen_tokens = past _key values.get seq length() if past _key values is not None else ©
cache_position: torch.Tensor = torch.arange(

past _seen_tokens, past seen tokens + inputs_embeds.shape[l], device=inputs_embeds.device
) # ARforwardfiarc

https://github.com/huggingface/transformers/blob/7258ea44bc0c0ad25a468f66F8559
dlde8c4126d/src/transformers/models/1lama/modeling_llama.py#L370C1-L377C14 Large Model Computing, Tsinghua University 51



SCIR . KVEETF

def update(self, key_ states, value_states, cache_kwargs): # [N, H, T, D]

Update the key and value caches in-place, and return the necessary keys and value states.

self.keys = torch.cat([self.keys, key states], dim=-2) # ¥z EFRAIKV
self.values = torch.cat([self.values, value_states], dim=-2)
return self.keys, self.values # IRENTEFFBKY

>>> from transformers import AutoTokenizer, AutoModelForCausallLM, DynamicCache
>>> model = AutoModelForCausallLM.from_pretrained("Qwen/Qwen2-0.5B-Instruct")
>>> tokenizer = AutoTokenizer.from_pretrained("Qwen/Qwen2-0.5B-Instruct")

>>> inputs = tokenizer(text="My name is Qwen2", return_tensors="pt")

>>> # Prepare a cache class and pass it to model's forward

>>> past_key values = DynamicCache(config=model.config)

>>> outputs = model(**inputs, past key values=past key values, use cache=True)

>>> outputs.past_key values # access cache filled with key/values from generation
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BHEES: R

JulE7ePrefill

inputs = tokenizer(text="What’s your name")

model (inputs, past_key values)

cache_position = [0, 3)

My ~ p(x3 | x1, x2)

What’s your name
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BHEES: R

fi#f8Decode

model (inputs, past_key values)

cache_position = [3, 4)

name ~ p(x4 | x1, x2, x3)
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BHEES: R

fi#f8Decode

model (inputs, past_key values)

cache_position = [4, 5)

What’s your name My Name
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