b6 5 £ T IR AN T SRR R A K, 1B B RIALA SIS RE SR I 5L
TR RER, AT RIS AL (Large Language Model, LLM) HYHTI A . SEAEE
VeI BB B MR , i 5 B (R B T 32 LA S, M
T BVE BENIEL, Br A4 A T AE (Artificial Intelligence Generated Content,
AIGC) PREIZ . MHl, KiESBRRARED LR, FRBRZ NS, XL
BURAES 2 1 B R S P B R TR I 5 A2 R B i A 28108 1, 314901%
AIGC KB HT—4e i ay . ARFERFRAR RIE T BT 5=, Ha
31444 Encoder-only . Encoder-Decoder 4 J% Decoder-only == iU . i1
FURE RN R IR, AT E N LM R G5 . Y15y 5y T 1 2
B Ak f)E, ARFERRFRE A — 289 Transformer ZERAGREAY . DU IL Y i
KB R LT RO R TR ILIR

*ORFIFZEEHr, GIT Hub 458/ https://github.com/ZJU-LLMs/Foundations-of-LLMs,


https://github.com/ZJU-LLMs/Foundations-of-LLMs

auly

$2F KEZRA LY

2.1 KRB + KM — Prglie

TE H SRIE S A FR A 0, O S AL E DAL e R i T RS L i A
AL RE AL B R BE , IS — BRI I . SFMTiRIE “KiEF
B 2RI, A OCS BOR LB JE R, R T ISR B LI E K
DA S HH AT AR L B B R i sl o X SERIRL QN R R R IS B S, A UHE
CA PR ERBI SRR AR, SEAERT AR )RR h R B B A

ik 2024 45 6 H, EPNSNE L WAL 7l A MORTE SRR X R
AT AR AN T S 7 A T BT s . K21 R T Hh— S AR B Y
1 3 AL

G LambA G RARD

GTs G TS G FLAN G Fran-T5 @) chatbLm
(5 Transéarmer Q) RART § 1o 9 ERNIE 3 WelM 0Q LLaLA
2017-2018 2019 2020 2021 2022 2023202

BT KRR RHEHR
& RERT © GPT-2 @GPT-3 @ CODEX @ InstructGPT & GPT-4
& EPT1 G ALRERT " pereRTa @ WebEPT @ ChatEPT © Gemini
00 RoRERTa  (ELECTRA (&) BLM O o i zaichuan2
00 OPT Al Claude 3

Pl 2.1 i S A2 B RE T B9 =B B

IIE BRI S e AR AT AR ERI 43 = AP B 2017 2 2018 4F 2 BLfifi s
RUPWIZED], DA Transformer ZEA4 1 #EAE A1 BERT[11]. GPT-1[27] BEAYf) i) 1 A4
LR T BN GE S A B 400 2019 F 2022 4F B TE SR Y S SN, AT
GPT-2', T5[29] A & GPT-3[5] S AU E S B A K RE ) _E R RIS T, BFFE & IF
ISR ATRZR KIE SRS ). 2022 A5 N2 KIE S AL 5€mig ], ChatGPT A
o GPT-4 S fU ) R AT hr s 3 K B AU R B 2L . RIS, &R A

Thttps://openai.com/index/gpt-2-1-5b-release
Zhttps://openai.com/blog/chatgpt
3https://openai.com/index/gpt-4-research

34



AENE LRI T
FIBFSTHL b4t T 1 RO, I 118 R )| AR [44), T BERA S
O—F 5%, M3 T RIE T BRI Pk & .
AT S R % R R, IR 7E B RS AT e T B
TR . FRATRE B RSN B AR I K K, R X S8 R R iy S [A]
PR, (et T B By K BRAH DI RERT B,

2.1.1 KRB + KRB — fE s Hgon

FERCFAGIR RSN T, S an IR AHER, A2 0 4 w] ofe RUBEIR /Y
Lo B TR S O R AL T R R ROM5 B, MG AT DA ] BT A
P F R 2R I TE L FR . LB R W, AR n 7 B 2
FIRAE Ty, 0 HEREAS 1l 2 2 SN AN B 1 5 AR RIS T 5 45 . TN
KRB S LA S Z AL I GREs SE RV E AR, B2 R a7 115 1 41
ERESI AT, M MTHESR 232 2 A8 A BICH R A5 v 2 I B8 o )0 I M AR 8 (71

SRR BRI B B G K AR BCA ALY, BT R T3 m i SR A
FIFART K, X R ICATTEB AL BT I A ST R AE AP RESR T 2 [R] 4R 3] — A
T4 P . T RO — PR, RIE SRR Vi (Scaling Laws) [z
A= o X LEVE R 7R T2 B 0 BE R BRI B B I AR A 6 2R, SRR SR ALY
WAL RRE TR SRS . AETRHEAN PR YA . OpenAl
32 1111 Kaplan-McCandlish %" &4 W) DA} DeepMind 42 144 Chinchilla # 2 :0) ,
1. Kaplan-McCandlish ¥ Ji75: 1

2020 4, OpenAl [Af#) Jared Kaplan 1 Sam McCandlish 4§ A [16] 1 ¥KERSY
THZ ML PERE S BRI D DARBIRUIEL N Z MR R EOC &R o AT IZEAS TR
B R (A 2200 7% 230 124> Token) FIA[FRUBIHIBIALT (M 768 2] 1512
NSHL) AT, ARSI AR A I TP EA L
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D\ P

L(D) = (3) . ap ~ —0.095, D, ~ 5.4 x 10'3 | (2.1)
N\

L(N) = (F) . ay ~ —0.076, N, ~ 8.8 x 1013 , (2.2)

XA L(N) ZORERHE IR E I, AR T 158 SO0 R R A, I
W RO SRR RE B . AN, L(D) FoRTERBEL R E R, A
vl B ML T 1) 5 SURH SR R, s 1 Bt X AR R 22 > R i o L AR (BT &R T
PRV SR A R I, R N R IR AROS Sds oA S B G, LA 5
SR HIPARIER R ST PN

IR GRAA 2~ NEK M, B P RS BB A DA K B S A AT
PIFEEEIER K o SR1, FERPAR R R OO, AR i) LR QR FL RE 1 52 i
MR/ P, PR AN 5 8 n 4 N T 3R TR BB PR AR P A~ 5
BRI -

LA, OpenATYERE— WS T HE R S BEm 8, SOtHEE ¢ Sk
& D FIRAGIEL N W RBULUSIEL, B C =~ 6ND. FEX—40M0F N, GRHH
PRI, 4 T ISBI R CEERE , BR AR AL D DA R TUAASE IV 0. ] 4 1
Jilo B SR R LRI B 1 S I P T- B LB B I . BT, P
I ARBCE LB 2458 Nopr oc OO, Doy oc 270 XM, AR BT H BRI
T 1045, BRI YRy 5.37 f, BRI 37K 2y 1.86 4%, DASE BUAZ Y
o dERERE

OpenAT $i¢ 1 i iX —4" REIR AU BEbiE 7R 1 80 USRI AR BO2 g
FIREESE W, a0 AR U B BN 2 i R S BRI AL, X
— RGO PR SR A AR TARLRIR B8 TR DLAR, o anfel e ol

SR SRR AL TR SR S L.

[y

o
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FEE LR %G

2. Chinchilla ™ Jg 7J:

AT DeepMind P BART R RIASE 18 8- 1o J58 7 2 vy A0 OB g 14 4
B X — W TR RIS TR 2022 4, ARATX ST BRI (A
7000 J7 | 1600 {ZAZ4) PARBHERUEL (A 50 /2] 5000 424> Token) #EAT T I
ARG, HPatheth 7 Chinchilla 473 [15]:

A B
L(IN,D)=F + — + — 2.3
(N, D) + et oo (2.3)
E =169, A=4064, B=410.7, o =0.34, =028 . (2.4)

DeepMind [FJFHRZR TR IR0 20 BC M)A, s 245 B AERURE D 54
BB N H ML B Nopr o< CO*0, Dy o OO, IX—ZUREH], B D 5
BB N JUP SR, U ST BRI T 10 £, I2BIBRRIA K
FUBERRY 249K 2y 3.16 fif . AHGLEAE 2023 4F 5 &A1Y PalM 2 (5 AR R4 [2]
HIH FRRIE S T aX — WAL, 2B T RO AR TSR R R v T

A, Chinchilla §J 3 HE— B HE Y, BRAR A AR B2 /N 24 2 AR B 7Y
20 fi. B, XF—A 7B (70 12240) WAL, SRR A1 SREER LI/ N R
140B (1400 1Z) 4> Token. {HJEHiR 2B BIIEHE =H A, B4 OpenAl
(¥ GPT-3[5] BB I KA A 1750 /224, HIH T 3000 12 Token #4714
[, R MT-NLG[35] S0 5300 {2241, WiIlZRA 1) Token A1 LA
2700 1Z,. I, DeepMind #f T B MUAR 20 £5 FHEAU AR Chinchilla 51 (700
12551, 1.4 7712 Token) , HAAEMRE FHUS T B2 5805 .

DeepMind 42 {4 (¥ Chinchilla 4" /& 2 % OpenAl Je it s b sEMtAL , 3R
P TR SR TS R M B P T, 46 HH OSBRI LR 1% LA 1]
WILEBIREN, JFEI T B S BAUR R —ASB7 0] AN P Al KA TR AL ) 1
T e DAL R RS 5 Bt RS LE ol
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% 2% KiE

2.1.2 REdE + KB - GEy i

K228, BENGEER A RS BRI, AMGTR T ik
FREIRIRS GRS IAERL R T —RIFNERe)) ¢, BT SeEsd
AETT . WARMERERE Sy . Beris B sy, RS ARRE S . EEERRE, XL
T ARE AR E TS5 Bl YIRERAT, 2 R A I R T 22 H
SRIIL o IXLERE T PR AR N TR F AR BLAE /) (Emergent Abilities) .

FEihaE BEEE -

RIRTIERE

BEES

SRBiEEE

BRI

Vel 2.2: KiEHHARE T M AU MBS B, A i GPT-4o ZE A

THPLAE J ARG SRR AT UL . I IRR R Gy “ARAE”, B
RGEAERABUE R R B, XA IR — AP . B R
e, MORERAR R —E MR A5, Ryl [32]. #lin, 7E GPT &
FIEAE T, AT RALER 3] —Lu el A ) TR BLRE )

o LF3C3): R3] (In-Context Learning) 4248 KI5 o5 AL 7E HEHT
i, BRSSO EF SUE BORPTREAE S EE ). A T B
SR IR, TEARZAESS PSR BN I, (GE i Bl s s E T2
FRAT 45 TSR HE A UM M1 o E GPT B4, KRR ASRRIAE [ R S0k
SRS A WEES . B GPT-1 M GPT-2 7E_ bR 303> i fg S Ak

“https://research.google/blog/pathways-language-model-palm-scaling-to-540-billion-parameters-for-
breakthrough-performance

Shttps://www.assemblyai.com/blog/emergent-abilities-of-large-language-models
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AHE L3 B G

AR, EETCEE A B SOE BT HER A R . GPT-3 1) 130
ACSHBANAE BT 3022 S 7 g 3020, BerEsR ity B R SR~
SEIL—SEHE AT S5 o ORI, X T SN2 kel U A1 55, HOMERB AT A T
HA 1750 {25501 GPT-3 S KA DA JE 8211 GPT-4 ASTAL F 3 B 3K i |
NOCHRAERIE ST RE Ty, P AR T ORI 58 S 2 R B A AT 55
WPURERE: H R (Commonsense Reasoning) fE /MK T KIEF AL T
VUM BURZ S TR RIST B B g o B A X B A 35 e 12 A 2
SCL SRR T AR, R Pk SO e [ S R R R ) R A
TR NZE. GPT-1 I GPT-2 e M MR RE AR AR, 2 h I
AT R B = SRR ARE . T GPT-3 BB KA REASE R 22 51 00 T 2B g,
EPRFIE BN R . BT HA 1750 12350 GPT-3 KA A K G
2 GPT-4 SRR, DI REASTE AL H g A2 2% 1) 5 TR AE BT 55 I e 02 A
— BN

ARG AR AURS AR (Code Generation) fEJ) ARIFKIEF B T A ARIE S
A 1 2R iR . X LR BB AR T R TRIEANE S AT PR R
PE R AT, DAJCAE SR e L T A T AU SR AL RIS BB . GPT-1 Fil GPT-2
R A AR ) S AU B, (R IOV A RO B A A ok . 130 12
ZHH) GPT-3 AL B, © A BEAR S AL P WL g AR AT 55 R AR 4 i 1k
RIS R B, (BRI Al R S A 55 EATA IR . FES 4R ILF] 1750 12
i, BN ARSI Je RS, B DA, RS R E
S, T e R ARG A R PR e

ZHHE: 2R (Logical Reasoning) BEJI i R1H S HIABER BT 45 7€
H AR S T4 PR R HEWT RIS R . X R R R AR, 202
TR DARAESZ R 58 T IR FRZH— 2. GPT-1 A1 GPT-2 112 HL Y A i
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%2F KiEZHRARH
PN, fE2 e A AR AR, H2XT 130 (LS HURA Y
GPT-3 BRI 7, FIRABALTE /B AT 55, (AE A RORS 1k 1
TS —E SRRtk . EH] 1750 ALSHRAS , GPT-3 4 RES AL PHIE SR 12 4R 1
PAESS, AR B T AR

XL TH B BE ) (AT R ] DAEAS BEA T L T ZRH RS T 58 A FAL 55
HFERHA R TIEZ PR, BRI R FERESRAL . B AT
R, PARIT BB B KT REE . RO ek R 2 EBOR . IR &)= W
PATER G R, DA ORI SR (R e A A ] R alt 2

2.2 Rl S BRI

e S B K e AR, Transformer(42] HEZE i i THAC 05 — ARl AU AY
e i HOpRR A ERE ) (Self-Attention) ALHIER IR T TR 3 S i)
RePRGE Ty, FEARPEKBE B ERIOC Ry R I M 4. JAh, Transformer HE4E%)
JFAT VSRR SRR TR N AR . 240, 45 R 2B SRR A
Transformer HEZE A%, FHE— LA I T =Fh &G M4, 435 /2 Encoder-only 42
¥4, Decoder-only 2244 A & Encoder-Decoder 2244, X = AP fyfE 51T AT RE 4%
AARR . AFTR R ENH X =M BSOS S BT, HFathredlzmb
IR Sl PA S48 A 35

221 RN AR SR

AN BT B 1507 2055 A EEXF Encoder-only 2244, Decoder-only ¢

#JPA & Encoder-Decoder 2244 43 HIHEA TR B/ 44 o

40



ARIE LI B G

1. Encoder-only 2244

Encoder-only 2 {{ B T Transformer H1fj4#5 % (Encoder) #54y, HT$
Wb A SCASH A IS TR SO AR . LAk E, Encoder-only 244 (45 = AN
G, r 2GRS TRy, FRAEGREG T DA AR 55 A BIES 4y, HLAR AL A A
EI2.3R . o AGRBD s o 5o il i) s A DA SR A ¥ G =S5 R T
T S 5 43 )2 R 22 HH TR B G e (Encoder Block ) HEZ i, Hha4 4
AR (5 ATERL IR, (Self-Attention) FIAiEHERTHHB . 155 AL FRATHOZ B
XTS5 TR L TR, T A B FHEFAT 45 75K B AT . Encoder-only
BRI TN R B AN HE B B B AL 3 A\ G TS RRAE S T 7 42 — B0, TINS5
AL FRE A3 I TR A 55 1R [ R e A 7 7 1B ) 1T

AR 151EIRED 15
o |
5% | | W63 iR iR R
N B 8B B i
N ERIHENG, I WHING-{ENG-{ BN} IEN . | INE
| B = R i %
% 1 2 M

Pl 2.3: Encoder-only Z2#4) .

TEHA Gil5 i85y, ISR A SCR 29l ds (Tokenizer) J7f#% Token J5 51,
it J i R R AR A (Embedding ) FEFEBSS AT EF A, B R SCAE EASAKK
TS BB IR RAES. L B R RAN G . BE N TR E SO
HWIFER, A EFI SR T A0E 9 (Positional Encoding) . YERHIES
SRSy, SEHS B 1) B8 AR UGE TS — R gD B, X LR 1 F R
AL 5 0 26 08— AR URITR AL SCARFAE . A 55 A BI 43 £ T SR B T~ i
LA5 B RCKT B BoA Fr2el. AERNZRET Br, WL w5 (0 ] A E 3R = A ok i ok
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% 2% KiEZTHEA 2

T 58 MR T SEAE 55 o AE T UL S G R B, it Sk SRR 55 755K
BEATE S BN, XTI U I FIBIE S, RFR i — "> A8
AR P BN AE A (ERE T SO AR AR A AT 55, IR BRI — > A T
JZ, BTN S 2ER) Token, {HPAKFE AR 58 MU MUE 55 FFAEE B2 IR, 1
UNAEAE U AR JBORT ) Token I, #RFG EEHUH TR M AP, X3 it
WA, R R EUE A SO Z B . AFRFAE2.3 St Encoder-only 2244

BT BRI N4

2. Encoder-Decoder %

N T 554 Encoder-only ZEA7E SCASAE BT 45 _FAY%E AR, Encoder-Decoder 244
TEHER EGIA T —AM@i525 (Decoder), 3R F A2 SUH B LTI R SE 8 gmit g 5

R 2 IR A RS H.
%\RE3 $51ERES
7
% v | R R i R
AN B B B
D i N ——> > > 18
7_’; 82 B 1 3 1
i3 1 2 M
6L mE3 $S1ERRES
\2 7 v
7
7+ 16 | | $RE3 % -1 A%
i Yol i i i 3
?&»iﬂﬂ/\—%—»ﬁ—»ﬁ----—»ﬁ——»
Ez g8 ] iR 1R 7
©x 3 1 2 N

Pl 2.4: Encoder-Decoder 2244 . Hor7pir] Ml th SO RAEIZRI BefeAe, sk sl

“CEEIE" BLLE L ARG BT .
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AENE LRI T
FLRSRUE, ARSAML 5 T MG m . AR RS DA KA R = 4. o
S L D 15 G T 5 o 0 AR S A ), DA A 1 B A S A (3 2
SRR, B A SCREA AL A (A B T A BEAh, RRAEARRD
T S RHIE GRS FE M 4 254 s EEAR L, UHEIERS B R )] (Masked Self-
Attention) B, X2 Y yERE BRI R . AR B R B R
B FUEYE B, R UL RRMEE, MITATLAZETE R SCltes” &0 T,
HEAT 1A (YIRRIAERL. 22 SRS A ) 67 S AT A 4 A e e ey
PG A A5 L o Fa i 2 B 73 0 — etk )2 DA B —A> Softmax JZAAL, TR
FEAE AR A S5 1 ) SR A0 A TR 6 BRI A1, AR 2011 PR AEAS B e A A 1Y
Token {F R4t .

2.4/ T Encoder-Decoder ZEF i) HAA TARGAR . AENZRIT Br, FEASH [R]I
AE T AFIESE (Ground Truth) 4t SCAS . oAy A SUAS B et A gt i 4>
AL I EPS), BETERE R F TR h 22 HE Bl R i S A Dt — AP AL B
MBI AR bR SCRIR o T ) SCAR 2 BT S A IR R I 46 AR1C. [STARTD, 4%
JETE R AR A B i) SRR AR, B RS AL RS, AT A BRI AR B b
o $EE I AE i ] Teacher Forcing $5R, EARFETRINNG, i ) 540 Hh SO A
e RIER AR, HEE MG — R 2 0y R SCE R, SR —4
Token, T8I Token FlIESE Token 2 [A] (IS , WAt K1) (4K O pT L S 4K

TEHMERRIT B, oA 7 SR SR, B A S R RS A T I
Fric [START], tAPEFGE il . BT 2 B T2, fER R RAEA N
Token )&, & fFHPHEEIEL P, T TR, X ERmSIErr, 5
AR RE A ARARE [end] SR BRI BE Wi K K. FEX—idRe i
TR ARE T LR IPRAREGR, IR B i il . 1624 4

22$1%} Encoder-Decoder ZEAEA T 8 BLAARY /14 o
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% 2% KiEZTHEA 2

3. Decoder-only %1

T AR AR RS DA B AR AR i TH 352 2 FE , Decoder-only 224447 5t
T Encoder-Decoder &4 i g i il 70 A B2 5 G it A8 B A S AR . 7
XAPEEMER, AU gD Ak i dE S RAL . XA AR B E” B,
T4 E FSCWIR LT, A it HIE ST T 30,

561\ iR53 $51ERRED %614 LAY
g 5
5% o | | W63 3 & i 5 O =
5 |6 B B 8 %y
é—>ia__>/\—$_—>ﬁ—>ﬁ__>ﬁ_>'ti;ﬁ__>*f
Bl |= moom o om | B i
7_F ~ ~ N & a H:',
13 1 2 N /’é

P& 2.5: Decoder-only Z244 .

Decoder-only ZEM[AIAE L8 1T =AY, 70 S A S i 70 . REAEAR R0
o VA S Ay, LR B R ZE A A& 2.5 f 7R . Decoder-only ZE44 (%L
R RAET AW 1B i ARt i S SR TR, X2 5 248 Encoder-
Decoder ZUH4 F i 8 70 (19 2K B0 o FE2.5 5§ 24 Decoder-only ZEHE 4T
SRR

2.2.2 BERIZURR ) fiExT e

_F3A1 Encoder-only, Encoder-Decoder Fl Decoder-only 3 = Fiii%1 4 ) iy SR
J5 H T Transformer HEZZ , (EAMATYEVE S AR A E BEXA], XMt 74041
TEDIRE VA S e 238 AT 95 E RS]3R5 BRI 3 ) 0 B DA S 3 FAT 55 A
T3 TN X = A B ) 3 X AT A
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FHIE LR LTS

L JER IR

HE M (Attention Matrix) J& Transformer g LAM:, AT ITHEHA
J¥ 5 1454 Token 2 [R]HHIR S 5 o St ERL AL, ABHURT DATE AL 2 24 i Token
B, RIEHL TS T Token Fr#saiofE 6., Hoig THEX —id 2 Hilf ¢ Token
BERSAHELSE M . ANE2.607R, =Rh2RM7E B F A E R EES

Encoder—anly Enander - Deca:lder Decoder—aonly

00020 200000 700000
-P0000 »020000 »220000
D200 »002000 »222000
000000 200000 000200
WDIAD000 D000 *2002720
| \DD0D0D “DDD0DD D000 D

wl L2 T3 T4 T mﬁ -’171 T2 T3 T4 Ts5 Te L1 T2 T3 T4 Ts T

WA A > — WA —

Pel 2.6: =MhEEM LT T AR o

Encoder-only B2k )3EE ARk B T HHEEE IR, T A 751
H A Token Z [A]HY % & . Encoder-only ZEM LR A FE 2B “584” MR
77, BIXF45> Token (Y BRARE AT 8N4 A 74 P Y B A Token. B4, TEKF
i A\ Token x; 48Ry BN S iy YRR, BIRLRRMELE AR 21 ~ x, BT
AEAEE, SO I O E R I . AR R AL RIER T,
RURBAE [l R RS SCE B, BRI 21 U R AN 1 SOkt

Encoder-Decoder ZUH YR HAERONE 2, B4 G T MG HIER
T fRRES RS H ) AR A SR ) =R LH . dmhhas i B ER RS
Encoder-only ZEA526(L, FITAE MU AT 4T R CRR, B e BTE
1. MRS RS H B AR R =AM TR, BRORAE A Y
Hi Token I, % SEvE 2 B Y Token. BAh, A YER SIHLH S VFBAL 2844
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%2F KiEZHRARH

R BN S S Jn i a AE ) 58 LR SCRoR, B PR 5 A AT 8 AR %
HIEBL, BN, Tegmthasfimm A o 54y B s &Eny, AR 21 ~ 2, 1Y
PG MARISARTEA B Token y; IR, WIASHH 11 ~ o, FAEEIH)
R SCI R AR SERTAR U Token J7 51 y1 ~ yi1 HORHCAE KL

Decoder-only 2444 i vE S MOk B THEM A 0, HAr A2 R
=7 RER . X EME ETIIN 24 Hi Token I, AU BEROBI T £
AR DT B Token {55, (AP T Sl TERL JIPUR] . 140, FEAE A Token y; fY g,
A H B TRIEHT v1 ~ v WITEE, SXARRIBTHIROR 1728 B AR A e P A SO
B
2. EHIHESS

H T 2% H AR R DA D A B2, FEF S SHOIECT, X
SRR R AR T AT S5 R A M)

Encoder-only Z ke H i) 35 ) E 25 AL S 1A AU 700 45 1 Token IR 5843
IR IEE CEE,, R WE O ¢ & . B, Encoder-only 4244
AR SIE AT F AR S BIfR (Natural Language Understanding, NLU) {L.55, 4l
TR T CSCA FHESS . SR, T B #8410, Encoder-only 244
R vk BB A T =8 B AR)7 51, BRTE H AR 16 5 4B U 45 (Natural Language
Generation, NLG) _- AT RERBUA L [T A4 A AL

Encoder-Decode 42} 7E Encoder-only 224 () ELili s In T fnd s, [iBi%Yge
e ELT i dndin th i) bR SCRIREA A U T8 o X R AR AL A8 AR SR 4 6
FEAS R AT A RO AL B i A A, FF AR R 6 E ST R iR N 2. B
11, Encoder-Decoder A4 S Al 3l A T AL PR Fh I Z AT SR PR AR AR 55, 191
AR BT o SCASRG SBR[V 25 2R 0 5 i ) g R g A\ 2 BSORH R i 3 903 55 (L
TS AR A5 0, ) ety S T ARSI RS DA Bt it I K P ) A8
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S ELEIE T N e

Decoder-only 4yt —0 i[5 T Encoder-Decoder 2244 Hh i) i 543, AT
PAR THREZUA BT B e . X ZEA R AL RS (Mask) #BRVERA IR AET:
AN TE) A5 A2 J 224 il Token B HAE DT IF] SEHTHY Token, Ffidid B mIAA ML, M
Uiy Token FF IR B AL A . RABEH Y 25 EIH 4 1 K¢ (575 Decoder-only 241
B BEOS A i i . EEDTAY SO, TE B S AR B SR e SO A I A
TR E WA SCAR I IEARAE SCAR R RAT 55 3R B . SR, TR PRI
O (B4 GPT-1 PAK GPT-2 4474 ) , ih Tk = g g d BLRY XU R SCfF
KL, Decoder-only A4 AYREIAE PRI Sty ARSI AL M, RILRTREAR
11 Encoder-Decoder 4244,

TEARE DT EBr B, AR > BRI T B B0 . RlE B A A
LA AR 25, Decoder-only ZEA4 R ZEHT S d B X, DAHCSRRIOIESS
ZALTERE I B “R—50" AT TT. 240, DA GPT-3, GPT-4 % /3K
[} Decoder-only i H 1AL, CAKREH 75 NRIESEH 2B RMICIZ. 1
AR AATEAAE S5 HIE

2.2.3 BORIZAEIG Py AL B AE

W IR ST, FRATIAE T R =R A A A MR T S R . FER
TE SRR R R R B: (2018 4E4:47) , BERT F1 GPT-1 43 %I/} Encoder-only
#1 Decoder-only ZUA AR LTI L. (H32 R 24 B S HO0AE, BERT
SORHY LT SCEYRGE T L GPT-1 Wi SCAS A i J 552 R o (45 Encoder-only
BUAASE) T H R IZ AR AN A, 1 Decoder-only ZE M 5| 45 56 £ M AT 5 4%
Do SRT, BEE PO DL RVRSSE A AT 55 Fa R, B = SRS 411 Encoder-
only UM To VA /e LA R R, I MROEHT “1e 7. [RlINF, 2019 4ERE
427 —#x Encoder-Decoder ZEA RS, Hy T H BEGZ AT BOALBEIT 51 2173 510 H2 W AT:
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$2F KiIETHAEEN
%, BWHCH T BT 2019 4K, BEEF IR LR, IREITRTKR
REHRTHSEOR AR FRN A A ). a5 THSHU P e, Decoder-only 42
W SR 2R 58, SCREREERIESR T, B 2021 £2 )5, 7E GPT-3
SERCAUAESD R, Decoder-only ZEAGTFIR i 0, RIS 1K S BN
Khg. R, Encoder-Decoder ZEAHHAT SR IE BRFEFFIEAL Xy, AT BRI
tit. 2T Encoder-only 2244, 7& BERT #iR Wi MBI K2 G, HREE
AT, EARALERR A FIE S5 i R i A, BlanseA 26, gy
Mr. A SE RIS . RRRIE, RIEFHR) R4 T A Encoder-only |
Encoder-Decoder, 13| Decoder-only [ 4 i 2, 1M | Ao ixX A B 1%k 51 Jt X 7T g
e BAUA B PR RRE ) DA SRR L 2E 5

Encoder-only 2 % 11T % i A IEA TR AR R FIBRAR , X 6015 & 7E B
FEEUAT 5 RN (. B 2490 R B SOARA: AT S5 1, R R WA I ZE . H
T LT DT AL, B /R R AT R 0 ke A A, i
T S AT 22 T 1] 440k AIB AP S S SO YRS AR 23, AT B0 3 9
KRETHFE. TEUHSM AT BENALER (AIGC) FHRAWHEKAEFT, X%
T 323 7 —E HIRR . 1 Encoder-Decoder 246 (i F 4R 25k kb s A, I
O F RS AR A i 1, RERS AL FIAE ZR i P B B P AAT 55 ARAR RS T 5 SE A A
Decoder-only 2844, HACSEOMBG MR, FEZRH) S WMt 5%
Ve o R RAEAL B P AN EAE I, SmALaS AR a8 2 T I DL R VR A, X TR —
AR F BRI TR B R . AL T, Decoder-only By it {0 fifid 2
KA R AR, BRI TGS . BRI B A RS, A T S
A, B A AR TR B R S AR U SOARTR Y, TR @A AT o 3
AT 08 1 BRI S B R SR, 4R TR B T e, AR
WA KESORA RS 5, 15 AIGC [ 5 T8 T Z 1N H .
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EN ISRy 31

X SR A AR T 1 AR AR AR, R AT A o

T VRSO, AR TR A e M BT R I BB RS R GE. REE TS

VR, SRR 1 5 AT SRS LR S 4 R A A S SRR 3, 7
ZIRIENER o« RSN G IX = F PG B X I 1 T LA £ AR

2.3 }: T Encoder-only Z2igit K iE 5 it

Encoder-only ZH4 A5 2 H AR A0U ) i AR ZAE IR TR 5 AL BIUE 55 rh R L
@, JCHORAER KT BIR AR A SCARRAT S5 o ANEREROL ) 4 AU AR 2R A K
JURFR N S AU EY) Encoder-only ZRFHEAL I T/ 124 o

2.3.1 Encoder-only %24

Encoder-only ZEH4 (1% 0AE T RERS 72 3 5 AT N A HORURI it 928 (Bidirec-
tional Encoder Model) . {EALF A JFFIIN, XU G iR RS & 1 M2 A7 B IE 1)
HEE N A MNATELER S R Sy, BERE S il 241 Token #Y_ BT SCHE, A
BARHRR o BA Al A L. 1550 T2 BT SUBGRE W s SR i s,
Mo i . E AR T T AR S AL BT 55 B TERE

NIF) T 5EHTH H I Word2Vee il GloVe 12, Sy ATl — AWl i) s R
R ARG 53X, X G s A1) A Sl & LR SCik A (Contextual Embed-
ding) , XA AN T 5 AJFII A HAA_ETRSC, S5 REAZ SENORS HE 5 3R]
5 Z [l AT ANE UGS, AR BRTE R 2 PR X RS SRR AL
[ 2 i g AE ) TSN IIESS LA, Bdd i Sinic A7 iR ny P RE 1201,

Encoder-only 4 5300 ) 4 A A6 2, e ] T Transformer ZEH4 H i) 25 5 45 S
Jr. EAX Encoder-only AU B AL BOSCAS, {H AR U TR ST T IR AR
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%2%F KiIETRAEN

R A SCAS R SE AR RISy SO R B . Sk SRR T T B VR SRR R 2 T ) R
AT ST PRI LB RE ), U T H ARE S AL BRI R 5 T . 2T,
BERT([11] & HA8 {4, 4l RoBERTa[23]. ALBERT[17] &, #}.2 4T Encoder-only 2

PR FRRTE SR . B F RAFRS X L AT /M2

2.3.2 BERT ifi 5k

BERT (Bidirectional Encoder Representations from Transformers) & —fi 51
Encoder-only ZEHHFI ZRiEF AL, th Google AT HIBAT 2018 4F 10 H 4t . 124
1] Encoder-only ZUA 103, BERT 7E H AR 15 5 AL PRGUEE K 9B E0E
HAZOAHAE T8 58 X ) S A AR B R A Z 0 SOAR ) N SCIE R, AT 245 F T i
RS SRR B R SURA . AT5RE%) BERT BBLR 25 . FTI 257 00A B T
T AT
1. BERT BEifigky

BERT U 2544 5 Transformer *FY 258 L-F—5, #2 h 2 gtk
W A, BRI S — 2 3k AR — D e R B R . AR
ZH A, BERT #4134 BERT-Base il BERT-Large j>ift4s. H:r BERT-
Base Hi 12 MRASEIHUREE AL, FZ4ER N 768, HEE IR 12, 4
SH Bk 1.1 1¢; BERT-Large f 24 ARt e i i, Bz 4ERh 1024,
RIS 16, BBBERLN 341C.

2. BERT #iiil%s: )i &

BERT {ifi i} /MiE £ € BookCorpus[46] (f154y 8 12> Token) HISIBAEETH
PR © (0524 25 424 Token) FEATTHIIZR, K12y 33 124> Token, MEU R
$I'7 15GB Zify . AEWYNZAESS I, BERT FRQIMEMAR 1 T HERD 5 5 848 (Masked

®https://dumps.wikimedia.org/
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Language Model, MLM) F17F 3CHiiiil] (Next Sentence Prediction, NSP) W FpT: 45 2%

A ETTSCIRA . HSE BB BN SRR I 2.7 B o

[ Baex 7%

HEEIEIBIRIR. BiRBIRENM. Eltat SARENYNFoISIB. TII0IENIAE R Fok Edn A L. MR K RRES ..
 tE e | romrtEEs)
B y— ] [ P e p—— ]
| nEsuie | it

[ [CLe) KRR B IR . (5EP) B £ R E tf . (5ER) J[ ClEBAEREN . CEPHIKR HEZ. (GER ]

RiH2ER9F. RS F2EROITF.

lsmu;w lsmumq

pmmmmmmmmmmm e MLMAES ===mmmmmmmmm e Yoo

[[ELS] 7K Bkt 38 (MASK] . (BER) B & IMASK) & £ . (BEP) [[CLE] B MASK IR &t . (SEP) B X (MASK) 3 % . IEEP]]

HIEESOINER : BIF , I FEEASR . A, R

o mmm———

Pl 2.7: BERT Hiiilll 4T 55 -

FLKINE , BERT Sl T4E KRG SCAM S Z MR A1, B4 751
JEUR SCAS A A ARG, XA 50% RS K B IR CSCY S ) T,
341 50% HIHREE 2 BALPRERT PN ) 1o BEJE, AR I R BRE AR R T 43R
HAEF PN TSI IR R4S [CLST, FERRNA) TS RIS INFR IR PRAE  [SEP] . M
o [CLS] A% I T RA A PSR, 11 [SEP] ARSI BB A1) 12 [ A4 51 FR

#5 , BERT FMALBS R FFAVHERT T SCHNAL 55, A TR AS 41
RPN F I S o 1X— {155 11145 BERT JHAIFNEEMR ) 2[RI KX &, FHE
AT IR AT SCRAIE . XN T B SCAIYZ AL . )12 T SR A AR A B
R RAE ) ARTE S HE B2 5 BB AR SR 2 IS MY B AR AL (NLP) 4T
55

¢Jri , BERT FALGEEARAF 51 Hf K2 15% i) Token SEATHERE , KFHF e Ay
RARAS [MASK] s AL IR] o ARG X 2R i1 Token MG MY . X
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NIRRT e B A, BORIAURYE A FRY_ 1T SCE EORAEWT R 2L 1Y) Token, i
03k RS P 1 A SR 2% R BCR Bl T BERT RS rh S Ak, [ REAE 7~ 5|
SCARER] R SRR . (HAREERZ, 12 MLM AL 51l Zkid 4, BERT {4
ST AR LY AR Token #4724 3], B 50K 2% Token f) 1511453 25 S BB A

X AP ZRAT 55 (945 6, (4 BERT FEBRMEE T IR EER T LA 12
1Tt . BERT AMURBUEHHAL S Token RYAIRLEERFIL , i REAS T 8 1B B AU K
AT IRIR R, AR RIS B0 1 DR ST 5 BEAREL A o
3. BERT | {155

BERT 1] AR I F4Fh F ARG AL BT S5, AFGHARPRT 3042 (i ey
Br). B RGE. SORITES (B ARG S HEWT) FIiE SCRIUR TS, R, mT
BERT [y i /2 i AT Token ([ 7R, LB AR E, JokEHN A
TRENWHES . T HPuX— 8, BERT it [CLS] ARZRIEHUEAHIA
JEHI AR . [CLS] AR%5 R %1 1 N 2 AN BAE 55 B AR ISR IC . HoaFre
“Classification Token”, RI532Rric. @& HLE], [CLS] FRail BT
HIIAE R, AR EE KR R, TSE BN BT Token 74145 EL A
1, BT PSRN TR IRAESF

FESCARAE S, DU R [CLST BRSNS VR I R ok, fLibsh
AR, I TR, BN A B R AR T AR LAY
TEMIE RGUESSH, 75 B A MUK —BOR Ry 3eAs, B “[CLST [ [SEP] 3¢
A% [SEP]”. fA[FFEREHUY [CLS] ARZERYRT N[0 &, AL mA 2 iEtk)s,
THIBE RS BAAET R KA WERAAE, XA 270 5 T4 th &
RAGERIGMETR O E . WX 0730, BERT BB MAR ML B v fERR S I et
WS . TR SORPEAESS T, & 2T M B 2 BOCA Z )5 SCRI B - A&
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XL, AlpAE A E ¢ [CLS] 3UAS 1[SEP] 3CAS 2[SEP1” T3, Zif—A
ZeVE 2ok E R L A SO Z [ R ARDLRE s AT AN ARSI A, HEEE
[CLS] ARZXS W Y Ia] i, FEA A ARLLRE BE 7 v (BIANASZABIR) SRIT5E
Z B Z [ AL

BERT J# i XU i i A SR S B TN R AR 55, BRI T A SRR S AL BAE 55 1Y
PERE. HAEZFME S i B ER IR T 58 RIZ AL RE IR SE I, AR ZE AR
FERRAL TR ERME , RAE LR AR R, BROHES) T B ARE S AL
ENIY 3

2.3.3 BERT fii:if & iy

BERT F)ZEMME BB T — RIAH KA AR AL, X B AR K T BERT XU
[ S B R AZ DR, AR LB B AT TR AL, DA S A RE B A A
R, AERFEAR S5 MY 3 5 b B 1 ROB A PERE . BON MR A2
RoBERTa[23]. ALBERT[17] P4 ELECTRA[9] £, 5 T SRIF%1x = Rz 3 51|
T4
1. RoBERTa i 5 il

RoBERTa (Robustly Optimized BERT Pretraining Approach) g Facebook Al (I,
B4 Meta) HFFEBET 2019 4F 7 A4@th, BYEMFUE BERT TENZFEEE LA 5 1% —
8, DARRFFIRIIZEIE S BOMAPERE. RoBERTa 75 BERT (156l IR T H K
Biidl (WHEZMZECEE . Qe T AR 8T ) . SRMIIZmTT (£
FEERAYA U NEZ 22050 DA AShd S 8ol (3h2I 3.
GAAEFNIE) RO TUNZAR, ATTH S A B 4 Fh 2R & AL BEAT 55
FRPERER SR . T ORFE X RoBERTa BEAUAYEEHY . IR Ty XA S R AE 55

AT
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% 2% KiEZTHEA 2

(1) RoOBERTa Ki%iZk1y

RoBERTa 7454 |- 5 BERT FeA—%(, HTZZMEENMIDEI, B4 %55
Bt 5 22 3k B YRR BRI 4 EEHE T IR . ROBERTa [ HEAG AN LA, 4331
& RoBERTa-Base 1 RoBERTa-Large. H:'{' RoOBERTa-Base 5 BERT-Base %47,
12 A M, b BRBUZ 4ERE ) 768, EERUISKMECR N 12, MBS 5
4250 1.2 {¢; RoBERTa-Large JI]5 BERT-Large %45, i 24 M nfd i &
M, HrhBRUZ4ERE N 1024, HER LR 16, MBBEERAN 3.5 1L,
(2) ROBERTa Fiiilll4: Jj A,

TEWNGRIE R Y% $% I, RoBERTa ¥ BERT J5 A 1)/ & 4 BookCor-
pus[46] (f17%y 8 144> Token) DAMICIEAEEL T RIEHRE " (111549 25 124> Token)
ELA b, TN T R AR A CC-News ® (£5724 76GB [HTI SCE ) . I T HTCER
4k OpenWebText * (7724 38GB (W U SCA M) PAS F-4di 4 Stories[41]
({252 31GB R 3CA ), B k3|2 160GB.

ET HARRFIZES, RoBERTa % T BERT Wiy N CHMAESS, T4
BERT J5AE (¥ S HERD 1 5 BARAT 55 S PICH 2 ANHERD I S e, BATF, BERT
TERCH TUAL BIYI DX ) TR T4 RS, B S AESE I Z5 epoch o, HERS 7 N FAE
& M RoBERTa U ZREEZ il L 10 AEIA, 43 3T . TERFEIZE 40
/> epoch [ HTHE T, BERT 7EHE#ASHERD 519 3CA EYIZE T 40 7k, T ROBERTa Xf
10 AR RIHERD 5 B EIAS S IR T 4 I, IS IO ZRi 2461, A BT
R S B EERER E T XER.

XL 1S RoOBERTa 7EFRf# b N SR PR SCA TR R I (0, JEH@HAE
TR 1 22 A0 R SO T

"https://dumps.wikimedia.org
8http://web.archive.org/save/http://commoncrawl.org/2016/10/newsdataset-available
%http://Skylion007.github.io/OpenWebTextCorpus
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2. ALBERT i 5 ke

ALBERT (A Lite BERT) J& Google Research [41FAT- 2019 4 9 H 42 i)z &
2% BERT #2, B7Eil it 4 ZAHNR A R AR BB ) SEC AN A
A, ATTER s INZE R . BERT-Base Bi%47 %5 1.1 {154k, 1M BERT-Large
WA 34 HL, X5 BERT AU LAYIZE , HE I [A] 145 1 . ALBERT ¢
Bt AR SEH T RBORAE R SEOL R BF WD T BB .
NORKEXT ALBERT BB 4544 . Tl 7y 2N DA S N A5 EA T4

(1) ALBERT Fi%i&5 4y

ALBERT [#j%5#4 5 BERT DA St RoBERTa #§2{UL, Hi 22 2k (1 2 A AS 4L Al o
{EJe ALBERT i#id B8N 740 it A 28 )2 S A, TEMEIRRRSN T, B3
> TR SRR . TR SEE T S R S A B T 4
SR 15 it

7t BERT ', Embedding Z W% i M &E4E% F SEEZMmEHEE H &—
B, XEWRE Embedding 211 %t E BN A G S A g A . HAOR U,
BERT-Base 554 % A 1l K/ V 2y 3,0000 A4, - FLILRMEZ A 1 ek 4 H %
M 768, UL, BERT i) Embedding EFRENSHEE R V x H, KRZH 2,304
Jie

FHHZ T, ALBERT #f Embedding JZ () MRS AT /0 i, K5 TR K 1 1t K
Gt ) A — MRGER Y 2 NI B4R B, BRI B 1] Bk A i 4t
JE H. BARRUE, ALBERT 3 | — M/ Embedding J24ERE, 40 128, JfF
ZHRBETENV <X E+ E x H, X, ALBERT ) Embedding JZ K%
T4 394 TAZH, K2y BERT ZHUERI /N 2 — o 3T BAE R EEUZ 1)
HYET H 1) Large ijiA, ALBERT 58 Z4CSHINILE EMPIR, REHSHE
JE45 % BERT B)/\4rZ—7cih
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B IASHAL

PAZE JiLf¥) BERT-Base BRG], BRI IA 12 )2 AR AU I grid s, Frf
Transformer H [ S 5088 2 M Y451 . ALBERT b TR S50, 2l T
B RS RS, Hp ) B — 2w S8, IR I s Al T A
JZo MU — @ RERE EARE TR RE, (E R R T T S 25 R 46 L
M SEBL T SE S 0 e IR A

ETSHH TSRS, ALBERT 42 H T A AIAAL, 4)
7 }= ALBERT-Base. ALBERT-Large, ALBERT-XLarge 4 &, ALBERT-XXLarge, 3
Ht ALBERT-Base 5 BERT-Base %45, Hi 12 Mot mng, Halig Ak
HEREN 128, BRUZ4ERE 768, HERJSKRIEN 12, MBS EEHLN 0.12
f¢; ALBERT Large 5 BERT-Large Xi#5, fi 24 NmfBies B ming, &k A
OrRYERE 128, BRGEURZERZ N 1024, HERJISRECE R 16, BBEERLH
18 {¢; ALBERT X-Large ty 12 DAt e ming, IR A RLERE N 128,
BB 2 4E B R 2048, HYERJSRHIBRSY 16, SASEEHEIHh 0.6 {C; ALBERT
XX-Large [ 12 P RfOBI S I, AR A MRAERE N 128, B2 4tk
4096, HERJISRMEE 64, BB HLIh 2.21C.
(2) ALBERT HillZ4 )5

ALBERT f§i fi] 5 BERT 54— BUWEUR SR IEATHIZE, RI/NIEERE S Book-
Corpus[46] (f375%y 8 {¢A> Token) DA HEEAEEL H AL 1 (&2 25 24
Token) , it 33 {2/ Token, %y 15GB %flist. 74b, TEMINLAL S ML L,
ALBERT £ 7 BERT A% 5 TS5, I8 SCHUAE 5584k A
M (Sentence Order Prediction, SOP), &2.8f . BT =, ALBERT M A4

WL, R AR T EARPHEE R, B0 SR AR 1R

1Ohttps://dumps.wikimedia.org
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[ CLE) KB IBIR. (5EP) B £ I &t . (5EF) ] [ [CLs) B A R & . (SEP)ZK #% tf 8 18 W7 . (SEP) ]

B 07 RERE, B D ZRRERE,
Pl 2.8: ALBERT J F FL AT 55

B AT DHE, IR PHE R RN I AREA, AT 55 SRR
(A T R IE Pl J2 T

5 BERT #itt, ALBERT iiid €8 S EIL RSN T BoR, BT
M PR S A PERE Y R I S22 D TR R SRR, X S BT R A2 BR A A
B NSE A, AR R LRI AT 55 I B R A, IR T RSB 2 A 4
A
3. ELECTRA {5 5By

ELECTRA (Efficiently Learning an Encoder that Classifies Token Replacements Ac-
curately) [9] /&1 Google Brain FIHIHAR KRBT G1T 2020 4F 3 H $E i 5
—7Mh BERT 221K, BRI TN Z50E 5 R0 b g ol i Pkl . i
T A AN - N 25 4, ELECTRA Bef8 8 S s R B 2o, 420 1A
BUAE N IEAE 55 iR I
(1) ELECTRA Fiiill%s Jj

TERR AL L5, |, ELECTRA 7E BERT J5Uf7 (i #E M o & A L il B 256 1 AR
X4 M %% (Generative Adversarial Network, GAN) FJJEAR, SRR T —Ff 25 i 28—
B aEr . HARKBE, ELECTRA B8UG & — AR s Al — A F 5, b AR g
#r (Generator) 2 —PREFATHM BN AYKI (40 BERT B4 ), Si5eRm IG5
A SCAIRIZ SR . T 5#%  (Discriminator) WU {2 43l 45 0 (Replaced Token
Detection, RTD) FiillZhfF:45, Susek Ak s i b i 9 25 h i) 41> Token 275 2
JESCH NS . e R AR AN A 2. 9 T 7R o
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oS
[\o)
v
bax
T
Uu\
S

1;
2
o
3

IRBRAE R+ 7SR,
| g
(CLS) 78 B& (MASK) B + 73 (MASK] i . (SER) |
Lrmesmans
(CLS) 7K Bk Bt+n Ii7i . (SEP)
Lagieemsing
@{TTT FTTT T TTT |

%] 2.9: ELECTRA Fiiil|Z:4F 5.

(2) ELECTRA Bi%ik {4

MR A 5 F B R AR [F AL, ELECTRA G T =AM A RIREAL, 4351
& ELECTRA-Small, ELECTRA-Base A J ELECTRA-Large . H:#' ELECTRA-Small
HH ) A s S R R 12 NIRRT R T, RRUBUZZERE D 256, HER )
SCECR R 4, AR AR S FIE S EER I 0.14 070, SABBBEZ) R 0.28
f¢; ELECTRA-Base {4 -5 #1518 BT 12 At B m i, Fogst=4E
BER 768, ATERJISKERSN 12, HIA SR 5 AR S ECR o 11 L4,
MBS R LN 2.2 {¢; ELECTRA-Large T A il ds 5 4 B4 #F T 24 4>l
P, FROBUZLER N 1024, HIERKRECR 16, R LRSS A5
SHEIN 3310, BBEBREN 6.6 1L.

H:#, ELECTRA-Small i ELECTRA-Base fii [f] 5 BERT — B (1 {4 K 34T
Wik, L8 33 424> Token. i ELECTRA-Large I {f i} T 58 2 FEARIR U255
i, AFE R TR £ ClueWeb ', CommonCrawl ' DA K R H i i SCA K 42

https://lemurproject.org/clueweb09.php

"2https://commoncrawl.org
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Gigaword 1, SZCHFHR R 705] T 330 24~ Token, ATTHFINHITAE 5 )07 1)
HEAR.

534h, 12 BERT th, KA 15% Hllsi W) Token BEETS, HLZLUIZHY 7t
(LT 15% ) Token. {FE¢E ELECTRA 7, 3125 2 I/ 284t 0P A5
Token SEAFHERRIL, DI AEAS TEHEHEE ST SOARI LR SCIEA

A RoBERTa il ALBERT = 26 U4 Hy b S 0 ML 130774t
k., ELECTRA 7 BERT HUSER 15 A T B0 A HUBIAR AL, BB
BORIESS, ST T UNARACRATCR RIS T B RS 55 A 2.

T Encoder-only 4 BEIAE SRS 2 WRRAMIT S/ 11441
FPALTRAESS I T RAFRCR . 32 B SRR SR TS Lkt
RUPFTR A FTOATE S B B HOUMES T 6612, BILHHES b %k
ST E AN IR OSSO AR R SR EIOZERE, I B RS T
HIBIES , M DARIAPA AR AE S5, TRAE 4 A T N T B

A PAAAERIAE AR FR .
#¢ 2.1: Encoder-only ZEF (U FAETL S HANER K/ NE .
fid KAt BEE () LB HIZAT: 55

BERT 2018.10 1.1,34 2 15GB MLM+NSP
RoBERTa  2019.07 1.2,3.5 160GB Dynamic MLM
ALBERT  2019.09 0.12,0.18, 0.6, 2.2 #j 15GB MLM+SOP

ELECTRA  2020.03 0.28,2.2,6.6 #j 20-200GB RTD

2.4 3L T Encoder-Decoder ZE ) KiE = iy

Encoder-Decoder Z2#J7F Encoder-only ZEA4 ) et b 5] A Decoder 2044, PASERK
MLES B S5 eSS4 (Sequence to Sequence, Seq2Seq) 145 . A7 4% Encoder-
Decoder Z2A4) Je A RMER AL IAT N4

Bhttps://catalog.ldc.upenn.edu/LDC2011T07
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an

2.4.1 Encoder-Decoder 2L}

Encoder-Decoder ZA4 = 540 15 4 i 4% AT & P B0 o X SR A B RN A A0 A
E2. 10878 Hofr, 4ifh il Encoder-only ZEA4 i g it ], i 224G
BB T A, B2 AL 5 F AR DA S — A TSR A IR B . A
BRI AEE I i A A% 000 Ja R AR [ e KN TR S R, XA )
WETRATINEEE G L AR ARt 2 e i, 1
P REER  — AN A I B TR B . — A5 SR BB — > 4 4 e i i A
BRALN . Hor, ARSI B RS | ASERLEI BT Ik ARRAE EAY “HER”, B
PRI AR B IR S SRR BN SEBE T i -5 A 25 2 TB] P £ 5
REH, AR AT AT v BEAE SR A G E

T RN
SIEIENIRIBI

RXEBIRIE

k v g
mogs) SEETIRR

SIEIEHIRITIR Y

| aEEnE

q

k v 4 T ARSI
I SIEIEHIRIEH
T REHRIRT RXEENIBIR
SEEHIRIER E v 4«
A NI A/ Yisial s A
EXE 7B aixENiEE
k v q k v q

1

P 2.10: Encoder-Decoder 4244,

I B A AR T2 A 28 1 O R0 E R0 . A, Ff 17
SEXPAAJFIUN b FSCHERT AR IE", B AU FERE A B 2 T 1
T EAERRRSA, EER AT BUI R S0, (LD L SCh A PR RAR 5]
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EEE LR T
B3, SRR R AL S AL AORIE R . AU R R AR AL R Y
i) (query) Sgufhasnit (key) FIME (value) MIG5E, SCHLT WA A
RUE AT -
W B EE DM S EE IHLH4E A, Encoder-Decoder ZUA4 BEAS w5 24 M2
R A BT A R R R T 51 . B E R AL DR T AT S A A U 5
AR —BCPEANE B, T A2 SUHE R ML WA DR 1 AL 25 75 A= JU 414 ) Token
IEREE S M AP 4R R SUE ., ATTAE 5 S A P2 e BE AR S 2 5 . 7
X WAL L FIVE R, Encoder-Decoder 2EF AL BERS R A BRI A FPS1), 38
REA AR [ A1 45 1 75 5K S0 AR R BEE B4 7 9, AEPLES B, SUARTHZE,
F& R GRS SR T Z W, IS T R R AT R S A LA
55T Encoder-Decoder ZA5 A M IEF B T5[29] Al BART[18].

2.4.2 TS5 i SEM

AR A BIAGE VIR E B SORNEE, MBERRFZ IS . BH, &
A5 FR TG EEXF N SRR . AL A AN SR Semg HEA T WAL BT X AhE Sl st
ACRERAE ST, il AN AR AT 55 SN, S BUT R T 2Rl “ AT
7. AT RBGX— W, Google Research [{PAFE 2019 4F 10 HiH 7 —FET
Encoder-Decoder ZRA4) ) KAL) 2515 5 4512 TS5 (Text-to-Text Transfer Transformer ),
HRM T 58— W S B SCAR AR AORAL PR R 55 o 173 BRI E5 A L Fii
gRIr PA RN AT 55 = A5 TS TS BT/ 4
L. TS %145 Ry

T5 A0 AR /2K 2 Bl NLP 4195 58— 2 A~ SO 56 SCARY A X HER
o FERGE—HESET, TS il A R AT SOk S B R AT A R 55, e
SRR AR5 i, IEANE2 1R . XA AR DAL SRR (Prompt) 45
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REE, WIS AP AR, TS BT S H B0 E R 5 37
b, MICFTXBRBEA HEATARAS I B AS o XFh R PR 552 A RE ) R B 4
TSP, (EHREAS AN LT Y 4% BT NLP AL 55 .

KA LEFOE NS E tnFhiR

NS SN RERAT L EEROR TN HAESEMMHRER | -
tozn4mF0ISIELE ? DREPE , T N sl
Why can capybaras /- 3
live in harmany with A2 W##‘ﬂ
other animals? W7, REFEENA.
EEMY EERY

Pl 2.11: fLGeiEF R TS Gi—HEZL.

PRI T3 16, TS 5 FURAY FE— D i F1— ARG Y Transformer 42
AR AR S AR 2% 33 30 B 21 G RS R ARR ABE T A TS A
BRI R RS, R8T AR REBCA, 43 51& T5-Small, T5-Base. T5-
Large, T5-3B DAJ T5-11B. T5-Small Hi 6 /gl fHAl 6 AR Ab i 2 i 1,
Horp B2 4ERE S 512, B SSRBIEER N 8, B BB LI 6000 J; ; TS-Base
55 BERT-Base X5, Hi 12 ANl 12 AR SR I 1, 1 v B2 2k B
HT68, HEE SRR 12, MBEBOELN 2.2 /¢; TS-Large 5 BERT-Large
AR, 24 ADGRASEIEAN 24 AR HE R AL, FRUBUZ4ER D 1024, AER
JLHBCRN 16, BB BBk 7.7 1¢; T5-3B 7E T5-Large LAY, 18R
JIRIBCEYRE] 32, HAMNOR BRI B & bR Z4EEY R T 4 15, BB
Bk 28 ¢ T5-11B 7£ T5-3B [y BLAl [, 4 B = Sk mgioe K3
128, H SR R M 2 h B Z4E 2SR T 4 75, BB Z A 110 1.
2. T5 FilJi X

T HREGE PR AT Z I GRS, Google Research [41 A MR
PR T 46 Common Crawl ™ Fr IR T R I ORI, 280 ™6 114 1 LA

“https://commoncrawl.org
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9k, mALEMT CA%dEE (Colossal Clean Crawled Corpus ), HA TG 145l 3
FISCARZERL, EAEGAE] T4 750GB.

ET RS, TS 24 174479 Span Corruption HYFRIZRAT S5 . X —SYIZTE
55 Mtk A iedE 15% ) Token FEATHRIA, FERHAREFEIELE =~ Token 1 —
A/NBE (span) BERGHERS A [MASK] . 5 BERT A2 H 3R Ji] f) 527> Token il A
[, TS AT EOM AN POE PR E S SOR W Bl A il . X2 7 Brnl R G5 %42
WRETE ), ENHE B RTE S A T B e B TR LR G, X i
SR A B R iR R R X, BT DA H0 BE IR 2 U ) ) 15 A
P ICZ RIS MK K &R o Span Corruption FIIZRMESF W& 5271 1 TS MPEREREL,
JEHGRAESCAAHEL . 1) RGN SCAS D 4 55 75 AR % BRI B 58 Y SCAS AR B
55
3. TS FiliEft55

EFHNGRP B 2 I RRITR VA BB 52 H 1 SCAR e SCAR I G — AR G HE SR,
TS BB AT DATESE % FEA (Zero-Shot) YT DL T, I Prompt TARH AR H HE L
BIZ MR UAESS . W, TS BT PAE S 40 (Fine-Tuning) i id 245 € 19
155 . (H2, BRI RER B TS5 PR n 2 -8, R E 20
THREGEIRFINZRI AL, DA G 8 Y TR L B SR i HAT 55 A R
SLIRI N I3 5%

Zi EPNA, TS BB SCAH SO S8 — A2 G AE S AU RTAL 1) B AR TE =
ALPRAT 55 Z 1R e AR , oM OB SR R SR it TR 1. ansy, TS RAE
AT TV AR, PABE—D R HVERE . 140, mTS[43] B8y g 1XF 100 ZFh
T I SCRF, TO[31] AU i 22 A1 55 I ZRM8 58 T Z 424> (Zero-Shot Learning)
AEJJ, Flan-TS[8] B LL Tl fa -0l , PASEBLIE— AR TR i SRIG PRI
REE,
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an

2.4.3 BART if ki

BART (Bidirectional and Auto-Regressive Transformers) ;2 pj Meta Al 5% Bl
FET 2019 4 10 H 42 #)—1> Encoder-Decoder ZEAg#LAY . AN[H] T TS5 #f £ NLP
5 B E A5 —HHESE, BART B1EM IS 2RI T ZAT 55 R AR THE TR SC
AR AT S5 R SCA BB AT 55 LR
1. BART BMi&5H

BART [0 45 44 [ B 5 J5 46 1 Transformer ZEH 52 2 AH ], A5G — NGl 25
A=A 2 o Ak G D 08 A D 285 20 31 Pt 22 A 9t e R R AR A A A e I 8 T i
BART 7 — LA AN A, 435 i2 BART-Base DA J BART-Large. BART-Base H
6 M AIRIRAN 6 AR EZ M, HrhERBUE4EE N 768, HIERE SIS
5412, RASEEHLN 1.4 1¢; BART-Large (1 12 /NafSRIHRT 12 4SS5 R
MM nG, HAPRURZ4EE N 1024, BEREILIEEN 16, BMSEEELN 4
fe.

2. BART Hiilgs i &

TEFNZEE I, BART (i} 755 RoBERTa[23] AH[FAYTEARLE , A&/ MIEER
£ BookCorpus[46]. J&iBAEEF AR . Bl $diige CC-News '°., [ {74k
i OpenWebText " DA N i Fi4(di4E Stories, E&f & 1%%] %) 160GB.

TEWINZRAE S5 b, BART PABEREBAIA A SCA S H AR, Holad Token JEES{E
% (Token Masking). Token fjj[&:/£45 (Token Deletion)., %: U AIEZS(E45 (Text
Infilling) . 4] T4T#L{E4 (Sentence Permutation) DA K SCRYHERT4% (Document
Rotation) 45 FLAMESS RMIRSCAS, SRIGUNGRME AT A SCAR A TIRE . X 3

Bhttps://dumps.wikimedia.org
16http://web.archive.org/save/http://commoncrawl.org/2016/10/newsdataset-available
17http://Skylion007.github.io/OpenWebTextCorpus
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R XA S
HERMASKIZ+(MASKIRIR. ELIMASIK)IREE. REFHEIR(MASKIR. B 72 IRE .
(MASKIBIEIZ+ 77 MASKIIR. B7ZZIREMASK). KK+ AIBIRMASKIREE.
KIMASKIERBMASKIZAIR. BZZMASKIEE. HERIMASKZZIRIA. B IREE.

Rie X%
[ HEHAEIR+7IRIR. B IREE.
Tokenflib £5 XIEEES
HERIZ IR BIREME. + 731807 B IREME. KERIEE
BiEiE+ 7. BRIRE. BEIREN. BRI 5SIR. REME. IKBRAEIE+ ARG, B7E
MHERRAIIGE, B L. BIF. BAIREE. AR+

Pl 2.12: BART Fii)I| R 4L 55

BB T AR SCARSE AR SO R AR AR, 3858 T AR T XA 52 B s IR 5 St
e A SCARBIME S5 R MBI fridk

o Token 4TS5 (Token Masking): (Ll T BERT H1¥) MLM 145, f£ 5460
AL R AE—AB 2> Token F-5 HoER 42y [MASKT , AT I A5 20 i W 48 I
FRI¥) Token N ZFHYAE

o Token MFRAT55 (Token Deletion): ¥ & 44 SCAS H FEH LM G —554) Token, M
111 Y 2R A HE W B IR 1% Token £7 3 DL K2 N %5119 fiE

o BEHIARBIAESS (Text Infilling) = LT TS WFINGAESS, LRGSR
R JLB SRR Token (HFBUAE—A> span), BEAFHN [MASK] . HH
span YR EEARA A = 3 BOTARA M1, SRS O WIEHAE A —4> [MASK] .
X155 BTV AL HEWT—BE span B AR PBERIRE T

o fJT-HTHLAESS (Sentence Permutation) : 545 SCAYR - L)1, FHEEHL
FIRVAI TR . ETE NSRBI i 4 5% &R g

o SCHlEREITESS (Document Rotation) 1 45 i SCA H AL L —> Token, ff:
R SCASFH S TER: . BSAENZRRR R S S0 & B IG R RE
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TEPE2.12v, PAZRRESCA /KBRS a0t Hesedtk.” Wi, R A
MEFPATER « FEFNRETH G, T LA BART JE4 TR0 5 RO 575 i 2%
B 2 BT F AR B BB W g 5, ERCE MRS . X A FI
ZFNHORM AR, 15 BART AULESCAE AT 55 BRI 6, BURBASIE N S04
BRIAE S PR JRLERAE T BART B & AR K, (045 7T b BRI
T CARA AT 55 1) mBART[22] A 84 5%

Zi Bk, HT Encoder-Decoder ZEM Y IE FALAL, FEA AT 55 R T
RAFHITERE R . K2 2H MBS E A T S RS f B AR T2 3 B T
Encoder-Decoder JM AL AT T 45 . W] DAE IR S 808w 1) ERRE 5
110 2. FEREBRZEFISHOBICELE T, HBTHET Encoder-only ZEH4 )5
B X ORI R, L. RS P S T AR RCR

4% 2.2: Encoder-Decoder L4 A AU SACRITE R /MR

oy KAt S () ERHRLBL
T5 2019.10 0.6-110 12 750GB
mT5 2020.10 3-130 12 9.7TB

TO 2021.10 30-110 12 2 400GB

BART 2019.10 1.4-4 12, #J 20GB
mBART 2020.06 0.4-6.1 12, 24 1TB

2.5 JL T Decoder-only ZERI) K iE 5 ikl

1EIFH (Open-Ended) A fSE55H, @M AJFIV BN B, HERA R
BRI R R A, R — S e B G T e R AL FHX B85 ATF AN R A B X T
XFME45, Encoder-Decoder ZA4 W] fE 155 A A Hih Z R M. TEXFE ST,
Decoder-only ZEA RIS T NI . AR Decoder-only Zei) J HAXFPEBIALHE

.
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2.5.1 Decoder-only %24z

Bl B RIEEBE A OO, AU T SR R TR TE— Sk,
i ARG Z WA A A B A A TS OL T, BERETE B AR, AR A . 1t
41, Decoder-only A4 1 T~ 5 T gmfih i oy, (EAHSIALSmER AL, il ©
NZRAEBRR R, . R, TERIFEAIREZL T, Decoder-only ZEth Tl A B4 5
A

{Hf3—429/2, Decoder-only ZLAAHLRY R & f 7 v] DAIB WA S 2018 48 KA 1Y
GPT-1[27] B2, {HAE4I, fiF LA BERT S50 Encoder-only ZEFAHEZNAE 44 i
55 B i 5B BE , Decoder-only ZE44 3154 52 8 £ 8519 5. B F 2020
4, GPT-3[5] BYSBIER , 15 Decoder-only ZEMTT U1 2 W T4 ARG S
A HA AT A OpenAl 4211 GPT £41. Meta £ 1) LLaMA 3 4]]
%o Hir, GPT RS i i1 Decoder-only 2844, FEMERE BN T HFAURYAR
o EASE=AIF, GPT RIEWER ¥ AR, 1 LLaMA 51 B AP RN,
(EFEAE A ()R 60 A PR B A S IR 28 IR R JFJRIE S, L 7E Decoder-only Z24%) {5ty
R TR M. B ORRERT X AN R B T

2.5.2 GPT &Ko

GPT (Generative Pre-trained Transformer) ZR #5742 iy OpenAl JF % 1) — & 7]
$:T Decoder-only ZUHHYRIE SR, H A 2018 4T DASK, GPT RAIEH L)
TR AR, AR, HOIZREaC EAWEE, G 10 AR H RCR
GO T ARG TR S AR . R P AR W] AR 2 T B, R2.3%HX
AP B RS BB TR A AT T B 45 WRPATDAEE, GPT &
SR SRS BIZR T PO B B I a3y . 2810, A ChatGPT fRASEE,
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GPT ZFRAEL ) T A, HERR S E M GEIR LR TR E B EA

FRATE R, MR EEMN, A8 A5 ChatGPT K H 5L A TE S AR

HWZIERHE A T . TR A & R B AL o B T 4
% 2.3: GPT RHBBISHCRNERII/NE.

B KAl ZHcH (e) R
GPT-1  2018.06 1.17 %4 5GB
.~ GPT2 201902 124/355/7.74/15 40GB
© GPT3 202005 1.25/3.5/7.62/13/27/67/130/1750  1TB
ChatGPT  2022.11 *m km
~ GPT4 202303 L
GPT-40  2024.05 E N RA

L gyl GPT-1 By

OpenAl FJHI 1 5 FL2# % llya Sutskever 7ER V5 *%F&, OpenAl H IR LA
ST AR AR 2R A0 AT 3 A T 3 0 00 A ke T M S ) ) T, LY BT 1Y) RNIN A
B TCAR SR P BE B U ) 8, E o A A AR B AR S i ffke . LB 2017 4,
Transformer [ {4 B AyixX — B B L TBMRR 52 T, S OpenAl 1) & 4] 77
5] BEJT, OpenAl TR AIEHL. 2018 4F- 6 /], OpenAl %Afi [ 56— i HY) GPT
(Generative Pre-Training) 5%, ##k4 GPT-1[27]. GPT-1 }-4)] T Decoder-only %2
R, R TR S A e T M SO AR U SR, R RS AL BT R T
PRSI . R IHPRE 20N GPT-1 RIS H . TSR, AT 55 55 05 TR I

(1) GPT-1 BiXigh
TERLBU SN, 5T, GPT-1 ffi ] T Transformer 4244 111 Decoder #4), 44 T
Encoder #R7r PA KA U il . HOBIR 12 AR E S ML, g B

18https://hackernoon.com/an-interview-with-ilya-sutskever-co-founder-of-openai
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AE— AR H R B A — A e R p B . P RRUROZ E S 768,
FEE TR 12, BIRRRA SRR 11712,

K2.13%F T BERT-Base DA J¢ GPT-1 RUREZUEGHY . MIEIH I PAE ), GPT-1 1
4t |5 BERT-Base i [ERML, PIFARE 12 M omtd ot S Bibd
[ A~ B R R A — A i p B I . PR 2 TR A AR o X I E T
BERT-Base (%) H {E R BB X ) H AR SALE], 1 GPT-1 H iy H 4
BRI ATHERD R S i 5 TR AL

) )

RERT-Raseifs BRI s GPT-12243
T D B

T SRR 7 BT
DN || ssnsmms sowmmme | ) | 1]
Vi | DELT
D) kaﬁgnﬁm ;s:%aﬁanﬁm v/ B
%’%% %ﬁl A__QT]_Z

P& 2.13: BERT-Base #1 GPT-1 1% ,

(2) GPT-1 B Ji ik

GPT-1 /Myt &didk BookCorpus[46] SRUEATHIIZE, AR T2 8 12
/> Token, FAEEHT SGB. FEMIZA L, GPT-1 XA — (LS5, RI
BT _E SR — 0] fE B Token. DA [BIERY 7 A AN W52 8T — 7
AL S5, BERR] DA RO 58 SO A AR 55, ANIEI2. 14 P07 o SE e XA il 2 oiems
B2 ] DAEA T A R Bl 22 B i a2 1, 2+ BIREE SR “HR7,
P AT H BTN SO RSO . XA = TRz A BE g, i Hagb T
AR HORE, A B ARTE S AL BRATIE Y R TR BRI ST A R
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i ol 1$
g 5 B
7 /4 +
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N/ L =
1 g 1 HE 1 e
Pl 2.14: GPT-1 1& 5 @Bl 455
(3) GPT-1 FiU#iT55

RUE GPT-1 BAEN Sk Jm e B T — w9 Ty, (AT 55 12 AL RE 11352 R
TR R AR SR . Oy TR TMRA R E NI LR, il
T SR B WO . ORI AR B S G P B RERR EAT 55 AR R R A
BRI ZH, AR AR 3 DASCAR P8 I X B BN, AEDA R LS55
e, AT AT BT X RE . T 370 S 1 el R SR -

o UG GPT-1 fEMEHAML—BOUAE N, FHARIEIUE H2E51hr%E, 4n
TR (RRAR . THARECHA ), X SCARBAT /026 ARG . T80
SR AREAE N

o SUACHIDLEEEAS : 2475 B B BOCAR Z A I APE T, GPT-1 RERE A7
BACEANTRNETIE SCRUE . XTI RETE RSO . R AR AR
RGP U E R

o ZUIEPHSHE . GPT-1 & ] DARL PR 2 IR R4 (7 AT, AST2R B B A V) SO AR
FITEIRN A, AZERE Ase I SR 5 e S A A 8

GPT-1 a5 AR I SCA A RE T (HZIRTNEdn RAR R 28R, HA
JEEE A R VA TR SE bR M. Behh, i B i AL A BR ], He4in
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FEAR LR SO RE A BT Bk, DUAS R, LA 0L LR SCERRAE 77 () BERT kiR
M, FELAHBB A LR SO A B IS | TSR ) 2, W36 T GPT-1
Bt RS GPT-1 MWL M W REAS ) BERT, {H'E{EA Decoder-only ZEA4 11
T, WIGEE S B B R BT T .
2. /M Fik: GPT-2 Bir

BIR GPT-1 B 17KEg , OpenAl 354 2% H Decoder-only YR EEZL, M2
PEPRAEIX R 2k RURSETERE. 7E 2019 45 2, OpenAl %755 T GPT 5145 X
Feim GPT-2 12, AT GPT-1, GPT-2 FEASAUHUSTRI T I Zh ke A 1 it it _E#RRAT T
SEMRT, R TEIEIT A2 IRE S . DA GPT-2 (B . i
YIRERVN A 55 S Bt LA T 4

(1) GPT-2 EEXIZHy

GPT-2 U FELE | GPT-1 () Decoder-only 2844 , FHAE AL F#E—E R T2
bR, GPT-2 — 3L %75 T WUANUA, 4> 312 GPT-2 Small, GPT-2 Medium, GPT-2
Large A}z GPT-2 XL, H: GPT-2 Small ZEA 1 #4238 GPT-1 A J BERT-Base,
M 12 P gmi eI, FRUBUREREN 768, BIERJISLMBE N 12, ASEH
#2904 1.24 {¢; GPT-2 Medium 7ERAUIRL | #2i BERT-Large, Hi 24 M@
BIMAG, FRBUZ4ERES 1024, HEEJLEE 16, MSEE LN 3.55 1¢;
GPT-2 Large tj 36 MMM AL, FRs=4ERE 2 1280, HERJISkpEE N
20, MBEEORLIN 774 1¢; GPT-2 XL B I HA, H 48 AL Hte B i
B, AR 4ERE S 1600, H R JSKRIEERN 25, RSB E L 15 1C.
(2) GPT-2 Wil Jjik

WG, GPT-2 4RZLR T —i AL 55, (Hib—2B42 71 T Al gR gy
A, HRM 748 WebText it , A4t 40GB Zeadbhg. L i Al

Yhttps://openai.com/index/gpt-2-1-5b-release
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BRI 28 SORZH A 8 I 6 ) WebText iR AT 11195, GPT-2 {1 = PR GE
JIASET WA, S TEZHME S Y R, BB T ERRNES
TR X GPT-2 ZEAHE I & 4 22 B AN 22 0 5 BB T s G e, A
TIAEAT A5 AR TE 5 AL BRAT 55 I RBAS A2 iU ERf . ST SO,
(3) GPT-2 F TS5

GPT-2 [ F5Z A RE 1453 T8, TERSUAE45 En] AT, AT
BHAES] . XA )RR T GPT-2 AEACIE N AL S5 i R 1, BRI TR
BAL S5 G TR A AR . 13Xl Decoder-only ZEA4 AT 13 2 it
3. Hid% L GPT-3 il

N T ARTHE S IZ L EE ST, OpenAl T 2020 4F 6 H #EH 145 = A2 GPT-
3[51. HHIMAEZUANEL, GPT-3 YA AU T Zhif ket Edb—2B48 71, B
T ELAY R e (In-Context Learning, ICL) fE )y, 76 F 3023 fig 1 b
FET, GPT-3 Al ATEARSATIOA G LT, AUE AT 55 ik 5D Sn 7] B 58 i 2
FEALR T 55 . KT B SCEERN A S WA 432 Ty, DU REX GPT-3 1Y
BARUZER . SN ZRE RN T AT 55 JE B L AT 4
(1) GPT-3 X2y

FERCRIZEM |, GPT-3 4R If4 R TR PR 4eMy , S T A As B i 4
. REZMZEER BT RSECR, SHERS AT 1750 2. BRMSEE
145 GPT-3 BEfGHT AR B AN S A iE S48, W3R Th AR ALY SR A= il fig
1o GPT-3 it T2 MAFSEE R IRA, DA EAF N RHRK, a1z
By k2.4,
(2) GPT-3 il Jj ik

IESE T IR TIN5 ¥, GPT-3 4Rk R — il WA E A I AT 55
] T SE R RSN S 2 FEAL Y LR SCAR B 4, Bl #i 1TB, ;T Com-
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4 2.4: GPT-1 % GPT-3 Bl AR B4 .
BRRA YR RuREE AEROEE BBl (1)

GPT-1 12 768 12 1.17
GPT-2 Small 12 768 12 1.24
GPT-2 Medium 24 1024 16 3.55
GPT-2 Large 36 1280 20 7.74
GPT-2 XL 48 1600 36 15
GPT-3 Small 12 768 12 1.25
GPT-3 Medium 24 1024 16 3.5
GPT-3 Large 24 1536 16 7.62
GPT-3 XL 24 2048 24 13
GPT-32.7B 32 2560 32 27
GPT-3 6.7B 32 4096 32 67
GPT-3 13B 40 5120 40 130
GPT-3 175B 96 12288 96 1750

mon Crawl ?°, WebText, BookCorpus[46]., Wikipedia >'Z:Z /N1, iE4E. K
vl WA TSR OAIEN . T EdRdR a1 s i I AR UE IR AR, DARR IR
Bur iR M2 e BT X 2esds, GPT-3 2~ 3] 1 BN £ & 12 oy ih 5 iR
AR
(3) GPT-3 Filifft55

GPT-3 HAGM AL T Ry B R30I 680y, AT DIAE R/ MAR LT,
ALE I TE B A\ SO T BB AE 55 fid R i R ], BERERS AT 2 A N IiFAE ST . I
NI RE IR ORHBIE 3 T GPT-3 ML S5 IZALRE Sy, B RE S PRHIE A [+ 4
W3St GPT-3 JHARTESCAA . B RS, ThE BIFSEARL AR SRS+
Bria K .
4. EWH4%% . InstructGPT 5O

1 GPT-3 fy Bt _E , OpenALFE— 24 T — R AIRTAERA , X LERIAE GPT-3
W2k ehty 2 Eila e RIEITE, &4 SR g, R AT 4kE:

2https://commoncrawl.org

2Thttp://web.archive.org/save/http://commoncrawl.org/2016/10/newsdataset-available
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il (Continual Pre-Training) ) Codex[6] B, W DA R IR A LS5 5
R P msrxi5% (User Intent Alignment) ) InstructGPT[25] #2284, HA& R &1 45
SURBERE Sy . Hor, F AR A A2 InstructGPT, HoAl g ChatGPT (R & . Bl
FHIAT NRR k% 2] (Reinforcement Learning from Human Feedback, RLHF),

REARTE TR R i Y RE ) o

N Aptna Al s 2] B 1 G2 S AL E G Y 4 2 I mT A8 HE I AN VA PR A A
FIEEYE, DAMIACELA: iU NS AT & NRIEOR . fE AR RUF R >, AT
R T e AR S T A A L BT SR, RS (X 28 USRS AR A . R AR
WME2ASFR, BT A AA T =88 1) AARERMIN: ks “md- A
KIE” MERINGFEAR, X RIEFHEG TR, 2) IIZBRE: XA~
W, A B AR, OF i N TR T PP AR AR A B I
s F I ar Bt AR NG — AN SR DRy , (0L m] DX i H 2 B A A AN S i -tk
114 3) w0 T B0 PRI R, sk ) kIR
RSP iE SEOY, RAIEE SR A s I, RBADS e T3 s), stk
2 ) FVEARYE X LU PR oy RS A 240, DASR T v Joa i g AR

23k RLHF 11545 211 InstructGPT BYVEREE LT GPT-3, JUH @TERR 2
WA g R b o B A Y I BN PR, RO TR
R BORSPEN AR A . InstructGPT [ I E R GE . B T5EM Al RG34
BETHRERE, R T AR AL M B A A E R ). Ha2, RLHF 1)
WHESBA T EE, FERMT: 1) BB g R HFen. 2) BRTH
SR SR S AR AU SR B LA, SRR SR PSS Y HEA T 2 BRI A I
X1 R AR 2 ELIHAE R &

N yEk RLHF FEVHRACR FRGAE , Brf s fe 2023 4E7E R |, 42
T R B FL B AP AL (Direct Preference Optimization, DPO) [28], DPO
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EEE LI TG

|
BEERIE 1 EI2mIEE BRI
]
1 a1
a1 [} a1
I A © KT BERRE EIROSIBL ? | ! l;/\ KB AR RO EMR RSB, 7 I | A KEERELAM? ]

a2 H
' A KEEERZHA' T I

Gk
A KERERRIZ LA ?
Sk AR -RORAEIN , EEIAE

J
i ( i
6\ - kA AEEFOE hENnFoIEABRE 7
b1 KRB EEE— N ARERD...

f oY h :: B2 : KR —FOIESIBIFeIEN , B.. AR, KBRFKEREMAE , BIKkR,
B - KR AR N R ATRE 7 n 3 KBRS LACERIINN , EIFE... AR Fo— KRR,
$  BAKBIERIR , BEREE , @ " 4 KB IERE BB IREEOINY...
SERIRFoR RER TN FOTEIBRE. n

n o

g2 0
BA  KBEROZ AR ? "
b KBRRANN , RamEEr "

. i
2 EREER T\ " RN : Sk > Skl > e = k3

L )
] i EEPT- 3R

&9 1 EEFT -3

Bk
A KEEERRZ 2N ?
Stk BRI —RORAEIN , EEIAEN
AR, IKERANEEINAE , #lkk

R Fo— KRR,
857 : 035

Pel 2.15: N3 fisimfes#>] (RLHF) id7k.

SR B NS i Bl U SR A, 2 1 B s SRl A DA B R 5
G S - R/SI P MW RS E M € SN M LIVA NG Y & DG R
IO BRI AR R, o SR SRR 2R DA B8 o R i P doe DR i B2 PO 8, [ T BRI
BRI Mo B AR . XA R TR T NSRS SR R R, fE v T IR
RAMR R . RAETEAL T 2 N JS M i e AT BB 780 T RLHF, {H DPO 7t
SRR EI RIS HAEZ A SIS T2 N
5. M3 b A : ChatGPT L)z GPT-4 S5 il

OpenAl F 2022 4F 11 A THIRHLLE A (ChatGPTChat Generative Pre-
trained Transformer) **. ChatGPT “—Mg{5t N7 , DATR A% B ) B m i & A
BOFNERE, —ERGE T ChatGPT &7 I DA “E M 13t 31, #est, M
Fra] DA E OpenAT $ L) 9 5T sl APT 8204 F 11111 25 J5 1) ChatGPT BCAY, i
ToHFAEARMIRE , b — A I 55 B30 LLMaaS(LLM as a Service) FH Bl {H

2https://openai.com/blog/chatgpt
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&, M ChatGPT 2, GPT RINEALE MM, FATTCMBIR ChatGPT I J5£isizy
BRGNS

PUANHJG , OpenAl F 2023 4F 3 H4k8: %4 T GPT-4 P #5i%L . #% T ChatGPT,
GPT-4 7E3ff S b ICE SR A BUE B SUAR ST 55 Fak—242 7T,
H HABWS T A R A FRE2E )8 gk RS S POAN AT 55 . Ak, GPT-4 85| A
TR ESOSUSES R SCRE, 78 1 AR IR AR FHAI o0 17 R0 A 25 55 7 ) Sk i) ] g
P

—AEJG, AT R TS AL RE DA BT PR SS:, OpenAl - 2024 4F 5 2
T GPT-40 **. GPT-4o BEBIYEFTAY GPT-4 (O ELA b, KUGHET: Tk s B, &
R THEIR , F Hak g os T 2 HSALBREE ) AR 265 R . HAER ke,
AANERIB S DT 5T 22 U IR . GPT-4o MO b6 25 AIGC 1 ] H

GPT ZF A (i o 1 R N 38 BB 8 b b — Nl D 3 . AL GPT-1
(¥ “FIHZEE” $] GPT-4o [ “—MS i N7, J6%5 6 4R}, GPT RANBAE K T
PR . 52 CRK)” AREEE, REHEER., B2, FiE GPT &
FUBSRLE [ VR, P OT AGE LT AR, A1T035E2 5 R S (7] @1 A siclk
.

2.5.3 LLAMA 4GS

LLaMA (Large Language Model Meta AI) & Meta AL FF & [f)— 2251 K15 S5
A, HAACEAE R RV ANIE R 1 AR AT, HE8h TIRE SR <L) A
FRE S, FERIAEEK |, LLaMA BT GPT RO, [RINTEROR YAy
AT TR AL . LLaMA 5 GPT %1 X MET: GPT &5 F -3

Zhttps://openai.com/index/gpt-4-research
Z4https://openai.com/index/hello-gpt-40
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AENE LRI T
2L AR TR S B ZREEH 42 TE, T LLaMA WIAERIRUIURE [ (R R X
B, LT TRIH BRI, 25K TORFIBIA LLaMA #5704 iy
[ BT ] S DA RGTEIRE. 247, Meta AL SEHEHH =ASBIAHY LLaMA f
L AR AR b, KRR S . AN LLaMA BRI
R T LLaMA SRS, B FRA LLaMA () =ANA B4 i
BT T ]

4 2.5: LLaMA RIIBLSHFNERIR N

By KA ] S (L) WPHILES
LLAMA-1 2023.02 67/130/325/652  #jSTB
LLAMA-2 2023.07 70/130/340/700  #j7TB
LLAMA-3 2024.04 80 /700 2 50TB

1. LLaMA1 gi%d

LLaMA1[40] /& Meta Al F 2023 4F 2 A#fEH I E N KIE S A, HAE Chin-
chilla[15] §" IR NIAGFET T, LBk /MY + RE” WPLE, BAELARABRI G
SR N AR XS BN . AR/ NG S HOIB TT DA RE SE PR R B 32, i
Hon] AR S A R AT R SEIRA IRA 37 5

FEFNZRER 5 TH , LLaMAT BRI SR8 i 55 1T RS R T 4 da 4 Common
Crawl®, T5[29] 4 H 11 C4 $di4E , A2k 1 Github. Wikipedia, Gutenberg . Books3
Arxiv DA} StackExchange 28 2 Rl RO HdE , B8 =51k STB.

TERE Bk 77T, LLaMAL SR 15 GPT R [RIAEAY R 45508, (H2, HAE
Transformer 5 4R TRI IR ABEER . V£ R BT 4 R pi i bk b EAT T 004k . 7ETR)
IRABEER b, A THES AR AT, LLaMA1 2% T GPTNeol[4] R0, il
Fefr ¥4y (Rotary Positional Embeddings, RoPE) [36] U T J5UA 114 48 4 o7 1
B, AR SRAL B g Y FIBBE Sy, 450 BN e 51 WU Y B . e R A

ZShttps://commoncrawl.org
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% 2F KIEZ MM
~ p - N
[ siEEs@En |
7/, " Y
¥ ] ¥
e LA B T JEL R [t
_J n n SNV )/ II!E 7 N*g U ”
3 3 T A n i A
s
Le . 4 W
- L)
S \ J U Y, )
(- s 7 N 4 ) N
TEENER SIEEGIRIBIA
p .
£ X [ ] ]
o r %—» E o & o
\L-n,- 5&/\ > ir:l"' N = B \r\:\r = iﬁﬂi\
R 2 éé{ﬁa o e @l >
| | o 2*.;*! o
p- v
\ L Z Wz 7
\ ’ ~ )

P4l 2.16: LLaMA f#hd e 2844 5 4R i#E Transformer f#RE 27 ZEH8%) L .

e b, LLaMAl £% T PaLM[7] Rfl7%,  Transformer Hif) RELU J80i5% ek 50l
SwiGLU ik sy [34]. JFH., LLaMA1 fE84T H 8 S #/E2 Bixt i) (query)
PAR B (key) WSANBERE 00 &4l FEATEH A |, LLaMA1 {54 T GPT-3[5]
17y Pre-Norm J23 (E MRS, FF1EUAL R T 5 YR I FI RT3 W 28 i i A o ETE
R A R AT TR b Rt AN 2. 16 7R o

ETZAES, LLaMAL JUHEH T 4 N RAHIRRL . S 8] A B 1 HAR S50
F2.6HR.
6 2.6: LLaMA1 Bi% H (A S50, .

BORRRA ReSHgce Ru24EE AaEE kB BsBeE (o)
LLaMA1-7B 32 4096 32 67
LLaMA1-13B 40 5120 40 130
LLaMA1-32B 60 6656 52 325
LLaMA1-65B 80 8192 64 652
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2. LLaMA2 k%

2023 4E 7 H, Meta Al %77 T LLaMA Z5 /)45 — A% LLaMA2[39]. Feik
OIVERL + REAE” BB, LLaMA2 7E LLaMAT [ £ Al F ot —2B AR 58
TGS, BER R B2 Y TTB, SCHL T %o 42 5 15 5 AT A R Y
i, WA, TEFIZMBLZ J5, LLaMA2 RY4 T Nt > i)y vk, dE—
PRI TR IERE . 1 5E, M 7O L AT 18 2 R e 4R (8] Xisi
BATA BRI . 85, LLaMA2 iR II5 T RLHF S, BT U fRms I8
k. (Proximal Policy Optimization, PPO) [33] A K Hi#fa Rk (Rejection Sampling)
FromAl s 2 AR A AT R R

TEAEAUIEN |, LLaMA2 487K T LLaMA1 4844 . LLaMA2 St T PO A
PR, O[] AR B BAR SN2, 77 7R . Hopr, LLaMA2-34B il LLaMA2-
70B IRASME N T sy AL 971 ) (Grouped Query Attention, GQA) [11, PAFETHT
R TEAERERIILE T, # (key) AKAH (value) AFE54H) (query)
XN, T A ) L S [ A SRR, AT S AR A7 o i D 2
58 2168

4 2.7: LLaMA2 fiA Bk S8 .
BORioAR el BURZ4bE  AiERECE BB BoE ()

W

LLaMA2-7B 32 4096 32 70
LLaMA2-13B 40 5120 40 130
LLaMA2-34B 60 6656 52 340
LLaMAZ2-70B 80 8192 64 700

3. LLaMA3 Eixi
2024 4 4 H, Meta Al T 2024 4F 4 H3—3EH 75 =84 LLaMA3 %,

LLaMA3 Pk 1 ML 8 SOTB Al ZRiE R, 2 LLaMA2 ) 7 52 2. X —iEk}

https://ai.meta.com/blog/meta-llama-3
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PEAAAL S 3= 5 W AR 5cdh AR SR AL ) s AR BE ), 3R TR 1 5% ry R
SCECE, G 30 ZRMES, EBEY R TRAWESTE S A MAE ). 1Ah, LLaMA3
EHEAT T 5 LLaMA2 —FER N RURAG 22T, X — S ms CLPLE B gt 4 T4t
BUPERE. f# LLaMA3 [PERETEZ PR br b ATl 7 i (UL, IR 2
AR 80 (LS HURA, WREBLH T # LLaMA2 700 /22 A Y ik
PERE. T 700 LS HURAE) LLaMA3, {EZ AL 55 A PERE S & BB 1 b A bn
GPT-4 %,

TERAEH |, LLaMA3 51—/ LLaMA2 JU -5 &AL @FE5rn (tok-
enizer) B, UKL K 1 =A%, BOERTH TSGR X — gt T
SCFAFEE TR B R A Z A Token WITH DL, AR T Sk Token (i, MM
P TR F R E BRI I . D3 — O, §ORR TS B T A
Se R T SCERTT AT 20 31, R Ak P4 SCAR IR T DA SE VA 14 478 £ 35 SO L
T, HEE A SRR AN B . LLaMA3 FEHHE Y 80 AZS 8 A K 700
ICSHA b, BRA T AR L XA B S50 S LLaMA2
X R SCAS DR R B — 38, (EEMERE RSBl TRy RER, Sk TR )&
4. LLaMA fij/}: i

LLaMA B IR 5| T AR B8 (A E ARSI . BRI
et LLaMA B PERE, BKF LLaMA ASC2 56 g 21 75 B, 20k LLaMA
BRSBTS HATY 5. AR ARG LLaMA B T — 2 HER . FEis
TIWFFERS . P =K I AT LLaMA i R8T 2N 4

o PERESCUEIRBINY: —LURF 5T L T il i A4k 2e 42 T LLaMA BEALPERE.
Bl4n, Alpaca *"ET GPT-3.5 A2 i 45 238 B AL B A X LLaMAL FEA7HA
PABINP BRI SE L T GPT-3.5 A S MERE . Vicuna SRR 55 R BE

2Thttps://crfm.stanford.edu/2023/03/13/alpaca.html
Bhttps://Imsys.org/blog/2023-03-30-vicuna
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&, FIH) ShareGPT “F-& bR H HXHEHHE M LLaMAL #8205
$ETH T ERERE S . Guanaco[10] AAL @ i 7R LLaMAT )i A2 5|
A QLoRA $iR, REFRAR T ROAR I R SA, &5 T RRCE.

o MINATSFRBIRY: JAE LLaMA 538 45 BRI 6, (BAEREE S b
G AR . B, REFFFEE T4 3 B U LLaMA #4730
PARKSE HoAr 2 s, F R 3. 11, CodeLLaMA[30] #5417 LLaMA2 [
Bl b, MR R A AR ECE AT RO, ol R B e HE Y. Bl A AR
A BRRAI . PAR ARSI SEAE 55 . LawGPT([24] AU 1 30 J7 45344
[F)Z%) LLaMAL AT HE 00, REHg 0 T HANAH N A 1 A PR AE
GOATI[21] FA438 12 Python IS A= ji i £y i e % LLaMA 1 A5 B4 700
R AR e A5 SR BRI ERR 2% . Cornucopia 224525 ) ) Fi 4 il ) 25 50 -t
FIUR , HE50 T B e B ROR

o ZRABES LB @ B SIS g i A MBS BRI TR, D5
F LLaMA BB JR 2N ZRAAT S5 B B4n, LLaVA[19] £ Vicuna [l F
A CLIP $EHL AL F FH — N LA 52 2 S B 7 Rl SCAR Z AT RE 5%
MiniGPT4[45] £ Vicuna (¥ & hli A F VIT-G/14 PA K Q-Former 14 15 4
b, FHEIRFEE T M BOE Z R LB R FISCAZ [R5, JBL T 2
155 4b g
XEEATARRURAL 5 T LLaMA BN 3 5, 0ok B ARG = A3 4 )

WAL T HA AN AT AEYE . LLaMA ZR A DAHIFETF R4S, o | 2 EkiFsT
HZ 5 RATAEBAE LLaMA R IEAE HAT A SRR 42U W R E A

M SE R IE SR HIA T 3

https://github.com/jerry1993-tech/Cornucopia-LLaMA-Fin-Chinese
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4% 2.8: GPT £41Hl LLaMA RIS HATER /N .

Ry KAk S8 () ERHRLBL
GPT-1 2018.06 1.17 25 5GB
GPT-2 2019.02 1.24/3.55/7.74 /15 40GB
GPT-3 2020.05 1.25/3.5/7.62/13/27/67/130/1750 1TB

ChatGPT  2022.11 AR A
GPT-4 2023.03 A AA
GPT-40  2024.05 AHN A4
LLAMA-1 2023.02 67/130/325/652 27 5TB
LLAMA-2 2023.07 70/ 130/340/700 27 7TB
LLAMA-3  2024.04 80 /700 25 50TB

% Decoder-only ZEF R KB SRR, FEfRH LB A SRE ST, 1901 Hr—%
RGO TR BRI . R2.8/8/R T GPT RJM LLaMA RIAFIRAH R A S
B, AT A% LR T Decoder-only ZEAA R AE 2 R0 M HI 2R 5 RHALRL B
DEIEK . FEE R SRR SR — 2 5, BT Decoder-only ZEH K
R RREIC O BEBR T

2.6 JE Transformer 2§

Transformer 542 24 B R TH SR TR AN, R SWERE. 57F
11 B esF g . (22, Transformer HFFHE5E3E . HIFATHI AP K] & 3 Hod Al
MUBLRE AP AP I, S EOAEAL PR P I T T B o T mt
FIRCRHMNERE, Aok Transformer 7EK P81 AL BEA A R, R PAREFRET RNN
MBS, RNN FEA i iy, % 82 A ORI S A a i A, Blig bl
PAREBRTCER P AT, (240 RNN &AL (41 GRU., LSTM 4%) FEARBEK P
A7 PR AT REXE DASRTHE 21 IR ¢ 28, EL TR I 5 60 BT R UM 8.y 1 Sl
Lo, ARk, BT TR TR RNN AR R, 5RO (State

Space Model, SSM) FIMAIHIZ: (Test-Time Training, TTT) . X FP7E=CE T
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ARIE LR B G
PASEER K TR E M et TR S 2 2, Hal bR T (%48 RNN HOfede ) st . A7
FF I R A 2 RO B i AR R A A A T T N 4

2.6.1 REZEMERL SSM

PRAA MR (State Space Model, SSM) [13] {50 A] A RUALH K SCA H A
TER KARMKMII M (Long-Range Dependencies, LRDs) [Wf, F FLAT DA RLMEARTH
BRI AT . A NTORE RN SSM s, T BRI PIFIE T SSM
LR F R RWKV Al Mamba.,

1. SSM

SSM (¥ EUARYE B T M BE 2l ) R0, Hal i A — 4RSS kA
FRGUARASHE I (B SRS AR AL, SRR SR o 5] (4 2278 T Y R AR 3T FH Tk 4K b 1)
TS NI 2R . ISk, SSM R BA B IH ARG R BT HUL R X, IEREAEHE
SRS A 328 0 5B g ROCAL B S 5, SRR I b 3 e A AR A A A 42 S M

4 N
D
Uu > B > m>f v > O —> — y
I
. /

Kl 2.17: SSM jii =,

WNPE 2.17, SSM AE =/~BEI ] ¢ A8 A0 iR A0 DY A Rl 2 o] (R AR R ) B At A4

M. =AERSHN: 2(t) € C" Fom n MIREAZR, u(t) € C" Fm m MR
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%25 KIEZHAEH
SN, y(t) € CPFoR p M . DUANER B0 IRESHFE A € C ) 55l
FEB e CY™, HiHiHikE C e CP fliapSHiE D € CP™, SSM ARG T FEN

2'(t) = Az(t) + Bu(t)

(2.5)
y(t) = Cx(t) + Du(t),

Hrr, 2'(t) = Az(t) + Bu(t) IRETHE, 8 T RGUIRS QBT AT
— RS, HTE B IRE KT S8 2/(1), A TR (1), &
i X I TR Bl y(t) = Ca(t) + Du(t) Mhaih ke, ik T RGUIRS W
ety Hoaiy o(t) 2RSSR HA S E. ERE=T W, Du(t)
TR IR TR, WA 2

BT SSM RS R LB, W TXESEEE (FlanEsES
IR F 51 ) AR, (HRAEAAMAERIEIE RS . S THEE X SSM AL, /&
TR R TR LR BSlfE (Discretization) 2 SSM iy iy 498,
RS RF R G0 7 B IR IE A i XA BRI, A& TS SSM 4ty
MR . REELEIE R SSM ARG R TR, W ARE IR A AU e
MRV A, B RE R SCHE 7 DX 18] eR 50 2R I XS BRI, 7
MBI AR dtl, WS SR #IIE N R

x, = Axy_1 + Buy
] (2.6)
e = Cay.

TEZITRE, RESTRE B Al — 2P IR ST Bl A TSRS HPRAS, R T
HEAE. H, A B, C ARERUE IR, K5 %R MHEM A, B,C 1
XESMFETRHN: A=1-2A)"(I+2A), B=(1-%2A)7"'AB, C=C, #
FA =ty — Lo

WA SSM 2621 F RNN, HA RNN GRS . HOE T 0 i b
L, RERE LIS P A B AR A e R S RO, (ER T AT SR, M
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FEE LRI -2 G
PSR B TH R BURE L. 5 R AR e A ik, AR 3
BB X B THESER, RS ARG o M oye BIEER

T = AkBuo + Akilf))m + 4 Buk

2.7)
Y = ka = CAk]_Buo + CAk_lE_Bul + -4 CBuko

HPAOREE R, KRG R RGE RIS, S v RS we BOETRES
R, HEGBEN:

K, = (CB,CAB,...,CA*B). (2.8)

AL, SSM ARG ARG RIEA N

Yk = K, * ug, (2.9)

Hor, BRWRH SSM RS HERER), T XS AR A Ak
B RE PR EER, PFRNAEE. IR SSM RENS — SOt AL BEA [ i
AR, AT R R TR (BT BT SCREREE , BRERR SSM
TEREAT A S R K AT RHFER . 456 B RS SSM 1y I TE X AIEH
AR AL, AT AEREAE NG RETEBUE R, HEBURHE NI E .

Zi b, SSM MM ARG RERA =FEX, Al s, Bpdbnid i
A VAREBALIERIE, AN 304 ST SN ] P8 SE4L 55, AR
JABS, T BRI B S S IE R RN B SSM YL HTE T HEMS AL BEH K
W, BRI BRI SAOE D, (BAEAEBR S TS 28 il APRFFRE PR T JEE

ML, AFIA SSM AU 8] i1 B XA T B A SSM Oy R B Uik =X
B¢ A JEERE . iltn, S4[14] (Structured State Space Model) &l SSM 75 {4 |
HOOC AR 6 HIPPO FEMRWI MMk A FEME, FEALIRK 7 54 m R 5
1HEAh, RWKV Hl Mamba 2 PR T SSM Ui B0, R TR 70 53 7 441X P

FhRA .
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2. RWKV

RWKYV (Receptance Weighted Key Value) [26] f£5:T SSM i1 211 61 57 2244
HAZOHLH WKV 3T PAB A2 M SSM L. RWKV (i i1 45 4 T RNNs
1 Transformers FYO0AL, WEOR B T HEBER Bep maRitt, SCSCEL 7 NZRIT By 947
oo (¥ XHEIHERZ RWKV-v4)

RWKYV BERIZOEHCA P - IR A BSRA R A B . W E)R G
BR T EAR B ORI IR 22 2 [ G & G TR A AR W) S 3 ] — Isf ] 28 LA
[ AL T30 22 () A 52 FL o IR TR A A5 R TR A A B A 50T T A SR A T
2 o R B KL i VA RGE W, IR 2,18, A giixXet
TR AEM R A AT SRR A A o

XBW1tog

Pl 2.18: RWKV 244,

IS 18] J58 R R B R ARk P A 1 2 Token (4%, %2 s X 24 Hi
P TE] 22 R — B 18] 22 4 iy A OB T R PR B S B, AN PR A 2R e 471 v Ik )
AR BRI . AR A, sz i R Tt Bk B 7 91 D1 32
FAk, BUCE W R AR, A K A E RV S G L
iR 5t D5 B LYo U £ S N L1 R o 8P ot e T 2 N s 2 NG )
OFEK L, B HEI SR AE A 28 M 2 o ] — B )25 R TR RRAEZE BE . GI0, AEARER ARG = AR FRAE S5

i, ERASHE]E I HAT RERR—BOCAR I — AN, R Sl iR AR — R, XA R
B TTRIAR DB, Ao dE A .
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EN TSRSy 3

WAHATLREA S, B ERPAE R, KV aEs S, @il WKV LT DE
T PRAEE I R AU RN (A HERS B AP 8. e, MR B ER o(R) FIFR
MEIFEE R WKV [ Sl b i 0 8, e iR AR

IR A i) WKV BLHLE RWKY (%0384 . 76 RWKV 1, f(E W
e Sl E A A R, R AR wy = — (- dw, @ FR
M FTIE A ¢ 1 EIB R E K, v e— AR m R, AR #EE
Heo APy, B REAS LN (8] 51 AN [ I [E] 25 2 TR RO AR &, S8l
B33 R A R (7] 7] 5 T A5 D R . WKV BIL I 5 S R ek e A A

IR SR RUBOIR S, X AR AR SSM Z 1. BR300

t—1 _ )
Z 1 e (t 1— z)w-&-kl @ Uz _|__ e’l.t"‘kt @ ,Ut
Z::i e—(t=1=iw+k; | putke

Hr, w2 — AR 2 BT Token B[ 5. o100 1R BT R B AR ASSE B A
iy RE, 5 SSM B, HIIE AKX AR R WA SSM Z L. i A E
W AT WKV HLH], AR EENS A ROt AL PR IS 8] 7 2185t B0 RE T 25 1)

TEBER AT, R K VRN SRR A AHRIEEL, R A K [A4E
WMARSNEBSERE], VAEIESMKE T K. 25, 5 o(R) MV RS, DA
SEPUAS AL 18 2 (A ) (5 R S AT R

AN, RWKV ZEHA R AT 1 IS [R5 Softmax #4F, $ R E AR & T AR
JEHAERRCR , ABCRIMBIH—CRFERREL, By LB SRR . o T it — 24
FHERE, RWKV i8R T & X CUDA WA, /MERTIRIRA LA B & XKW1
St

RWKYV FERRRIAL . TR IR B Ty T AR T W AE R 1T
RWKV BSHY 3] 1 14B, Jesf— D rlY BB SR Transformer 22
o FEWRRCRT I, RWKV AAVFEIR g8 Transformer 2 RNN, MM (45458
BRI A DAFFATACTT AR, FEAE PN CRAFIE E AT M A7 SR . FERRIPE:

wkv, =

) (2.10)
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fiE 71, RWKYV 7£ NLP {145 Ik A8 5 25 A Transformer #124 , ZEK R 30
FLHEMI PR REALR T S4.

RWKV ji o (8 et Splil, miZh4h & 7 Transformer F1 RNN {55,
FERLR SR P BB TR VS T B . AR, FEAC R IR B ¢ RN 2% AT
S5k, RWKV 3T — 28 R b . Sy 7 Aok 86 ) {0 — B4R THK 7 41 @A i
J1, WAL T Mamba ZU44.

3. Mamba

R A 75 SSMAEHS— SCALFIA AL K IO, RIS 471k
1%, (R L SR PR L SR (ISCAR) IR IR . b T b
— A&, Mamba [12] LT SSM 284y, £ 1 T BMLE (Selection Mechanism) #l
BEPRRRAISEEL (Hardware-aware Algorithm) , % (BB BT T 92000, 5
HITAE GPU MFSEOTE . I RIRHRE T Yo SRR . SR ik
WA T Ko AL

Mamba {38 B 1ot 50 25V 8 RS20 5 Ok P 0 7 90 56 TR 0, Bl
SHREOS R AR SIS A5 k. ELAROk i, Mamba 5 B5HL{L SSM iS5
B, C, A 4 B8 A F 4L sp () = Lineary (). sc(x) = Lineary (), sa(z) =
Broadcast (Linear, (z)) , 3% Fi KL HEMOR BB ma — softplus FH S AL 3
1 Linear, EXMEFLAEAC d 9BHLEIY , sa F1 7 BACIOHERE 15 RNN {1 451
U4 381, E4h, Mamba SR AR IERTHE R RS , B 2B AT
YRS, R T S MR M B B A R RO, WA AR At s S
RS

SEPERLR B SR I T A, FLEARHRIAERE | DB R T 4
BRI TR A PR AR RS, TR, b T S IEEE b SSM
HUIZE GPU _ERURIACIHESE, Mamba 30— FIBBPRRRIGENE, 36055 AR A
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ARIE LI B G

e N
s | | F
% Mamba Mamba Mamba . .« .|Mamba gl BN B BN
A i R R wr | EE s
X
e )
=} 12 iR
JE| . ® fu_a_,g__,aa____,
rl Ld " [~
7y B 4 £ B 5
1 3 3
2
L fg EE——E
B
o~ -

P 2.19: Mamba ZE#4)

HATHHRAE TR =510 A . RS 8 A VO 48RS s B . T
FAMA AT AR m AR . HVFRNTE S ) (& 3R I B VT35 RRIRAS, DA

HARSCH R, o SSM ZHUNENE R i SE N7 (HBM) iz ) SR #S
PUFIFf e (SRAM) HgEfTit e, SR)5RF i di i 5 10 HBM. X FER] ATE PR ¢
EROT AR, B NAEER], BN AR K 5 01 Transformer SEBL (40
FlashAttention) #H[7].

Mamba i 1 Rl AT PEEAL Y SSM BB Transformer BRI ZHIZS & , AL
T AT LR B ) ZE AR LT o AN 2.19 7 , Mamba 28442 i 52 44 7] 1Y) Mamba
B SR TR FE)> Mamba SCRFERTE AT APl A T B2 HA A TRl
AT SSM REHR, H i BR 4R o e SiLU / Swish ({5 .

AL 5| AN FIAE (RN S, Mamba 7252 Fr b ] R 1 LB P AE
MR, g (1) PGl : 2, THREMNAER KIS T K L
PR, AR, B2 B ELONT, ATHFERFZ B ITA(E R . iR

|zt
Sty

d
\
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SRSV, Mamba AMUFERLE FSCHL T S BER e g, 1T HLAE A100 GPU
b, HAERE A LA Transformer #2157 5 5. (2) wiUE B4R
TEE AL, B, S0, BHUES S 2 MEESHIRE b, Mamba 233 H
. ETE S @R TH , Mamba-3B BRI GRS SeiPAl R i T 241
51 Transformer BIAUERE. (3) KIFFIALERAE)): Mamba GBI N H T 3
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