e BRI RS, IS 5@ F % # (Phonology). ik (Mor-
phology) . #JJ%& (Syntax) FILYHNHIAL, FFRBAIFME L (Semantics) . HF
M A AEN. FRERESCTAR AR SR WA AT 5k 3%
B RRERYER . IR, AR BT St T DAEA R A TESE R Sl AN R 1T 3
ISP AR Py i L B M E RN A R S RSV (TS RS R R R i o N PSP S
£ [15]. IEFHA (Language Models, LMs) E7EEFIBIINGE 5450 . ik
A, EE A DUREE T AL EE . PR SO, DRSS E SRR S AL
155« MINFIBHERI AL, HERTIUIE 5475 R al DARKEE TR LR ZE A0 T
LR, M ELIZA [20] £ GPT-4 [16], i F ALy 7 AR R G, 7
B2 2R R R IR, B A AR AU 1P R P K R A 5 Rz A
AESI AT S5 B R . AT 1 RO 5 B R A R (A P MU AR T G 7 O 3k
() n-grams P F R BT/ 4 (Recurrent Neural Network, RNN) i
FHA, BT Transformer FYHHFEAL. BUAL, ASTERREA 2 ANRDRE 1 5 R 20 e
MRARAEARAS A HARSCAS DA ST v 5 A A A P REHEA T PPA

* R H, GIT Hub £454% 4 https://github.com/ZJU-LLMs/Foundations-of-LLMs.
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$ 1% B AR

1)

L1 &1l 05 iy il S pa

T E BAE S HERVE (Corpus)  HRYTERIBEATSE T 8oy ) R AR HIN 16 =
FESRRRATRE /. R, ETSOTAIEFARALE S B GTE S A SRR
H BRI AT 1 S A5 B . Hodr, n-grams 2R AR GTHE F AL
n-grams i 5 BT Ey 2R nf iR B A 8O A B R (DR AG VR il S AP S 1
e ATE 4 E n-grams IEERAATTETTIL, RUETHE n-grams HEF BN
AU By IR ] I ARBEAY Bt _E B B B BRI T 28 S 45 BRI

1.1.1 n-grams 5 5 gy

W N AICRWIEF S AR N wiy = {w, wa, ws, ..., wy}e wiy A
PIMUERSCAS, n] MR E P75 S8 T8 S B PA . S T ET B, AR
BERS wey REE, HooR w e wey REW, i =1, N, FEEIEFHE
. w; nTLASE Token S HAE . T Token BN EIRFHESS =T h4aih .

n-grams 7 5 B Y n-gram $5H2 KN n #YIEPS . n-grams i HAALE
ARGV SCA ) n-gram S HXF R (n-1)-gram FETERHE H H BRI AR IR K
WRSCR wiy HERRER . THRAXAT PR

N
C(wi—n+1:4)
Pn_grams(w15N) - H C(wi_n+1 : ’i—l) ,

Hr, Cwimpsr s o) AP {wizngr, -, wit FEERHEH HBEIREL, C(wimng1 s 1)
HVFEI) {wimpg 1 -y wimr } FEVRHZE A I BB RER. o, n o7&, 2 n = 11,
PRz 2y unigram, HORE JESCARR) ERCR R B, 201 Clwiopg i) = Clwi),
C(w;) i) wi FETERHEF HBIREG 08 C(wionta 2 i-1) = Crotat, Crota HTEFL
PEFRAL S R AL, 24 n = 2 1), FRZ O bigrams, HRFHT— A IEF 518 LT,

(1.1

2



LELEHER

g ERE 2

B BkEESRONBEL—.

Lﬁ B8 L BARIAESAE | 7 E SRR A R IE TR,

. BY 890045 |, LI ETIANIREIINMNE 2R LRMROAZRREIES.

KEED T RARE - —1 , I, thE D8R, |

| mEkIET SEE SRR, SSEE TR, |

B 1.1: n-grams 7R FlERHE .

Y Clwinr:6) = Clwizg, i), Clwiy, wi) NP {wiy, wi} FEERYE HH
HIREG 8 C(wimpgr:i-1) = Clwior), C(wim1) R wi FETFRLE T H BT
o VABCRHE, 4 n =3 W, FRZH rigrams, HXTHIPITAEIEATHIE. 2 n =4
5, FRZ A 4-grams , HXFEI=AMABETE K. ....

NS A bigrams {EFH RG] 5Ok AR n-grams i RO SOA Y BUAR
RPTTH R R REGERE P& S M) T, WELTR. BT e
FE, W bigrams X 3CA “KFRENE TR (Hh {(KIUE, T, K =M m)
AR TR, s

Prigrams (K508, B ) — C(*g(g% é;ﬁ - C(C?fﬂ;*)‘)o (1.2)

FESLTERE , C(RBUE) = 5,C(k 1) = 6, C(KIUE, e 1) = 2,C(F T, K) =
2, WA

Pbigrams(ﬁ§ﬁﬁsgy H??; {/() = = T-o (13)

ot D
[N\

TEREBI A, FATATAR BRI “RAERE TR IH50A B8 AETERE
{H2 bigrams 15 FHALIY R AT tE KR BB 7K HIMSEE T. min]
W, n-grams EAGRARBSCARRIZALRE ) . X 02 HAHB T AL g0 B T RN B 75k 1)

3



%1% B4R R
. (B2, XFZILEE T S S n ARG IR ES . W trigrams Xf SCA “f

FUERE TR MBRARRAEATIT S, FFHBAT “FHER" AiE o

(KRFUE, T K)
C(KFUE, F 1)

R, 7E n-grams i SEAA, 0 AR T RIGTEREIEE S S X R FSCARMIZALRE
TIZ BB . 24 n 2l K, TERLZE FOfE AR RS n-gram — ARG IR S, AT
AEH B “FAMER G FE n i /P, n-gram MEPDUREZBIITEFER, A2
PABOSZVERHZERREE . L, 7E n-grams SEEA T, n RO(E R Z T RER) KA
Ko bikfy B AR ATAEL T (Smoothing) FORIEATHGE, BARA
A2 WL ICRR (11

A/NTTYHE T n-grams i SRR S A5 M EOMER, (B 0
n-grams i F BRI . TR —/NATREA n B B 2R n] R ABBORT g R AL AE A
RAUSRAG T A BEXT n-grams 3 SR H 5 I GE T2 IR BEA T 1 i

Ptrigrams(ﬁéﬁﬁa H??» ‘[;/() = C — Oo (14)

1.1.2 n-grams ¥ 5% if2F4 B

n-grams 155 BAUZTE n By SRR BT, XHERVE BN n 13
Fe 0 H DR AR LR A ¥ AT B4t n B R AR T SRR E L (e X
L.1) FIRT R EERLAS SRR AT R S (W 1.2), 25704 n-grams 41
AR Ty IR AT FARBEAY B ft_E R i IS AR ARl T 25 VB A5 AR

s€ S 1.1 (n By SRl Kefiidk)
Xj’/j_;"ﬁll {wl,w2,w3,...,wN}, ':J‘:,Yﬁ',]—’]k:& wWN i}%élj%%i)j"%ﬁ n /I\IHQ‘J\}

{wN—n7 "'>wN—1} ;ﬁa‘éa EP

P(wN|w1,w2, ...,’LUN_l) ~ .P(U}N|U)N_n7 ---,'lUN_l)o (15)*




LELEHER

o S 1.2 (BB RE B S R ARG )
éé\/ri.l% i‘”%ﬁ»iz X él] \f—ﬁ?‘ﬁ P{X - Q?} p(l’ 0) ) 7X Xla" 7XN 76*

B X AR, o1, oy A AL, 0 AR A, EAH0T, 5
A FHHEAIE] 11, .. oy B9BEE A

N
=1
MR B
N
L(fl) = p(alf) = ] [ ple::0)- (1.7)
=1
A HARALL A G 402 6 1043 L(6]r) T R &

1E_EaR A E XA ERE E, % n-grams (948 TR BRI TS . ROCA wiy
BUGERN P(win). BRSPS AOEERIEN, Plwwy) 7T FRIAT 5

P(wy.n) = P(wy) P(wsg|wy) P(ws|wy.2).... P(wy|wy.n—1)
(1.8)

Il
ez

P(wi|w1:i71)o
1

<.
Il

HRAE n By By /R AT ReAlRi% , n-grams i F B4 P(wi’wifn'ifl) L P(w;|wyi—1)
IRIG, AR B R AL S AR AR AT, & i) 5 AL P (wilwi—ni-1) A
ﬁﬁ» ’T%‘i” n-grams iﬂé‘%*ﬁ%é@ﬁﬂ H:ll Pn—grams(wlzN) XEXEI‘ P(wi|w1:i—1) H@ﬁ'fio El]a

Pn—grams(wlzN) ~ P(wlzN)o (19)

T, DA bigrams g, MM o=l SRR TR R . B ER
PE R M SRR, {wi,w;} HIEIRREH P(wi,w;) , W7 1 BRI
K C(wi,wy) , M IAIRRECN

= HHP(wi,wj)CWwf), (1.10)

i=1 j=1



%1% 5 Z AR

ﬂ\\

Hr, 0 = {P(ws, wy)} 1o RIEFRARR LK Pwi, wy) = Plwjlw) P(wy) , H

= HHp<wj\wi)“wwwa‘)P<wi)0<wivwa‘>o (1.11)

i=1 j=1

FOX R R R AR BRSNS

Lyog(0) = ZZ C(w;w;) log P(w;|w;) + ZZ C(w;,w;) log P(w;) (1.12)

=135=1 i=1 j=1

Bk SN Pwslwg) = 1, BT A AR BB B8 5T Ay 1 0 AT SRR A A

max Li,e(6)

M (1.13)
st. Y P(wj|w;) = 1fori € [1, M],
j=1
FCHIAS B HXHE -
M M
L(X, Liog) = Liog(0) + Y _ XD P(wjwi) — 1), (1.14)
i=1 j=1
SR KT P(w;|wi) BS:, P
OL(\, Llog C(w;, w;) M
2P (w0 Z Pl + ;A (1.15)
BFECH O, A
P(w;|w;) = —M (1.16)

S Plwglwy) =1, A ATHRYES — Y3 Clwi,wy), B
C(w;, w;) _ C(w;, wj)
ijvil C(wiawj) C(W) ’

RO HT W] bigram 1 F B R St RAHERE R R 2 (1
AIi) Pw;lw:) BB, AR TTH RS n > 2 BHAL n-grams ifF 54
Bz

n-grams i FBUIE o 40 R SRR R it BUIOBIOR BUONE 2 455 1A
o FORRAFIIAG A, AR “BHER WEE. B2
YR IR , HT A5 SRS IO 4 R ORI R 1, 32 B DO B TR

6



22 HFE
2 M 25 HTE S RN Rl AR T R A O T S Ao AR TR, i A
FHTEAZE R AR A M 2 I A AT R AR B4 T RN 23 B P e A AN
TR T M MG RIE SR ET RNN [iE 5 HARE T Transformer (15
B

1.2 J&T RNN [)if =

1G4 2 M4 (Recurrent Neural Network, RNN) & e 820 i A SR 0
ESPEIIEARR . 2078 FES1, RNN [FR8E T4 ot 25 I 24 pibk s
TR, PR ASORER B, R BN AARAS HI e . P, RNN 1]
DLELT 7 B, R AT, 35T RNN (0I5 2R, DRI A L 3L
FRATERGHRIG b SCRIM N O R — N B . A G RNN
B SAERIA T/ 2R, RIS ERIATA ) RNN i o .

1.2.1 fizhphze4% RNN

Fie BRI AR (S SR 1 Ty ), AR I 28 1) TE AL R R 4 R i
BRI AERT R, HREEE AT, “AERELE” .
MR, S L2 T B R 2l o e S 1) 5 | I W 2 o, 8
J BRBERRTRE” AT SR A R i e 2 0 28 T DAGERR by i A5 o 22 4
#% (Feed-forward Neural Network, FNN), i 3R I {650 55 0 2 1 4 42 0 5 4 G
HIEAAZ M 2% (Recurrent Neural Network, RNN ). PABLEHIAZ . B0 . i
JERIRRZE M 25 A Bl P12 s T a1 B FNN AT RNN A 28 M m g i, ]
i, FNN [ 28 454 s AU & IE [0 % . 11 RNN BRI 45 0 i T IE il , 04
— RPN 2 ) B S5 R P B ) P R TR Y 2

7



Pl 1.2: HiBHE R S TR EE SR L

BHIAFINN {21, 20, 25, e}, RUREN {ha, ho, s, o b}, XF R ETH N
{o1,02,03,...;00}, AR, BUBUZ . i thEXTRE S50 Wi, Wi, Wo.
g9() FBAHeRE, () Mk R R AT IUREE R TR A
I5F, T FNN, 4 S L aism Ae <, Bl

or = f(Wog(Wirxy))e (1.18)

WAL R X, A A TIRE . IR 451 520 RNN 5 FNN [ 2
SEAANA . RNN FER T AR Y, B cR S IaI R EIRES, &
IE YA A BT . HAE ¢ B2 AR

hy = g(WHht—l + W[It) = g(WHg(WHht_2 + Wll‘t—l) + Wlxt) — e wL19)

or = f(Wohi).

Hopt >0, ho = 00 FFULl L B[R] 2 RIT, RI155) RNN fyffERLd A,
BIL3fR. R, EHR AR ¢ NZIARIRfgot, HREAREE T R
FAESAAE, LRI TR RNN 1 TAE 5.

AR, AERAE— IR - DICR MK TR AR BOE T, RNN i AE D)
SR LA B A ME M neR & L, xS fE BT R, R e
AnfRERREC. (H2, SREZIREAY FNN QO Y HPIRESHE T 5 IE, JokAemips sk
o PAHFPS {RHUE, 21, K MBI, A% T KRBT — @t an
ipfe, FENCREUCE JE “ie 77 SRIEATTN , T REFTIN (R —i (8 “JE”, K7
S5 T RNN KRR “RKBUE” F1 <77, HIFd ~—ia2 “RK” iR
ey, DR E “KRIRE” BI5IA, ATVARERTHHITERE

8



LELEHER

DDQD ......

¢

Tt

Oy

Pel 1.3: RNN $E P AR A IR 7] 48 B8 e s 214

Jn2R NN A SR Dy s E B T 8, IR 2R B A 038 [ i A 2B
12, R FEAERL SRR R . BAR, RNN 25/ DUEHAES A 5K
THOU T SSB D S5 5, (HRR X RER PR R 45 A 45 RNN (9l 2Rt ok 1 Bk
FEVIIZE RNN I, 95 SRR R R, 78 50 51 b 13 5o o B S A e

FAR R :

& RNN lm =] *%@H’JU”%:TJ %j‘j

L = L(x,0,W1, Wi, Wo) = > 1(0i, y;) -

Horpr, () ARURREL, v AR

R L KTFZH W W N -
oL

M
/
K

Oh;  Oh;_y Ohy o

Oh,  Oh, Ohi am+1 H Ohy,

(1.20)

(1.21)

(1.22)



s
e
R
D\\\
S
2
I
=

Ohy, _ dg(zr)
8hk,1 azk

Wi (1.23)

/\l:lja Zk:WHhk’—l—{_Wka //j_:‘J:a ﬁ

ol, o, v 0g(z) oh;
— .. : . 1.24
Z@ot Ohy g Oz, Wi oWy (1.24)

M ERPFTAE SRR Wa (8 BRI SR R (W A PR A T . ik 2> 33
HAAGIBTIOR B G/ STHR (171 R, 24 Wy RORRHEENT LI, &
KA s 2 Wy WERRFEERT VI, SR B EERRNE . BAIEEH IR
FHOIZR B3R RNN ERIRNE. 7 RRDB BE R AU KA, GRU [4] 11 LSTM
81 GIATIFEE A, UG T RAFRCR, MO T2 RNN 252044 .

1.2.2 JET RNN [if 5 i
XA FES {wi, wa, ws, ..y wy '}, FT RNN A ERALAE RSS2 535 w; FIE
Pt AR BERRES hmy, SRIN R — 0] wi HBLAOMESS, BD
P(wii|wyi) = P(wigr|wi, hiz1)o (1.25)
Hr, Hi=11, Plwiri|ws, hio) = Plwa|w:) o HF I, {wi, we, ws, ..., wn}

R R B -

N-1
P(wyy) = [ [ P(wisi|wi, hio)e (1.26)
=1

TEHST RNN (IR S HALT, i o — s, Horp g — e UG T st b ox)
MR . iR D B3 | D] M) {1, w,, s, ..., wip|}, FET RNN 5 F A
FISTR TR 0; = {oilwa] 2 B, oq[tda) FEmiaHL R i3 wq th AR
I, T RNN (iES 1;%%7@“

P(wi.n) HPwm\wu Hoi[wm]o (1.27)

10



LELEHER

KEEFEF — . hy >0 01 005 -

K 1.4: RNN 3158 5 R R 2 A

PATR 2SI B AR T . Rk D = {1 Sk iz, K 5 12, )
BT RNN A SRR CREUER K7 MRS R s LAFTR.,

PRAFERTK) = P(BFIRIE) - P(K[FT,h) =02x06=012,  (1.28)
BT A EFINGALSS , X RNN B S HRAYEATUIZRY, Al R 52 S R &R
(LTS 8

D]

lC’E(Oz‘) =% Z I(u?d = wi+1) log 0; [wi-i-l] = — log oi[wiﬂ] s (129)
d=1

Hep, I(0) NFEREREL, Y4 Wy = wip BPET 1, 24wy # wip BF5T 0,
WNZREN S, RNN EFHI 7 vl PAMI i :

S| N
1
L(S. W1, Wi, Wo) = >0 lerlois), (1.30)

=1 i=1
Hr, ops 4 RNNGEFRIEALE s MEAISS ¢ MR 5 . Heak oy #2
B, BRI RS No TR SRR b, BT RR, YT R
&, R RNN B SRR TS%. EIR NG RER G, T AR EAIH
BEREARS e S s A TR AL o SRR ] DA TR AL 55« B, A1)
B AT DAY TR E AR A A By R T AR RS, FE Al AR S O U5
TEHBEIEF, S5, FATE LRk A% RNN IE SR, Zadfged, 15
Bl AR5, BATRS 5 pia 55— R AR BHE, 15 5

11



% 1 F BT AL

R, SAEMRTREIEE At . B8, FFER R IR AR AR, M5
=R, VAICEHE. SO AR O R R DR B AR AL, WASRTES
B SERUR AT . FEPEMAACR) AR AR, AT WA R RY E
X EEGRNER F T — B

B ik <H B SREAATEEPI R (D) SRSk, SRR A
RTRVE S AT RES A e, XA DRGSR A, AT R, &
BRBURRERAF LA (2) s ATHRICRAR, TR 210 i 3] 4t
BRI, R BN (R ER AT, MEAEAT AT . S T R BRI
[F]#, “Teacher Forcing” [21] {Eif 5 I IR R #4) 12 Wi . 7E Teacher
Forcing 1, HFREACKHHHESR S “FrfEE " (Ground Truth) HEATHHEVEN T
—ReEA . FERILAFRABIT P, B 80EET, RATH “KIER T K
IR AN K7, mARE o R AR 02" BEE HA AT A B

B2, Teacher Forcing {3l 25 =R S 3088 e i 2% (Exposure Bias) ()85, 1
A 2% 2 Teacher Forcing YII 2453 1) 1ol AR AR AR HEF S FRAFAE 25 5. Teacher
Forcing TEYIZhtr, BALKAH T bRl 2" HEAT T — I B, [E27EHERT
Wy, B CHBIEY 7 ESOR, WA DRERR” WS%. FTARAEY
PRI AR AR I 2, T RBHEFR AR 22 . MR B 25 IR, Bengio
s \HEH T 46 RNN #2141 T Scheduled Sampling /573 [2]. HAE Teacher Forcing [
IG5 3t A o A7 P W R 0 P — NS M | A U AR PRI R, FEISR
WFE PO T TG CHRMERS R WS DL T

T RNN BB ER AR, HAZ T, SEHAE R AT 58
Kb, GRS TSRS TR0 T Transformer 5 F AL T/41 .

12



LRI BHESR

1.3 J& T Transformer [F]if = iy

Transformer J&—28 5 TR WA (Attention) FBEHARAL B il 22 [0 25 45
o 55— ¥4, Transformer Kf— & £ 1) Hy SCRESH Y BRARES FIF A, 28
JEBEAT AR . F P SRS FI S BRIRSHET “WlBHIRY, RIER ARSI T
Will. FF Transformer fYIEFA, URFSIENRIA,, HT—2 KRN LM
2 FR R T R — N3 AR . ASHTRs ek Transformer FEAR B BEAT /141
SR G YFAEANAT A ] Transformer F4 R HE F AL .

1.3.1 Transformer

Transformer J& Fi P RPMELELAL S 44 (1 B AR I S £ kg . I AISEE A3 3110 2 (1)
/7 (Attention) #idkt; (2) % #H:H14% (Fully-connected Feedforwad ) i, Horr
HYE R iRl {12 /72 (Self-Attention Layer)., 5%2%7%#% (Residual Connections )
FIEIENAE (Layer Normalization) 2. 4xiEHzalitis b & Hmiiiz, w2
EREANZIE AL PR S5 R B AN LS PR . AR HEZIN- S EAN 2
1 SR S A

IS N D
2 EIR & IED RIRIA
WA ) )
q s
(s ~ .4 x
e e e e [ e e e
WA ~ (e ) (g
— v H
NN\ NN\

Pl 1.5: RS AR AT TR .

13



sim(z1,z3) 31

= sim(z,z3) " 'ii Y =
W, g SO S —>%—————>——>[03]
)Y > 8 P > .
;J)3g Wiy 9@ 3
L 03=> asgw
W, —>{vs}] — =

Pl 1.6: FERAHLHI AR K

1. 7% 1) (Attention Layer)

TERE 72 R PS4 1 JEAECRE i S0 2 B B 4 Bk AS 1o Transformer (1
TR 2 ALK query, key, value =4y, RIKHIA {21, 2, ... 2.} HTSH
{(q1 kv, v1), (g2, k2, v2), ooy (o Koy ve) o HEHT, query Hl key 11 H R ) HAE
a, value ;X A i . BAAT),

Attention(x;) Z Qi Vi o (1.31)

;
=

. e
ap; = softmax(sim(zy, x;)) = sim{qr, ki) . (1.32)

2;1 sim(qt, ki)
Hr, sim(-, ) HTEESEWAHA Z B XFERE, softmax pRELH T X A C %
FEHATIH—4. BLAb,

qi = Wq%‘, ki = Wiy, v = Wy, (1.33)

Hrp, Wy, Wi, W, 43512k query, key, value ZfibarniS4k. DAL = IcE B
A Az, 29,23} HBI, Transformer H R S SEPLEL.6TR

14



LELEHER

2. AYERZ  (Fully-connected Feedforwad Layer)

STERHTUZ L85 T Tranformer 38 =402 124, %% Tranformer F
MCTZ. HRTAE A2 —Fh Key-Value fXHICAZAF A BIBCER [7]. SRR
BEAEPE, WZEZIAIH ReLU VENHGE KA. AEEERIBZENR AN v, 1%
Rl IR -

FFN(U) = max(O, W1U +bl)W2 +b20 (134)

o, W R Wy 4RI EE— R RE R AE SR, b by SRR — R
ERES . HP RN EEZIC IR key, T4 2T B1E value.
3. 21EN4E (Layer Normalization)

J2 IE AR DA A 22 150 25 ) S R B S A iz Ak MR 1], R4 AR 2
ENMBRIIE R v = {vihl, o JRIEMMLZEATE o B 4ERE v BESIEAT)ZIE N
fedide . BikH, 2 IENEAET AFR A I A A

LN@Q:a@g””+ﬁo (1.35)

SO, a5 IS 0 0 A BURRBRRAS A %, TRl AR
SRS

1 & ™
= — . = — . 2
p= E v, 0 \l” A (v; — )2, (1.36)

i=1
4. 5% 75¥E4% (Residual Connections)

G ANFRZE T T DA U BT 2R 7). AEEEAR 1Y) Transformer # 5
B IRIEIESE . BF— DRSNS BV R0 A — & 55 I E N E 5
WEIZE W b, REMARZIEN L. 5 AR R A T2 1Y
I — 455 G| B ERR 2 T b, RS AL ZENL.

AR R IE A B TR I TR R Z S Y M 28 S5 A R Post-LN Transformer, 5
ZRHRTE, TR PR )2 I WAL TR 2E R T I 45 45, FRZ A Pre-LN

15



5
R
N\ HA & f qﬁ ﬁ
m P plS Bl.x3 kB
g # % W w@
g o B i o B |w x3
g g 3;5 ......
— J
3 —
% i s W E 7| w
D k| - 3 5
n b 8 i a8 B
5 v | % ] A %
‘u. B b
3 L
&

P 1.7: Transfomer 544 7~ & &
Transformers . %} L % , Post-LN Transformer )i/ %} #¢/iF 315 (Representation Collapse )
(IRE S TSR, (ELAb IR BV Mg 55 . ] Pre-LN Transformers TJ DAE BF-fr) 7 Xof A5 2
W, (RAEFRRAEYHRIRE IS . BRSBTS 30k (7, 22].

JE 4417 Transformer 3% fi] Encoder-Decoder 4£44, H:Ai#; Encoder 1 Decoder
FRAY o TR S 4RI 2 E P T AR 4 1 B T AR R A A VA AT . L
REE AN 1T 7R . Hodr, Encoder #8423 Hi /SN0 encoder layer ZH A,
encoder layer {3 {5 — AN JBEHURI— A A ERE AT B o e R By
FI7ERE B (query, key, value [ AJ2AHIFIN) . Decoder #543 H175 ALK 1)
decoder layer ZH %, 31> decoder layer 4, £ PN B I ALHURN— A A IE B TR .
Horp, SR IEHCO AR, 8 AR O3 Xk B
(query, key, value [ AR ). Decoder H125—> decoder layer (%) H £ & I REHAY
AL . FLE Y decoder layer 1Y VE B TR A A E—> decoder
layer ()% it . Decoder 22 U SR 4 A 43 il BB i il (query)
TR )5 encoder layer [{J4fi i} (key, value).

Transformer [¥) Encoder #43#1 Decoder #R3# ] AR H THY 1 15 F LAY, 4
H%$ 1. Encoder-Only #5%1 £l Decoder-Only #%4 . Encoder-Only #5%4 1 Decoder-Only
R LR ZE R RAE 5 B P R TR 4

16



LELEHER

1.3.2 J:F Transformer [1]iE 5 Bi%

1t Transformer [ ELA |-, AT AT Z R BUNSAE SR I ZRTE S AL Blan, 3¢
IR DAL T Transformer /1 Encoder #343, 456 “HEia#bax” 4155 K 1I1%5k Encoder-
Only iE S H, 41 BERT [5]; FAT1 7T AR B i Transformer ) Endcoder Fl Decoder
oy, dhie TR CTFIRIE S 2 BT B S5 R Ik Encoder-
Decoder & F B, 410 TS5 [18]; FATA] LAY A Transformer [1) Decoder #(43-,
A N 1A AE55 82 Decoder-Only i F A4, 41l GPT-3 [3]. XLEHEH
BEALRAE S B P AT RN A . R TR AT — IR BOAE 55 A B0, 1 B 4 2%
Transformer 17 5 AL AR .

SHEF ) {wy, wa, ws, ..., wy '}, T Transformer (A5 SRR R {w, wo, ..., w;}
FHI R — AN wi HBLAGHEAR . FERET Transformer B S H, i —4N1H]
5, Ho A S T s B R AR R TR D Hp I | D) AN {1y, s, ., wip) e
FF Transformer (15 SR A H AT 2R K o = {oi[wa) 2oy, Ho, oi[wa] F7RiA)
BT R] g IR . BB, % Transformer 5 27T 51 {w1, wa, ws, ..., wx '}
R AR A T

N—1 N
P(wy.n) = H P(wip1|wy;) = Hoz‘[wi—l—l] (1.37)
i=1

=1

591145 RNN 1E =804 [, Transformer 15 =180t B U0 F 22 SR R EVE
512 PR

DI

lop(o;) = — Zl(uﬁd = w;y1)1og o;[w; 1] = —log 0;[w;y1]. (1.38)
d=1

Hep o I(0) NFEREREL, Y4 Wy = wip BT 1, 24wy # wip BT 0,
WillZiEEN S, Transformer 15 5 A2 (1 451 2 A] ARE 1Ay -

S| N

1
L(S,W) = S| Z Z ler(0is) (1.39)

s=1 i=1
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% 1% B4R A
Hr, o5 O Transformer 15 5B E AREAS s BYHT ¢ ] A L o R A5 O 9
it b, MESTRIA, TR L%, (R Transformer 15 SR IE 125 .

1)

R RSS2 5, FATTHT DAKF Encoder (15 H1F FARAE , K5 I ik 4t
FREMROL THAESS . MEAh, b nlfE “H A" R8T AR A AL 55 . AR A (]
Heb, S, FRATE SRS AL Transformer 15 588, LY, 15
Bl —A i . RIG, FATTRESE — Rk iR 5 28 — R AR PEEE AN ER e
PRI, SRS MR 5E iRkt . B, RS Rk th A ADRE, VN
=R, DA . OO AR BN B R PHE R A R AL, MASIES
B, ST —R TN . AEPRERIAACHY BRI d e, AT WA i
XL EAL B T — B . 512 RNN 15 SR8 —4F, Transformer B84 T 25
T ARHCOA R A 1.2.2 5 h$E 2 “Teacher Forcing” B

HHET RNN B ER AT AR RA AU, Transformer HATHI ARFRME, (HHZ
Gyt IR . HI2, Transformer FAT4m AR TE 2R T 29 A2 A UASE B
NP BRI -F  G K o X H] Transformer 403K 7517 K Bk -

L4 i S BRI R A 5 ik

i SR O — AT, e AR GE AU T L POt BT O . HE
R B EEFE R SCAR A AT S5, 1 SRR AR B — 4L ) R LA oy
SCAS o RERX 2 o) AR SN SCA R i RSO TR SRR . A R B s
SR R . AT, PZE AR iR LAEEE N (D). AR R AT ().
BEALRAET A . WIRTTIE I e R i B b T A 4
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LELEHER

L4.1 M kAt )ik

BEAME D, 5 ASCAH {wy, wa, ws, .., wn}, 550 5 A i 1
0; = {osJwa] M2\ AR M 4 1 REUG A B SCASH {Wn-1, W2, W3, ooy WAL o
LR ISR B SR T R S AT

N+M-1 N+M-1
P(wysiven) = [ Plwmalws) = J[  oilwis] (1.40)
i=N =N

FET MR A RIS T YA B AR RAL P(wninvsar), PAARREH AT BEVE SR =
[WSCAS . R AR R 2SRRIV MP ) J& NP-Hard [R)8 . B K A6 i 08
R BRI R I ARG R TR SRR RS 7
1. $008% (Greedy Search)

DU S RIEFE R R O rhEf e A R A iE] R
Wiy = arg Maxypep ;W] (1.41)

GRS “TRRTFIZE", 206 T SEIGE". R AT T e B
W TARER AL . U5 W AR TR, MDA E] AR (AR DA 1.8
B, AR AR A TR SR KB B, B <R
HORERIGE, 03, (Rt R ZJ5, HARamMERas . MR
BRI, ROHRAEEINR Y R, HAERUY 003, TR
AR TR T BT, RS NIRRT K7, AT
DARAE 0.1, TATILH, AT DA th 50 B 2 LR AR S K 75 5 W AR
P NI, ORI RS2 (Beam Search) Jryibf R .
2. P42 (Beam Search)

WA A T AR A B b AT RE MR RO By = {wl ), w2y, ol
GIE

min{o;[w] for w € B;} > maz{o;[w] for w € D — B;}. (1.42)
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%1% B A
e R
/mﬁxkéﬁﬁ%ﬂms : KR
L=F
0.1 0 08 | 0.1
®n) (R2) @%)~ (&) @8 (&)~ @5 BE G-

KOEEEMBE SRR REHBE

\_ g - Y

Pl 1.8: SO0 18R 5 ORI ZO0 HE DA SRR A KA S A O P A T

TSR RN, 133 M ARty BB L o b Al G i aiisme, B
M

{wNni1, s wNgm} = arg MATwieB; for 1<i<M} H ON+i [wz] ° (1.43)
i=1

ARZEDA B A AN ARSI SR IR ), L8 AT DA
REATRM b = 2 WPARRINE, HATAI ARG ewma”, “2rE”, BT
K7, R UORE” PUAMEEAL G, XA 510 0.03, 0.027, 0.1, 0.04, &
(IRESSZ pri e iS5 =i i S i N

HE, MR BRI SCAS Il B AR d R 8 WL SOAS o XSSO 2 S~ FETTI
ASCAA T, TEE R TR RIS PRI AR5 28 Pk Sese” —HAd
HAFRRSCA . B AR U SCAR B Z Z AP 1191 ANFE IR L8 g i, AR
RKBTHESAN R " RSB TR AR SR BBt R, o T3RTT
RSSO TR, FATTn] DAE AR RS A i A —LEBENLICER . SRR TE R ] A
R 3] — SR WA A, AT RS A O SCAR BE LB R, SO A TP SO
55 o TERERS S RE I AREOULER T5IE , BOMBENUREET ¥ TR R X R LRAE 5 34
AT
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LRI HFR

1.4.2 BEBLRAE TG ik

R T IEIN AR ORI 2R, BEALRAE R YA U ¥ BERLYE . FEd
FETUIEE, HCSEk ) —2H AT BB i I ], AR i 4 RO A A A T R LR A
SREEH TRV E AR I 45 2R . 2477, F i Top-K RAEEF Top-P RAETT VA S 4
TR T 41 0 6 32 ) S A ) e T R R (L 1 O VAR R TR A T IR PR . A SRAE DT
A Temperature HL i T DA 18] AR 40 T 2R TR RE . 432 7T >Rekix) Top-K
SKFE. Top-P SRFEFN Temperature L2 BIEITF N
1. Top-K RAf

Top-K SRAFLLERFFE TN PR I K AR S = i3] {wjy, wiy, o wfi FER
AR RIS, RIEX X LETA R AEZ T softmax R HEATIH—1k, 153004
1Hi R AR

1 K e:r:p(oi [wilJrl]) e:cp(oi [wﬁl])
L wk) = S : . (1.44)
Ptigay o i) {25; exp(oifwln]) " S, enplofwl])

IR G IRIEAZ A1 R AR AR TN B 4528, B

Wit Np(wilﬂ,....,wfil)o (1.45)

Top-K SRAE ] DAA RN AL SCA T B, B ande_ a1 L8 Fr s 1 61l 1
Hhigt fi] Top-3 SREERSEMS, WA N RESIEFE] “BHWAE". “KRIEGHFRAE" 1]
BE R — MR RV BB BT 3k

H2, ARV BCE N E R RN K RSB EIR AT EA R 38 A 0 Ay
TEMRR IR o MR A 70 A1 0 7 ZZBOR BB, i) BE 2 3 EUAS 5 T 000 i IR 32
B AFFTRBE, A CWIEELE . B, AEWELY @) sy slT
. Top-2 RAA ATRERFED R SURA DU T 1M 2445508 1 1Y) 3 113 1 7 22870
I, AT IS A, EE RO R MR SR e Tk % 4 s 26 it R AT A A
B, FEREREAGE PR, I EI iR B Z RN A R IR 1
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%1% B AR L
s ~N ~N
 KIAEBEOR KSR iR F R
= 5 @ e m . moms
fig HEF Bk a R ) BE HLEe 152 BT e )
Tap-k , Tap-k —
Tap—p : Top-p =
N J J
(a) Top-kthSELIE (b) Top-ki&tR7 vk
P¢l 1.9: Top-K RAEEFITETE @1 H 5 Top-P 7L MIXT EE .
A, BN, FEATRE LY (b) Froaai B, dad Top-2 SRAE, FRATHBESEE] “K

FRERRETAREE” 83 RO TRBEE”, XLEE AT K SR
TR, SRR (2R R SRR e AR T2 eESE, Top-2 RA:
75 A 2 K5k SE AR AN 78 DLR RIARHERR o« O 1k EaB pE, FRATT T PAGE ]
Top-P KAE, PR Nucleus RF,

2. Top-P ¥kt

N T R RE AR A R 4 TR, Top-P R4 (R Nucleus RAE) it [9].

o W p SR XSRS TIR B HABR AT HmH S, = {why, w2y, .. w7}
Hot, XS, B, Yaes, oilw] > po BRI TER IR
(0:[why]) exp(o;[w i)
plw? ,....,wlsp)z{ IPOinl) +1. . (1.46)
o o ol eap(oifwl,]) S eap(ofuwl,, )
SR IG AL A R AR O M 25 5, B
wipy ~ pwhyy, s wlH), (1.47)

I FH B VA Mo e SRR BRI B ifE 2 )i, Top-P ORAT il AR G i 2IMER B . A
FEEC B, AT b WL BIAAEIRN 1.9 (@) Fsfil 54, Fdi1# A 0.9
TEEE, I r] DAMRGF it K SURAT U 2645 17 it JFH., HaBwTEA%F
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EEEHFE
A0 2 0 AT AR I, MO R, TRGE CRRITTER” . BIANTEIR( 1.9
(b) Froniy Bl , BT A 0.9 2 BIME, WIEaT AR EHTHE . BEoE 25 4 SR Y
T NI

3. Temperature Ll

Top-K SRAFH1 Top-P RAERIFEALIE t o 5 B8 i th AR g, AN al E i
R BIEARE, AT T EAUER R BEA—FE. FEATETF AR A i
e, BTSSR R SOAS i ATRAT] R SR B SR Y AL -
IAEACRS AL B, FA T B AL ) A B PRAT, Bl AFRAT] 5 S iy BB . 5
A Temperature #L] 7] DA fE P ALYEEF T Y5 . Temperature #1821 %) Softmax
PR Y B AL R AT RUBEAR 8, SR A Softmax b B0 I 4t SE R 23 11 i 45
il % Temperature RZAZHAYAL &N T

5] A Temperature 5, Top-K RAFLMMRELLLER 2 AE U R :

1 X exp( [ +1]) 61‘]9( [ +1])

P(Wy s ey Wiye) { e e ] } (1.48)
Zj:l exp(T*) Zj:l exp(%)

31 Temperature )5, Top-P SREEHIBEIEAE I 7311 41T B/ -

oi[w; +1] [“’ISPl]
p(wl,y, oo wl) = { pr( i ) ] ;?p( ) — b (1.49)
Zj:l (TH) Z] 1651727(—“)

wo&EL, M T > 11, Temperature AL £ 55 e 5 b i 7] AT 8 22 BE I
AN, SIAAERSEEPIE, M IEEALE . 24 0 < T < 1B}, Temperature AL £3 {5
B P TR R 22BN, SRR, 59, MESR S I RIE TR 25 5 Bk
W], MTTHEALEAESS . Temperature AL T DA R BEALPAREA TR 78 9 2 A
[ 7K
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$ 1% B AR

a{)

LS i 5 BB O

R —NEEHAE, FAFE O AR e AT, DA A4 B
B S BAE WCRE TR IE AT DA AR o SR IAAUOBL R (ML 55, iR
A R PP R A IR RE ), FRZ I NAEPEI (Intrinsic Evaluation) . 2
TRITREIS R BARAE S5, AL AR RS, RTINS AR A AL X 2
HARA AR S5 BE )y, Rz AMEPHI (Extrinsic Evaluation) .

L5.1 PAEVEI

FENTEEI A, A SOANE -5 B0 2R B A B SCAS 07 8] 2311 B SCA
i, AR RAESS . o E RN R FE AR 2 INRREE (Perplexity) [10]. H:
B TR B IO RS R R WSO Siesr = wine T
FAENIA SR sesr ERIRRREE PPL AT N5

N
1 1
PPL(Sest) = P(win) N = IJH Wo (1.50)
i1 i i

H ERATDAGE B, WSRE S BRI SCAGRE < (B R Se A A%
), R ER AN T S R 5t S A AR (AR B S
AR , R 2 AR . F P SC A R 4 SO [ 40 A, T 4%
A T RN AT 2 B 2 ok SR, A o B 3 e )k SO AR
HHOR SRR R AT SR AT I . B, R R T DA
R R R A ik R

X R B ATk S, AT AR B RN F &M TRt

N
PPL(Stest) = exp(—% > " log P(wiw.;)). (1.51)
=1
o, =L SN log Plwilwe:) TTUATE VR AR BB AR BT 4011 5 R A 250
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ETE N 3
[ AR R 38 S, B — SO, SO T (i = wi) log o [wi], Fet D i et
RUFER S R Plwiwe) < 1, BTRACAE SRR A O A 17 41
SRR, B

N N
1 1
N E P(wi|w<) log P(wilwe) < == > log Plwiws). (1.52)
i=1

ik, R Eﬂ/]\ﬁi%%%hﬁﬂji EWREGA WIEILE" R R,

1.5.2 AMEDE-M

LEAMETEI SR, RSO B G AT 5510 RN B AT %, LR
BT S5 . Bt ONEVEI, FofTTT DABT RIS S B B2 1 55 FORE S o AMEE
PPNy YR 8 T DS R BT T bR -0y A T 2 B D0
DA S 2507 5 P ) 2T YRR o
1 JEFe bRt

FETFGE USRI 7 R FE G AT R ST 2 R A S5 2 8 1 22
ERRRE, IFDASLAE S 2 AR MR Mk . BLEU (BiLingual Evaluation
Understudy) #1 ROUGE (Recall-Oriented Understudy for Gisting Evaluation) 2 Jfi
Bl 2 PGSR, Hod, BLEU ZASEES MM5HR, i ROUGE 274 1 %
OSSR, AT 4 BRSPS AR T AR

BLEU #if ! I TP O /e HLZEBIi%: (Machine Translation, MT) £ L%k
6] FAET LV B S 5% BRI AR . Bk, BLEU i
2 R n-gram A5 BEH LT . B2 I ESOAR BT Sen = {51,250
SR B RIREATN Srep = {Sigp iy, Horht, S, 5 50 %R, HL (S| =

|Sgen| o WA n-gram g LAY E SCATF -

en ’
Z|S‘J Z COuntmatch<gn7 Srz’e )
PT’(gn) = gnGS en ! ° (153)

Sgen
ZI ge ‘Zgnesgen Count(g,)
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%1% &

A R

D\\\‘

’%L

Hrr, g UK n-gram. XTI T A B 5 25 B E A1) n-
gram PRSI, rBEVE T AR AR P ARG n-gram (SRR, BN, MT Ry
CRIEFERAY BRI, AU “big language models” , 11 2% SCAN

“large language models”. % n =1/, Pr(g) =3, ¥4 n=2#, Pr(g)= ;.

ET n-gram AF5J%, BLEU JUN /> n-gram f5 5 H LT F- 39 10 P25 2R -

N N
BLEUE:?’IIPT@@::&U9<§:thr@@>O (1.54)
i=1 n=1

Bign, 24 N =3, BLEU j2 unigram 5%, bigram A§J%, trigram A5 JLAT-F-
¥. 1EPA EJshs BLEU f5Eal b, FoT3b n] DA R XA ] ) n-gram R EEBEFT AL
Bl [R] Y SCAR K BE IR B AR T 0k % BLEU AR %, M5 21 5 R I A 2637
MR

ROUGE ##2 i i PP ALZER ZL A i (Summarization) fF:45 1R [13].
# JH i ROUGE il 43 & ROUGE-N, ROUGE-L, ROUGE-W, #I ROUGE-S PU#f.
HHr, ROUGE-N 4T n-gram {41 [al§545%, ROUGE-L 2k T KA1 75
(Longest Common Subsequence, LCS) {73 [il#54%. ROUGE-W J&:7f ROUGE-L fJ 4t
i b, SIAXS LCS (A4t 5 1 ol 4845 . ROUGE-S @ %:T- Skip-bigram ()44
[l $54%. T4 H ROUGE-N, ROUGE-L [ . ROUGE-W #1 ROUGE-S [{JH{k
TR INERTE [13] th4R3)

ROUGE-N fj i LA F
ZSESTef Zgnes C’Oll/T’/tqnatch('g,n7 Sgen)

ROUGE-N = (1.55)
Esesref Zgnes Count(g)
ROUGE-L 1 X 4nF -
(14 B?)RIR!
B-L=-——""129, 1.
ROUG TR (1.56)
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Hr,
RY - LCS(Srefy Sgen> ’ (1.57)
|3ref‘
LCS(sref, Sgen
R = LOS(Sreg s Sgen) (1.58)
g |Sgenl

LOS(Srefs Sgen) RAEEBITHE 500 FTBHIHE 50p MIER AT FHIG K
FE, B=Ry/R.

SET G TR P B o 5 R A B 5 S M 5 2 ) ) A
FEHEAFITAY o BOREN A TEUESE B AR AT 45 sp k0 2 BE N, 5 A1 PP A
PG, S HCIRAR TR A F R 1 D7 e 2 R O . R
AT DAZE BTN 3 | A — AN LA A S Rl R, UL B FERIZEN B
BARAORE SRR B SCA AT . DR SORIT A HH) TR B Sy v
HEAT A4
2. HE T 2 B

RS T 2 R PRI v 54 A 25 (1) ST L R SCili A (Contex-
tual Embeddings) FOTFMIFE:; (2) BT BB o F M 5. M AOEET 1 30
i AR 795 2 BERTScore [24], MU 06T A S (3700 742 22 G-EVAL
[14]. 5 BERTScore #ilt., G-EVAL JLTHENFEARTMNSHE LR X MW AELF1)
3 B B Z AR5,

BERTScore 7£ BERT [#)_F R SCinlfi A [ & LA b, THE A OUAR sgen F1Z:
A sy TR AN A SRR ASHEA TP . BERT FF7E55 — 354 i AN 45
BSOS [sgen| AN, B Sgen = {wi 1250 BB A [5507| AH, B
Srep = {wi YRR BERT 58 BUHE] spen Al srep HRFARE_ LT SCRBA 1L,
Bl v} = BERT(w}|syen), v = BERT (wi|syer). FIABSCARMZ% ORI i

ANEEEL vgon = (013127 H1 v,ep = {0i}7¢/! G155 BERTScore. BERTScore
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1 F BT ARAA
MHKESE (Precision) , [l (Recall) F1 F1 5 =~y %t SR A7 3R .
SE Sy B AR

[vgen|

1 il
Ppprr = |v—| MATy, v, Vg Ur, (1.59)
genl =1
[vre ]
Rperr = s ) Z MAT v Vs Vs (1.60)
Tef
20 R
Foppp = - BBRT * BERT (1.61)

Ppprr + Rperr

B T4 T H947 . BERTScore B2 A JSITII4SH . (A2, BERTScore f¢
T ARG S5 30K . X ICEN T8z NREre AR, 54
T IGEF B K, G-EVAL FIlJf] GPT-4 ¥EIAH S SUAIY I I T XA
A ATy G-EVAL i $/s T#2 (Prompt Engineering) 515 GPT-4 i i3
i 73%4. Prompt Engineering RF7EA 550 — B AT AN IR -

IR E RS, G-EVAL /Y Prompt 73 =&R4y: () AR5 5 1E 0 beiE; (2) PF
MR (3) W ASCAR G AR SCAR . FESR—FR b, AR5 IR W T2 A PRI i
54 (WEHEA ), PPARHEL P FR B TE R, PP FREEE BRI R
SENZE. SR AER BTN BRI TE S — AR WA RO B el GPT-4 B & A Ay AL
Z4t% (Chain-of-Thoughts, CoT) . AT 45 — Fofp AT EUAEREIEA TIEAN YR . 55 =3
0 B i A\ SR A SR SCAS SR PR SCAR R IS 2R A SR SCA o B A S A Fl A
55 AR A SCASIR SR S, AR B SCA i 2R i 2. o Bk =R ATE— A
prompt HLH SR J5 41 A4 GPT-4, GPT-4 {fnl 45 X W 345y« EHEF GPT-4 4iih

WA 2 B A FEAE I8, [H i, G-EVAL &5 AT XA 7l A
S AT ALY B R A T RIGHE [14],
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e N
-———
Esmn Esmn
Tt ot
: T —G— #nEe
AutoCaT & GPT-4 GPT-4
4 S BINAS
[ wasm )~
’ _ _J
\§ J

B 1.10: G-EVAL $E 7R .

% G-EVAL 5, i A 2 i BT A U ALY PRI VARl s [12]. o gzt
(WA InstructScore [23], HFR T4 IHEMAM S, 0] AL I XHZAS /- ke . 5t
T AR A PRI AR AT R T SR AR B AT TR SRR AR PRI
WE, TERERME . RIEME. ATAPREE ST A R A B A0 . ATDATIL, KoK
BT AR SR PRI 5 R AR B B R )2 Y EANRY
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