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RoPEfiIE %S (Rotary Positional Encoding)

@ ROPEfIERIBEN T LxHIBEREY (Transformer) [FIESIA(IELRIS (BERT)

=i B8

RoPE B BRIBEENATFEERHIFIFHEDIEE (query) HBRE (key) , &I
TR TN A RAENEINEHUERER . XMGEETUTROTE:
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AT ZHEMES| NI TR
o WTEBNMNHEE, EX—IELAE 0 REBUERES.
o B{Fiett Azl

x1 cos(0) — x5 sin(6)
x1 sin(0) + x2 cos(d)

o WNEIFTERE4E, FMASMIENEEAE 0 THRTIR,
S5(UBEHEXMNIEERE:
o TEEAEETMNERS p MIMEDE WRENX: O, =D wy

o pRIUEER.

o wp BSHE KIBXHMEDE,

= wp = 10000 T
Bhe RS S INBEE NS
o Xi&EIf q MR kKA RID, F5RTR ¢k BABSHEMNMUERR:
g, = RoPE(q), k, = RoPE(k)
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Figure 1: Implementation of Rotary Position Embedding(RoPE).
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EERE TR
1. BEESBAHTHI: RoPE MMABBPNSH NESLE (M0 21, 22 M x5, x4) HTAE,
1. WARE: © B1x: (21,20)
o B2 (w3,24)
2. WENHEEMNARETR: SHEERBEAR:

21 cos(f) — z2 sin()
24 sin(6) + x, cos(6)

x = [Z1, T2, T3, T4]
2. UEBRER: RgtREMATRFIITNEp = 2 MUE. RoPE(z) =
3. MESE: 3T RoPE, SEBHHIBALE X N: 1 (o1, 2) BRI

N =2 005(02,0) — T sin(02)0)

wy = 10000~ % o = @ 8in(By0) + T3 cos(8,0)
BN Oy = 2:
HF d =4 8ER: 1 = 1 cos(2) — 23 sin(2)
« k=0 wp=10000"% =1 o = m1sin(2) + 22 cos(2)
« k=1 w = 10000~% ~0.01 I 2R (o ) PR
ys = 3 cos(fy,1) — z4sin(6y,)

ys = x3sin(By,1) + z4 cos(6s,1)

4. HE¥AE: MNESMIEp, 3k HNORERER:

SN Oy = 0.02:
01’7’9 =D Wk y3 = 23 c0s(0.02) — z, sin(0.02)
ys = 235in(0.02) + x4 cos(0.02)
« Bhp=2-1=2 t '
’ 3. AHER: BERQESH:
U 02,1 =2.0.01 =0.02 Y= [y1,92, Y3, Y4
BEITTERG
BRI EERN:
z=11,2,3,4]

1. B3 (z1,@2): 7B Og9 = 2, FHERTEME:
+ cos(2) = —0.416, sin(2) ~ 0.909
y1 =1-(-0.416) — 2-0.909 = —2.234
y2 =1-0.909 + 2 - (—0.416) = 0.077
2. 23t (z3,24): N Op1 = 0.02, FHEREMUE:
« ¢05(0.02) ~ 0.9998, sin(0.02) ~ 0.02
ys =3-0.9998 — 4 -0.02 = 2.879
ys =3-0.02+4-0.9998 = 4.079

y = [~2.234,0.077, 2.879, 4.079]

@ AL FBROPEERLAEIT (I B RIS ?

GBI BRI EPRE

o (IEMREYE: BEIMIERY (40 sinusoidal ZREZEY learnable Ri3) BREEMMEZRS| 4R
BRSMINMUE L, XESEENFEIIKEIFEHR, TERFMHET FRNDINKR
5o

o MZMEMMERFE: EXTUEBRBFEHITAZ ENERUEEFEE, MENUIEEEEE
E (w0, EKFEFHR, KBEXRERMWAIBZEENESR) .

RoPE BYHEXT 14

e ROPE WiE#RIBMESMUEREEEIZERNRIITONEN SRS, FEBAMAMEETHE
SHIE X R,



o ROPEEAEMqSKEMSTIRE, HERSEGEE—I:
@1 - kpo = (g, ) - g(p1 — p2)
w f(q,k): SERBEEMBEHEXBNS.
= g(p1 —p2) : SUBEEEXNEF.
o EEAENVGHIA, XFEXHEEFEE A UREMGBEREKENFS], MEAEEME
EimiD,
RoPE BIE %1% :

e ROPEItEEE, REBHEETHME LHI1THEMEDTR, TEAHLERZHEZEHIE
dRia 5% (30 Transformer-XL BUAEST I BERED) BR, —R@E T EHTRIEFRMo

(;1;0\ ( cos mby \ (—311 \ / sin mOy \

x1 cos mb sin m#é,
Z9 cos mby —z3 sin m6;
Ré mm — T3 ® COS m01 + 9 ® sin m01 (15)
Ti_o cos mbys_1 —Zgq sinmfyo_4

\ 24 1/ \ cosmbyjs 1 ) \ Tq-2 ) \ sinmby 1 )

RoPE

SwiGLU

@ FISWIGLUE IS T FFN
SwiGLU B AT
SwiGLU(z) = (swish(zW1 + b1)) ® (W2 + b2)

@ SwishBERES
Swish B EREENT
f(x)=x - o(x)
o(x) = (1 +exp(—x))(-1)
SWISHEGEREE I BHIFRE, TEXKTFOR (X)L LR, 7ExNFOBIf(x)E TR, BT



Swish
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Figure 1: The Swish activation function.
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Figure 3: Common baseline activation functions. Best viewed in color.
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Figure 2: First and second derivatives of Swish.

Swish—M S _M S

@ GLU[J#Z# 7t (Gated Linear Unit)
GLU AT T9:
GLU(z) = (zW; + b1) ® o(zWy + by)
e GLU f#H Sigmoid fE/BUE R 2L
e SwiGLU £/ Swish &1{ Sigmoid, 1REEF B ENILRNFRIELE,
e SwiGLU7EMEE L FReLUMGELU

KV &1F:

@ 4% KV-Cache? 7% Llama 3 Z2#9, 7EH#IEAIE| N7 KV-Cache BIBES, LU Key Fl
Value EFM R EMESaIERDY token, XEEEERATFHEEIENUERT—
token, XA key #l value token S#ETF, MEIM token FEWEF, ELLFRI KV
Cache,

AT AEKNFEKV Cache? 1LEK(TE TEREKERA,



[ '[A Before Applying KV-Cache

(@* K.T)

Q . H:.T. Attention Scores v Inference Output
okeni | || | okem | [ ouput1 |

' 1 o | o > - f b 4

| loken2 ® 2 |& g » ® token2 —> output 2

| [3, 4096] [4096, 3] [3, 3] [3, 4096] [3, 4096] '

---The last output token gets appended at the input token il === ===

.-| B. After Applying KV-Cache

(Q*K.T)
a KT Attention Scores v Inference Output
E _ | tokent
c L8
® % % & — @ tokenz | —»
o [1, 4096) [4096, 3] [,3] [2:14066) LL. G001

eaceassssssiossa-zsa-s------------The last output token replaces the current lnpunnuan-m-—--------—-----u-------------'-'

@ o 7EESHARR, 7E4R output3 token BY, ZHTEYHH token (outputl, output2)
RETE, XRERESELEN, XEREITEIRNNFTEHITIINIERTE, Hitt
HTERRIEMTRZ,

o TZEEIRAEYIR B R, HERICER T EBRNPIRAITIS. KV Cache?ZzE T Ftai £y
ic. EARNESIHERE, BNIRFERZT WP 1 MrcHERBRMEZEEFETNEL
AIRIZ. TIFMIR A B3R B AURERESREM 3x3 BV 1x3, D TiL 66%. {EISStH R
b, BFFIKEMMERNNEKR, XEEBHTEERFEITEEND. &RE, BHEXIZER
— M EMIvELEATIE. XES5IN KV-Cache WEERHA,

DHERNEN

o AT WEEANEIS ZHHEE (B0 Llama 1) HERNZOEEANEIER, B—HXK
AETEWFERRIRAK, B/ EERRRAIL, BF, DEATHRIKHHRERENEXR
E0n & ILFNE—TERUHE—TINRIERE,



Muilti-Head Attention Group Query Attention |

Values Values

- -1ee
~Nennonon —ooooooon

- Number of Heads (n_heads) = 8 - Number of Query Heads (n_heads) =8

- Number of heads are equal in all values, keys and - Number of KV Heads (n_kv_heads) =4

queries embeddings = Number of heads in Keys and Values embedding

are less than number of heads in Querles
embeddings

& EATNERT, LREBNEREEN. BNETEEHERKENL, B n_heads=8,

EEIFFERE 8 MNHTEIMAYL (n_heads) #1 4 NHATFEFERL (n_kv_heads), LbZEif
Sk 2 13,

BX7A MultiHead Attention BEX AT , ATAEFE Group query Attention? E[OZ
XANERR, FKATEBSHEIFH—T KV Cache, KV Cache BBIFAKXRBVITERIR, SAM, M
%& KV Cache Fi#i#lskitd 219 5cHl token, NEFEZRREKEZIELMN. TIEMEREERELREM
MERENRE, XBAR—HFE. Eit, 5INT Group query Attention, &/ K1V Y
head HEX RV EFENSHHE, RLLFERNANEELD, ZMNINERIER, RAXMA
%, RELERENRSER—SEER.
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Softmax

[ Mode: Inference

Probability

| OutputBlock | f Output from the 5
For Inferencing Last decoder block =3 [ TocatATY
iiaer |—For Training> Logits |«>{ Targets | prlling 3y |{uce am,
1.35 011 a1 SBES2;
O wsNam ‘ 1 = s,
[ msem | ’ 087 =) - MR e— "d. 4
Decoder Block 32 output] Loss pim G 11 > Lan::rr 122 0.80 ______), " 5,
| | “f": 8,
( Ducnder‘ Block 32 ) -0.5 (dim, vocab_size) | 4 g 0.03 9" 7,
: Back Propagatl 1.22 i "8
( Decoder Block 3 ) ook Piopteen L e 2 ;
Ly 1,1,5]
( DecnderEIIﬂnk 2 ) tbaichlsseq_]len.e([m) 0.11 0.06 |
1,8 vocab_size =8
Decoder Block 1 uulput \ {batch,seq_len,vocab_size)
Decoder Block 1
Important Note:
- Index of lary with highest probability is sel 1 as next token
Feeuromam Nelwmk
- The next token will be a in case of level
+ = The next token will be a word or sub-word in case of tiktoken or other sub-word tokenizer.
( RMS Norm ]
- : ( Mode: Training ]
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T T T QOutput from the
Query  Key | Value ‘ Laat edor i gt Logka
pil e ——Tokens—>
KV Cache Group Query -Q—Tnknns—P T 1
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@ ! ' Block 135 045 | 1.35 | ) :
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Encoding -0.17 0.55 | 0.57 A4 ﬂ
& T T | s e T |.| 0.22 |0.11 | (
a K v Dim| 1.55 | 0.22 | 0.1 —)v L:;:: < Target Labels
—— 247 |28 -05 |‘_ J
2l | LR S (dim, vocab_slze) |
\ / AT 223 2.5 | 1.2
— 1,35 ' ‘E’s_ _0_22_ i | Compute Loss|
Update V;elgms (batch,seq_len,dim) 155 0.22 | 0.11 I —
an |
mke“ hllnnl;'; :;:r ;smn 247 (11 ‘23. -0.5 |
L [1,3.8]
— (batch,seq_len,vacab_size)
aw Tralning
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Input Block Tokenizers
Texts/ Prempts

Loss is using Cross py function and
repeat the training process for defined number of Epochs
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@ ﬁﬂ‘]MOQ‘Eiﬁl—/l\LLaMA3E’\J1‘§§2%W#E7)D$ELLaMA3—BB—InstructE’\J%¥ , PR, tokenizer

SEATMINGRIFRY, X

O 0o N oo b~ W N PR

R
o 1A W N KR O
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from pathlib +import Path

import tiktoken

from tiktoken.load import load_tiktoken_bpe
import torch

import json

import matplotlib.pyplot as plt

# JEST 1SR R 1F
"Meta-Llama-3-8B-Instruct/tokenizer.model"
[

"<|begin_of_text|>",

"<|end_of_text|>",

tokenizer_path =

special_tokens

"<|reserved_special_token_0|>",
"<|reserved_special_token_1|>",
"<|reserved_special_token_2|>",
"<|reserved_special_token_3|>",



17 "<|start_header_id|>",

18 "<|end_header_id|>",

19 "<|reserved_special_token_4|>",

20 "<|eot_id|>", # end of turn

21 1 + [f"<|reserved_special_token_{i}|>" for i 1in range(5, 256 - 5)]

22 mergeable_ranks = load_tiktoken_bpe(tokenizer_path)
23 tokenizer = tiktoken.Encoding(

24 name=Path (tokenizer_path) .name,

25 pat_str=r"(2i:'s|'t|'re['ve| 'm|"11]"'d) [ ["\r\n\p{L}\p{N}1?\p{L}+|\p{N}
{1,33] 20M\s\p{LI\p{N}+[\r\n]*[\s*[\r\n]+[\s+(?!\S) [\s+",

26 mergeable_ranks=mergeable_ranks,

27 special_tokens={token: len(mergeable_ranks) + i for i, token 1in
enumerate(special_tokens)},

28 )

29

30 # WA IS Sm S FIfEES T EE

31 tokenizer.decode(tokenizer.encode("hello world!™))

i

hello world!

& BUEIERIH
BE, EEUEREXH FEBRATFERENEE AN UREFRNTER,
ERFEMZLI Llama3, BEEERE2EMHEImodelT 2

1 # WNEEEEmodel = torch. load("Meta-Llama-3-8B-Instruct/consolidated.00.pth")
2 print(json.dumps(list(model.keys())[:20], indent=4))

"tok_embeddings.weight",
"layers.0.attention.wq.weight",
"layers.0.attention.wk.weight",
"layers.0.attention.wv.weight",
"layers.0.attention.wo.weight",
"layers.0.feed_forward.wl.weight",

"layers.0.feed_forward.w3.weight",



"layers.0.feed_forward.w2.weight",
"layers.0.attention_norm.weight",
"layers.0.ffn_norm.weight",
"layers.l.attention.wq.weight",
"layers.l.attention.wk.weight",
"layers.1l.attention.wv.weight",
"layers.l.attention.wo.weight",
"layers.1l.feed_forward.wl.weight",
"layers.1.feed_forward.w3.weight",
"layers.1.feed_forward.w2.weight",
"layers.l.attention_norm.weight",
"layers.1.ffn_norm.weight",

"layers.2.attention.wg.weight"

# RINREIIESH
with open("Meta-Llama-3-8B-Instruct/params.json", "r") as f:

config = json.load(f)

a A W N =

config

"dim": 4096,

"n_layers": 32,
"n_heads": 32,
"n_kv_heads": 8,
"vocab_size": 128256,
"multiple_of": 1024,
"ffn_dim_multiplier": 1.3,
"norm_eps": 1e-05,

"rope_theta": 500000.0



& {5 X LD B HEIRIR R VAT
1. #BEE 32 4 Transformer &
2. BIMERABIRE 321k
3. JAERARNF

# MECEXFFIEAIRE S

dim = config["dim"]

n_layers = config["n_layers"]

n_heads = config['"n_heads"]

n_kv_heads = config[''n_kv_heads'"]

vocab_size = config["vocab_size"]

multiple_of = config["multiple_of"]
ffn_dim_multiplier = config["ffn_dim_multiplier']

O 0o N oo 0 b W NP

norm_eps = config['"norm_eps']

10 rope_theta = torch.tensor(config["rope_theta"])

@ XEfEMA tiktoken (OpenAl BIE) EF5iF8e

1 prompt = "the answer to the ultimate question of life, the universe, and

everything is "

# 5 79token

tokens = [128000] + tokenizer.encode(prompt)
print(tokens)

tokens = torch.tensor (tokens)

# JEEF1 token MEEBIIXTIZHIX 7%
prompt_split_as_tokens = [tokenizer.decode([token.item()]) for token 1in tokens]

O© 0o N o b~ W N

=
(O]

print(prompt_split_as_tokens)

[128000, 1820, 4320, 311, 279, 17139, 3488, 315, 2324, 11, 279, 15861, 11, 323, 4395, 374, 220]

['<|begin_of_text|>, 'the'," answer’,' to!, ' the', ' ultimate, ' question’, ' of!, ' life', ), ' the',’

universe', '), 'and’, ' everything' "is' ' ']

@ 1§ token #8273 embedding
I3 BB P PO BB R X 45 3R



FTieunfal, [17x1] token BITER [17x4096] , BEIEA token FYKEH 4096 HY
embeddings

AR BEfshapes, XEFE—UIRTBIERERS

embedding_layer = torch.nn.Embedding(vocab_size, dim)
embedding_layer.weight.data.copy_(model["tok_embeddings.weight"])

token_embeddings_unnormalized = embedding_layer (tokens).to(torch.bfloatl6)

0o N o o0 b W N

token_embeddings_unnormalized.shape

torch.Size([17, 4096])

@ IETHRER RMS I3—LERA
BEEE, 23T EE shapes 7L, RI2EHIIT—L

=
FEIENE, FE—1norm_eps CREEE) LUBRAF//OKE RMS B 0 SR
0 1E

Mg (a)

Ay = gi, where RMS(a) =

RMS-Normit&E AT

1

2

3 def rms_norm(tensor, norm_weights):

4 return (tensor * torch.rsqrt(tensor.pow(2).mean(-1, keepdim=True) +

norm_eps)) * norm_weights

¢ EE—1 Transformer &
13—k

MERFHARE] layer.0 (XEE—RE)



J3—1K /5 shapes AR [17x4096] , SE#xANHEEEBE)T—1

1
2 token_embeddings = rms_norm(token_embeddings_unnormalized,
model["layers.0.attention_norm.weight"])

3 token_embeddings.shape

torch.Size([17, 4096])

& MEEILEZ NG
MEE— Transformer BEIEE 3k

o HMINIMIREIAME, query , key, value # output WNEREFERS, FEZF|
shapes 259 [4096x4096] , [1024x4096] , [1024x4096] ,
[4096Xx4096]

o F—AXBLEHE, BNEERBEATRNEES T XBRAERZENq, k, vHlo
o XEMRERHEHAHTE L, MAXER? AAXFEMTHITHER KR

print(
model["layers.0.attention.wq.weight"].shape,
model["layers.0.attention.wk.weight"].shape,

model["layers.0.attention.wv.weight"].shape,

o © © o

model["layers.0.attention.wo.weight'"].shape

N oo a0 WN R

torch.Size([4096, 4096])
torch.Size([1024, 4096])
torch.Size([1024, 4096])
torch.Size([4096, 4096])

@ B query
ETF—2th, BEAZNERSIKB query, 5589 shapes I [32x128x4096]

XER 32  Llama3 BEE L #E, 128 B query M=ERIK/), 4096 Z token BRABIK
1)\



g_layer® = model["layers.0.attention.wq.weight"]

head_dim = g_layer0.shape[0] // n_heads
g_layer® = q_layer@.view(n_heads, head_dim, dim)

o 0 b W N

g_layer0.shape

torch.Size([32, 128, 4096])

¢ TNE—BHE—1k
XBEEBHTE—NEMNE—1KB query IWNEREPRE, HEX/NNH [128x4096]

1 g_layer0_headd = g_layer0[0]
2 qg_layer0_head0.shape

torch.Size([128, 4096])

@ M7EIE query INES token HRNIBE, LIFKIFE1 token B9 query

XEBEAUEEISEIM shape & [17x128] , XEREAE 17 4> token, &4 token H—1
KEH 128 B9 query

1 qg_per_token = torch.matmul(token_embeddings, q_layer0_head0.T)
2 q_per_token.shape

torch.Size([17, 128])

¢ (U ERED
Hal, 51 token HE—1 query A, BINRFE—8 - HLRA query IEHAHIEE
111E prompt R E,

query: "the answer to the ultimate question of life, the

universe, and everything is "

EFH G prompt B, FRAT=R "the" , BERIBEE(NIE prompt FRIUERED
"the" token £RARM query ME (BMKEN128) . AILUERA RoPE (TEit{iE YR



EE_,') *iimiz_,."'—io

1 qg_per_token_split_into_pairs = q_per_token.float().view(q_per_token.shape[0],
-1, 2)

2 q_per_token_split_into_pairs.shape

torch.Size([17, 64, 2])

@ o XEBEHNprompt PEMIBERTIREMERID. TUED, XEERDIEZFRZRLEK
OEER=

o EEMFRBE R query REZEN, HWEXNNAIE AERZA!

o MAEB—NDK/NA [17x64x2] HIME, XEFXT prompt FEIEA token K 128 ™MK
FERY query 739 64 X3! X 64 STFRRE—XT &R e mx 0 , HE m EhReEETHN
token I E!

AP ZHAES| NEIE TR
o XNTE/XEE, EX—TIERABE 0 REBUERES.
o B{Fied AN

x1 cos(0) — x2 sin(6)
x1 sin(f) + x5 cos(0)

o WNEIFTEREHE, MASMIENIEERE 0 THRZHK,
S5(IBEHEXEERE:
o EHAEETMUERS p MMEDE WREX: Ok =p-wk
o pRIUERER.
o wr BEHE KEXHMEDE,
= wj, = 10000 7

o RoPE(z) =

1 zero_to_one_split_into_64_parts = torch.tensor(range(64))/64
2 zero_to_one_split_into_64_parts

tensor([0.0000, 0.0156, 0.0312, 0.0469, 0.0625, 0.0781, 0.0938, 0.1094, 0.1250,
0.1406, 0.1562,0.1719, 0.1875, 0.2031, 0.2188, 0.2344, 0.2500, 0.2656,



0.2812, 0.2969, 0.3125, 0.3281, 0.3438, 0.3594, 0.3750, 0.3906, 0.4062,
0.4219, 0.4375, 0.4531, 0.4688, 0.4844, 0.5000, 0.5156, 0.5312, 0.5469,
0.5625, 0.5781, 0.5938, 0.6094, 0.6250, 0.6406, 0.6562, 0.6719, 0.6875,
0.7031, 0.7188, 0.7344, 0.7500, 0.7656, 0.7812, 0.7969, 0.8125, 0.8281,
0.8438, 0.8594, 0.8750, 0.8906, 0.9062, 0.9219, 0.9375, 0.9531, 0.9688,
0.9844])

1 freqs = 1.0 / (rope_theta *x zero_to_one_split_into_64_parts)
2 fregs

tensor([1.0000e+00, 8.1462e-01, 6.6360e-01, 5.4058e-01, 4.4037e-01, 3.5873e-01,

2.9223e-01, 2.3805e-01, 1.9392e-01, 1.5797e-01, 1.2869e-01, 1.0483e-01,
8.5397e-02, 6.9566e-02, 5.6670e-02, 4.6164e-02, 3.7606e-02, 3.0635e-02,
2.4955e-02, 2.0329e-02, 1.6560e-02, 1.3490e-02, 1.0990e-02, 8.9523e-03,
7.2927e-03, 5.9407e-03, 4.8394e-03, 3.9423e-03, 3.2114e-03, 2.6161e-03,
2.1311e-03,1.7360e-03, 1.4142e-03, 1.1520e-03, 9.3847e-04, 7.6450e-04,
6.2277e-04,5.0732e-04, 4.1327e-04, 3.3666e-04, 2.7425e-04, 2.2341e-04,
1.8199e-04, 1.4825e-04, 1.2077e-04, 9.8381e-05, 8.0143e-05, 6.5286e-05,
5.3183e-05, 4.3324e-05, 3.5292e-05, 2.8750e-05, 2.3420e-05, 1.9078e-05,
1.5542e-05, 1.2660e-05, 1.0313e-05, 8.4015e-06, 6.8440e-06, 5.5752e-06,
4.5417e-06, 3.6997e-06, 3.0139¢e-06, 2.4551e-06])

=

freqs_for_each_token = torch.outer (torch.arange(17), freqgs)

N

freqs_cis = torch.polar(torch.ones_like(freqgs_for_each_token),
freqs_for_each_token)

1 g_per_token_as_complex_numbers =
torch.view_as_complex(q_per_token_split_into_pairs)
2 q_per_token_as_complex_numbers.shape

torch.Size([17, 64])



1 qg_per_token_as_complex_numbers_rotated = q_per_token_as_complex_numbers x*
freqs_cis

2 q_per_token_as_complex_numbers_rotated.shape

torch.Size([17, 64])

¢ FERERER
BT LB B RS B OB fE SRR B RATAY query

1 q_per_token_split_into_pairs_rotated =
torch.view_as_real(q_per_token_as_complex_numbers_rotated)
2 q_per_token_split_into_pairs_rotated.shape

torch.Size([17, 64, 2])

@ FEENMERAH, MEE T — MM query A8 (5E% query [A8) , H shape i
[17x128] , HM 17 2 token F9%E, 128 B query MEMHE

1 g_per_token_rotated =

g_per_token_split_into_pairs_rotated.view(q_per_token.shape)
2 qg_per_token_rotated.shape

torch.Size([17, 128])

@ keys (JIE5 query —1E—i#¥)
o keys £mH key MEREEHZ 128
o keys WIRERE query B9 1/4, EJ keys BIINETE 4 Mz =, LURLViIHES
o keys R query — e UAIUEE R, HEEER

1 k_layer® model["layers.0.attention.wk.weight"]

2 k_layer® k_layer0@.view(n_kv_heads, k_layer0.shape[0] // n_kv_heads, dim)
3 k_layer0.shape



torch.Size([8, 128, 4096])

1 k_layer0_heado = k_layer0[0]
2 k_layer0_head0.shape

torch.Size([128, 4096])

1 k_per_token = torch.matmul(token_embeddings, k_layer0_head0.T)
2 k_per_token.shape

torch.Size([17, 128])

1 k_per_token_split_into_pairs = k_per_token.float().view(k_per_token.shape[0],
-1, 2)
2 k_per_token_split_into_pairs.shape

torch.Size([17, 64, 2])

1 k_per_token_as_complex_numbers =
torch.view_as_complex(k_per_token_split_into_pairs)
2 k_per_token_as_complex_numbers.shape

torch.Size([17, 64])

1 k_per_token_split_into_pairs_rotated =
torch.view_as_real(k_per_token_as_complex_numbers * freqs_cis)
2 k_per_token_split_into_pairs_rotated.shape

torch.Size([17, 64, 2])

1 k_per_token_rotated =
k_per_token_split_into_pairs_rotated.view(k_per_token.shape)
2 k_per_token_rotated.shape

torch.Size([17, 128])



@ WE, BEFTHE token BIFEEEH query H key
> query #l key B shape #ZE [17x128]
TR, 1§ query 1 key RUXEFFHEE
o XEMRFRE— token HEEMTHI S EL
o XNDEFEAR T E token BY query 581 token B key BIHEKE. XMEBEEET] )

o FENBENERE (gk_per_token) Byshape@ [17x17] , HA 17 2 prompt 89
token #h=

1 gk_per_token = torch.matmul(q_per_token_rotated,
k_per_token_rotated.T)/(head_dim)xx0.5
2 qk_per_token.shape

torch.Size([17, 17])

& MEBIRERK QK 533X
e 1F llama3 BRI ZH, KRR token gk 73 #4 FEiko
o AftA? AREGHIEFR, REIERIER token KFLN token o
Eitt, EHIEIER, FRFKD token RENZ,

def display_gk_heatmap(gk_per_token):
_, ax = plt.subplots()
im = ax.imshow(gk_per_token.to(float).detach(), cmap="viridis")

ax.set_xticks(range(len(prompt_split_as_tokens)))

1
2
3
4
5 ax.set_yticks(range(len(prompt_split_as_tokens)))
6 ax.set_xticklabels(prompt_split_as_tokens)

7 ax.set_yticklabels(prompt_split_as_tokens)

8 ax.figure.colorbar(im, ax=ax)

S

10 display_gk_heatmap(gk_per_token)
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<|begin_ofthmxijedn thitimestio life , btheverseanerything

attention 1 E

1 mask = torch.full((len(tokens), len(tokens)), float("-inf"),
device=tokens.device)

2 mask = torch.triu(mask, diagonal=1)

3 mask

tensor([[0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0., 0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0., 0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.,0.,,0.,0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.,0,0.,0.,0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.,0.,0.,0.,0.,0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.,0.,0.,0.,0.,0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.0.,0.,0.,0.,,0.,0., 0., -inf, -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0.,0.,0.,0.,0.,0.,0.,0., 0., -inf, -inf, -inf, -inf, -inf, -inf],
[0.,0.,0,0,0.,,0.,0.,0.,0.,0.,,0., 0., -inf, -inf, -inf, -inf, -inf],
[o.,0.,0.,0.0.0.,0.,0.,0.,0.,0.,0., 0., -inf, -inf, -inf, -inf],
[o.,0.,0.,0.0.0.0.0.,0.,0.,0.,0.,0., 0., -inf, -inf, -inf],
[o.,0.,0.,0.0.0.,0.,0.,0.,0.,0.,0.,0.,0., 0., -inf, -inf],
[o.,0.,0.,0.0.0.,0.,0.,0.,0.,0.,0.,0.,0.,0., 0., -inf],
[o.,0.,0.,0.0.0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.]])



1 gk_per_token_after_masking = gk_per_token + mask

2 display_gk_heatmap (gk_per_token_after_masking)
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<|begin_ofthedywo thitiowsstior life , tieverseaverything

1 gk_per_token_after_masking_after_softmax =
torch.nn. functional.softmax(qgk_per_token_after_masking,
dim=1).to(torch.bfloatl6)

2 display_gk_heatmap(gk_per_token_after_masking_after_softmax)
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@ XS (0-1) BTFHES token FFELE value FEFERIEL G
M key —#, value NEWES 4 MERSIKZEFTHEZE (UTEITES)
Fitb, TEHRY value IXEEFERY shape /7 [8x128x4096]

1 v_layero® model["layers.0.attention.wv.weight"]

2 v_layer0 = v_layer0.view(n_kv_heads, v_layer0.shape[0] // n_kv_heads, dim)

3 v_layer0.shape



torch.Size([8, 128, 4096])

@ lama3sE—R, E— 1 kERUEEFMN AR

1 v_layer0_headd = v_layer0[0]
2 v_layer0_head0.shape

torch.Size([128, 4096])

¢ value @E

IMTEMEA value IXERRENVEA token BFEME, HKA/NA [17x128] , HP1TZE
prompt EY token #1, 128 @& tokene By value MEM4EE

1 v_per_token = torch.matmul(token_embeddings, v_layer0_head0.T)
2 v_per_token.shape

torch.Size([17, 128])

= 1(attention)
M token Y value HEREEBEIFEIRER shape /I [17x128]

1 gkv_attention = torch.matmul(gk_per_token_after_masking_after_softmax,
v_per_token)
2 qgkv_attention.shape

torch.Size([17, 128])

@ Z35FE5H (multi head attention)
NECEE T E—BNE— LB NE

REFET—INMER, ARTS LESTEPHEENEFEE, ERNE—ERHNEITX
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gkv_attention_store = []

for head in range(n_heads):

g_layer0_head
k_layer0_head
v_Tlayer0_head

g_layer0[head]

k_layer@[head//4]
v_Tlayer@[head/ /4]
torch.matmul(token_embeddings, q_layer0_head.T)

q_per_token

k_per_token torch.matmul(token_embeddings, k_layer0_head.T)

v_per_token torch.matmul(token_embeddings, v_layer0_head.T)
g_per_token_split_into_pairs =

g_per_token.float().view(q_per_token.shape[0], -1, 2)
g_per_token_as_complex_numbers =

torch.view_as_complex(q_per_token_split_into_pairs)
g_per_token_split_into_pairs_rotated =

torch.view_as_real(q_per_token_as_complex_numbers * freqs_cis[:len(tokens)])

g_per_token_rotated =
g_per_token_split_into_pairs_rotated.view(q_per_token.shape)

k_per_token_split_into_pairs =
k_per_token.float().view(k_per_token.shapel[0], -1, 2)

k_per_token_as_complex_numbers =
torch.view_as_complex (k_per_token_split_into_pairs)

k_per_token_split_into_pairs_rotated =

torch.view_as_real(k_per_token_as_complex_numbers * freqs_cis[:len(tokens)])

k_per_token_rotated =
k_per_token_split_into_pairs_rotated.view(k_per_token.shape)

gk_per_token = torch.matmul(q_per_token_rotated,
k_per_token_rotated.T)/(128)**0.5
mask = torch.full((len(tokens), len(tokens)), float("-inf"),
device=tokens.device)
mask = torch.triu(mask, diagonal=1)
gk_per_token_after_masking = gk_per_token + mask
gk_per_token_after_masking_after_softmax =
torch.nn. functional.softmax(gk_per_token_after_masking,
dim=1) .to(torch.bfloatl6)

gkv_attention = torch.matmul(gk_per_token_after_masking_after_softmax,

v_per_token)

gkv_attention = torch.matmul(gk_per_token_after_masking_after_softmax,

v_per_token)

gkv_attention_store.append(gkv_attention)

len(gkv_attention_store)



@ MEETE—NER 32 Pk gkv_attention M, BT REEAEIENDBEHBE—
K¥EFE, K/NA [17x4096]

1 stacked_gkv_attention = torch.cat(gkv_attention_store, dim=-1)
2 stacked_gkv_attention.shape

torch.Size([17, 4096])

& WEIEE, RENSZ—
WFER, REEMN—HEE, BNEEMER

1 w_layer® = model["layers.0.attention.wo.weight"]
2 w_layer0.shape

torch.Size([4096, 4096])

& XR—MEENEHEE, AR EERTREASHE

1 embedding_delta = torch.matmul(stacked_gkv_attention, w_layer0.T)
2 embedding_delta.shape

torch.Size([17, 4096])

@ IEZE, NEETHRNENTY, RIZEERNDIEAS token embeddings (%)

1 embedding_after_edit = token_embeddings_unnormalized + embedding_delta
2 embedding_after_edit.shape

torch.Size([17, 4096])

& FHE—%



1 embedding_after_edit_normalized = rms_norm(embedding_after_edit,
model["layers.0.ffn_norm.weight"])
2 embedding_after_edit_normalized.shape

torch.Size([17, 4096])

& 1NE FEN A EH SIEIRML%S
£ llama3 &, AT SwiGLU BIMEMLE, XMMKELEIESERKIESEITE,
N4, 7E LLMS ehfe F XA a ML 2o i A8 4 5 T B

1 wl = model["layers.0.feed_forward.wl.weight'"]
2 w2 = model["layers.0.feed_forward.w2.weight"]
3 w3 = model["layers.0.feed_forward.w3.weight"]
4 output_after_feedforward =

torch.matmul(torch. functional.F.silu(torch.matmul(embedding_after_edit_normaliz
ed, wl.T)) * torch.matmul(embedding_after_edit_normalized, w3.T), w2.T)
5 output_after_feedforward.shape

torch.Size([17, 4096])

@ EE-EZE, BF S token £ T ¥ EMBEDDINGS (3%)
BERAR 31 (—/2 for 1&IF)
Al LI E 4miER) embedding MR N EEEXE—E LIRHFTE query IER

W, 5—BHaXT query #THREE 2%, HFSE—1 embedding, EFEET
ZEWT— token WFRAEEE,

1 layer_0_embedding = embedding_after_edit+output_after_feedforward
2 Tlayer_0_embedding.shape

torch.Size([17, 4096])

¢ ES



1 final_embedding = token_embeddings_unnormalized

2 for layer in range(n_layers):

3 gkv_attention_store = []

4 layer_embedding_norm = rms_norm(final_embedding, model[f'"layers.
{layer}.attention_norm.weight"])

5 g_layer = model[f"layers.{layer}.attention.wq.weight"]

6 g_layer = qg_layer.view(n_heads, g_layer.shape[0] // n_heads, dim)

7 k_layer = model[f"layers.{layer}.attention.wk.weight"]

8 k_layer = k_layer.view(n_kv_heads, k_layer.shape[0] // n_kv_heads, dim)
9 v_layer = model[f"layers.{layer}.attention.wv.weight"]

10 v_layer = v_layer.view(n_kv_heads, v_layer.shape[0] // n_kv_heads, dim)
11 w_layer = model[f"layers.{layer}.attention.wo.weight"]

12 for head in range(n_heads):

13 g_layer_head = g_layer[head]

14 k_layer_head = k_layer[head//4]

15 v_layer_head = v_layer[head//4]

16 g_per_token = torch.matmul(layer_embedding_norm, q_layer_head.T)

17 k_per_token = torch.matmul(layer_embedding_norm, k_layer_head.T)

18 v_per_token = torch.matmul(layer_embedding_norm, v_layer_head.T)

19 g_per_token_split_into_pairs =

g_per_token.float().view(q_per_token.shape[0], -1, 2)

20 g_per_token_as_complex_numbers =
torch.view_as_complex(q_per_token_split_into_pairs)

21 g_per_token_split_into_pairs_rotated =
torch.view_as_real(q_per_token_as_complex_numbers * freqs_cis)
22 g_per_token_rotated =
g_per_token_split_into_pairs_rotated.view(q_per_token.shape)
23 k_per_token_split_into_pairs =
k_per_token.float().view(k_per_token.shapel[0], -1, 2)

24 k_per_token_as_complex_numbers =
torch.view_as_complex (k_per_token_split_into_pairs)

25 k_per_token_split_into_pairs_rotated =
torch.view_as_real(k_per_token_as_complex_numbers * freqs_cis)
26 k_per_token_rotated =
k_per_token_split_into_pairs_rotated.view(k_per_token.shape)

27 gk_per_token = torch.matmul(q_per_token_rotated,
k_per_token_rotated.T)/(128)**0.5

28 mask = torch.full((len(token_embeddings_unnormalized),
len(token_embeddings_unnormalized)), float("-inf'"))

29 mask = torch.triu(mask, diagonal=1)

30 gk_per_token_after_masking = gk_per_token + mask

31 gk_per_token_after_masking_after_softmax =

torch.nn. functional.softmax(gk_per_token_after_masking,

dim=1) .to(torch.bfloatl6)

32 gkv_attention = torch.matmul(gk_per_token_after_masking_after_softmax,
v_per_token)

33 gkv_attention_store.append(gkv_attention)



34

35 stacked_gkv_attention = torch.cat(gkv_attention_store, dim=-1)
36 w_layer = model[f"layers.{layer}.attention.wo.weight"]

37 embedding_delta = torch.matmul(stacked_gkv_attention, w_layer.T)
38 embedding_after_edit = final_embedding + embedding_delta

39 embedding_after_edit_normalized = rms_norm(embedding_after_edit,

model[f"layers.{layer}.ffn_norm.weight"])

40 wl = model[f"layers.{layer}.feed_forward.wl.weight'"]
41 w2 = model[f"layers.{layer}.feed_forward.w2.weight'"]
42 w3 = model[f"layers.{layer}.feed_forward.w3.weight"]
43 output_after_feedforward =

torch.matmul(torch. functional.F.silu(torch.matmul(embedding_after_edit_normaliz
ed, wl.T)) * torch.matmul(embedding_after_edit_normalized, w3.T), w2.T)
44 final_embedding = embedding_after_edit+output_after_feedforward

@ B384 Embedding, 31 F—1 token {75

embedding B9 shape 5 &#I token embedding shape [17x4096] #HE, Ef 172
token #=, 4096 & embedding 4£E

1 final_embedding = rms_norm(final_embedding, model["norm.weight"])

2 final_embedding.shape

torch.Size([17, 4096])

@ =5, 1§ embedding fi#53% token value
I E R L RIS 23 =2 embedding #3829 token,

1 model["output.weight'"].shape

torch.Size([128256, 4096])

@ FARE—1 token B embedding &7l F—M&
REERNITRZA, 42 )

AR RIE (RARERERE) B, “Ed. FEM—UINKRAENERE 427
o REMMRBSTREEXENZREIE 42, XMNIZAEWIEHNTHNENNE! RBFIE )



1 logits = torch.matmul(final_embedding[-1], model["output.weight"].T)
2 Tlogits.shape

torch.Size([128256])

@ RBFLNAY token RS 2 2983, XE2EILE 42 1Y token FS?

1 next_token = torch.argmax(logits, dim=-1)

2 next_token

tensor(2983)

1 tokenizer.decode([next_token.item()])

42
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