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AR L, DR SCRR VIS e R T 32 R BRI TSR,

TR PRE R R .

1.1.4 SHBENRRSEITE

RN A FEFERIE AL 5%, A T sl . Bl it — AR
AR S V2 HFE, Gl B KREGR KA, TR & R 2 ML RS E S,
FARBIE LT RO S 2 7B URERMEHL R G, By e 47 A v
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LA ' LSS S B S SRR 2

S A

B 1.2 KR R RoR R SHOR TS 1B RS, A H bR R EUE A WA
ARG WL IR AR I 2 i g ) B AT TR

MR R E R BERERE

WHITELS N DR, BMEER d NMRE, RS x0 e R KA
AAZATHES, 15 BB

(x)"
X = : € RV*4, (1.28)
(x0T
Hrr, B—ATWN MR, RN —MFE. i, —skREEEERTIHTE
BREHAR AR T — RSO AT DLl ia A pl e & . X B0 R X ERANE,
HEANEIY 5 #A] LAGE— 3R Jy ) B AR R

SHRE LARETE

HR AR FH AT A 20 (0 R AREO S A B v e d . DARMERR RO, SRR 1Y
T > E0N

f(x) = w'x+b, (1.29)
Hr, w NEAMRIE DI — MR . XA AT U, 7T PAS R R 5

s = Xw+bl (1.30)
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L) B LI SR

DRIt A R B B BN FEA B TH B, R R feis ] DATR] I AL B — S REAS . B RFAE
UEEAPEAL RSN, TR BRSNS L, KiE2mgiit i Ek
i B2 L& I 1)

WL S Y4

e A R E A A AU B AR RN, RO RS BT
], R CREE N B LA, BRI R AR R B IR R AR &, EKHR
D ENF MM, TR RGARRELEAE, e RN TR R,
R R MR N ST

AL RmAERIIER T ER . MRS ES T RIRHIE. 12 1IERAE BN
TR, tn] BE AR A B A A BRAE A P BRSSPI 3 mT DA DR B e 1Y
JEURHFAE, PCA A LEEE L VE SR BB AE A [A], B G i 45 U mT L Ao 0 ] 2% 2
SRARTR . X T EA T IS

z = ¢(x), zeR", r<d, (1.31)
Hob, x RFIAmYERE, 2 2 B RIERRR . FERYEIFANE fa] it i b2 bk Dbk, i
R EMERTCAREE, RN ORE X R SHESH HEH

R ERE AL W] IR =D IR FetU R MEARROR OV IR &, R A

MFFIZ SR RS, R AR AR Ry ROR TR SRR DI R e .
FAR R IR AR IR 5 S TR A Ja SCAR SR iR

Fp, WA R D2 S SRR k. Tt
BB I SR ST, B AT LR R, BRI ST 2 )
B AR,

1.2 #lEFHSHLseR
1.2.1 BEFS, tmBFI)58HEFY

W)

BB A TP AR EREA, BEAL R E SR x SR — AN . 25—
N BT {(xM,yM), - (x5 N, KRIGFTREMTES % — R (), ¥
A xB) i A ),

y® = fx®). (1.32)



LA ' LSS S B S SRR 2

IR RN B2, BN f() B 2R el x ™) b R N T hR AR v
Fy® SRS S — R, y® RE xB) B REBRRHERRE . RIS, ST
Xnew IS, FATEHNERAS BIRTREL f() BEATHH IO 2 BESR f(xpew) 55
B Ynew PREF 20 WARA AT B 2 > A 2 o

YR 2 K E IRVE 5 AL AT 55 A1 AT DU AR AT B 2 2 I DRy SO 7 BE 205 TE
st R L o Hotl HARE S AR S BAREAR T ARdrZE 5. — B
Z NN IS

B AE A B 2 S IS B RAE S5 b, ZREERE PT DA “ XA 1T R IR R %
FHAREE “Ibmn s RS E H ANVl ” J br%s “ i ” . B SE S 2 A
SR BTG ARSI o SRS, i 44 SRR R BONR) I R MRS A4S L
Yoy WU SEARZE . HLasB R NEIRE 5 &) T oy BARIE S A 1.

Tokens : Most are expected to fall below previous-levels .
month

POS tags: JJS  VBP VBN TO VB IN ) NNS

Chunk: B-NP B-VPI-VP I-VPI-VP B-PP B-NP I-NP O
tags ~ NP VP PP NP

B 1.3 PEASE S REEBAR BB 7SR EAE S5 T BN A R R B
MARZE -

FMEES]

S MBI, B BN, E 2, SRR, AT
AN x, AFEXS R IERSE yo XAEOLT, BT E—FEL, ATk
VEHE (x®} thaEor il x®) s I A AR A BT AMELE AT IE SCRR
i, X EETR B (xW) PAEER AR, IR AL {x®) 3R
7T PR o X BRI B A 5 NS SRIR RR, i B 254 S5 1) e KU RE S
AT A AT T 5

Te B 27 ST ) — AN WoR B 1 JE2K o & ITVERRIC R G 7, 41 SUAHIT I 3A]
BRI R k. BT RX N, BATAT AL R R EL f (o), LA A TE S R
T o MERE R 3R e B RO i H S . 2V ATIE R, RIAT S
P & Z IR RRNC A OC &R o D ) R B P BB 22—, A AN RN 5 1A 3R AL
22 [ 0 R FE R A
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gL ] e I L cE PO

FEEF3

A TH BB SR RE S —FHZ R R E . 1z E U &
NER A PR AR B TAR 3 5, R AR [R] iR i e b X e
BINENLER B EAE S5, BT —E UL AT b i 2, (RN 3 40 w2
NHCER A TCAMERE . HAUEGE A etk AT S DA B 5 U SRk At
A5 i e R A KRR B e X iz S et T (R LA AT A . ST SO A
R XU B VI 545 2 AR 5 AR TS S AR RO I 2R A5 BN 1 S AR R 4
s RS R HEE T SRR R AR AR, P OB AR S X AR B

X, AR REEMEEREE T RNERELEEER, FovLhE
NP AT FAEERAE 1R 5 . ENGEANL S IR RE, WEE S AN
PR T N LIRAbRE . BRI E M55, A IR IR 32 5 4a MR 5 fa A2
i {(xW} PR AR B A . IO R U, TE B SRR AR R X
£ BN,

DLXAR SCH “ MBS ” ME& ok, L2 AT E 2, ok AL
G B BRI R, AR 0. s S U REARAE AT T AT I 4R
REMIERE . B REARPATIE G 2 N BRI S 45 (BOpR3fah) o SmAL =2 2I 1K H AR
RS ] BRSNS, (R REVR R — D AT B RS B IR Kb oA [200]. 2 Es 5
N SRR A REAIRIE & IEARZS I A 2 A, Bl R i XA s R . 1 Rk,
SRS ST R B A IR A CBRR M2 ) RPL ), X B H S bty
BEA IR X ) bR B S SR EE TG e X B PRI AR B 5. X
P IR 22 ks M e K ARE F A BAESS . Bl SOARAE AR G M e 28 4 B R i S
A%, BAEAE R B B A A SO e MO JE . A BRI BRI O SR

Prompting
> Zero /Few
! LShot Learning
! 3
Pre-training Training Pre-training Tuning Pre-training |  Tuning
1
Unsupervised |>| Supervised Supervised |>| Supervised Self- >| Supervised
Supervised
Unlabeled Labeled Labeled Labeled Unlabeled Labeled
Data Data Data Data Data Data
Task 2
Task 1
(a) Unsupervised Pre-training (b) Supervised Pre-training  (c) Self-supervised Pre-training

B 1.4 BHE. AIESARETIIGERE. ARV OZENETIIZME
S
TR
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gL ] e I L cE PO

1A EX 24
BSEE

~

Y

B2 R = Wl S A = IR TN WD o S == S R DRSNS S A e L 4
O AR R T e B2 ST S e AN BT 55, A Bl B AT 25 Sk SR M I 4 B AR AT 55
TEHBMT S, BAE R R ANEAE B G4 a2 S i PR S B AR IS 5
SERGRE, MR TARERRZE [66].

B BN N — /MR R A M B BTS2 — . Blngh e B R AR 51 R
e, R BRI S S AT g B . MERGE SRR WG T EA) TR
— B ria Gy (MASK], BESRAECAURYE BRSO E A . Gt A S ALAR, )
g — R B R DD e, B I — R R R X T R U AT DL
i — /N B SR, BEDSRERUREE 61, 92, 122].

A LA Rl — P SR X 3 J LR 2 2 7 e Bk W a T # A “ IR~ 8L
“CONTED” BRAE, BN 3] R MOUAR BIAR S I B i s 5 R SR A S, HkmT DL
R ENTE SR T 2/8%, W “RIBTHE” “H e “Ar R &4
)T “IXEBRRE B RIS R “IX IR LR B IR [MASK] 7, JRELRAERIK A
ST, WA TARZEIHARHI, WEESREXEAB S XFEMET T DESBRATE
B PriBE AR ZE R, AR R AR AR, MAEZE S Wi i Hok.

BB oI F AR S A BRI EAS T B R TRINZRE V23T SRR R K
JR R BRI A . TR T, AR (il 5D @it | B2 il
BHIER BRI, BEER S I RBINSEOT B R PR SEE SR TTEAED .
U RERW R OMS: B—, BWEBATHEN TR, 5T T TR
SCARBIRHAT ISR B, TIZRRY B BRI RAEIZ AL R IR, RERSIE I &35 i
5% . NG E T, RIS G 2004 B B STEDR B 285 5 A3
BRI

g
SR AR “HURKAT AR, T2 “USBHS % Ak, A
SESTHOBN TARVE, 0B 2 2] AR 1R H, 1 B3 I A A 5y
S E b, AT F— AR SRR . AT RS AR
RAEENTIRE, (BRI R, B AR AR B S ]
SAR I Y THRE RS T HR S 5

& J/

1.2.2 HlEFZF SR

PR SRR A% L A E I SAT 35 e A € SO R A7 e s 5 B R A
M 22 /D ) 2 AN AT IR e A A 02t A, SRR R RoR, ik
REFERIEAER, WRAEt A Bhnst IS5, AR AR R EAR 2Ry e A D doe 4 1 o A5
ROGHE 1Ak PR B Ve L, IR EENERX e N S H: —FHHR, EA

Fe A
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LA ' LSS S B S SRR 2

N RASCA 2 AN B 5o BB DE L 1 R A A S R G B AR AR R
AN, AHERESRAERUAR S — i SOt — 20 L RO 2 R S 'Y k7
N, — SRR AR B G SO R AR B A . X AR5 2 T R, T LAE R R
MAESSE LRIT e B o, P iR . BARLIR . 2250 AR T 08 0 B me 4e
BB SRS AR SS

ESEAK

B Xpaw NBEIESRE ], d € Xy TR — R, C = {e1,...,cx} NERIRE
£y, ye C NI IIARE . GETTH

Dyain = {(d(l)a y(l)) }j\;l : (133)

b

o

SR EARIE S TR b @ X — O, ETEAR WSO BB EES HIEHbR
=2 IR0, K > 222K, BIRESEN RV —DMREARRINET
|, HghassE 5 {0, 1} A E; €5 “IN K ADFGIHiE—47 K 5AR
7= i Rt S w ol TP o K e L P e b = e 0] e MHE 3B
555 SGREIX oy HSE M SR o Sl BB SO e ok B RN R ARG
A p(d, c), FAFFAEDAT ple|d) IR %s E A bRRE I AE M. IIZREE A ik
B A HIAT BRAEAS, AR I BEA B I SERE A& I AU, 11 AN BE BB SRAG L SE o0 A

Fﬁ%%ﬁﬂ
%%ﬁbiﬁ

>

BN

BUSAESS P R A T DU SCRS . BB SRR LR . BN RAARKE
XAE X, ARRERS 50 BRG] RSl Is 5. R, fEIE AR
MW, f5 Bt R iR N oy hBE A R A &, XSS R e A\ R s A &
o BRIRINN s, FBEWTNERN ¢(-), W

x = ¢(s), x e R". (1.34)

Ht, x =[xy, )" REESCERERN AR, M08 o R K — M EUER

ANE B (8 v DR AN R B R A 7 RAS B8 e sk BLE B E N
BAEARFE, I AFZ B AT one-hot 4ifid; EUE T LLHGREH K, FFdt—P@it
EURRHIESE RS B ) &5 E A ] DU R SRR (i B A0tk , P72 O 22 AR AT )
SCARM AT UAE A A, TF-IDF. 1 [a E 8 SO M & R oR . AR BEARARF, B
RSB R TR B & x.

N PASCAR D A BIRIEHIN d & SO, R4S RIALE T Gt h S LR
e N E. SERAE V= {1, ..., V,}, XHEAE x = ¢od) K% i MrEE
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R 5] Bt B ST S R )

SN
x; = count(V;,d), i=1,...,n. (1.35)

flan, WRRN V = {8, 8T, iz}, SN “REEITIREYIREZ”, AR
RRIRAR R x = [1,1,1] 7. AR A R R 1A A K IR, B R Y
FoAth 1 ATV 0] AR RFIE € S, 9140 TF-IDF A8 FTINAGRE S, 1] [ 8 A0 SO ]
BN ESEBEF R E UG E . TR L, AR R AR d F
B e SRR A LA B T X

1R R S TN A

B3 x Z )5, 5 EERE R N ¢ RA] AR Rk, X — SRS PRV
TR BAR B ] o 73 AR WLt TR U IRl . — gy B 2R v S s Bl o £k
so(x,c), FREFEI B IR

¢ = argmaxsg(x,c). (1.36)
ceC

R S R gp(cx), JE7 go(clx) > 0 H o0 go(clx) = 1o BEIBTT
F 5k 5 B S U 7 0000 M T Bl 2 TOU HO R s, 7 — 1 29 e
AR — 5 4 H 2 e M

& RIS AL ¢ B BRI w, € R AURE b, € R, JF5E X

se(x,¢) = w.x+ b, (1.37)
Hrb 0 = {w,,b}ecoo FaFTH IR H 5> BULH R H) 2
so(x) = [so(x,¢1),...,50(x,cx)]" . (1.38)

XL A AT S, A REEIEMERENBER . softmax PRALNILE ¢ e X
N

go(x) = Softmax(se(x)), (1.39)
go(c|x) = [Softmax(se(x))],
exp(se(x;¢))
T el ) (140
B, SRR 2 F1 1B,
Softmax([zl) = 21 62] R~ [0'73] : (1.41)
1 ec+e e 0.27
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LA ' LSS S B S SRR 2

softmax WM NIE, HHAEIBH Z N 1. BN 5B K ANR T,
IAR] Wb 42 i RO 26 AR 4 B R 73 BTl 245 31 [/ — 2801
X200 K C = {co, ) PIRDF MR 0 BAHERAL E 45 H

(Wo —wp) ' x + (b, —by) = 0. (1.42)

EAE n AERFIEE R NI, LRV BRI, W4 o Fon eI T
To RANERIT FIRSE BRG] L5, BT 1A 2 #OERRI S TR
WIZREEAS, #ETI 3 ™A TR 709 DB UIZRBEAS T I W7 52 H PN 32 57 MR A T 4
i B, XIEH T3] Hr . IEMAEATIR eSS R

oGP x E YK

ot D 1 oo
I

X2

D W e~
T T

B 1.5: “HERFAE A A A L Itk SR SR T . ASRL R I AT DL AR R R 2Rk 22, A
Kb BA R Bz A PERE .

L MR RS S BT R A p Rk M TR A . S BB R,
DI R R ¢, BRI, SRR A AR M [38).

My RER: FRXSERR

TR OARRNANE x, % PREHBERET “BWR” ik “EaWR”. Hil
G A2 B R i X — ) ) P AN [R)JEB% o BT A 2, X IAE T A A
BIBUN N = o R

FIRNER: BRFIMTARN . A0 BA B2 ST M 2 52800 2 MR &R
T EYEBIER, Eo IREREE R “CBYRT, WRLSRRIE R SRR IR R
K7, FARPER X LR TH B0 0 B ER qo(c|x) . RTTHINZHIT) softmax Z844 4y
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AR FAE Y . B E R HER S I H, R T 7 B s S A E N T 45 R
logistic regression MSCHF Al AW )& T1X—K 7%,

ERNER: SldE—X304E, BHITHE. AR nlid “ ek
MAREHRAT AR A AR YIS CRE F AT AR BARRUL, B I3 B
B pe), PAR IS E HIEM SO A BRI p(x|c). XS —RFCRE, A
RS M B & TR M 380, i EUBM B 1 B Re AR R IR R DO . ARYIE Bayes
7AW 3 & i DYEE o e S e S T E A

¢ = argmaoxp(c)p(x\c). (1.43)
ce

Hrp, ple) RIBEANFONATH ZH I, p(x|c) SBRZIT HI =17 S0 ) = FR]
RETE -

Fh2 Bayes J& S AE o0 2888 . IIZRIN, EGTHREANS 2 0 FE S0r,
CARAN R AE B2 B o oldn, “& )77 A “Hpng” AR a2k &%
Bl BB IR R R SO AE “ BT BB Pt 2B BB s R . AN AR
R AR T MOR ER L, 368 A5 P T e G B SO R AR (78] X
By AR FoRBAIE TR IR A R RN BORE AR, AR AR T
AR

AR ) 452 KRR, ER TN 2 AU A R e R

TG, MR R EEE?” WA SR, HEER R
AN

AR BT R T A SRR B R U R ELBE ) SRR R, T
RIS HA T IR 5 # A BB R . — R SR T B
PR, LT BLR AR, SEFRUROREGLIDES, T A SR, RHER R AR
i R

SHF3]

PR R E e, IR T B P M B AR S H. AT SCE 3G H LR =D
e ie MRS e METE AN

0 — mg@p[ﬁw)+AQw). (1.44)
X T softmax 732885, EATHIENILES, S/ IMEAE SURSEEAN T 5 R I ZRbr 2 1 26 14

AR s X FAMER Bayes, Jo T BB ARG THRT H B ACRA S0 B E A5 21,
PP W FE X et B fti vt EARRE— B 1E. Hb R, S8 A — EH MBS
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LA ' LSS S B S SRR 2

FEN B AR R A P U B BB A, A SRR ) 7 2 e AL .

SEMINGRIE s B dyew FEIBILF—DNRISREIE R Xpew = Odnew), PRI
TR 7 B R MR, SR RTE TR co DAL, R I2 B 4% 2 vT LARR
5

EFHENL — FIARR — RS EERL — S8 — Tl

(B0 P BRI A S AL A T 2 R I AS (R P o 22 8] 45 FERE U, (L7 35 R Rl X
JUERE . F— R AR R L TR T, 2Pt sk s ot H
RIG S

1.2.3 MUEZESIZEIE

E—WeamE VA fo KESE 0, IIZREM MBS AR YE HEE A Wik g ix s
ZHC[170]e — RFEAINZRIEATT IS

BN — BTSRRI — PHEBUR — KIERERTH RS — S5

A 1) FE AR 4 AT S 5UF B0, H1UR R AU R TN ShrE B R 2 M ZE R Rk
P ) R TR T 5 E S BB, SGD Adam 25040 28 AR 1 Lu i i
SHHSHERE (141, 192]. REFER, RIMERERTT “FHBE”, R nst “F
B E R SH, —F RGN A 2 5.

WZRM BC I BB R AR AR ) s sevefe, R Ik 75 B ISR B
E5E AT R RAE N AR B bR AT S IR R AT B R 2, P B
BB SCD. Adam A1/ R I ZR U 4n] 3 [7] 56 B 2 B0E 35 -

PSPk S| EESE R

BN yo = fo(x), PRHEZZREN yoouao BAAFERIIIAK L(ye, Yeola) HIRE
A G AR HE R R B ZE T, 2 FEARBR I T BEM IR Hbr £(0). H
HAFREAE 0-1 k. WbrRdk. HEF R RAR LK

0-1 ik ERRGE T UNARRE A2 15 55 T H S hnas. 2

Co = argmax yo(c), Cgold = Argmax Yeold (€),
)

1, c¢o # Cgold,
L(YG»Ygold) - { ® (145)

0, cp= Cgold-
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R 5] Bt B ST S R )

ARG RESE, HARG, Ei b LB IRIAE . DR sk ek b 48 FH 22 3K
FTHASR . hinge loss 55 AR AL B A ER K

APRIR R IER bR 5 H RN (A ) P BUE B . 2 cgoia NIETAFREE, ¢ Ut
RARZE, MLFRA Sy

margin(c, cgold) = Yo(Cgola) — Yo(C). (1.46)

KT B 675 2 I 0 0 20 B B2 8 TR . 25 A(e, cqona) T cgona 22
N e ffRt, M—FhibbEHik N [37]

L(yo: Yeor) = max(0,y(c) = yo(Cgola) + H(¢; Cgoia)) - (1.47)

HEFP R ] T 5 B — AL ik o R LSS, BlafE B R kP &
3] o HAA ARG T TR 7 5 bR Z AN — B feie Xt o X Biasd 5k ) A
TR 2558 — DMREA, BT T IEAE AR, [FIINHEZ AU AR OR (79, 215].
Ayt B ERARH, YO KR IHEAES, A ER RIS N

D(yg,y")
> y-ey- D(yo,y™)’

L(yo,Ygora) = log (1.48)

Hr Do, ) & a 5 g Z IR B s R . TR IEFEAR M AEA, XS
bt >0 o B SR B BE T )

RS AR B, SR IERA R yo B MBEER A PR AR 2 FE
PR, BRI RN AR VBB LA &, 7T AR A AT RE TN _E U .

L(X,¥gold) = Ey,pr(in) [L(Y0, Yeola)]
= Z L(yo, ygoua) - Pr(ye[x). (1.49)

Yo

AINEIE A W RETIMA AR AG T, WAROVIIR SR . W18 XK EL Bayesian risk.

R EfE S E AR E AN

ESCAT RN ZR B bR e, SIAARSR T RE X M AT S BB . Beh ¢ AU
FINZRHARN L, TS ECON 6, WELEILH

g = Voli(6:). (1.50)
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R 5] Bt B ST S R )

FE g 5256, ARMF, RGN SUERMN AR BEEA KB T %
BN

0t+1 = Ot — N8, (151)

Horr, ¢ BBALDEL g > 0 215, G EETT A2 A BT R N B DR )= &1 75
A, BUCERCE RN —g, #2380 b .

SGD 5/hit&E11%

BNZREILE N DA UIZRI A b BRI B P AR TF S I 255 1 457
Ko 2 S TR t WOEUMIIIREALL S, B = S| Ron T RIREAL, M2ET
=Pk A

£,(0) :-é > L(fo(x), Yeola) (1.52)

(X,¥go1d)ESt

FRR A —MEAR, B B =1, #EMYESE T (Stochastic Gradient Descent,
SGD); # 1 < B < N, #Hi/eLid 5% MK mini-batch SGD; #7&XME T 2H N
MNGHEAR, W MEBE N SGD H [ “BaNL” FRastE— 248 H REALHHE I
SRFEARAL TR

AN R A N FNBR AR S8 0] DAy ) ME B R B, — UK ) % 3645 20 B AL Fio,
XX B MEARRTURBCF . [ IaE R XA R 2] g, UL BE 5 55T
ZH. ZAERERERI A GPU WIAERETFERE Ty, L RRATRE B L B A T B AR OE

HEHZES Adam
HA SGD RAFHYHIEE . shim 7 ikib PR 8 — 5843 D s S 7 1) :

W = p—1 — N8, (1.53)
0t+1 = Ot—l—ut. (154)

Horb, w22 OPMERTR, 0 <p <1 ZENERE. HRIrmi—s8n, e
RSN KRR BIARAGIS, i S2F 2 ) USSR [204].

AdaGrad. RMSProp &5 H i N 771225 R4 Py S B2 K /N AN [R) 2 50 % 52 Bl
&[98, 124], Adam (Adaptive Moment Estimation) %5 EARRI [ i& M 5 #H 45 At
K [141). EE S LA g, SR A&

my = [fimy_+ (1 - 51)g, (1.55)
vi = Bovi+ (11— B2)(g © &) (1.56)
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LA ' LSS S B S SRR 2

S, my BB RTRECE ST, IR R T v, REBRET T MR AR
SIS, FIRAH S BB R U By, B € [0, 1) LI 15 B (R BT R U580
R © WRBLERE.

1T mo A1 vo SHVIMILNE, IIGAIMIRI G 200, K Adam G

~ m;

= — 1.
~ Vi
= 1.58
YT H 1%
HATIREBIE, RAER
m,
7] = 0, — n——=— 1.59
t+1 t nﬁ—l—e ( )

SR KBTI ER TR T, ¢ > 0 BRIk RER R IRE . #

Yk, wy e FEEH T, v, MR N A SR R
TwAEH SGD. Bt Adam, %] n #EEHEH ALK, B 16 JRr

TSI, A E R SR AL B AR

(a) 233t N OESESSN CESETS

B 1.6: AR TR RRE . o) Rl s, i R &) 8 e e m By
TR -

Blan, fEWERKDZEH, —A mini-batch 7] LS 32 57 Fi8. AL 583
O RVER, S TRV, TR 32 FVFIRAEGERE X, — KT R AL FE
1330 32 ANTI A A, PR 32 ANAE SRS AR T35 o IR A4S 3 I BE AR R X — /LA
AFLR G ISR 7M. % batch K/, BT A AT B8 32 AN A AS 5200 TR B UK
# batch KK, F—PHEBRAN S BT, SLhRIZiER batch size, AF2TE
BREERE S . THERCREA AR Z A

1.2.4 RENEH SREGTE

b e T i E R A AR ISR B b, (N ZR53 05 T B R AR AR R o
EUIREEE, FFAREE IR U E REALBER WAEA . IR 58 F0m 3 2E A1 25 P A ()l i
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AR A o NLAZ R — A, PR e SR AE e b e SR BN [120]. AT
—IRGEBRI PR, RIS AR, ARkl AR HAERE . T
AR AT I 2 AR

RE R SRR,

LG PR T PP AG IR 55 T AN R B Bt AL B AR R GUT RS RE R, Hbns
MASFIRE RIS K S B g & e AP R %6 Biltn, =231 IENIAEsR
FEAMINZREEHATT MR YE SR SRR I E o« BIBPPAS W AR AEAER I E 2 ), HAw 2
A THZ AR R R W s Ak Re

PWE L IT e MR EEMRLIR, —LE R BRI, Ak
S5 TGS, RASRHE TR Bk, LA ) Se im0 ] HEE R4
NUIGREE . RAESRAMRE, bR S R — R EEIR DT,

WERE . WIEE SIS

WA T EIZ B AR BB S 4G IR T B E AL, S
HOR e TS 25 MRSE RAERE A R o B e )5 (6, TR 4 kRt
W LRI EE B ALHE 60%/20% /20% B 80%/10% /10%, {E HAA E A7) 137 43 45 H0 40 A0 A
TESSRE T o

KPR BRAAG THZ AR R RT3, R B B se e R — N H ARy Ao Xt
T A REA, ATCABEHLR 2 X TR R A [ PR AR 2 Ak ie s B R — 3
PAIZ A B, B BRI R] . FH P BSOS o0 4, 3 e v FEEAE DR PR RE A ] s 3 N1 5
ERFIIAEE -

HlE B RUN, BRI B S5 AT Re 2 H AR AR TE RS . K A8 IR IE SR R B
WRIN kAN ERFRTE, SREMET £—1 BI%. fME—H%RiE, RELCAER
SES . BIMEER FHAS IR, A R AR A7) B R B B AL B e i )

WL TS, WIEEM TESEA, WRER TR &L . ERSEN
AR R o A 23 I 5 it AT SR AN AR R A R 8

WNERRESZHIRE
BIRERE N DA, BREAIKN Lo BAEIIZGE LRTHIREN
1 N

Erriain(0) = N}:qﬁ@mﬂmy (1.60)

i=1
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FR Az AR ZE A AE H AR B 70 A BRI G, (Hiz Al s Rk, RIEk
HEWE . BiEiRZ M BORZ A AR S 5 S UCE i B2 RE A AAT
PREEAAL T S uEiRZE ) TR e, iR ZEH T e &4t

WZRRZE AR CRUE SR UE R 22 [F P BRAC. 1B 1.7 JEIR 1 A2 53 % 58 36 e iy e 2
Al IIGRRZERFEE T FE, RUEIRZEAMEAESE T Lo B IEFE N O E R IR R 22
BARIIELE, AR INGRIRZE RARHIALE .

M4 -
HE SR
1

— g%
— Wi

LSt =R

B 1.7 UIZRiR 2 5 R R Z AR % AU IR . IZRIRZ2 T FEIF AN b SR oK
I A AT BE -

RiUE. SUEESHEBEERE

AT 2% B n] LB ER A DU A Y e M R 0K 2 /D Bl N it 5GBSR R
SRR WGBSR, W X RERIERE T, (HE SRS 2R 8
SRAT R P RENE . BRI R SCBE AN R AL R W BE %, T2 4R B 5 B RN
55 MEFEAHVERC ) 2 2R

B 1.8 WRFIDF MR 7RG SE GG . E TR LR
A R B, B AN S Re s R IR E S T I g A
THIGIBREA B I SRR A AN 7

RAVGE I, B EAT 7875 BN SR B8 B, AL ZRiR Z2 AN IR IR TR 22 18
#E . AR, BIAEYIgREE ERIURE, WURRENVRE . B, XAy
A RN ZRE TR BN LG 4410, 3 22 2 H L REVS IERE BT SRS 175
MERE

{227 ZE BT X — IR AR M 1 55— PR . A2 7k s, IR TR 2= nl
P NRZET T3 T3 RN 290 o R R e 2=, T T R R A
JUJ B T o N SR B AR A AR R e, BT 22 [112]0 B — 4RI IE AL AN
carly stopping, IR R IRE . G & 1w 5.
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Underfitting Fitting just right Overfitting

e SES BiR

T 8 B R 3 A B Y 2 J5, IR EERE S5 A5 Hbn — BRI 185 20 KAE 5%
% precisions recall fl Fy. #5 TP, FP fl FN 7 5FR s BEIEF] . RIEFIFIER 541,
i

. TP
precision = TP+ FP’ oy
TP
- TP 1.62
reca TP+ FN’ o
B = 2 - precision - recall (1.63)

precision + recall -

precision # &5 H I IESTINA Z /0 & IE#), recall T ETA HELIERPHZL
DA, By WERE =

Bian, fEar iR, REESEE 40 MESEAA, REHIH 50 4 F K,
Hor 30 MfSERANF . BB precision 24 30/50 = 0.60, recall 24 30/40 = 0.75, F;
2N 0.67. precision E1E recall & RGHNETE, recall H1H precision KH RSN
AT T 24 ANE N X IR R A A AR, AN R B — 48 Ak
£% -

AR FEAF bR . Hiltn, HLESEREF A BLEU [177), A RE ST Refd
AN TV SR TR VP4 o IR R Rl B 4 FE bR FIVE AN [R] I 540 0 75 24
Tk, RO RFR I EER TR AR SS H R, A E e

MEERSEEMON

MRS A KN RIR IS & T RS B I, G AKX — 7 572 15 AT RESk B 0k
A BB AL ZRid R AR AR I 2 o R E AR IR “ A RGBT S 277 BN RABE
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FFUT SEAE B ABBE L I AL 82 ) 24 i 22 S B A o 22 S O ER . Bldn, AT A O
Hy: RGA MET RSB,  H,: R5A LT R4B.

H Hy R, H 28R A p-value /NT UG € )W 2K o, T
iRt FEER, pvalue N “BIBERAERME”, GitEHEBAETHR
THAESZBR N 2 FEE (103, 104, 163]. NLP S256% 8 FHEC R 96 . bootstrap 1§,
approximate randomization 557775, IO R Guil 178 [F] — e A BT b
5 [94, 95].

SEREIIR A AR B Y A PR . YIZREER T2 21 540, Wb TR BRiA,
MR G E VPN FEbR H T S ke, REVERIGH T AW ZE R R A5, W
RV R BB RS A, NP AR Bl R A S5 7 R A Y B A

1.2.5 IENMMLHLH

RN R PRI G T . G A EE L. Bl CaF R, Al EUIZ
BRGNS RE

0 = arg mgin L(yg,¥go1a) + - R, (1.64)

Horp R ORI GRE IR A, NN SR E AR E S E: o £EHIIE
YU 4 55 P PRI R 2 5

WHIE TR WHIENE 52— W W RMAE MK SHOERE, " LMEH Ly
TOHBR Ly YU AP 36 25 31 000 -

Ry(W) = W], (1.65)
Ry(W) = W[5 (1.66)

Lo IEMML 2 PRI S HOBRME B, AR R 505 s Ly BN T =AM i 40,
=M ERESRE TR, ZF T UUEERINZERFEANGR: Wi E R, 5
Foe AR

dropout &2 W 2 5 H F B IE AL 53 [125, 202] ELE ISR FEALE R
IIPRETCIEE, 1N Re I B O R L e B G . X — 2

y=¢x-W+B),
dropout AJ 5] A—MEAG ] F Myop:

Yy = Muaop ©@¢¥(x- W+ B). (1.67)
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AR E IR p RE, DR 1 —p BF. XFE, RIS, B
HAGAEAE N ZR— A h R X 2% BE LI )7 R 4 o I (6 e B8 2%, JFiE I
A TRCORFF IO A3 8 —

K 1.9 7R T dropout MIELMIERE. WIZRET, —3#B7 2 T RERAE BE LG,
P28 I ZAEAS SE SR T P 4 L S Rt K, Se M2 EOg R A, R IE I 4 s R
FRBOE S — B XA HUHE A R RS RR A o R SH SRR R R TR, I A2 AR A
IR NZRFEA B W 58 e 2 FLE D HOERE B

active neuron all neurons
(present with p) are active

® Q0 0O
©>©//f’ QBé O;((g
P s

dropped neuron

weight Wi, %%}@i ght pWso

(a) Training the dropout network (b) Testing with the dropout network

Kl 1.9: Dropout FJUNZREIEIERE . YIZRBT B BEMLOC S o #i 22 ot , B BeAd 58
LR 25

early stopping JHId M5 uEEE E AR RLIRZS R BUE (I 42 1%k, & n LR
VE— R R e BT AN ZRAS R A L& Z 18 ST [112, 183]. LB, BREiR
ZMEIFA SR BN U ML, 2% & a2 N RiRiis. Kk, &
WA IR A EAE: A TNl NPERER AR T BRE, W1k, SRR T BE,
WP Ak s o — BN ) AT B PERETT AR R, ks Bl — B TR) N R SR R BT 46
B, L. SRR R G W] LURAFEZ > checkpoint, FfX )54 checkpoint i
SR LSRR K

B AT o — AR A AR . ST AT, TR R PR AR A A R,
FF AN 2 o B R 20 e 4 i A R R W . SE AT p = [p1, - Lpa), AT
&7 B VAR 5 30 50 3 A B M A 1

. €
Pr = (1—6)'pk+ﬁ. (1.68)

4 p #& one-hot A&, ZIRAESAUEAE PR K] ERMEREA/D, e a
UEREATIC £ MIMEZE . label smoothing IF /&R R sRE AL AR %, Bk gt fy
XN E R EAE [208].

B, 76 =5 FAT55 H, WEFRZE [1,0, 0] R — AN 4% B . £ e = 0.15
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[f) label smoothing, H#r43AH AT 4E KA [0.90,0.05,0.05]). X FHA 2 1 Hoth 5 4N 2551
WE I IERE, RTINS YRR AR 450 2 5 — 200 F o X s
BRI AR SCARAE S, IR PR AL RE B 2 AL

1
i 0 0 0O 0 0 0 0 0 O
=Xn
o=t
nie—oz 202l oo e b

B 1.10: BRI R E . TS ICE B R B4 AR R, P RIE B

5o

W P I G T IR — A AR B N 2 2 e FE AR FARL R AR T A, DT 2 e K 1
CAZ N EEREA P B0 o5 . WA T DLAE NN B bR, BT DB NS« o A Bl A
. SEERLE (67, 113, 128, 173, 182]s — AN W2 St s . S s ml &
x e R*, A[5XH

Xnoise = X+ 8, (169)
Hrpr g AN TCRMALREEH &l A . A iERSE A ERmA, WH
y = ¢((X+ginput) W"‘B) (170)

M P AE NN GRBT Bt I, I ASE 2R 5 8 AN PRI NI 75 o dropout tH AT DARE B ARy —
MR 2R EBENLGE RGOS, (ERE D TR TE R PLB R S T 27 2]

WY ZRIC A — DNESMNTFAL: BENLILE & 9 A —BEAR P AR ZRhAs, M2 T
T RMGRFEAR T 0] o 3% 5 2l 1 o B ABARE . B 38 938 AN O A7 B A 38 B e A
KA KGR A 78 wa Yo . NLP H ] 76045 7] SOl B e, ] Fp ac #e . N B sl A\
i [101, 201], WAFENLEBIBER RS JeilghHFRE S 2EE S R EER S,
FH BRI HIRE 5 BRI REE 5 WA IEE K XUE I ZRE0 [198]. 5
B2, ER AMIE X PR AR G, RS B iR SR N BB AR R &
B 111, 207].
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1.3 REMZREEA

AHIE 2 JE BGIAUANRR 22 I 28 I SRl i BR it b, F— 28 51 NP 51 A8 v g B 2
IR LM JEE JINLE]YS Encoder /Decoder 4244, 1 # 5 2 fe 8 2 X7 41 N
AT I Z B OCHE, S5 5 WL Es e SUARTHEL., I 2 Al SR B g it 1
Gt — R EARAESE

1.3.1 ZEREIHLHLEI

AL RIS fo TR B AR 2 8 22— [191] BHARFHE M 208 x, BN w, f
BN b, i
f(x)=x-w+b. (1.71)

AR TR RATLIE T B B o 5 ) AR AR 2R

L f(x)>0,

= 1.72
! {a SA L. 7

| P neuron:

- 1 21w +ay-we+b>0
@ """ J= 0 otherwise

B 111 AP TE R R S ARAIE R ZR M E IR 38 I 1R e o K HH 28001
MM TCHEN, BEMEATEN

y =¢(f(x), (1.73)
f(x) =xW + b, (1.74)

Hodr () BBUERE WG R BB sigmoid. tanh. ReLU. softmax %, £ 2
BN Z A EHES R, TERREBE S [112, 192):

y = Softmax (Sigmoid (ReLU(xW;)W3) W3 + b3) . (1.75)
2 IZMEZ IR E 1828, TR R R A e iR . SR A 2RI R
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Y1 Y2 Y3 xxy]

W3
QO O - Ea-sum(EEax
Layer 3 (Output) ;
- l b3
--------------------- +@xC )

Layer 0 (Input)

B 1.12: ZIRMEMNELEERE. RIBRZEZAMMARR, IR Ll oA
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ANREST, BRI A HE AT 105 KU
PG F AR 2 EMZSAE NLP A B EH (63, 64]. ST wy, ..., W
i 2 B }
Pr(wy, ..., wy,) = HPr(wi | wy, .. wisq). (1.76)
i=1

APZEAE H AR HE SR (A B R OR TR AT B R 3G, F AR e 2 F T — R AR

Blln, gl “ BRE S AR, 1B ST EWI N A, £S5 n-gram
R KA B RO SR G AR iE SRR ASEIE CHART “IERE T CAbE” IRV M
Ui R, B2 RS R RN ORI, SRR R BRI A, AR
CHEEL MR, BT DUAERR CBRE S A BRE R, XA T, 2RI
HLA B BR5EZ PT BAE B 50 e 9 et i 8 B SCRoR, A 1.

1.3.2 B3EEIE!

B IHUE I AIAE P 20 B Fp @R e )z A [62]. 5L Encoder/Decoder 5
AR P 7 5 e i A [ e K TR B, P s s A A F A e 81 o XAl
BRI LR AN e K A BARME AR PAT R A 2 TR LA
AR : RS ALE, AR AR AT DRSS = AR RS 3 81 B & Btk % 5
EERER.

BRI by, b, BERGERES § A BLEAORAN 5.0 TERE
TRz B IE A R A

¢, = Zai,jhj7 (177)
j=1

Horb o ) RRFETEE ¢ BRI by WOMKHBIRR R o o WA 2 Je 1t SR 55 70 8 alsq, b)),
i softmax JH—4k:

exp(a(s;, h;))

a; = Z;’?:lexp(a(si "k (1.78)
X7 HAT LA Z R (76, 114, 160]. e fa) B A2 s ARE R
a(s;,h;) = sith. (1.79)
scaled dot-product attention WIZE AR EIIAZGTRIE T [216]:
a(si,h;) = Sig;, (1.80)

Hp g ilH SR E4EE A . £ Transformer W1, M 5 = Vd, XFEA] DB G 4E
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BORK SRVEIE R, 22 softmax )it T-924%

BE— Mo, vERE 1A PLERIE N Query-Key-Value (QKV) B, %H—4 query
Q. key K l value V. B8 H query 5 key BIALLEMERE, FXT value MK
s

Attt (Q, K, V) = SoftmaX(Q\;{ET)V. (1.81)

XH Softmax(QK ) RIBATH— W BT ERE . B— TR REA query XITH
value hﬁﬁ’]ﬁﬁ}/\ﬁ!ﬁo

QKV VB T LUK 2R . query FO 240 B AR 4 (5.7,
ey 467 “HEAMLEROUEAE 31", value 27 “ FEBOLIKIPY 2", A TE T
TR RRAT R AT BT MBS value TIRGE, S
S value IIIVALRL. GHRIT v B FR R BCE R, TG
BB, A softma 2 Tt RASHEH A

N J

HER 12 QKV ERE /K —MRRRIG L. AP h R ERE H € R™,
R ] = AN 0] 2 S 2R AR A B query s key AT value:

HY = HWY, (1.82)
H* = HWF*, (1.83)
H' = HW" (1.84)
TREFEE IHHA
C = Atty(H)
QKT
= Softmax (H \[;{E] ) H". (1.85)

Wit C 5 H BRME, TUEESMIERMEG 2R BT XZERHER. 5
RNN #1 CNN #itt, BESIN—ADEZRBRAR T AEE ML E B 15 B
PR RN E AT DLE R A A AR R HARAL L, A s P BER E
BALAE .

multi-head attention #& HVE & W — 2 & [216]. EA R RAE—PNRR2H
HGER ), TR AP R 2 MRLE T2 8], AR T2 A S AT E R T .
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Queries (e.g., {s1,...,8n})

Keys (e.g., {hy, ...

yhy,b) Values (e.g., {hy,....,h,,})

‘(h’ ‘QQ’ ‘%’

) () ]

- /

~

q1 Kk, Vi
Q = 92 K= ko V = Vo
q3 ks V3
v i QK"
q1
q2 X ki k3 ki =
qs
|
%kgT
i
8%
Soﬁnwx( ) =
g r
v Returned Values C
\ 4
Vi C1
X V2 — C2 Ci = 23:1 @iV
V3 Cs3

Bl 1.13: QKV FEIPLFIRE. query

XYY

(a) RNN

&Y

(b) CNN (r = 3)

5 key 1HHEBE, X value JIACRFL,

(% SN

(c) Self-attention

K] 1.14: RNN. CNN 5 =R AP RERREE . =L EEHRAMIE B

A H,
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WIHAH 7 4 heads ¥ h > head, B

HQ[Hk]T
Chead  —  Qoftma ( hth >H 1.86
h X Jd h ( )
H/ = HW], (1.87)
H = HW}, (1.88)
H = HW!. (1.89)
A head B0 FRPHE IR AR #1
C = Merge(Chd .  Chad)w,, (1.90)

2 ML AT ABR g 9 LB N2 A A BERSE [R]— 7 41): - ANF] head AT BASGTEA RIS E
K F IBRRRAE kB, T & head SGiMME BT LOIFATHHE, X —HLHILE
DA IR B 27 ) HE SR A SR AR = 2K

Transformer (1) B & /b & B BAE B . WiEER I FEN A5 IA
RAREFNW 7, B Transformer z:?lﬂﬂﬁ%'—?ﬂﬁﬁﬁ%*ﬁﬂﬂ [216]. XA E 5 B
zj, HHINRIRATS N

e, = x;+PE()), (1.91)

Hrp x; ZilM &, PE(j) & EFRR. JF I Transformer {4 1E 5214 5% bR E k4 i 4
XA B b

. . . 1
PE(Z, 2/{7) = sin (Z : W) , (1.92)

) ) 1
PE(Z, 2k + 1) = COS (Z . W) . (193)

XFE, A EARREAS B — NS &, S DE B E TR XA token HI5E
Ja T o

BN, fER)F AR, YRR BT XML E RIRRE, B
AIRERIN RyESIE R B “A” FIEMERN R “w”. —FhalefiEE i mA

query: [ 3E ‘ T B W
o \0.35 0.10 0.55

TR TR KRR EEME R ER, BakE e AT NEE.
BT A head, B REERIETITRAR, Mfem “247 FRE. 2I9EEN
RIEDILAE AT, A LA AR AN [ 5% 2% A7 L[] I B8 ) — ) 3
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1.3.3 Encoder/Decoder %#4

Encoder/Decoder 224 il A 538 7 5 2 71 ) @ [62, 83, 205]. 25 & I 7 41
x M BT H] y, FAIHEFZIN x By FIBLU . BES >T B HUT 51 18] ) B 8
i o 1B B i 4R E A AN T O 1) R, ERLE — A AR 2 S I AR R R H: JE i x G
o8 H, HH H WS y.

A, G bD 2T I i 7 B S A R R

H = Encode(x), (1.94)
At A 1% R 2B B H b e 41
y = Decode(H). (1.95)

EANZER T2 A T IAR sequence-to-sequence R48. fifRhdh#s 0] DL 558w ONMER
BRI :

Pr(-[H) = Decode(H)
= Decode(Encode(x)). (1.96)

TReEEmFY x, Hirmroly KRN
Pr(y|x) = Pr(y/H). (1.97)

TR, RS EAE L H s 70 h SRR KK yo B, Encoder/Decoder A
SRR 2 I, 5] 7 3 O B ] R

PR Encoder/Decoder SURIN H o B 1A RN V,, U5 Ui 1A]
x; S A [ &

x° = Embed,(z;). (1.98)
LI RNN, WEZED NI &P, H AR H) &
h;, = RNN(h; ;,x9). (1.99)
I fA] B AR R ARG — RS Dy, TE N EEANTEG FP 51 (1) 46 R -
h,, = Encode(z;...zp,). (1.100)

RS oy — B S AL IR R4, e R B AR i s i ] A
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Target-side sequence: y = y;...y,

Decoder
(y = Decode(H))

‘ 2 -2 ’ Representation: H

Encoder
(H = Encode(x

Source-side sequence: x = ..

4 1.15: Encoder/Decoder 4HI7R T, ST SR 7 S N, MR 5T
S e )

FORTN N —ANi . HAR MR R SN
Pr(ylx) = H Pr(yilyo - - Yic1,T1 -+ Tm), (1.101)
i=1

Hrt yo 8% ZEIEFTS (SOS).

Transformer &1 Encoder/Decoder HEZR, {H'E H HIF & /7. AN L% . ¥R ZEE
BAZ T BAULSE RNN [59, 121, 216]s —4> Transformer encoder H % M)z
HEB T AL A E B E self-attention 7 JZM FEN T2 &% A H, self-attention
TEAEN

Layer,(H) = LNorm(Att(H)+ H), (1.102)
Hrpin s Ronik ZiE#%, LNorm () FoREH—M. FFN TREEAEL.
Layerg, (Hserr) = LNorm(FFN(Hget) + Hgerr). (1.103)

B L 25, B giedwmidasimd, TiaEmANTFIR LT XX ERR.
Transformer decoder 5 encoder 2L, (HEAEEZZ H— encoder-decoder
attention, tFR cross-attention. # HE Zmidssi &4, S' &5 | Mt
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AN = R LA 50

Sl = Layerffn (Slcross) ) (1 . 104)
Siross - Layercross(HL7 Séelf)7 (1105)
Slyr = Layer(S'™). (1.106)

decoder self-attention F T @45 H brum a7 28 N &0 IR #, cross-attention FH T2 HLUE Uik
Fore NTIRFEABEIEARL, decoder self-attention 1% 75 4L mask, 1847147 B A fe
FERAK token. B J5—)Z decoder HiiH ST &It Lk AR HAN softmax, 15 EIREA H s
(VA= M o R F

MR F1 27, Transformer 7] LLRAK 9 2 M WG ZRA 8 . RAEH encoder, 7]
%43 encoder-only 2244, &G SCARRILFNELf#AT 55 RAEH decoder, R[5 3] decoder-
only 4244, EATET BB SCARAER; FIE#HEH encoder 5 decoder, NIi&E&HL#SEl
B L SR H BT RAESS

PAHL#S B3 18], JEHA) “I love NLP” 2834 encoder J515 2| —4 EF b F R
h;, hy, hyo decoder A2 SCEESCIT, 2 MERGR T 5 T UG8 Tl :

IR | CARETZR | TN — A
1 (SOS) &
2 * =0/ ¢
3 FEW NLP
4 | REW NLP (EOS)

Horp self-attention #7177 @A L4 A4 K HARERETSE, cross-attention $7 BT3B v &
o BlInAE R “E R I, decoder N 2 53R K “love”s AR “NLP” i, N
I8 24 SR i B J5 — 1 tokeno XM €78 T Encoder/Decoder 22 a4 “ L fig
IO CBPB A RE or ON A BLE A BE RE

1.4 RRFIHH

PLES 2 I BR AN GE ELAR AL T “ R “SOR” “ BUG SR B0 “ I %R SR
XGRS BE [ E K R EAT U R R ST TR A AR (TSI S X G
HlaRoR, INEFRoRIREIMESHHKE R [66]. —MNFRIRR AN 2 SRR IS
B, 3 NAE AR RAE R s 2 () BA ML S5, )5 SRS S 5y 2 ) 73 AU 5
B 2K AR BAE O . AT M AT R s ik, 3B SRR IR I 2R, TR
“OFRAMATRIR . FoRu A3 ERIRIRR IR 7 BB R .
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1.4.1 7FHRRR
ML R BB ERT
WIS RN s, FREE ¢ EEHIN d 410 E:
¢(s) = zeR™ (1.107)

SH s AT —MRE . — NP RSO E Tk EE, 2 MR AR S PRI R
TRo 2o 7 IR E RGNS B BIRLELAS 2 B0, KB Hmisidm s 1,2,3, &
NHBINKANBF; K H AR one-hot A&, W HERIERB G40, AEINRFER
I 55 2 o

one-hot ‘REEFIR

one-hot ZFKINBEHON RIIFEAR T, W REEN

Vo= {3, 1,175},

1 0
O, xp= |1, Xq=
0 0

XA RN REHERA X R R, HIA RIER R A HIARME . AT A RS R AL
AN 0, BRIREE AN V2, FrRATE one-hot ZS[AIHE, “Jfi” Al “H” FALL “H” Al
“URE” IR BEA, X RBEARKN, mEgEEN SRR R . B
GAF At T LS IR KIS, AIABEE SN R R . HHEENE, AFE
MBZEAGEILZGIMER: AN M7 BRI EA S AR E e “H”7,

W =A% R AT BL AR s

X =

DR R TR 4 0]
oA R 230 E SR AL R IR — D R B8 [V BB R,
one-hot 18R x, € RV, MNIEFER E e RV, X% s MRAEETH

e, = E'x, cR% d < |V|. (1.108)

XANFIEZEMN T MERNFEBE R HCH X G s MR —AT. FFE E o LAHEdE% ], f3
2 HILAEAR UGS B . HAT AR ALME B BG4 5577 A AH UL il £ 0 R IR A5 AH T 1)
PRI, 7300 SRS LBk = A L PR AE A o [ B A R e M i g i FH B
B BT AR TE R R B R A IR RS — N R B2 B T 2UAR LA
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L) B LI SR

%.
PBBL B R YRR Ol BT B )

PO el €9
Bo| 0.81  0.62
¥o| 0.76  0.68

K% | —0.40 0.91

R . BRSSO WA I AR, (H 7 A “H” IR &E R
i, U2 AERE IR E gD 7 = AR AR R R IE T R R
FoRMET R, HARRT R E.

FESCAKE IR A, 3] ) B — AL B ) 40 A UKo« tn SRR &0 HEAE A DL B
T, R FEIE T S eI M ST (HX MU R RS RREER, 12
A IR B0 AN 24 ) B ARSE[E BB 1 [102, 119, 165, 181]. 2 i) ) &y — >l 43 e [&
M E bR SRR AR B N AR R R, BN SR table fE AR AN
“HARZAE” AR AT DAS RIANE] A & [140]

ERfRT

AT ARTEMAR A, SRR D RE R HHEZ N ELEE T, [

I REANEE AT 2 X RICE . R B HIEA M, HA&ZH s Eiizie
RO

1.4.2 FHERRES SRR EIE

E—HH T one-hot [AIEAMMERLEIR AN, EANIHIE M FA FARFAEB o AL
MR 2 1] 5 (A A o ) L - AR N 2% PR IR B BB Fi ik B N, A e R B 5 T H A o
HIfE 2, IR TR R T

[RIGHN SHFIER (8]

JE e N B A A R A B 2 T e B0, — 2% b R AC ST e “ T
AR RIEFN 7 FREGRMTERANR, — RO 7R sa i rsl, —ikEBIZ
BREH . N TIBAER, FEAYS ¢ LHEIRN R s Fi vk &

s-2yz = ¢(s) eRY (1.109)
WL ) R FRONRHIEASE] . e “BHIE SRS, ARSI E T —
ANPPRBAEE], 0 A Ay BEAREAE A (R AR bR . BE R BT RS P B AR EEAR DG, i,
AT, AT DA one-hot Ff, JEITAIFRAE, FEHF R IE A0 Fe 3 s s
BEN A M E R IGR A FBOEE AL RIE .. EEE 2K, RGBT AP
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R 5] Bt B ST S R )

MG I ACAAR GRS, e e X 2 r ) 2 AT DAE I . SCE A AIRZE & R SE A2 RS
fiE.

0 AFFAE RS 3 B AR =R R o 28—, JEAREUE X R B R ) SRR R
osk s T, RN SESARIME BRI, 5=, WidkgE. e,
A IRAEE BRI E Sz A, WU ATRE i N TR 25 5, o m] RE M HGHE o Al it
AT LA PR AR Rl i 1 2 >

M HEIESHEXINE

SCAS ey B A AT DA B R 7 ] 5 A A RS A P o TR AR Sl ST 3R, AT SR
RN B AR B . B e T SO R BE A R B, B AT R B H I R S
Eff. TF-IDF {ETA LA BN NI SO, AR /D OO o B 3] 3RS B8 i A
H [162]:

tfidf(a,d, D) = tf(a,d)-idf(a, D), (1.110)

Hrp—F WL IDF RN

Dl

idf(CL, D) = log m

(1.111)
Hrb, df(a, D) RonBiasE D PRI o BSORE Bik—MEREAS 1000 3L
B, R HILAE 900 R, i E” HUHIRAE 20 Fdt. R ZFHAARR SO B
#HHI 3 U ARSI E, B “dE” B IDF oK. T TF-IDF 2PRILH
DRI R, B R SR X A BE TR R . 3 MU, R B AR SN AR B
By, 4 CUREsE BRTRENHE S EAE A it RoR

& 45 5] 5 SRR

[ 5 RS A9 B1 F 1e E PT REAAR v . I, AR R R YRR S AR N, BIR
JetJa B RIER AT R B S I . FRAETEZ A R 245 RN DR B
T . PCA 22— P RRMELNET % [135]. WHARMFEN M e RV*4, PCA & r
NEET AARIERE C e R, 135

N = MC, r<d. (1.112)
EHBMEARMN d 45738505 r 4E, C GBI 28 a7 Z BRI T7H. B 1.16 B T =

AR AL B 4ET7 M RE . PCA GREE 2 SR BRI 45K, (HIX 45 R R
DG I BARTIINAE 55 f 7 R R, DRl P4 AT EE AT S5 1k RE VR A -

43



LA ' LSS S B S SRR 2

14 e T T
19 1 . Direction 1
10 e o .
8- e |
() Direction 2
6 - i
Proﬁ
41 i
) ()
ot/ ° |
° °
0 \ \ \ \ \

0 2 4 6 8 10 12

& 1.16: PCA K “4EBRESGE R —4E LT MR ARBGY T A R E AR
75 7245 2

P2 P 25— AT WU A 5 5 Bl S E R ¢, FHE i 55 2] 4L
z = ¢p(s). (1.113)

ZH 0 AT AR IRSE AN EAE 2 >), WR] DUNTT i 0000 45— R R AR 55 4 R B8 . BASC
A HI, Word2Vec ASELFFLE BRI [ B ROZ U AME, T2 #it— AN RE
MAESS [165]. CBOW AR £ F 3G 35 A0 i) s skip-gram RS HHC ] 0 |~ 3
. BL CBOW Jfil, BARUEERSG LT CGARERS h, FHH 0 w,:

Pr(w;|w;—g, wi—1, wis1,wir2) = Softmax(Wh + b),,. (1.114)

N T R L A TR A AR R, AT A T B RN R, B AR, SCR R A
AR R . B 117 XF b T IR AR 2507 A o 3% B IR B AR IDAE R ANA &, T
FE B — SRR B AR BT 55 5 ST RF AR 7

AT SE R 20 AT 2 ST, AR N et R AR B /b . Rl AR A0 TF-
IDF HNGE SCARBR AR, PCA WEGE PG THERVERS, M MBI RES 2> 2R
FRLE PSS o TR MR —Rh 3%, FRNIBIAA =N JRn N GRAT A, B TR
AT 4B R, UEAE B2 A T AARES .. HRAMESFS IR A L LA SR
SE MR 2RI, SR 2 e S OB SR Lo S 3%oR, B EiE 8 HinESs, X
TN ZRA R R

1.4.3 FN&EERTFTH

b UL, RS W] DL A 22 2 Bl R ST (HIRE R S R 2,
1 BAME 55 AR E BB AE LA IR, B NBENLZEOT IR 255 5 B A PR e B 41
o FUNZRIA R E R RIFE T 18 = > — ME A 2 HE AL, AR IR
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Pf(wi|w172, Wi—1, Wi41, wi+2) = y(wi)

y = Softmax(hU + b)

i+2
ej + Zj:i+1 ej)

Embedding — /‘J

—

e—2=1y; ,C ’ e—1=1y;, ,C e 41 =1y, ,C ’ eiyo =1y, ,C ’
Wi—2 Wi—1 Wit1 Wi+2
(a) CBOW

Pr(wi_2|wi) Pr(wi_1|wi)

=y—2(wi—2) =y-1(wi-1)

I !

y—2 = Softmax( y—1 = Softmax(
hV_; +b_5) hV_; +b_4)

A

—

Pr(wiy1|wi) Pr(wiy2|w;)

= y1(wit1) = y2(wit2)

! !

y1 = Softmax( y2 = Softmax(
hVy + by) hV + by)

KFJJ

Embedding ‘ h = w,;,C ’

T

wy

(b) Skip-gram

K 1.17: Word2Vec # CBOW 5 skip-gram I ZREEM) R . & 400 BB SCHE

S ARSI == S RPN £ 5 L
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NS EIT R B HARMES (65, 99, 176].
AL FEINE
&?ﬁﬁ”éﬁéﬁﬁ‘yﬂ Dpre’ E*ﬂ—:/ff%iﬁyﬁyg ’Z)t',askO %ﬁi}”éﬁ%*{(g
Oy = arg mgin Lre(0; Dpye), (1.115)

EU\ Gpre yg@/@:%‘l’;" H*ﬁ"fi%:

Otask ~ argmeinﬁtask(e;ptask)a 0(0) :epre- (1116)
SN, TIZGZS 8 A0 1 8l s ety . HAMES A% Ak
SIPTAARE R, AT DA RIS P AR SR A sk b BRI, TINS5 fe

g B AR . BeE IR =, FFEZ R RAE S 2 1B = — RO I 2R
A B 118 il SR8 H], R 75E5 o IR BRI R

Optimizing C and 6 Using optimized C
via language modeling on the new task
F 0,C () 7T,C( )

optimized word vectors c

Training Word Vectors Applying Word Vectors
Bl 1.18: il it &E B AL 0 A ) & I IE R B HHE S IR B

NG RATIESHEE

NG — il F B R 22 ST, AN T2 — R Ba R A e A 4 kg . 72Tt
AL, SR B Transformer B PASGE G KRR BG40 25 X bb 22 S8k
T PR B o ST R AR, PR B H ARl 125 R 7p RS 55 . Rl E AL
B E] DS TR i () P 2 B, D B S HERIIZME S O R G, K
Mgy >y, W] DOl I PSR i 1) 15 f B R A A M TR R R 2%, kAT
TR (61, 79, 122].

IR BAE 5ok, FIZRmT LR IR AR EECERE B AREHI
R RIFATE S BN TARSE s B B T SR MR A S & i A A E b, 9 W g s
P P — AN e R O EEAS RIEC AR s A 4 00 M B TN 0 U 30 5 A o N B
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gL ] e I L cE PO

AR S 2 SR . e AT A RN B AR RR R TR St I AT R, FHE
A H R AESS -

AT LK ESRBRFTIEZ

KGOS RESH, B NS WEHE LIE TR0 AFXESH S5
I, SCARFPHIRIRRAE 7 AR B M BHE 5 8@ iSO T —> token, BRIk AT
53 token JEWKEIRNE, HATEIZKNLIRE, BRI DR R ESOAR B REHATIX
BETRINAE S5, MR EESliaih. AlE. R Aty DLREHE o s R A R AR K

EE N, WIRES S RE M I e DR A . SERRHNIZR )5,
(Al — L Z 40T DUEE WOR  RAE SR R NG BE 2 M55 . BRIk, BUACRTE S AL
RN, FEA R BOSNRESRE 2, 1 BB ZRE KR B & 23] 5 2 4E
ST IERALK (72, 92, 187]. Ak, TINZR BRI ZGEIE H G-, EIEA
RS AR 22 S8 EfmBOE & P AARESS, Vhms 2N e YA Frd iz

ERRT

WIZRRRZ Lo “Sesf I T R EEH, BN H AR RS 7. BREWT DU AL SO

K% EE AR S b, thm] DU A I Bl B o F b BRSO ZR
PRANT I i 22 (A7 AL AR T, (EAN R AT AR —— R B R &R

B A R S A TG A

FESCASIS, Transformer 5 W) =Fh 544 73 mil 0t B =8N 2507 200 I TH R0 B
KA T U NS HELAMHAAE L, mARRS —Maitg aediH—MHz.

decoder-only A5 838 % K H B BH Hbx, AR3E M B SCH R —A token [184],
STFA x = (w0, .., 7)), FXTEALSRIT RN

m—1

Lar(0) = ——:g;log5?0m+1pm,”.,xﬁ. (1.117)

WERAE AL B SR — IR (5 5, BRI —BERARE AR LLE s~ 2 M\ B
Fxte X H bR NGRS ARG T, V24 saURE 5 B LR

encoder-only 1744 K H masked language modeling. Il Zkid #2 Bl AL I8 #g 3 43

token, 52| x, FHAHX A LT XIKEE token. IR BEEEG N Ax), HikN

1€ A(x)

H T i o BE 06 [R] IR 224 TR 30, IR T T 26 K= AP 8157t . BERT
FEIX SR IS [92]. IIGRSERE, FTRARSERT T token TS HYZ, fREd

47



R 5] Bt B ST S R )

T2 E N R IAT S5 A AE . B 119 XFLE T A RS 5 s & A A e I 25
1N AN o il N Ve B E

encoder-decoder #&7Y AT DAFEA BB () 5 N LS [B] 52 BE PP 31 . W C(x) R
IR BRAT AL AR A AN B BOR s, £ H AR T LS

Lpap(0) = —logP;r(x\C(x)). (1.119)

XA ZRER g de AR SZ s N, PR e s A B AR P21, DRITE S 22 e
SN 8PS AESs . BART BEMYIZRA T5 1 span corruption #5A] LA
IX—HEZRER AR [148, 187].

NINZAR BT R B BAFMMES

WNgrsel)a, B =FF AR, 58— R RETIZGSH, R
WE—MENPUES R . 56 P2 fine-tuning: PATIZASHOAEE S, H HARMES
HAR T B S 5 =& prompting: TS5 RAFIRFIH SR N
FEANF I S B o D B SO T 5] 2B SRR S A 55 [72].

CAGr AT 0B, TN G a4 Se 0 NS 9 3RoR b, 1 b o 2888 e HH 28000 70
Afi:

h = Encodeg,,,(x), (1.120)
p(-jx) = Softmax(Wh+ b). (1.121)

Gingimig e, REH W Ml b, B2 bR HmiSRSHMS 55, e
fine-tuning. & 1.20 Er 1 [F— IR &5 a0l Ik 55 2 A TS -
PAS) - “ R S S AR R 7 e, B RN PR mT ELUARSE i 48 000~ — > token:

R 5] — K.

I AR AT DR S A

¥

Wi [MASK] s £os — 2420,
£ encoder-decoder #5284 NI AT DAAR 455 52 45 4 N\ 26 4 e #7471 «
FiAl [MASK] Fon — A2 S MR £oR.
XY ZRPEAR AR B I a5 s 3 ahiid, AR N ThniE. EAJcia i 2z > nf
SHMXRR, HHEBTESREMERREIEAH. X& “Mil%4Rnr. THIER.
{55187 I ELR, WA SETH 1S PR E LS . Ak Az AL iEFE T K
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LA FoE Ml AR 5 R oR

Lo X1 T2 T3 T4

Zo . — Pr(gjo) =

= [l W —  Pr(zileo)

2 B B —  Pr(mep, e)

=1 N N B — Pr(wzsleo, e, e0)
T4 . - - . . e Pr(w4|e0,e1,e2,e3)

(a) Causal Language Modeling (order: zq — x1 — 29 — x3 — x4)

masked masked
To T1 T2 X3 T4

sl EBEE —

ol HEEE — Prle cume ume)
z I HEBHEE —
=B BB —  Pr(esleo ems €, €k, €)

masked

«"HHHEE — 1

(b) Masked Language Modeling (order: zo, [MASK], zo, [MASK], x4 — x1, x3)

To T3 X2 X3 X4

zo [} —  Pr(z) =

2 B B B —  Pr(ziegese)
z2 [} B u — r(72eg, e4)
(
(

5

T

w

. - - . . e Pr x3|e07e47e27e1)
zs [ B — Pr(z4]ep)

(c¢) Permuted Language Modeling (order: g — x4 — 23 — 71 — T3)

1.19: ANFEIE SRR R L s R ST R E R AR T SR I e % 21 IR
s ER3C
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Self-supervision

E.g., evaluate how well the

model reconstructs the masked token Output for Downstream Tasks

Softmax [ Prediction Network ]
Pt ottt

‘ Encoder ’ ‘ Pre-trained Encoder
ot (I A N N |
€y € €9 €3 €4 €y €1 €9 €3 €y
Zo T T2 T3 Ty Zo T i) 3 Ty
(masked)
(a) Pre-training (b) Applying the Pre-trained Encoder

Bl 1.20: T ZRgmbt a5 S L Rl N R B TGRS B B gt & o] LU 21702, b
ESEAESS T .

1.5 ZAREND

S LA ST B AR 5 R ST BB RS, T — M “HdR R 5
ISR 5RAZ. P2k, BATNFE. I SR RN A,
BEIHLAE 2 5 N4 R AR . PR AT AR — MR, — Rk, — AN
SRR AT LR MR, — MRS ARG T SR Y S
BSOS, AR ED R X RAO4L 4 SRR T, AR RA
TeEHUI, 2 5 5 B 26 I 2 R 0

P SRR R A, TR T — A 2 R e 00 A A T A
B B FAEAE S TR e p T A I 0 48 L T U 4 K i 2
MBS (G — 2 . B 0 B R AR S AN A AR, TR “
R A CRHRS”: A AU E TR R AR SR AR
IR i R I ek . [ 11 JR T 3 — i R 7 el — Sk S P b sk

e 33 BRI R T BRI I B 3 L5 A L8 S
(R, T IE DU AT — S A T A A R AN LB BB o P B TR 5t
B 4R BR RIS S S, BRE T M4 th T BB S hdint. T
PERHO A, BURVRIE LA R O AL, TR B St BB B 55 T I
BB A 513, R/, Sl SRR IR IE A s 252 25 17

BLE2 ST BLBI S M ST . G DR AAIVT (DU B FETE o B2 ) et
TRV, T ST FHm SR PR, B ST U A A B e B £ 5
GYAAT S5 R T R, 2 S RV BIIN = 200 JA 45 42 AT A0 0 A A o)
B, R ST AR, R B T B, R (R A L
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R 282> B LA STECRIRL 5 KRS

. AR VPR ER S aR i, IZRRZEIEA R EIRARIZALRE ) S uE S AT A )
gy, 2N TARTHE R OR WA R, AR ORI ZRBE | “BE R,

IR G E 7 FeoR | NIRRT 2 2 R RANHL. B = ) M g Y 25— 2%
SERIENE . 2 RREALEE AR AR BRI S, AT R A A Y
AR RRIRAE ST FER INUH]E— 0 T E 11 B E KR R S PR, AR
RERE AR 4 HI A7 B A A5 P AR HIE B . QKV IERIEE B IRy —Fral ik
IR AL query PR BEHAT 4, key HREIULECFEE, value 2R EWERE . Y
T 28— AR 25 S5 40 AT PP 21 G 6 5 s 9 A e EE ok, LS B IE . 40 22 A8 R
5 R ST 55 B € S i ki

B JE AR5 S HR 23 A1 F TR ) 2 AR R ATL ) R FH 2 AS [R] 28 B F) B G
one-hot+ TF-IDF. PCA FAHLE 2% LR 70 Al s 1 B EmAY it ikl Lttt
AT 2 ST o SOA R H A — AN B [FIRE R AR EE T BUR . & & B
MM SR B s . Rt — 2], BIRFRADIERMES EINEFT, ]
DA K RRAR ES 4t HH 3RAS AT S H 454, PRI R AR SR B, So B i # B 2 AR T 55
KIEF BB B RPN R SN e A, X — 18 AL A SCA I ) =
FRARZRAE LI

MG ERFEM A ER, AR S —HEM TR . B el fof.
PR 2 AmIEXS S AR i, Ao S E Bl BIAR T RIS A WEROR, H
PR RN BT, R AR S SR, B IR AT Rz AL, TR ZRR s AT i
BB TIAESS . HEIRIXEER 2 J5, B3 7 DN 5 B A W RBE A SO R G 4 M I
REAE AR N B RS 77, A AR BE RE E 1 2 2 Pa AR I EOR

LICES

Lo MEEEAE m MEAR, BMEARE n MFIE. 185 HiZ8dREN T
B, I UL BIREREROAT A5 23 Sl 5 AT 455

2. M E a=[1,2,0,3] f1b=1[0,1,4,3], 5 _HRLAM, FHMERIZSH
FE TR 27 AT DL AN ] B

3. IR B S AR, R U B R IIZRIREAR, BRI A
E R

4. WIIZRH RN
T(8) = L£(6) + Al6]5.

TH U R st A, X BRI R R I Zh 2 52 B ERE IR

5. H B SR TE RS AU A AR AT S R AR B DX o AT A i e ) A% 3k AR B2
HEAGENAE T S BRI 2

o1



il

R3] HE USRS R 5]

6. fEXADIATSH, WRIASER. TF-IDF FRAlAHERRHNER. B
15 PR ER T RS R, N ATRE & RILe(5 5.2

7. BB BB IR EEINE B ES S RkEWE, If
#2E—A NLP (L4411

8. X T QKV yERE 1AL, query. key Fl value 73 A A4 2 NATE
BAREAZERIINERY, Mg value FIIHHI?

9. Eb# decoder-only. encoder-only Al encoder-decoder =TIl AR i)l
ZrH bR, AT 7 B IE A MR LR () R A SS ?

10. ZEEARBNE, Wit DREBRTICHE SR AGRE. NEFERR. #
RGERE. IZRE bR RN PRAL 75 XA 7 T AT B
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BT ELFIEM

B REESS. IR £
2% RENBEESE Reinforcement Learning without Tears: An Introduction in the Era
of Large Language Models, ¥B5rNABIE. B HIE KR

WEZHBRAEFZ ARSI —DESIMAG L —IRER, MAIELERERE. PlaEA
AT A 2B T I 2R A B, R R G R0 e 1) B R 2 R IS 24T 55 I S A
IFIE], HEAF RS RN B AT R P G HIAT N o BESRAT 55 i B4k B s v B
IS5, W ARKRAENSE BIRPRAS AT UR B AN1E . sl I W 5T 1) IE R XA E
BEMBESIMNERE, KBRS SJKCHIR TR R B K 18] &

SRS SRR AR R A I . e R AT e Do B v A o ST L BRI
g tirsm A, R EA T HLEs A SRR A 2R AR e 51 e o )
B SIAM CN—IRRE” FEARANE], s ) Il AR B EAC . R R
WARRAFSE, FIWIEIR R4 RN TR T ATk o s, e H O A&
5 52 lRAAT N Z A E AU . W B BRI, I PP 22 0 2 S USRS A A 55 07, #72
Pl SR 1 S8 R M B 0 i e iEE SR 1 o

IR SRR R — 204K T 2 A 7 ST BE i AL B KPR AS AR . TR P #2224 7T LA
HEBENRGS SRR EEKR, DQN £ Atari Wk 7S 1 o 2 i 2 > 1k
FORMEHIRE S BEJE, REE LI 5K BN GRS, RS 2 2R M8 i
fRE R . GRAb S S B AR H AR Az ] ), R B 4RI . R SR
AR FUAE R BOE AU 52

KRS, SR 21315 T t. Ml Zesad Tl i &R i v —A
) o s S ARAIE S RE 7D, (B “BERINGRIERL” JFA B35 T BAG HP EE.
KRS INRAT LAEE R VR SmE, A O B EAE— e, HRH AWML, 3%
JIAREAY . RIS £ 5 BURT H Bh I8 UE AT 55 45 R AR e it BE T NSRRI sRAk 5 )
(Reinforcement Learning from Human Feedback, RLHF) t#%H T 5CGE 45 2895 1 A
FAmIFXRT s R RS TSRS IE A . WESEES T, i v H T 2
AHEREAT N .

PRI, 724 TR R R R, sifb e ) s “CA B 1" 5 “Hiw
TR MEZENGT B, HEIZAZEERAENE ERERGNEM T . EIif
AEBARINGR BB OR . R THFE, WARFTAESELIKHBTE: R
A4 HARRe S AN RTE et RIS R 220 78, IF IR SRR AR LA
ey, sl I LA R 5 K A% . RE A REAARESE H AR, SREE S ] fg
B ROA 2L b = E R B RETE R, R E BRI 5] B2
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https://wangclnlp.github.io/RL-without-Tears-site/
https://wangclnlp.github.io/RL-without-Tears-site/

LA BE aRiaE ST

ol A 75 92 R A ko

REE AR BRSO RS S R DU B A, B
A FH A PR A28 B A P s A R B ot s s A RE N LSAR S5 I, A
R AUIRAS S BE BRAPHAL SR R T IR . X g G R a4 7 B F] - AE
5 b, RSN T BAE AT =

BRI ZR TP AR P . B — R T LA 1, BRI R4
RARBMERER . WRRE P 1, SUm—2M— Bl TR Fa— KRB T =28
mEE, HERN R TR Lt B ek b, gk, B AREaE s
T, WAREA T LB R BRI ONE 24 . B2 R OE B 2 SO IR 2R R T, IR
el b 2B E RIS AR AL, AT ASRE R IR A “R AN —AR%E " Fiill ik 1X
—il .

TP AR FE A AR R BB UE, AR AT P AR 2 Rl e B I IR
o BRAERDA WY, FOCRAEBERE: AN 15 x 15, FEeAHGER, X F
LA e T 205, B R AM S e B, RN PIE R UOE T HBIE R
FIEtER A AR PATX TR, AR AR B REAR TR — RSN I R o
I AL E L BB A S I, R H A . B B TR LR Ay 1.
—1 F1 0. AFTHREUE TR TR SRR, AR BL IR RE R 1T
MRS,

o BB — DI PSRES RN AL /RA] RIS TE, HXHEDRES, &
RE AL RIS 22 il A 30 [ 4

o BEMCMRFE Q-learning. ZRMEEREE. Actor-Critic f1 PPO HIFEHKk#E, DA
XKLL TR & H A B e 1) g

o BEMBARARAL S5 H ARt IRZS S S ah. ARAIVEE 5 %, HRBIE L%
P INZRAREE . V2 AR fa i 22 5 SR R XS

2.1 BUFEIERGE

—A IR SRS BB YIS N R . R IUE, I IRUE 2 ERER
HACET. W2 15R, fEREREDFONE REM; HoRREw sl K. EAH
RE MR LA H IR > GEAR A B . B RIS 2 G FRBfE, HEAT a1 E IR
HRE B N RIRSRE AR IR B A 45 R

AR (30 I AR e — 1 o IR BURE I, W] DAEXT P RS — &5
WA DIEXU; EE FASL R BER . PRI 2 A R SR AT 23051 Ik,
TR BRE X G B LSRR, 2 e A RE WA A 124, DLEASE

JG
2
[E]

o4



LA BE aRiaE ST

Kb (r)

T4

2.1.1 LI/RAIRARFRIIE

R R S 2 (Markov Decision Process, MDP) i ik =z B 1 —Fhbx
R . I OCEEELRANE “AESWA IR, TR UETIRES DM 1 1Rk B

T REE . S YRPIREMEMEE, BREPPRES. SiEAN S T —IREEK
53 A«
P(s41 | 8¢, a8, 801,041, - - -, 50, 00) = P(S¢31 | 8¢, a4) (2.1)

Her, s, RMIBAENZ] ¢ FPRE, o ZHEPITHENNE . ZXAFEXEPIRER R IE
Ko MARI DT FMEEZ I EL . RS A A —kF I EG, Erae ik
W BT 7 AR IEAE SRR 2 s S B R A A2 78 70 RAS o v DA N S A0
TS B R IZRES, IS 7 IR RS B

—~ MDP ic N TLoc4:

M = (87 A? P7 R? ,Y) (22)

Hrp, SBIREASE, A ZEEN, P RREHEBE A, R ZRMEE, < [0,1]
RPN T . A 5

P(s' | s,a) = Pr(Sepy = ' | S, = 5, Ay = a) (2.3)
A il BRSO R IR — U 7% 7 A 1R BB e A5t

R(s,a,s') =E[R | S, = 5, Ay = a, Sy = ¢ (2.4)
IEXEEEH/NG vy R —IRSEBRAE AT R 2 BIREAS . 223 R 250AT DAK B HAh S5

S BN RARA (s,a); REEREEALHF—IHL2%E: FHIAE s AT o BEE
LI&@J T+ j‘?iﬁ)\ St410
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— IR MHTIEIRZS BN RS I 5288 HRR AL -
T = (80, @0, 70, S1, A1, 1y -+, AT—1,TT—1, ST) (2.5)

X sp RAUDIRES, Ha —RESMERMZEI M ary 5 rro1e BERX—ZIE AT A
et JE SR MR TD H s I — 60 F hr 2 o

LRl RN H R T IRGE TR 3 o AR 55 BAT P SLHGO, P A ERE B e ik
HI MDP; FLIE [ i) AU H AR 2 15 S IR AT 12 AR B S A5

2.1.2 XEITENSE

2.1 K MDP i EEX R G P MUES X RGEK . X BIEW FRIAME, JF
e B REAR AR ZHT B % T

R 2.1 9B S REA TR AL T R AR B SG R

TR ¥l s Tt R

&EE — i 5 2] I T AR LT

285 — BUERRI L G DL FAT

MERES s SEREAUE . AT BT R A B

BEEAEIN o SRR ten SRR HIE B s8I AT 5
St *H]a

sHfE weA M EEE T

BB 32 [ T AT St i e A 7 A ) B At

W ra|s) o5 SR THIEN 4% v T OB H S 2

L7hus T MIF R BN B & B 58 28 B3

RS E R H X HNEAT AR OR B o PABDIRZS N S s R g, WLl 2
BRI R A . T BUBEIE R g A mT W, BRI T3 T DU s plas Al
FHRALES . HER ROt RS S P E EIME —F AR E R RO TR A S,
el MM AT e e s, AENSRIS RN 3 R A5 BRI H B o

RHE T LU MRE e, WrT DURBENLE . B e PRSI A& IRES T e — A3 s
BEAL SRS S Rk A AT

m(a|s)=Pr(A;=a]| S =s) (2.6)

WIZRE H AR A LS B — 25 [ E B, 1o ik B AE T REE 2 AR T K
RUR UL
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2.1.3 ik B#Fr

SRR R AR B U E R T A W Z ¢ TG, BRSO
bt i 3 B BT Bl

=Y ' (2.7

PrnE T o PRE RRI DAL Z BT VPO P A . BNy SR IIAE A 8l 11
TRE S 2 KM .. EAREIGAES A U y = 1; T el BeEMRFFEERIES, T
i B ORAIE Bl S AT R A 5E X
HEZIN T NIRRT ZIRAF R HRIEA R(7) = Goo SEULIRNG mp 2285 T HPLE
A pe(T): SRWSEARSE, B REMR TS 1] IR AR 21 1 Bt th 2 228 . SRemg 11k
RE S SOOI B (912
J(0) = By (r) [ R(7)] (2.8)

Ik SR BV RS AT e R 24

0" = arg max J(6) (2.9)

RAHARAWEAE R 25—, AREMEEFT AL, R RERERFEEEE G T SR R
W, REE— BHOR, MRS MBS BRI ZER, EEETEAVERMT
ENTERIRIRE I, DLSCERERI R AR Al 1 58T S

2.2 BEFEIHNEERRNULES

FERT—T gl S R EOE SO I R ARl e KA [ AL, HoAZ0 H b A2
T ETERE PR AL J(0) e R B AL SRS . ST, FESEPMESS . SABIRPIRE R
Mo U H M LLSE 2 3RA5, Py vl BER A LUt ICIR g — M2, DR AR A BT
S BE PR BT SRR e e SRS o iAo 5] B3k 7 A R RE AR 5 A B 5 B 7 A (R A R A
A, SEANFPARZSASIAE Bt K BRI e ZEAT A T, FFARYE AL T S R AN i st o 55K
I o

R gt etk 5 sANF, 5 5 ) B A AR SR m] LA 93k 1t e e 20K 7
AN SO T ik T ME R B IR E S T R IS B S S E A &
REWE IR AR B3R, FRARAE AN (B A TH4E RGBSR, K SRS LAk il AR AL o0 i B R
GO BESANE S LTI S R R A D RPN RS (aFC e 1 € R L M i BUR T S H e
e v R SV E R FERIMEES, T SEIN I BRI ILAL . 2R TTIRAEAL AR
B SEERE T AORUE ) 5055 75 TH 2 A A FRE A

FEBEIEAL b, Actor-Critic HEZLRANME MG TH 5 SIS LAk 4i Sk HAr, Actor fi
TOARYE AR A E BBV I BT NE, Critic 1 ST PPl 2 B S SR MK RS,
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I Actor IS BIIEHHE T ZMEZRER IR B 1 SRS 5 R AL BB AL s I S 1
AIRIIRE ST, WA O e e A e s ms S A rh Al vHpe sl ONVF 2 BRI
> IR A

2.2.1 ETMERHUBGE

T B 2R T A LRI AERE G, A SR SRR . O ELT VA B
PR AL B 2 AS 2 AP BRI, EREAS THER AR BRI 5200 2
FESRNG m T, RSO E R ECE N

V™ (s) = Ex[Gy | S¢ = s4] (2.10)

BV AT RXAVRE, IR « 7807 IR R SENE R EuE 5
[¥ 5 4 AT B A -
Q" (s1,a;) = E[Gy | S = 81, Ap = ay] (2.11)

L, VT R, QT R R R A . P RS S A
BT ESR SIS 4k TR ER BG4 T, LM R .

B 0.2 4 T 3 BUR R F R R RS TG B A, LS R4 3)
(e AT 7 T R L 7

e [ okpwrs
0 SRR AR A-(78) Qo A) = 15
W AE AL B: (8, 8) Q(st, B) =6.2
9 —_—
C:(8,9)  Qs,C) =37
8
D:(9,9) Q(s;,D)=—-11
7
0 ‘ S e ) ’
6 7 8 9 10
@ = O ‘ FELEIECE (8,8) BT ’
OF: " WOF "

B 2.2 FFENEUMER) T TS Tk

IR ALE (8,8) HIfhith B i . HiXeeflivh R HERs, JT0RIS R
Th Als;) Hik#

a; = argmaxQ@(s;, a) (2.12)
(lE.A(St)
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X B AR AR A B KA, MR R AER Q 1. [k 2
Gy =1 +7Gi (2.13)

FIt DA S0 i) @R mT LR “ AR RN 7 A TR RS ZE R 7 s L ahE M E R
H, X ROy DUR 8 s L5742
Q" (st,a;) =E|ry+~v max Q*(syy1,d') | s¢, a4 (2.14)
a’€A(st+1)

IR A M B R A E I BB R R N RS R BTN &I s E. &
Spp1 e HARZIIRES, RPN E, SRAEBIHN E %,

Q-learning N ERIEFTHITEFHFEMER . LGB — IR (50, ar, 74, S041) EHH
FUL HbR

yf=n+7,£5X)Q@th) (2.15)
EIEIHAS T
Q(s1,a1) < Q(s4,a0) + o[y — Q(s¢, ay)] (2.16)

Hrb o 25205, 210 g — Q(se, ar) RIXURFEAT RN 20k 2E . HH B
T RS ERBAENE, TEREFEAR A B IGAHAT FULENE: X IERE Q-learning
PRI 28 SRS AL o

LA AL (8,8) Al BRI 2.0, %5 IEDI 25709 0, T —RaFeR
SRR RENENMEN 6.0, HI v =09, a =05, & 2.3 R 7T XREH.

MWRZELHER HTENEBR

HEr i EsT | . » | E=HmENnE
. . | T Ry 22 Jih: vy = 0 L E bR T = L -
TREAAIEALE (8,8) 61— S ——— —_— "YH}_?JXQ(St+1711/) — | ¥%: a=05

Q(st,(8,8)) = 2.0 n}f}xQ(stJrl,a') = 6.0 ye = 0+0.9 % 6.0 = 5.4 Oy = ST

LA~ < - kR

Q-learning EFHAR
Y = e+ ymax Q(si41, ),
Q(st,ar)  Q(se,ar) + a[yf, —Q(st, llf,)} .

} forgetn

Q(s1,(8,8)) « 2.0+ 0.5 x (5.4 — 2.0) = 3.7

WA ) H bR A TR A A
DA B B (8, 8) I Bl 1 A f 1 2.0 2 i & 3.7,

K] 2.3: Q-learning ZMEH BBt FEn =

Hob Hbs N
e =0+0.9 x 6.0 = 5.4 (2.17)
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B5jiid
Q(s1,(8,8)) < 2.0+ 0.5 x (5.4 —2.0) = 3.7 (2.18)

HAME R T IR T, BEHIX OS2 21 J5 22 JR 1 be S S PO SR 4 o — VR 3 RAEAd
W] 5.4 UL, AL E SR BIRE . RERFEILZRIZNE D £ A B E RS,
(A T BE ARG T B AR THORE &5 . = ) R SR U T .
W AR 2k B AT Al v e = BN AE, R RR A& TT R 7K I W SR AN B AR BN A I R
T H ] e-greedy 17 MM &
M A(s,) FBENLEENE, B Ae,
= argmaxQ (s, a), MERNT — . (2.19)
a€A(s:)
He=010, 2 10% WRKAESENEPREIIRER . IZEINEZERD ¢, HA
Ae A2 [E e AR gk R EZLRESI AR &, I FAF IEIR R R S iRz
46T K

ERRT
Q-learning 7= BT 7 B AT IR —RESE B ZATB0E, JEAERE R

Q-learning AEf ELIRM e BT BIE A EHL TS, 15 x 16 A &%
R B R, 48R 2 HOIRS AN ] B A V5 1] B A2 5 2 1K

INHBRAT 55 AT LU AR DR A BRI IRES— SRR I U 55 ) ik Bl e
2% R AL LGS, EMEUVREHZGIHER . R Q MK TR 05k, HE
e EER P, A RMSER e BT, AEAERX B RIT. a7kt | A
G T R A B R B R S E K3 5. R i N AR R
A, BERURKE, MR BRI R R R

2.2.2 ETREEMAUCBTE

PHETTEER S “BASEEZ A7, M ER s s, SKIg kB X
AN, EHEE ST “TEMATRA T, SEIERIS S AR . i f
A AT RN, R (L RO T AT B

WS EAL KNG A -

mo(as | s1) (2.20)

Horb 0 2SS BT E Sms fa HBE R o R A RS AR SR IE it =
ATEER AT E . PIAIEOLT, INZRIIR R AT UM 3 A b R AL S 1

FER B, s 2t BB, it AL B logitse EVABITEREASHERR
CAETHIE R, H—WE/aas 6 LR . B 2.4 g — D RioRsl.

60



T | , ( VT W A )

R A:(7,8)  m(Als) =015
w
et B B:(8,8) (B |s)=040

C:(8,9) 7o(C'| s¢) = 0.25

D:(9,9)  m(D|s,) =020

Qg ~ 7T()(' | St)

g [ W AT RER

K 2.4: SRBEAS Y day A 7 R TR O A

B PO A A B RS 237508 0154 0.40+ 0.25 F1 0.20. HiE B = (8,8) Al
REMRIZEH, (HIFAR IR FE -
ay ~ (- | S¢) (2.21)

XFEEHLIECR B T IR R o PN 2 T QR BERATE E Al B A o s R A AL
IR BNE, AT A e PR B E MW AR DL, AN I ZRIN BEHL SRS ) 58 BRI
SR LB R I ZR 45 R SR IX SR ? B mp 2B 2N

T = (80,00,70, 51, - - -, GP—1,TT7—-1,5T) (2.22)
HH FRAT A B KA BA 2R B2 [B] i -
J(0) = Erpy(r) [R(7)] (2.23)

A XS K BBy, nT DB TCTR EBSRAT R BLI2E HT 22 e Ay a] R A T ) SR
B

T-1

Vo (0) = Erpyiry | > GiVologm(as | s1) (2.24)
t=0
Hor
T-1
Gy = ZVk_tTk (2.25)
k=t

BRI Vg log mo(as | s.) TR E CRMEBMER B R 9T7 10, Gy tRiEix Ay
PR AIRE S o X AR IR It P 7. R ERY A IE, SRR
REINFORCE S 71/ il R4 B %30 M2 . BRI — i AL 0 T A 25 T 40 =)
W E 3 KT, HED L.

B UZR-RIE R T Bl BT 2 35Ky REINFORCE. =4 Hif &

61



LA BE aRiaE ST

KAE N KR, AlEME

N T,—

1 i i) |G
Lpc(0) = N Z G\ log <a§) | ! )> (2.26)

i=1 t=0

[y

B AR B R B RS i R B /hME.. REINFORCE AR s B FE Al THE 3 L 5%
PE R JE, ARH AL 05 B JiE S5t LA B THER B, 1Ty LA RIBUIZE R 45 2R AT REAT
ZR K.

IAREE E BN R ) B 2 A R TR ol , ol R — e . Ty — R X gl
HUHZAME, RAREGRTT 2 Rk IR IEIR . B REVR AT RELE AT I SE
TR G, ABOYEIR— ORI R R . W SR S ml el E A T B
i, —SEERGHITE T U BRI . SRS, SRR BT et SRR
BERIENE, (HIXLEB1E ] BE DK Dy fie & SR T 3RAT 1L 7] BE 8

X 1] A5 FH 0 BE ). [ — JRy T 3 v 6 DR D AT AN A R FEAN R 1
R SER, FTBLBARBEN Gy MR KIIM T, SINFEAS e fif iz, AR
RE AR R B LR AT S A5 o

N T BN IR B3 A SR R, T LA NEELL b(s,), MR 532z
[A] F) 22 (AR S g [l

-1
Lra(0) = —E | Y (Gi — b(s)))logm(a | s¢) (2.27)
t=0
HEFE AR BT RAEBN R, AU BAFE I 2 A SRR I, HIGE
BEARTT 22 o IRASAH IR ILE AT DL D9 24 A R T A 1R 88 (Rl K P S S M AN 1
& CRIREHRZ T NIE”, TR “CRREE R R TR T R R
A HS FH IR S HE B 2 RS I A R 2L

b(st) = V7(sy) (2.28)
I, RIS EE 2 (A ZE R LLUE N
A =G — V(s (2.29)

XEHRARE A™(s,a) = Q™(s,a) — V™(s) MZEFFRIEA T BB S R
PERIMER, SUOLFRARE s IR IR B4 EE Rl Y 400 1E £ S AT = e

D LLHT SR L AR . RS REARAEIRGS s, NIEFE TALE B = (8,8), X
AR FEMEARN m9(B | s¢) = 0.40. Bl 2.5 o 7 iZaAEE AN AS F] B3R 05 O0 S B9 5E B
4R

FEE] 2.5 M —FEOL R, ZhfE B 3R1GRISERREIERY 8, M HATIRAHIZRL N 6,
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. ERE (+): ERESTEEZ [ ammzEs "
HAHERTS s Gi>b(s)  RESHELL: b(s,) = 6 WEEEHRE 7B | s5,) = 040
1y \ —> - —_—
4 R 5 W R =8-6=2>0 mo(B | se) = 048
mo(B | &) =040 | B ERIU T 200 R A7k 7 | AEEEBEENE B
e 24 B 5 W SRR
at:BiWB& AR (-): EHRETEE T O
e FhrEHk: G, = 3 W 5 A
Fﬂiﬁ{giili;lﬁl?& Gi <b(s0) ,{j(;‘gtggi b(s) = 6 MERIEEMER  19(B | 5) = 0.40
M A = Gy — b(sy) B G
=3-6=-3<0 7F9(B|St):0.32
W R BUAE T 24 5 T 0 4577 | JREHERE B B TR
B 2.5: [mlHik 5 L0 ¥ T2 R R S
AL A T 9

A =8-6=2>0 (2.30)
X4 R, LB B SEhRR I AT MR PR, SR 4R m s R
PR
{EE BT, SIE B SRBISBRERY 3, K542k 6, KRIILA:

~

A =3-6=-3<0 (2.31)

BRI, SRS SRR E B MIEHsbR. wH, BT OER S ERILS ZHaR
S ACTZ I ZE R, AN BRI R

ERRT

J5s REINFORCE FIRA IR 45 s AR INAL, FFA R BT “ LR b=l kR

FIEST”. SINRAIERLIR, G, — V7 (s) A B HEIE A 5 MR T
WACEZ %R, RWHEIT %, (AR & AR S0 (5 7 4

IARABERNRZEHR, AT DI BRI ER AT VR 2Rk . XA
SINM TR, HAETE K H B SR m% . Actor-Critic 1F 2R IX — &,

2.2.3 Actor-Critic #EZ8

REINFORCE H & B R A 2 ) J5 S [l i R B . XA PR AR — A>T g
RN EAR, EHRISM . WBh K. Actor-Critic F 2% 215 2 N E AL 11 B R —58 5
WA AR ) [N, E BB B R B /N T 22 2 TR Y — o e %2

HEZRAL 5 AN AT USR5 Actor 22 E0H 0 WITEEE mo(a | s), 1371735 Critic
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RBHON ¢ WIMEIL AR Vi(s), ToT T =arskng TR Mk, — 3% nT DL A A
SRS, R RIS IR, AREOUE A A HERTSEEL R e AR PR S
v VAR

FERTHRUESS T, — SRR AN TR T o Actor YK s, It

mo(as | s¢) (2.32)

YRE . FEHEHT A0 AL 5250 B P T IR, JE I 7y s, SRR Critic
B AR AR R A I IR FL A B 2.6 FR% T I AR M

[Actor: *E%Ei—’lﬁﬁ#ﬁ%iﬁ%z‘:iﬂ{(}ritic: ﬁiﬂﬁ?&ﬁ%ﬁ#ﬁﬁ%ﬁﬁ%ﬁ%]

St

Actor Critic

H% 18 o0 25
ek g
ZJJT/IE at

%%E%ﬁ g — P IRES s

Actor Critic .
du 3 s

H&WJ r

I
' Y

'\ B iR
O = 1¢ + YV (se41) — Vi(s¢)

K 2.6: Actor-Critic HEZEH (S LE £ 5 M E I T 2

Actor [ “ R — LA A 73 Ai4T5) 7, Critic [FI1%F “ M HDIRASGREAAT 12505,
TR R 2 A Bk e SAEADN T Z ARSI AT ARt e 35 ek R s -

AT (st,ar) = Q" (s, a) — V7 (s1) (2.33)

LB R IR LB T 2 AT SRS AL XA IRES T PR 8, fitS R e E,
Actor 7 71| 5 et BB ARAT ML 11 (X SOl <
FSEH) Q™ (s¢, ap) ARFIS, FTELH — B2~ — RS0 EHIE TD Hbs:

ye =1 + (1 = di)Va(s611) (2.34)
H dy = 1 RRMEFERRER G ARZIE, BUR 0. 185 ¢ smiATHE HARE A
RS RESOME S FAL SR ER L SEBLrp ] IO IX — TS B B6 R,  thm) DU A 4
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P HARM S . TD im%EH
Oy = e + (1 = di)Vi(se1) = Vo(si) (2.35)
TR MR L 520 Actor-Critic W1, FIFH 6, I3
A =6, (2.36)

PILHT SRR 6. Actor PA 0.40 IIMERIEFNE B = (8,8). ZaFHH
SREZIEXTR, BTl dy =0, FFiR

Vy(s1) = 4.0 (2.38)
Vy(se11) = 6.0 (2.39)

4y =09 Hf,
5 =0+09%x60—40=14 (2.40)

K 2.7 451 Tz E S5 Actor Al Critic FITER »

N\ . . P .
LSS hetor BHLS BT IRIRE s
t — - ’
Critic fA o Critic ffiF
Vo (se) = 4.0 EII 2205 r, = 0 Vi(s041) = 6.0
I P 22 70 R 22

0y = 1 + YV (s141) — Vi(s¢)
=04+09x6.0—-—40=14>0

[ x

Actor T ( Critic B5
8, >0, ULHEE B MR IRIERER AT
5T IR A T Yo =70 +7Vo(5041)
IREIE B G ERR :$$9XMhﬂ4
0.40 — 0.48 ﬁ[:'ﬂ(béﬁ)i%gg'o

K 2.7 B[P ZE D imZEXST Actor 5 Critic BT HI/EH
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EAREARG HI) TD His& 5.4, &T Critic XT s, HIIBA5H 4.0, BTLL 6, = 1.4,
Actor #UE HUAE RS, $EmaIME B BIXENER; Critic WHE Vi(s,) 17 5.4 %, &
BER, X ARYET Critic #2AL2%E 35S, FEARRIEAZIE B B E—E 248,

Actor f# FHOCAAE T B oRmE, AR KRBT LS M.

Loctor(0) = =E | Aylog mo(aq | 1) (241)

T Actor BREERS, A, RN 2 B AR, AEB R 03 1+ EF Critic
TEAALHA e SR T 0], A {E SR S AS A R
Critic FJESS &ML ARSI AL TD HAx:

Y = T + ’}/(1 — dt)vq§<8t+l) (242)

£ B35
Y =0+0.9x6.0="54 (2.43)

Critic JRSEXPRE s, BIMGTHY 4.0, THAIEARMEDY 5.4, PIILTHEE H3-5 Vi(s:)o
Critic AJ DA HIT-J7 1% 223547 1 k-

Lanie() = 5B [(ve = Va(su))] (2.44)
A N RS HATHIME R A 2.0, U
Vi(s) =4.0,  Vi(si01) = 2.0 (2.45)
FERII 22509 0 Frdnel 58 0.9 |, A
0=04+09x%x20—-4.0=-22 (2.46)
Actor 2 FFIIZAITERIMEA, Critic 2IEA AP THR 1.8 WE. A& T EIESR
R, de =1, AR R F &R . e RIS R A g & T B AR R iR

FESSAERSIA] IR Z Ja AT 4882, 2R bootstrap WUEARIE IS IE AL

Actor-Critic #2871, Actor Tt SIVEMER IF BB s, Critic T3 THIRES
rE. WRPEDRE

0r =1t + (1 — di)Vg(se41) — Vi(s1)

A UHE NG, B4 Critic HATHIS TD HASKZES:. R WA RENL
RLRZERINEME S, AZTE TR SR
R FEAR TR IS N Actor REESNE, B AEHH, Critic #i& TD H
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PRI SIUME,  Actor 5 A IEBR B2 AR 345 5 BB SRNE o B LU A S2 5 R BB B8 %
I J7 2N, A Actor 487K Critic FIWZE o

AW S B RATIN, XANREICH B . Critic 2218 K18, RAKHA &
GirZE; Actor AR, Critic WIHLE FIEHE A1 & s Critic 7/EA BRAEA BT
B4, 121 Actor BB (5 M7 FEERI PPO U5 Actor-Critic 45K,
H e BR A A A2 SR — BT IR, AN W ER Critic MIATHRZE .

2.3 BUFINHEMINLEE

Actor-Critic 45 1 7 S0 5408 s B[R] B FUAEZR, - SRl 20k 2T x > A
PRBRE . 25—, HEmg— BASIRPR, TH SRR AR A 34l T (AN E 7T S b 1 18 7 S s
5 AR SSIRAS A SO VR 2 1T SIS A BT ARSI . PPO AL BERT— i B R )
A, 2R S AL B S — b ] A R . A R R N XEAS R, AR AER I
YNGR TN — K.

2.3.1 ImumTRBG AL T E

Actor-Critic A T P SIPER 710, MEA RIE — KRB EEZ T . WIHRIEER
AMEEDRES T L 040 MIBERIEFALE B, IERHA IR AMERN S35, HM 0.40
WH] 0.46 F1—2BF] 0.80 AR —FF. J5FH 28NS W KR, 1
M TR RIREAAR BERER DY 0.40 Y 1H S50

BRGNS BRANRE ELRE AR XA R . 22 ] RAR S HF IR, R/
WS ER WP BRAEAN [FPRAS T i e A R R AR . T SRS ALAL (Proximal
Policy Optimization, PPO) [ B2 L EHT IH S mE X CoR AL SR 4G tH e, ik
oL T AR A A PR AT H AR b 4k 223K 7

PPO Y52k Actor-Critic &5#4. Critic #2tRFAh 11, FEARNKAELE Actor 1)
EbReR A, “Imsm” ik i 2 7 BT SENE B AE KA SRR BT, IR AN — A 3k By ™ 4%
PRUERIREZI R

FERF—% PPO YIZTFAaIS, Jalfl e 2 aisng, Fk Hid 10 S5

TOo1a (a’t | St) (247)

RS SR ), A IS 3 —HUIRES s EAM s . B8 Actor i,
o 5 IH A TR (A — s ESs tHAS R e R . N EIX 221k, s IR L.

W@(Gt | St)

TOo1a (a’t | St)

L4 EU S T TH SR X R FEBIAE 0 MIRIEFARE. p(0) > 1 MR IE S,

pi(0) = (2.48)
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pe(0) < 1 R BER K € N ELBAEA T SCBR AT aifE, A ERAAZIRE T
A EED A
Blhn, [HHISEFAE B ARV

T, (B | s¢) = 0.40
I SROH SR 2R SE B 0.48, AT

0.48

RFTRF RIS E B AR IH RIS 1.20 1. MER L E S B & B B %
b S X SEFEA B AT AR
A I AN PRI SRIS AL AL, ] AR PR L S D05 A T I A H A

L*%(0) = E [p(6) A1) (2.50)

Hop, A, FoR Critic £ IMHRHBMIT. 24 A, > 0 B, ZME o RIET 450
SIS — K, R B E IME R S ARE] H bR 4 A, < 0 B, ZEIERIRI
KT — oK, PR IR MR 20 KA H AR

IR R HRE A S AL, Actor AT SRR K IEMR B AR IR, s
INGUARASIE ISR . PPO MK LS L 8750

[1—¢1+¢€]
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AHX 5y =AE H iR .

IR 2T R IR B S —JE I B e YE . ASBEUE]Ja SRR

B s ] LA DYAS L B2 W FEASR T D MO IR B2 Actor /&5 7%
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*® 2.3 FEE. NE S S EER X))

358 7] 7t (TR

WEREN HMEEEESINS, 4 I T, I lL. BN EZE
R TRAL? IR
T IRIRIBAL?

et FUMAAAEIRZS . BIaG VRESSRMS, ETRSE R 70 B R D37 5t
SRAF BN AR,
EAE 15 DR AT 2

Bt PRI SN i) L s &I R DR A R 2
ARX PR, PhRE

P RIRAL?

BILE; Critic B EERMREM Er=E RgihE;: WE 2GR IHE LK,
EATATRERI KA, AR “RIR NRE” AIWESE0T 1.
7E Actor-Critic HEZEH, BT ZE D IREN:

(St =17+ 7V¢($t+1) — V¢(St) (268)

TD HErFEAFTES T IREWHEE K B IEEZMW Critic, T —R&RE
22i83d bootstrap M FT&#E. Actor IP2xilk Critic IBIBEAWI ) FIEHE 774, Critic
eI E G ) Actor R BERILH . PPO BT X 2R S ug H AR
—#5r, AR IEREEME H AR,

W B AL SR AL, L KL BB LL] . SRR . MR 2. e R
ZEFBEREIEE . B 2] /N AT RE R g Lh R T MBS TN . A RE BT AT DAEEAE
AN S SR

g < ¢ -min (1, ﬁ) (2.69)

Hor, g FoRMATEEEL, ¢ o SOVF I BORRR REVEE. B BT 7T LUk %4> 7
FEARIE B KIS EOERT, EAGEAR A H AR IR Bl B v A & BEAF AR AR 17

2 IR A S R W S e VE M BT B, B MO ASBENLRR TS 2 PR
RSN Ji, o, .o, Jas ATRATHEP P RE

1 M
J=— : 2.
J= ;:1 Ji (2.70)

(7 IR 3 B i T AN R S 38 2 1) IR Bl o SR Fh 530 R A A B e Re s IS vk
e, T2 BRI, MR R R = il VAR S

LR T S SRR TR Z Ik B 2B, IR R =2 TE
R
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FEAFHUES S, RGBS R — NN FHATIIZ, BETaesatl]
20 T ] 5E 55 50 PPl T O3 AR NS, S 1) PR 28 ] REAR A R . IR,
W FEAR G TR dae, MR MR m, (AR 22 ) B R 0 B — Xt F
(IAT A, T AN 2 3 a3 P AL =) 0 T

AL S AEHRE S EA O RN gad R I ERIERA, R
WA AT B AR X LS T A SE, A P2 B — R, B a4
MWEBEFTLG, HEXNFFR TR, SRR AR ADHHE LR .

N TR AE DL, T DALEVEAS B A A R RS, ik & /b & 592
T G FFAE LR, BN DT e ML 6 rb ) Je T 4k S5 . 2 SRS I REAE b e S LA T =)
HHEAR IR A5 S, Uk BH LR T OE B RE TR A BR

IS R ) T SRR R T RE Y SR R R A o BOBE I 2R 55 o B 28 it Sl s Ty U
e 5 AT, AN BEARYE TR 28 AR A T, T AR AR AR A R T A B s A
MER TSR, HEREES .

TENLES NN B 3T 55 SR RATRER H OGRS AL AR g 7 sl A4l
BRI E e a0 . SRS T BEAR X S8 5T 55 H bR R FIAFIE, SEAEANIR A A2
AP RN

PRz AGRE I — PO iR I M A 2 FE v . 70T DU P AR TR K
ANV RURIAS [ 5 SE RRAS FRD SR s 4L Rt Tt 88 BB AR AN Rl A A o 7 14 [ 58 47
No NZRAEmT DABENLAZ 8 50 f5 F . OB BERIRAS, FRI AT RIS AL R S g .

f PSR HITS, T DAE & HVE N NSO R T B BEEE R (R AR R
ZERNIREEAG oo RIS RG1E 2 Fh 24 T AT ELAT R4, 4 B8 AT R 27 212w (142 il B
o IXPMEEIE E OISR A LA BIRBE AL .

RAS 1 50 A0 v] LAR AT 25 O RS AL o T AL A 20l e s el % g, A
R I EE AR FEAAR o Y GRES AT LA [R]— BB AT e i FIBR A5 8 4, X e &
VB HH AR N T 8, AR TR i B 22 S ) T o

BORESAR RN Ty RPLIBHEAZRHN T, o WERARHRA BT E X, WA S
B P L R G

7o (Tu(a) | Ts(s)) = mg(a | s) (2.71)

R ESR A] DUB I AR 1 55 H AR 5], ] DUBE B MR #T 2R, E
RE S I AR RO R AR 4500 7 R (RO MR, 58 e Xt S5 407 =3 T R0 R R

TRt SN AL RE T o S AR S5 SR AL G 1) WY 2% 38 3 B 7% 2y 52 >0l RS
fiEo T G R M 25 BE A8 70 AN R A AL B L 5 R B BL RS I 25, BN A
ML BB KESHCEA M AL EZ AL,

AU T332 mT A AR R I 2 cdhs PRt UM 5, B A R I 8 AR skt AN
FIREAEPRE A P I G 'R . A, srfss > i iz A0 ) A e A s B
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IR IE N AR R, DRI 2R o AT I R T SRS A B o T B2 3 K SR
AP A 377 55 (¥ 78 i VS 1

PR TR B g, S INEIEEMRRVERE TR 28— R IRFFUIZR A, A2
B B RREFHNAZR, RAEHRETEIR. TR X T, a2z
BRI oS B H A, aEEaEtE. RN H bR A i, 2]
HIRAES5IER8, ANAREERR R —AE 55 Kz AL .

FP AR BN ZRxT Ty REE IR IS Ty SRR R 555 T AEs: #
e /. RIS G B IR T 17 R IR N EEfR A0 P8 w5, IRl R R
RSB o, X FRAR T ok DU A PR 35 A 2 B U AR B L AT O AR

Farg B EAARD o B GRo A il RELE AT S S B — X P45
fits INZRIBEECRIY, AR SO BRI AR RZ AR . B, ZMrEL
IZREIE “REREIL”, RIS “ BT 2R RS R0, Pishil
W “PEREERRRIL”. — 2 T IR AN REACES Ja P Al S2 06

fJa — R RIMCE RS : IR REL. R thR IS, (HRIS AL RIARAA
BT BRSO H AR

2.5.3 EUWFE I FHFEMNRME )R

RISCRHE 7 EREBLE R, X B PE M EMTFRIRE I K dgen] LI,
WZM RIS, 45 RAUTRFTREAFT S PN ISR ETHT B SA8bn AR, AT U]
AR R R — A e BB H s AR 45 S BT A AR BRI EL,  n) K
B BHEIR s S0 S B A SR A U R e 73, D Jeg - 2R B8ebL e A 55 IR B SRGH
ZARBERERS s PRHE SO JUR TSR], T2 X 28 H AR Z TA AR e ZEA NS -

TR R, BRI

-1
Z Y R(sy, ar, 5t+1)] (2.72)

Ty = argmax E,
T t=0

XA E ST R BRI mhe BOUHE BRSO AL U, — A
B fRER A R RN &R U I r R B 1L A by, (HiF=2cE R 2
TRbss ENBGT R AR T e S KA . ARERFEAR R 5 [ BRI, FE AL
GIRRALTICK -

22N AAEAE S5 A AR 45t db 2 LR B 45 F 0 BC R . A5 0 BC R VE Y
R Z G RN A K T I RTREE BAT . 1o7 BUE REARLE — JRXT JRE R R 13 31 7RI
» BIXCRMCATRER H e Jm — P BcA TS, el aEk B R Z iR 7 B S,
FRERELL L DIk AL FIE AR -

a7 bu SNl (HE TP

&
Jil
7
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ap, A1,...,07_1 (273)

IR WA LA 23 2250 rp_y s AR EME S RE LR A REZ . 51k
) T EARFE A EAL T, R e 8 R DA% B AR -

T-1
G = Z Y (2.74)
k=t

LRGP IVBAIT, ISR 0 [l 2 %2 2K B R Sl E A S AR A . 7]
ANEEEANFIBL P ] BESRAS S AN R RS IR, AR TR Ml DA R 4 b X e 2% F A
TR

AR RS T HEIR, WA N AW S br. 8 “RREE=" I Jeik&ik
“UEZNLZSE T F 7 R JRI T AR o B VR 20 A0 R0 R BB v A, AT RE L SRS S PR 2 iR
i Ca S MR KA mi . IMASEE R 5 A0S s & e AT e 5 R A AR

TN — ) H AR PR 72 3 B SRig 4k 8] 1 — 2 fe vk, Hiit &%
AT RS AR R — BB TS LA N SESR BRI UG RT BE  HERE R
GiEE i FIEN BRI S S TIXAE O MAANEE AR “ WU AT NRER 1S =707,
S R IR REAT RS BRI 7

EIRMESFBE RN T ZAAbr. i, — MR ARG S EEMRAES, 2R
RBERE DI ) R ORAIE 2 4x o 8 W5 V2245 2 A T EAT I AL 4L 5 -

K
e = Z )\Z‘T’ti) (275)
i=1

Horp N NRAEABESH, MRXEE. ke, 2255 BME L R mir AW . 58
JIE DB REAE B v, 5 SNG4 (Y SO 2 (8] W] BEANAF AL e — AR fE A . IRALEEANRE
BTSRRGS0 HAR FIBCE ABAMCRAR R % T ) ROEEAN IR AN o
Z BRI EE 2 BN A TTIR 7> B 1), AR FEAE B TT .

ML TSGR, TPMEB T SORTE . WaRA SR S BB A o e AT AR A
BRI, AWEERAAREAL: i R R TR BENRES, WPE FTREAAAE D B 2
BN RUATY AR G AT M o SRS FF SRR AL, [RIAF 7T e A DA
LI o

TRk B NGE R SR, HERE 5 EAFEKNHEE S o
LR RE AR AR IR R # T B SS T DME ST 58 R . L A BRI AT -
ARV ZR PR GE oy TR L F R bR A AR, AREEIE NI ZRIN 8] X 2 B8 70 e AL % H Ao

Bl AN AN AT o o A R R s AR IR FE AR i SR AN L RGd 5
I, ho B SRS BRI B I 4G AR AT R AT BRI S0, AT N
R TR AT . RERKh A AYE 2R, Tei R BRI S F K #42
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LA BE aRiaE ST

e el R B S 3 AR AT 2 il ARERSRAR S B, OB I AEIR
PR E S AAAE A g A, IO 7 ZEE N AR bR . B o T NTVH R s 5 ) 1 o

JUSEPRER AR ELIBOR : 78 i A R A2l A R e A A R I, IR sl e AR S s A
R 77 20, B — BB Sk I e ] R I Zrdabn Rk . Rk, Bkghr. %
Jily R TR DAL AN BEAR L A

2.6 AKREBENGE

SR 5 2 SRIE IR A i A RASURTINS [8) IR AR PP B iR SR 2 A sl A AN Az B &5
R, U R RS B ARSI . W IREE R I ATESE, 2R R
M2 S A B R RS, BRI PN 4 BT 38 R 25 R 3EAT S I 25, BRI X B
AAAL, (B 1R GG 282 TEAE P IR BB SOt K AT O o sl ST R AL IR AX
FERCARIS BT AMEZE TR, AAREARBINLR. WEMIEF SIS,

TP BT — AR REFP L R R8T ERTE L P BT
T R H TSRS ARRE R AR, O (E R BEE IR S T DA HE A 1 10
T, SREEHE RN B R S EREZ . Actor-Critic FIEAES: ] MMM AR B4R AL TE I
A PEAT, BRI 1SRRI R AR 22 330, A8 Critic MW ZEH2E 1 Hng 5
Hro PPO W ELEXR B A Z—UOERKIZ, (HRBT AR EVERIE.

xR AEAREE DD LB, RN “EREERR 7 AR MRS WA B SRR
B IR SE ST DUEAT B 2 bt g, AR e P E SR . BEA BARME
Fla, FEARBAN RGNy MR GRS SMERGHIT. R ERERR
SEHbR, DL E R S, AR R ALk,

Rk, k2l BT Ja 5 EE R BMESSA B SIK TETEIRYE TIRLE(E R, B /E
FERESRIE A, B a5 FFR AR B R AR Hr. R BIsRie R A 1k —Fh &
%, AR LARIE X ] L,

Wm0t B 2 i 2R A Rl PPO BBTAMRIE I ZRAe e BB
BAANET REERRE R, WAL 2 E B ReiE st SRR G
HSEH bR S — M A s R I T ISR Y AR & o T8 S il i 1 [A) — 4 JEL -
SRS R REAEAE 55 € S B R URAN VP0G P45 R G B S RS
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LR BE aRiaE ST

3]
REZ
1. ER/ - MEBHER R BeAR I 21 ¢ FFeE3RE P E A
T—1
Gy = Z Yty
k=t

15 SR
Gy =1 +7Gi1

PRI R R, BHEE © TAEMMERE Q7 (s, a)) K TUR 2]
ErRE, FFR MR EOME R B A A S B maxy Q*(spr1, )

2. EAili - Actor-Critic 7E5:— HFHIRE s, T, Actor BN E B %1, H
ZRERKA B IE. RN r = 0, F7HIEF N v = 0.9, Critic
X P& 1 S5 RS I EAS T2 5 A

V¢(St) = 35, V¢(St+1) =5.0

HHENFEZES B v M FEESRE 6, WIETHELSE R, Ui Actor Nz
R E B WEHNER, FEULA Critic MUNFTIRHEXT Vi(s,) Il
it

3. B - PPO FEIAE—IK PPO B+, |HRISEZRENE oo FIMEZEA 0.40,
HETHMEN e = 0.2, 43 3F FE LT HFHZIL:

‘r%%—‘: 121\,5 == 2, 7T(9(a/t | St) = 0.56

B —: A, =-3,  m(a|s)=0.20

SRR G DLTH SRR L p,(0) BBTJRIBEREL, PLE PPO #5387 Hbr )
PRI o A TR 5 26 R PR — T3, A R e B AL 1) 2 ey R A SR e A i
KA

4. HEM - BEGRUFE SIHIRT T A UGE R T IER, IR H . B ZaRil
S S A I D SE B AT N 25, BRI R E R B R 08K, BinT BURAEL
SRS 3] — FE OO e R B B AR B i B4 .
(8] 25 S N 1 B AT S S 5 HARSRIS KX ), R4S & A ig . ShHfEiRZ2 A
DR MBS AR B8 2R AL 22 ST N A 5 B R R DR BRI

5. &t - EFERITE R N EBPLEE NI E IMES . IS
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T L A BIAIEE S, IR R RATAIIT I BRAERE, I g S

AR . T 5ERL T R

() 4t —FARA TR AR

(b) BCAMES L . BRI R T3

() #IT “TRE S IR B “RRR RERE” 4 BIRRA B ST £
R

(d) EHIAADTIAETHSL TFA4 006 R O

Tl Z A R A i B A SR, HLES A AT RE LA AEBURAT

6. It - SEEISHTE LT U REARE ISR T LRI HERIE R 90%, EEHN
RS 5INGRHIFIN KRS J5, BER TRER 45%. R, AR BEYIM 7 E
SINGRI, Fe A RERBBEK . 1570 3 NI ZRA T PEATZ A A7 T
SrMTRTRESR I, R 5 BT R
[ % Hh 2/ R S BAS N B DU T B RAE AU . Actor 5 Critic 5
WO RIS X T FELUT R AL e SR I o . 2 REALA TR
fiti v AL A
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F=8 KXEREMINESHOBARZE

& REEW., TRE. TRE
5% ABRNEFESHE NLPBook L. J\. Ju. +&, MoNERE. BHEZ AR

TR, KRIESHA (LLMs) MR JE ROy HAAE S AL (NLP) Qs 522 1) 3t
JEZ—o X R AE R T ARSI S B AR S R S AR R St X
ARG 2 BB IR Ty, HEERAE 55 B — By N TR Re sl L b vk A
AL, 15900 TIXEERORE N, NLP UG 1 Ke i, a30b Negit ik, UUE
(201 Wiw P L E 3= SRS PN/ 7R A bl D PN R A R S e e ¢ 9 7 CEDA N 1) 2

FE R FIZRE S B O NLP fEAAH AN T — 2R B IH B K
Lok, 185 @A Z REOR, SEMA A TR GERAA A bz e, Hin
A7 A AT IR RER) R Gt AL R SE TN SCAS 3 81 R KR, 24 3] 2
—EREERNE R BEREERY], — A RIEFIIZRH L — LLM BEWS AL BRI EAE 55,
FHPABARAER SAZ A B S (73] X —BERERE N TR s &l RS
W, WHESA A PIRR, B TR E s KR S AT RO AR

ARER ARG A RIE SR TI GRS WA SRAERORE R B, BATRK IR
KRG SRR AN SR, WG S @RE R FRERZ . S 2R3 Bl
T PR IR BUE A . FEBLIERE b, RITHORY ST RTER R, B8 TR
A DREARRIR . B R ML SR T B R, AR AR R EOR,,
B R E IR SR S RO k. #E—2, THSBRMR A ROR, B K R
ALY AN By U SNINE K3 o SR R WG Y S T = R SN Wl T G I S PR AN A PNE A= | i
PRI 50 T v, B0 A MK AR o 3T T 6 2 ol ) i e 2 =T DA R A PRAR 2R
PR BT B A . I EIR AR RSB, AE B NTEE AR T
YIZRE ML 3 1 58 BRI T A 2R

o HFAKIE SR TNGEIFEA R, AFE S EEH Hir, AL DL K
PR 5 I 2R 808 2 Rl 3 R A, Retl M e i A P e S h B U 2 [
IR HR.

o FEPRIEE SR B A B RO R IE B IO AR R B 5, BEE X 0 AN
ST SR AN = AR B 13E 5%

o J AR I 0 T A BRI SR A A0 B BK,  BERE Ul BT AR (T A PN 2K S AR
WARRAT Ny, PR AT sd s 4 HE R I i THROR S TH R 2R/ 55 B ke
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LA B KEMFONSS WOR A

3.1  KIRBFIZRIAR

3.1.1 BSEEFE

FEBI NI E L2 8T, BATAY e — AN 7 R B RS = @Rt 4. 8
FARIEE R —AEM AT S RRAA 7. MMEEEMARAH, RAMCEREE
BT oRS R U R EE B I Z 2R, LA AR <227 O EER” 5
SRR i E BRI B AR AEET B, e O et REAMRE
WIS, MRS AR 8E, MR K AT RE I ILE AT B
NG

FIRAMHKE, HFEENEFZTHE A token FHIEMAEHIMPIME. &
{zo, 21, ey T} A=A token [FF, HA zy NEIEFFTS (s) (Biid A (SOS) 1. R4
BEAGEN], AR BCA RS 0] 7 A — RV F AR 1 e AR -

m

Pr(zo,...,xm) = HPr(xi | Zoy vey Ti1) (3.1)

=0

X L E AR R etk oo HBLMERE R, HE “H 7 20 ZEH
W oz, MEZ, BEE IR o0 M oy OEA THIRR T HIL 2o PIREZ K
e, MG IOBRRR B P AR I R

TEVRFE 7 IR, 15 5 I — Fh B Y T7 15 72 FH IR B 220 X 28 SR AT T3 8 2% A
s BRI L token FPH o, ..., 2y ERMIN, HHIAVER v BRI Gl
N Pr(c|xo, .oy wi1))e HHA, Pr(x|xg, ..., xi 1) BIENIZA A XN token x; FIMEZRAE

A TN RESEM G, & R RARYE O B X~ — ANl g
HLHT token:

&; = argmax Pr(x; | g, ..., ;-1) (3.2)
;€Y

X — IR AR, B R T B B e A ke BROE A ETSRAE T — token,
feEPt R B, B RV E RSB ST R — A token, fthiiiE. XA
HE LR R T a3 (3.1) A =32 ) R T T

T EMULH LRI, BE—AERNE S 5. RigB O I TS (s) The
GERIEFFEIZE — M2 “The”), TR LA =AM B REwWT:

ZtiX =0, BMA R T4 The cat sat on, M%EHA) “The cat sat on” K]
R MEZ IR 2 % A PR g AR . 98, BT AR ATE, At RerE sl —P ik
H dog. H ik ran, MM —FE NSRS —XIEZIESEMEN
— MR RGN RIEZ A

B RoR, BATKRAERT LLM k. I S5RH .

'{E BERT £, IG5 LUZ [CLS].
ZRRLEE ¢ = 0 I B, L5 Pr(zo|zo, ..., mi,1)| o = Pr(zo) =1, F L Pr(zo, ..., Tm) = Pr(z1, ..., Tm|T0)o

1=
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HATE T T | s

(s) The cat | BEBUVEAl Pr(-|(s) The) 43 i), cat 134y ftm——
“The” J& M # 4

(s) The cat sat | 457€ “The cat”, YA & FH T — 4> 1d] 2 5l i
sato.

(s) The cat sat | on | A J “The cat sat” J5, on A EMENLE (“sat
on” 7&H WIEHL) .

3.1 IEF BT (s) The IKIKRAK cat. sat. on M H BIHFE, K—EFH,
RS 27 B SO SRORTE R B SRR AT, ke AR K RE N3 B
Ay B R R AIRE RIS T R TN AN o B0 R SR SRS B B 220 A R R
W) — R AR T

3.1.2 XKiZSEAIZH

BRI A ENH TR S @R B AR AT IRATR [ — AN BRI
LA 22 I 28 R G RE 0% S IX — H bR ?

Kl 3.1 R T 4T LLM BT R B4 (Decoder-only) Transformer 42
Mo REANF LLM 487 E&F R, HEel3EZ=R—AME B AR KZE

1. #xN\: HIA token JTH {zq,...,2p 1} B AN—H d 4EWME {ey,...,en 1}
BN ESE token RSB IRA Z Flo

2. Transformer HRIFES . XK L NS5 R Transformer 3,
g =, PR RANLE RN SRICEZ kB BT CE XERE. ]
o0 AN N HE e Rmxd, HE AT E  EAEIIEE N E N E
No

3. MR &ML HY G A Softmax JE MU NIRTER _ERIAEER )
M

Pr(-|zo, ..., Tm—1)

' = Softmax(H*W?) (3.3)
Pr(-|xg, z1)

Pr(-|o)

Horb We e RV gt BOEHERE . XIS IFH2 A (3.1) hETd dE— 250

A Transformer B A% 0o JZ 14 -
o WHBELEEES: LA token BB RAGHATTHTA token MEE. “HEML”
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—>| Post-norm or Pre-norm

|

FFN
o - I
+ n A
I T Pr(zm|ToT1...Tm—1) §
Pr(xs|zoz1) , > E
Pr(zq|zo) / %
4 T i —| Post-norm or Pre-norm
EE .5 |
1 TL LT\ ,’, Self-attention
hg hy by 1 ° . [ °
Language Model — / l )
T 0 +
€o el €m—1 / r
T T +
Xo X1 Tm—1 Zo Z1 Zon—1

3.1: T8 S &8 Transformer fRIS# 220 A% O~ L ANHEB Y Transformer
e, L M S Sk ) TIEA A PN T, SRR -3
1) bR SCRIRILR AR — S token HIMEZE 70 A

WIRILE ¢ RAEEEIRE 0 B 0 (0P
CRPEANCE 3

o HIRMEMLE (FFEN) : XML E RN EAELR A e, AR 2R
token FRJZIRLEE N T 6

ﬁE%%’f*ﬁ%% PI‘((L’Z'|J]0, ce ,J]i_l)

AT IR SR EER: TREMN S AMINE LSS B X
THEAE 5 AMEAERIR I M 28 T M RE s, /& LLM REsiEBEt )52 LA RN
R

HVER )RR A SR AR . A OB NEEMIE ¢ B4R
WHE (Query), MEX “lH” Frafi i L E b < i— &AL EH— M E
(Key) KN, VCHCEE S, A EIMEFE (Value) fERZFESHIIBEMEL,
ettt

T

QK
Attt (Q, K, V) = Softmax( 7

Hrh Q,K,V e R4, Mask Fiff i < k BREZEARERN 0, BLLVd WA T2
Tk

N TR R R ST AN FZR A A (B an— A SkoRyE AL, 7 — Ak oy iE
X, EPMEHRRSZISEEN: B Q. K. V HHE| - ANAE KR YE T4 8] dhoph s

+ Mask) \% (3.4)
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BT ) Fm KBRS MR Tk
LLM # of Params | Depth L | Width d | # of Heads (Q/KV)
GPT-2 [185] 1.5B 48 1,600 25/25
GPT-3 [71] 175B 96 12,288 96,/96

8B 32 4,096 32/8

LLaMA3.1 [96] 70B 80 8,192 64/8
405B 126 16,384 128/8

0.6B 28 1,024 16/8

Qwen3 [212] 3B 36| 4,00 32/8
235Bf 94 4,096 64/4

Gemma3d [211] 27B 62 5,376 32/16
DeepSeek-V3 [155] 671Bf 61 7,168 128/128
Mistral-Large-3 [169] 673Bf 61 7,168 128/128

* 3.2: M KIBEFEAK M SHO . ZhAIH T &R SHE. B8 (D, B
JRYEEE (d) CLRERJISREL Ca/b TR a 4> Query iEEJ13k, b A Key/Value & /)
). bRid TR ELCR R E&E K (Mixture-of-Experts, MoE) ZEH], FH4E H B2 5
ZHE; MR token SLFRIETE IS HE 7 1N Qwen3-235B ~22B. DeepSeck-V3
~37B. Mistral-Large-3 ~41B.

WEERE D, et
MHA(H) = [head; || - - | head,] W"*, head; = Attq. (HW?, HW!, HWY)
(3.5)

/ﬁ\:g‘g W?,W?,W}’ c Rdxd/r’ Whead c Rdxdo

o RS 5 foe KA AR S0 log Pr(wglao, . .., i) BEAT ISR, BRI KA A
07 B NS BTR S, TN — token 2;, KeHFTINEFA R, FLE
FG IR AT &0, REAT H A BEE KT

® 3.2 B I ERAURME LLM BRIE L. % d REEJSREEE R 24,
5 W g ST A TR AR ) LR 32

3.1.3 KIBSHEAETINEF X

EOUH L, TR AS 5l 2 i SR IR iR, B R E ] e b
3 BN AN RIS . X AR B s —— AR R R R AR 2R B X
HAAIR—— 120K LLM 3RA5 98 K15 5 Be /1A% oL .

TN E

TNZRE e TFERERSCAREEE . R 3.3 Fiax, B4R LLM £ B 250 B &
THFEE LTI R TIACA token, TiEfESE NLP HAIEAEE 2
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LLM Year | # of Tokens
GPT-3-175B [71] 2020 0.5T
LLaMA2-70B [213] | 2023 2.0T
LLaMA3-8B [06] | 2024 15T
DeepSeek-V3 [155] | 2024 14.8T
Qwen3-235B [212] | 2025 36T

2 3.3: ¥4 LLM HTN 28 e .

5 T AN, TSR O AR R Y T BB IR AR VI
HPRREHOK F1 5

ETCEREHE: Ltk HEUGKERRE, EEAEAFEAS. 27 L
TERW] [180], JHIL RGPER I IEAIE YL, ATAIERZ 90% B SR 45 TE B i AN
TR RE . o B I E R OO IR LLM T 2R Ei 4 i 2 v A ] Bl
H—3

« BESFEARLI: ROGETRKSCRMEEZ RN, A TR ISR RIES
ZER AN SRR
o RIERIE: POEUZIRTHREAHER RE T Aot . ARSI NI ZREtE A RE 1Y

sRACIS A e 77, o W G AR B AR B 2 D IR 55 E R, JUH
& B B 4E8E (Chain-of-Thought) /R E 4375

o ZEEER: RS AEZRES . (EIREEIERTRIIIAZ R T
PRPAZERSNIOELN ek

B A, O ) 2 AR 5 2 TR R B R —— i I R AT e O
SERNIRBE S R MR, M A 2 W SIS . BeAk,  UIZRECE i i L 7]
CHPERZIBR BN G AL, (B R AZ IR B I NS5 5D R B &
B BRI TRE P, B B B B A% AR B DAL B BU L 2B 1 AR
G AZE i -

W BE¥R
FINZRARZOHCE B AR T B AR KRR BE T IIZR)7 41 L8 token T
FRIXTEUBLAR o
WINZE D H K A token JFHIAH K. S TALREFH x = 20... 20 BHIEIZF
LIRSS Ve ASSF -
Lo(x) = logPro(; | zo, ..., i 1) (3.6)

=1
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Hrr 0 R SE, Pro(x; | 2o, ..., 2i-1) B2 E—"FrE LW H Transformer %ij
2 Softmax %5 H A HER . TR B AR RT3 0 15 8RR HUSR K«

0 = arg max Z Ly(x) (3.7)

o xeD

FESKBR S, SR BSR40 T e MU Xtk . BRI S, £ S
BAIE i R MRS pl, = Pro(tzo, ..., 2i), FHEEL token x4
1 one-hot A pE RIS U, JEIITA GLESRAL. NI AL N

m—1

0 = arg min Z Z CrossEntropy (pf, 1, ngff) (3.8)
A
A (3.7) 5 (3.8) EHF BN, WEAIMAREERMA, J5E XN T
SR R R SR B B AR B AT TR AR R R SOR Y token FR44
MR, BEMSCHE B RIESCAR A B

3.1.4 HEHEE
TEHERE

BT E, 4 (Scaling Laws) [FZ3RE—AN il . 40 5 3k HAS 700 (i 7 o
K. MEE SRR, BMNEZE S, SRR AT 202

A L BRI (XD, N AR SHE, D NIIGEEE (b

token i), KESLIGKI, £ 5 N. D ZRFERE (power-law) Kk HRZ—HRIHi%
5 % R Y1 0 42 T pR R T [

L(N) = aN®, L(D) = eD* (3.9)

H a,b,c,d RATRWESEL, b,d ¥RHE GRRBERBIE KM . B 3.2
JBR TIX— KRRz ML .

[139] - FAETE F R R REMEHUIGUE 71X — A AT ORI : B4
HEWE C &4, BT EDR N Al D LEkE, maEpshhEd—05 %
Fo WF 2, FAiNE RN AN LR B8 AR, BRI A 2 B E R

FEM IR B, [127] $2 0 T S KSR Chinchilla 48508 B A0A TR A5 2% [F] e
RN N A D RE, RN E—DNAREBREIRZE T e (AATZIRZE):

A B
ﬁ(N,D) :m—i-ﬁ—i—ﬁoo (310)

oA KA S LS55 o ~ 0.34. B~ 0.28. ey &~ 1.690
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—— L(N) = (5m) 0" 1.2 —— L(D) = (5725m) 0

o o

Test Loss,. ..
b o o <
Test Loss .,

(=2}

10° 107 10° 108 10°
Number of Parameters Dataset Size

] 3.2: PSR SR BHR N RNZEHRE D MR L(V) = (2m)
fi: L(D) = (=2) """ BT [139] 4 I A 45 .

Chinchilla & BOE B % O WAL T iARBCEL: X F— g4 E it s, #iA
ZH N 5N D B2 DL R G K —— X" TSR (compute-
optimal) YIZ53EM&. Chinchilla (IRFFERIL, MERTHIVFZ KB (1 GPT-3 [ 4tk
A A" SEOE R IEA L B, FEE I T SHOF e &, i
REIRS AR AR

N

IR0 B AMESE SRR T R T B 5 50 51258

I B A5 KA AR B . Chinehilla S, EREH AT, 2

HORVSCR R 5 I K, 3% “ KBV IRARLE. X4t Eie &
TR B ek

J

FABUE AT LLM BERAT R A A EEZN R SR L. H—, BARENZRATRI]
KRB Z5 € LR ECE T AR RI, Mt ERE R i, K=, BN 77
FREEY KA 1X —F AR B 4 2 00 T U RS X B N ——38 3.3 Pyl ZRE M 0.5T
WTHAE 36T, IE4aB0UE BIKB) )45 R .

EAR—IRHZ, £ Bma N REIC R AR RE e ERRRIT . [222] WEEH], 24
BRI R I — BN, FELeRe )y (N2 BHfER, BRSO 2 B LK
Bt 2= B ET baseline X =R NIMILAE )T (emergent abilities) . VHILAE
JIWARAE, N4aTROE R SEHMESR B 7 0 — Bk AW ok s B B AY gy
K B RPEAS, SERTREAdR BT KR .

NI

P LLM s a i 5 28T S8, 5k GPU I RAFIEA 2 DL 8 58 B
M, EIRAEGEIN I N SRR B, oA ST ROy SCH LLM RURAL Y
REEBOARIEA . AT LR RS =TT, HHSMM (W Megatron-LM 12
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Slow Reduction Power-law Reduction Convergence
= Phase Phase Phase
(Irreducible Error)

Number of Test Errors j/ogsc e

\

Training Dataset Size (Log-scale

B 3.3 MR ZRE I 2R Bt AL I 4 st 28 [123]. FERZHLH XN, IRZE%
AN B RN %, ERERAAE DR TER IR R4
o

R =4EIEAT [172)):

BURFHAT. BT R E A RS 2RI AT s . LB EOW: R ARSI
ZrttiX (mini-batch) #7308 N fr ik, 72K E N DLW R BN RFE T
R RIS, RO 5E AT [0 A B AR 3 F T SR EER R, R B B S AE (W
All-Reduce) REFWAMREHEE, S22 REBEEEHS . EBE I 2
AR AT T, BRIFATRESEDIRIL N A RIUIZRiniE ..

SRT, BEFFAT AT SRAAREA T M e AR A . BRI E R R
£ EIR,  BRAR S &3 ) SEE AN P T AT —— SO T AR S5 0 R T AT 4R g, B
AR AT -

MIKEFHIT. MAKEGHATHEMPWARE (BELD phEIARK & L. —EWE
AL ML LS ZE R TP — X2 S8R N2 — DR &R, Hese
AN WKL IFAT (W1 GPipe [133]) @i 5] AHEIK (micro-batch) AL AR HRIX
—{RAL A > mini-batch #E—2Y) 5 A% T4 micro-batch, &G AABETE Y
B micro-batch J& LRIfE 4 T ilE, FERPH 4G4 N —/> micro-batch. XFE—3K, A
[ & bR AR (R 465 ESell 7S, KRR 72 WE Al . micro-batch %1
mRZ, W/KZSI (bubble) #/); {H batch /MUK GPU HARHEZE, &
FEMUNIE Ry e

WEIT. WRIATMA— ARV RIFA BB, T 750 505 0 15
PL FEN FZHHI5E L hW,, N (W), € R4, wl¥ W, k515~ M A+
FERE (W, ... WMy, SERA/NN d x (d/M). FH:

AW, = [BW} | - || 5W}] (.11)
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M AT B R TR SRS, SR HRRT AR 3 5 R i g e
Bt X BERAMEH T EERNETN Q. Ko V . FKEIFATHIL
BT RN GPU BIRENN B HIFANZ A GPU LRI IFATHAT A/
HFFeH, HAee B2, ARSI ANBUNTIRZE .

REEEINER. FRIFTHRIRSN, DT EITERM R E S, REREZISZ &K
TR AT Bz —: ERT A A ALR R A AR E (0 FP16 8L BF16) LA
IS, AN 4ES — A A5 R (FP32) W ERERAIAMN 28R [164]. X —#
ARAE 525 BRI R AF o PRSI 18] (0 (R B, S R4 (loss scaling) SE43 X5 PRAIE
TR B ERE 1 -

SERRHkEL . R EFE N, AT I ZRAE TRE S A LB FFAT SR IE AL S 4 faf 5. A
. AR IR (8T g RO . BEARSRA A MR s, RS E
fEHES (overlap). FIYMEE R, Bt RGITH S RTEIR I # 2R . fESLERT
KRR, ER=JIMT RSB E WA S, DR, BAAAEE =4
JE I A B A 1445

3.2 ERFEIFE
3.2.1 Zero/One/Few-Shot &R %E

S RIE S B HR, FAVAI AR (prompt ), AR LA R H]
Ho BTR-ATINGRRE, HFHEERERIIER#E. g, SEFEZMES,
T EH SR AT EENHIRBOTREATNE S B, W B A Rt K
B E RS RS .

RYEITR P& R BIAcE, PR RSB =38 FFA (zero-shot, iz
BORBD . HBFEA (one-shot, FRHE—A7Rfl) FAREA (few-shot, FRHEZ ARG .
AR IS0 =TI g W BRI, SRS RUR 5 i fRiR U AE
TR R R 5, DRI SO X R s KTE S, T2 Bl — S8 BATIE A 3 5 5
e

RRHEAR S

FER NI X =SRARRTTVE R, BA 1S B s R SR ARE & S LA 77 5 “ 52
AR U AR, AR, JATRHE SO LLM B ASCA, i8/E xo LLM fE
aEmAN x BRI, Bl s KRR Pr(y | x) AR SO yo SRR 1N R
P, o DL S AR AT AT B i 1) AN SR A S A

PEORIEF B PR AR (RIFREEAR D) [156] 3R73. B — B o A fF el &
RISCAs, B A AN RS R . PO s PN LLM AESR A AR BRI < 1 -
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AR IR

AR {xpremisesx}, VA A AR JE R 2 ?

MR EEAER W, BUEA SR, B, & {xpremisex} 75
B P EE, 1ERGHENRIRI & B, FfiA:

premise = XN RRKSIREF

Y] 2R BN 3R

RIS AR RRARGY
TR T AT B ) R AR 2

B 1 H B SCAS, J1— P WAHGE AR “ 2R WA EH LR, W]
BN R RS ARG E . Blan, R “R7 A “%E7 palRoR S E S, r
I AR -

I]: {*questionx}
.
TR Coa)s B L SRR M, el R 2 IRIEE N B A 2 LA,
NI B SO A B INFEAR SRR R B AT 2K
br 7 BEMBILS, TE2RAIESEE —BRARSEE (system message) , HT
WERMMME. BIEITRANR. R4E BHY LLM BB 9 ii 5 10 H =,
M AE BCERF A BRI R . DU & —AMEE T 55 i, HA s —2kiEm)fE 2
REE R

2% AR AR T AT, ERKEEAIE.

e RN T B R TE BN IE S IR 9L
#i\: She don’t like going to the park.
s
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EIRFER AT g ARG, SUETR S R SE B 5 AR ST S . XA
MBI ERRE SRR R G B B3R J7 30, BUNEREAT R . KT —JENTE
Z0e, DULOEIE IS G S B AR AR DA ], KR T R R IT

ETXF3]

SN UEHEE AR R R . R SC8E 2] (in-context learning) IF X FE—Fh
B BN AL E A TR R R I R, LLM MIX B R AR “ 2537 nA] Ak pesE in)
M T X AR SH, B0 IO R AN ZRaiiif, EREA A%
BOE A E AN G IR A F B XS LLM REMsPdE NS, 08 7 Tl gl
RIFE AT 55 A NI RE J13d 5t

FATTAT DL I 0 EERAEA 2 5] L B A S SRR A 7 2] ok BAR U W] B R 303
o fE BT, RICAEFR T —MEEME R IR Y SR — & BRI
MAER)T, ARMETRG] . AR 2, AT —A 2 78 BRI A 85 7 1
NN, ik LLM MIXASH 480 b 2 2

24 AR AR TIARIT, HEKIEENIE,
VR TH A TE O TEE IER 9
#iN\: There is many reasons to celebrate.

#itH: There are many reasons to celebrate.

o TERE R T A TE SO ER IE R B 50
i : She don’t like going to the park.
B 1 -

FEBEIEAL F NS 2R, (AR REAR A 2
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2% AR AR T ARB T, ERKEEAIE.
e RN T )R BSOS I 98
i\ : There is many reasons to celebrate.

#it: There are many reasons to celebrate.

i RN A BSOS TEIR IR 3L
#IN: Me and my friend goes to the gym every day.
it : My friend and I go to the gym every day.

RN T )R] BB E S IR 9L
i : She don't like going to the park.
Bt -

FEDREAR S 2] rh, AT it B4R 1 —A AN an A\ 214t B B A 2, LLM 2%
TG — B AT T o bR 302 ST B O EAEAR R AR B L M T $ 7 ot B A 2
et . —orm, BATFREES IR TR O THER A ZS, LR B 5 A 80
M 2]y 53 —TJ7 1, REJJSERRIY LLM A AL RE S8 aF R A bR S0 ST HAT BT 55
flln, FAEE LLM KR ARHERT Ry 90iE, (HRATE ISR B™ B sk = R 4R i
B, AT EMRHER, #IRMESS ST RN, SO, AP 2 5
ZAHRBIR ARSNGB, T AE— RS .

KF BRSSP ISR R EL, LRI R R R, — AN B
IR . TN 34T 1 Mo In ) RE T ARLTEI BT In) i) ] e 5] A7 72 2
P& BTN B8 A% . SRAER T US| SAEALEAE “ B HIBRAE. Ak, BB
DUH-HHENT [225] BREER R (90, 218] ZetkInlIE [55] MITGaE >3] [105]) S5 X BT
SESVHEAT T B ARRE

3.2.2 #HMIBRAGE

BATCGLAB TS LLM BRI A, IER T UL HT NLP /14 M5,
FUEFRA TR LRl i 4 A A e A

IR

Bt PR LR SRR, X T F—AESS, AIRZINER LR LLM,
7 EHAT Z UGB A BB — D N R IR . v 1 s 3ot S i s, ol
DI RS TRNG  H IL $ s J U s 51 4

o RATBEBMIFEIAIES . SN LLM Mok BNy, AT ZHR A0 ]
PRI Bk, JTEMIRIR, JF4R7R LLM 2 BIRATM AT . L3R4 =
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LLM %0 i 2 S LE IR, X — RUCHEE, fln, Bl I SEAR AL
BlIFay. —/MEOR LLM 44062515 B A L ton /&

FFHR T ARG L

HTIXAM RS RS, LLM /] G842 B— AN B SR A A AR AR 7 1 ) [R] R
MR W] B FATTAVRS € XA o ERXMIEOL T, BATAT LRI B AR, BT
PR, IAE, BEIATFTHE I —A 10 B TR RN —/NXFER
B2

[A]—> 10 % (18Tl R A AL 10 SR RIS ) o 5R1R ' W AT 5
KA EPHEARR. RN, 528 ANTIEE MR — 25 B T g ok
R G . TE SR BN S iR, JF BASEIE 500 4N

515 LLM EE. LLM C&RIH THRAN “EE” G877, —A% WKE 1
&, RIBRUAG LLM 784 LB R O T 55 LS T 4 N BN
AR, E3RR TRF, LLM [0 “ B fs ) F Bl iE X 35 s,
o SR o T TS e A T A ) R B AR, R <R 1 LLM
SRR BT AR S I — A~ LLM AL, #7RAREAE 58 4 R R 45 1. ol
Kojima et al. [143] &3, (ANFERARRIIR BN “Let’s think step by step”
BT LR RS LLM 76 2 ANEEE S LRIPEfE. A 2R 5 BURR LLM #H47
“RET, —Fh7 R IER LLM 773 R A R B, AR RO ) R B 9 491
W, R — AR RS . R RAE S I — AN AR

(AP VA{ = o K\ L1 G2l ¢ € I TP Ty 7SS e 8

AR U IR S TR HE R S AR, Wk LLM R B A, R ATRE
0. Bk, FRATET DLBHARER LLM fE45 H 4518 i E 4 2 AR d 72 .

4 )
TRFE— DA o AEMR R B RN, OREEAE LA R VESH Y HERE
ﬁggéo

81 AR

A AT AT VR A0 ) R, PR AR R 52 Y B PR R B R 2 4

100



Fiblaesr ] B KEMFONSS WOR A

%28 HREHIE .

B SR N A AR, Bt xR e R HCE R (i
ARE AR IR LD [ B RO

%30 YT

B X DRRHERT L 07 3, BT BB RTHE, JFE s
e E VI

84 R

R AZE RN, B at St I
B PRy int R B

PR — AN E o e e R DRI A 7] R

{*problemx}

- J

FH MRS 2R, iR MDA S, BN HEPE. B1E, A
111 51 H B AT S AR iR 28 4 R

REESEEE. WA, FATATAER RSP EERE], 1k LLM X e
APIEAT IS 2], NI T R AT AR5 . BR58 b, T LLM sl iE = 2
fERE S, AR AAESE7R RO AARAT SR SOA, IR R gl T A+ S 2 5
B R SCEATHIN . AEVFZ N, RAMG S AR S RE R . K
@ AR E LLM #H47 B R H, M2 455 LLM A8 R R A%
WA —ANIXFERIE T2 RAG, HA BRI E @ A IR 24
AL, SR BATR R LLM 21X S AR O SOA A R B 1] ) B 7R Jig
Z e i I B

fRE— DL REAIAN B A S RN T K. BUERIRE] T — D&
AFHRH ETFSE R R T E B RARE R R, RF
B ORI HEE R, AR R R NSRBI B SCh B .
ETFXER: {+IR-resultx}

l): {xquery*}

E AL BEBLSEE TR RN, ATV A BT 7 A MU SR S B R
G B FEHER T R 3 BB A B F i R 2 LT SCR AT ,
AT AR B O T4 SR %, BRI
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B, BATHSE TR g S i s . tah, 3280 Cnfi s
Beo g1 5 B XURS ) BN 45 RAT Wm0, XS4 R B SLEh A iR & . 4,
AR IXFER IS, BRI SCEORIE A T k. BOGE I AT LS 2 % il
TEL SO LIRECE 245 5., B4 OpenAl X1 GPT KA MFH .

BYEE

BYERE (CoT) i LLM REWSET XS B A% i@ AL iIZ A0 OB R, AT DLEE#R3E N3
RN AR . S EEMIMER AR, CoT R LLM AAT-AEHEH PR, 5
MR 45 VR R R 22 2] o N RARUEH] CoT, AY25 i8Sk # FH K — 2K
ARECTF . B U

HHHRF 2. 4 A= 6 9T 1A,

SR Z N, $Es LLM 1E% .

Q: Please calculate the average of the numbers 2, 4, and 9.

A: The answer is 6.

SN DLM 88 DL B 2 IR A5 R . — P i B (0 o i e AE B s I )
I ) i, LLM P3RS S

e ~
Q: Please calculate the average of the numbers 1, 3, 5, and 7.

A: The answer is 4.

Q: Please calculate the average of the numbers 2, 4, and 9.

A: The answer is 7.
L Y,

SR, AR BE R ZE XS T5AN 2 LA LLM 242 IER I HERE 730, CoT J7 ik LBl
SAET, LLM A [ AN 52 22 (B IR 55 2R, 34 B8 A S 25 SR Pl B fR 4
DB R . N, FERIRPIIACE THEBD IR, #iE CoT KUK IR,

e N
Q: Please calculate the mean square of the numbers 1, 3, 5, and 7.

A:

The answer is

21.

8% . https://platform.openai.com/docs/guides/prompt-engineering/six-strategies-for-getting-better-results.
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Q: Please calculate the average of the numbers 2, 4, and 9.

A:

The answer is 5.

B AR EhR R B 2 B 9 HE B IR . G I s [F) 26 ) Y e B HE RS AR, LLM
UL QT REAT I AR HE T, T AR RRGE ) T A S AR R A

D
BB (CoT) SARFH S A M AT R BTG, HEA TR R A s
HERLB R, 442 B TRE RS, Tl bR (RUSERLRDD) i
RERA GRS %7 154), MR EHITECE . IS R,
YT AR e S L, TR K.

J

CoT FERAESERR N PR B A TS . Ho—, CoT K E IR M N — AR5
WRFPAC Y F 0 B, X R e AR AR 1 N SRR R SR 2% e i A7 A, DAL
THEHTFREZDHIIMTS . H =, CoT MM REEIEY, Frahabig
AL, AR BT R AR IR U . =, i ReNE R BT B A e 2R
AR, O SRR 2 P m, AR O A R ] AR 2
SR B AT B

ERTrERER M AR AN HEED RG], BEFOVDREAR CoT. 52
HXE, FHEA CoT LR Matl, Ml fERRTIMARETES, ZK LLM $d47T
BOHER. B, FiEg N EREA CoT #asLy.

( R
Q: Please calculate the average of the numbers 2, 4, and 9.

A:
We have three numbers: 2, 4, and 9. Add these numbers together,

2+4+9=15. Determine how many numbers there are, which in this

case is three. The average is calculated by dividing the total sum by

the number of elements. Completing the division gives 15/3 = 5. So the

answer is 5.
S J

£ R — B EE” X—8LS M5 3T, LLM #fZRA e 4 (420
BRo Kojima et al. [143] BIBFFE4RH, HRIRA N2 LLM R B HE RS AR A2
2. Ioiy, s R R R AR 45 S, FACH LLM 4k
B, MR B 2. IbAh, Br “—B—B -7 4, HALRBIES (i “iF
Jeln MR B “ULIRATE AT ) [FIREAT TS SR

TELRANT Z AT, ALEHM CoT 7ELFRM A HIEIE )RR H—, DA
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CoT g ot f i) 22 DA B R B, T X E8oR 0 RN (ot B ahik 2 T3 BIfifE
—OEMERE . H T, SR RIR I R NS B BRAOARE T iR, IRAER KRR
R 2. H=, b B e 2R R ] BEXS e & 4518 MR P 2E AR
M. KT CoT PLBk R EONEW TS, W SHILERMLRIR R 84, 232, 235].

3.2.3 EIJRR

R s RIS B N T8t 3 it s i it MU 7, AR &R
BR: 25—, AFKE SRR A BUBTE A5, BR8N &
TREWE, SRR B, e RE R 5 BRI EA K ERE A e+
ARMPR, BEITIORMZRE: B2, A LSRRI EERICK, BT
HERRVFSROT A, A€ R PEREIY 21 .

NERIX L, WA R T — RIS SR EOR, B2 H B0,
AR RSN, DE S s RO ok N AESs . BRI — B bR, AR UR AN

Jy ) R

o WTONTE SR B B it LR R ?

o BRCATRIERAN, R AR MRS s S 1K R IR ?

R

B s PEAL B H Ao P 2R B RS e A 55 B L B R s, IXmT BLILN & 3
%53 (AutoML) H—Msefl, S4v& R % (NAS) BBEBUVHIL. —4iE
ISt A HE S & A & = A S AL

o RRIEERDE. B XA IIRRI RS B, wf IESEE TR s, JE
NE L N N Y e V8 E 2 R AU P v

o MRETEAL. XMEAMRIETRR, KHENESEAOMHERIEE BHTRE NRES K
B, DA s R I R

- WERRERRE. JUEInfE GRS, EERAEAT: B PRBCA T RE
i B AR AT VAL, IR SO i ikie, mMMER, BRI R
R,

HET 2 — KR B S8 B RSl Bk, TERA T KiES
A R TMHAL. UL Zhou et al. [237) B TAENGI, %7758 B HAT UL T D EE:

o #RtL. MG RERRIE. BRI AN TS > EYIGIRR, W e S
R, AR AR 55 4t i B B -y s ] B B AR AR TR
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o VP R MR R B B, RS ES R SR R
B CHIER SRR LR, BIR BLA B 404

o 188, iRk R, AMRGEIEAE 0 BURBE G BGE I B iR, SRR,
ARk i 20 TR A T B4 4H

o . DIHHATORE IR B, A RIE SR AR R ST B AR AL 1B 32
a~ BHnEES . REmESE O, IR, AR ZR )R
R ]

P S0, SR A LURSRAT, (RGPS RIE R IR . 5
I B B STIUT LS Fh SR BT LUR AT R BN R 1, 2T
A SIS BASTT R, L5 o BURARAR A R R R 7 (RIS IE. (R ER
HIRTAEAL, il B2 — B W BT HEAL T i 2 B %
Pefe i

TR, SORIHR LA SO, TR AIRS  ROVSS ML
S HATRZ B SR TR M T 5] S IF 038 S, HVERBEA MG SR
WUAE S HSCAT: [T, TFSLHLE ) 2 s LR 15 77

L7870

HARE SR (AR S) BAREN, EAEETNKHTEITHA, RERMAMFEKR
IR SRR R RIS RVE N B HL token [F A1, SEPR b2l K1 B A Y g iy i 452
A, XS AN BRI RETS ERAE A X SRR N SR IR ? I,
FATTIN #T (soft prompt) IMER, PHIAFERIIEGRE. D AAER. 5AK
LIRS R AN, AR R AR T N AR R, DS A B A A,
A TR AP

Translate the sentence into Chinese.

Consider it done!

BN, #7x “Translate the sentence into Chinese” RJA NIEHER, H token FFAIZE
LIM # N E 75 hy. by, XERERITEE-MTER (F 3.4, HEERA
VR EH BRE S BIEIRE EA] DU e s BAR UK, BIEENES: S HE )15 3.
XA RN R HaTiiit, ISR sl AT (R T KR, fEE R R —
R E IS .

IR EAR A T — R ) S ) R HOE AL ORE S AR ) T . BRI
RREZH SRR IR : BIROA (prefix tuning) fE%— Transformer /=]
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Soft Prompt —| T T T e e e
\ZT T T T T T T 1T
' hj hjt1 hjpe hjts hjps hjis hjpe hjir hjps hjo

rr1 11711111 171

Transformer
o e oo e S I P ) A B

Hard Prompt (Instruction)

3.4: WiR SRR E R, XE, SRR T HATIES A4 LLM 1)
8. LLM IEH X% AT gifi,  HX N o 18] o al Ao — RS R .«

AT AT R ar 2% ) AR N AR 7R [153]; 7R (prompt tuning) NXAE
RN B IINT] 2 ST RGO, THARFFE A L R S HOAAL [146], XL @
5EAFRRZLH, BAESHIREAER, DRSS ERAR L IE R .

H—RITEN BT OEE FRLA 5 1 B3 . NERITK TR 2 8oRf], ATk 5E
B BT RGN/ EES N E ), JRlid AR AR EEH S INGT . 4
1, Chevalier et al. [31] ¥ BRI MAB, BB HME token RIS, &
2 ] E RN AR R RN B O SRR AR N — PR T AR R AR
HEBE TN H 6

BIMEZ, BIRREE T mdutEES REES SRR, ClNgr TESS
s OO 2 OS2

3.3 KRREFFRZA

3.3.1 RUOAHLHAR

WNZRTE UG, KBRS (LLM) AIHE S T AR &K NLP f£55. HTARDS
KA ERAARF N E: g€ — BRI, BAA R T REM R 800k . A, B
E N3N token B8 x = zo..20, FFERMIPIIN y = yr.yp, WHEELERE A 5E SON

y = argmaxlogPr(y|x)
y

= arg maXZ log Pr(yilx()v vy Ty Y1y ees yi—l) (312)
v i=1
X ERUETE F AR R B R IE e 80 KOWE T T AL E m + 1 TR,
I, RFRAE S BAR A E MR R EAR, BLRELER 4> LLM ABE 2 Rha) @, i,
Wie) TAEE R IR, IS R
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i Hf
\&é\
=
2
4
M

John seems happy today.
Question: Is this sentence grammatically correct?

Answer:

FBARIAE bR AR “Yes” BIZE HY 1 AW . RIFEHE, HLas®1ERT LA “Translate
this sentence from English into Chinese:” IXFEIFEHR, H 2 1] LS SRS )
BoE . Mg —Jul s R AT, R MR MESS Bt L TR S5 .

SRIM, ik LLM Fescth “Wris” 82 dERMEAIEE 1. — M EZR BB 2R
KE (5L, MR FEARBATISGER, (AXFEEERE, BN EAA
Wrilmr. BRtk, B RT3 H S i 2382308 (instruction fine-tuning): ZEHI
SRR R B, B IME 2 E T E S TR 2B EE Downe M SEHATRIOA
B, NTBEE B AAE I 2 b & SIS PE A E S AR, AR &P 2 IR 14T
% k.

S ROBAEHE thi N-f E X . AT S 7RSSR IR RFERR
DA PR AR N 2, At 3023 0 R d B IR A [0 25 o DU 2 H 1 LA S0 28 A Aol
A, BAVER T 0K E HEEAESEANRES, JFHR—F5% dmsEEHmD
CIRYS SN S IRZI0E RS NNTTPE D) b &/ TE Y = S

Read the following sentence, and answer whether it is grammatically cor-
rect.

LLMs are powerful models but are expensive to build.

Yes

Write a short story about three characters: a boy named Andy, his dog,

and his friend Jane.

In the heart of a bustling city, Andy, his loyal dog Rocket, and his friend

Jane discovered a hidden garden beneath the glow of twilight...

If you buy 5 apples and each apple costs $1.20, how much do you spend

in total?

$6.00
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Write a Python program to calculate the sum of squares of the following
numbers: 1, 2, 10, -9, 78.

numbers = [1,2,10,-9,78]

sum_of squares = sum(x**2 for x in numbers)

print (sum_of squares)

XKLL R, BNy B FETHE RN 2 bR, AN S S IR I 2k
PREERIHIH S . BEACERH, 7 KR 55 B E AR 2 1 2 A6 ] DU 3 S AR Y
PERE [85]. (FMEAFSRIMIIZ, WOMEERMAEER /N T IIZER—@ w500 250+
Figkmn EAEAR T2 [236], TN T EE 12 2280714 token, PIFLETT
HITH EZE T N EER.

FORRBREN 2, 21 fa AT G, BIAUEARI B BHAZH (zero-shot learning)
Be /1. EAMUBETE NGRS Wask (1) F8 A28, b B R AR 2 Xl Zhad i) 48T 5%
R [197, 221]. XARESIERA RGN LLM 558 BERT £ “4F %44 Fif(E 550
SEAOR” JERI KIS . 1 S I R BDE A Y, PO DA T R A E S
FEANHERR IR, FRAMOA RSN T —FR B ES, HiEETe 2805 515k he
71 “HRpE”,

BN FER RS T 25w BEARRL, (2 B A RECRE T B W1 2124
N0, WOREHREN Dume: WERALS% 6 7:

f = arg max Z L+ (sample) (3.13)
o+ sample€Diune

KEEANFEAR, BA PG NN B Xeampre FHIH B Yoamprer BURREAER T )5
e

£é+ (sample) = - log EE(Ysample |Xsample) (3 14)

FERARSEHL, AT TA AR SR IR AN PHE P S AT U5, (B AR, IR AL
\bﬁé}: ysamplo N&E‘Jﬁiﬁo %%ﬁ*ig/l\gﬁﬂ

(s) Square this number . 2 . The result is 4 .

/N

vV Vo
Input Output

WK U “The result is 4.7 LA token HEIF I, 40 \HIAM P22 A (BT
O 7 S (R T T2 T AR AR 46 4 A MUE DAL, 74k TSR LA Y
%.

fit o E SE R e 037 B I RR S —— % 31%, MO Wb
BEHHEASE . O, TSR S RS RIS, 2 R
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A TS RN IERIRXMRRA . @R R, SR OYE R LLM
WA G B TIRMOR, BIE) 2 TR R AL O i BT &R
K BRI BHATOUSRIRE NS . A SR E TR IR SR I B e R A Sk L AR B
E275 SN ILIVAEE

3.3.2 BREBHIARE
AR IR AL

5N ZR AT LA (5 3 R B SR UG SCAR AN R, SET M e o B (18 N Ay R o
WERIHR 2 - MM o B HIAERTE . ZREENVESS AR B R 2 1 fOR Ja AR 1k
e WHIURM, B0 i A A 2 UUA RS B (18 T RE 7, TR 4k
el I ERA . K, B E S 6 SO SET H i AR Al i o S i3
o P EE RO AT N DA R B A AR

ATERRBEE A ERIINE R 5 AN ISARE GO IR 55 B S - H X
51£4; NLP FRiEANE, O LLM ME i 8o /5 2 2 0 R, Ba® ZEiitidn
TR IR SS . B, DS DURIIEAE 55 7T SN R AR -

Instruction  Translate the text from English to Chinese.
User Input {*text*}

Output  {*translationx}

WEEIR SCA S H bR SCAXS (4 “How’s the weather today?” — “SRKAEA
FE? 7)), BARE {xtexts} Ml {stranslations} & A RMA])T, RIATTESGRHFEA

Instruction Translate the text from English to Chinese.

User Input  How’s the weather today?

Output SRRAEALFE?

WIS ) (x,y) XF ] BLFE A T4k

X A MEAE T Rl —{ESAEE 2 Mg B IR T 3, AFRIFREE = H R &
FRFE S — M Z R BRI Z AIA NLP RS AR BIR [60, 168, 219]:
FRiE AL T R AT S R ARGl G, A B CARIE TS BHR. BiRieE, F
FFAT 25 O AR SR T b E A R REA . Shah, ] B BB L e
SRBAE T AT 8 P ol oA 8 T 280 o) SR ) S T3 1) B 0 [136),  DALRIE [l @ 28 A
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JE . B S HERE: RS R, AT RE el LLM
AR ELENTAEL, WMHIRES NLP AR5 RIEGER B B, KEVIFIRY, =
THROE B 1 2 FEEA B T 1558 LLM RS HIEANZALRE YT, ATRAESS 3.3.2 ¥t

g,

BEtEREIE AT HEZIR TAREENLRAGNEE ), BHuEST BERE R,
A AT, REENT RO LLM e 201 i) @i &
AR, TBREBGRFEAR. RPN ER S Z NN, B18S Self-
instruct[129, 220] FE4E T —FRGALIN TR 4i—MESS TR LM, VIHEEDbEAN
TS IR FAT S RFEAR . BRIR MR T 2538 2 E nfl, $28 LLM Ak —
ZOFT T4 BEJG TR LLM AZdE 425 Bt B P i NFgar A8 R o B B Bl
WA BRI G R NI CnkBr S5 O 2R m EEEMFEAD Fn
AN, WHGEAE AT AR KRS, 2R IO B a4

SEBRRL A, AR T R GE VAR, N, XTSRS REAE S, NG LLM
6 ) 2B B — [ R I RE A, AR AR % (input reversal) Hl&: JofaE
B I RAIARSE, BN LLM A5 L UGEL IS [158]. H184 M AR R O
ZNHATF LLM FF &, Alpacas Vicuna 5457 43k iR K £ 35 68 — 52 Ll i & i
P [82, 175, 209]. JEEE TAEHE — D 5] AU VL LA R 2 AL I HE 4 [220], B0k
A R AR BRI MBS S [80); AR TR ZR M BUAE A BEE R AR 51 T T 5%
7E [56, 118].

ERBDBERFEARN/MMER RN, BIELSHEARM T 7 YRS wmTF B, MM
THEBKGF LLM EREZFEA, SCIEERZ P EE . XMF FHBE E & 4 Bl
SBR ISR AR HARE T A R E A, Bl LR AE T G T L8 B R A
AT 13 B (75, 198].

B MO

i 0T A 40046 4 SO 8 S R 1 L R, B SR (Supervised
Fine-Tuning, SFT) . WFTHTR, Z%I7EFH ChRERIA - o R 58 2
K, AR AR YRR A A U EE I B AT S X — i R AT I AR, R
JElHY R B Z R R, B E R S 7R EOCTE B LA B 1A] R

BRTMEIER L. BMAFPIIN x =20 v, (BERSHHSRERAR, X
RLH SN y = g1 .. yne SFT B4 D HERERFN (x,y) XM RS
7 SRR
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B KEMFONSS WOR A

Input Output Loss =0 Loss # 0
z1 T2 T3 Y1 Y2 T T2 T3 Y1 Y2
== ==
) ) o . ) ° ) ) o o
To T T2 T3 Y1 To 1 T2 T3 Y1

(a) Forward Pass

(b) Backward Pass

&l 3.5: LLM KB A Bls . JATR S A et PHE R — D8 — P81 . 7 T % 7%
AT, WAEHEIZT LLM. fER e R, AT S i i gk, My
PN E SR B2 =

x (F8% + 5D y CHti)
Summarize the following article. {*summarys}
Article: In recent years, solar energy has seen ...

Analyze the sentiment of the following review. Positive

Review: I absolutely loved the new dining experience...

Translate the following sentence into French. La pratique aide

Sentence: practice indeed helps. effectivement.

Classify the following email as spam or not spam. Spam

Text: Congratulations! You've won a $500 gift card...

FATH H AR i RACLESS 52 S N T 2R BOE i ey HH 25 PR . I HIER A0 e 5
4 0 NSRRI SE, WORE KBRS 0 b IR CYRSEE, JE30k
F 0 o™ 0 TR TR S I B 50:

0= arg max Z logP;r(y|x) (3.15)

(x,y)eD

Horb log Pro(y|x) = Y7 log Pro(yi|x, y<;), B R X4 H 870 1 token 11 AE SO 2%

EShpEiE S BEAOIGAE, X BRATAKOBANTS x 5 5 4R . 7552
SEPL, EER [x,y] PHERN A TERET AT R AR R, LR R ) AR R SR AT R
ANEBA IR R BN 0, ANPR B 4 HA S04 PR BT o 31X — ik 2 m] DA B 02 T 7 i b

logP;r(x,y) = logP;r(x)+logP;r(y]X) (3.16)
—_—— N——
BENO PHURIRCEES

B35 45 th TIRXM “RTIATHSE AR, IaAUE R R A IR oRE K.
SERTOL, SFET AR5t bajtse — R BT 1 Bk HERS 1 bn i 5 A A1 k.o
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1 RE|ZRXITE. R PR TINEUE RS A BARAL, (EAEIIR LA N SR F SN A
B, AR EBAT 2RI B BT E S KR, BRRARUOVE R <P AT
FHE y*, BEWBTE) <y, xE yE . AT B — R R T AN
R SR AE AR H R, Rt

K
6 = arg max log Pr(y"|x!,y!, ... %" 3.17
g1 Z;g0@| y ) (3.17)

—AANR IS RSB k2 HEAT Ik LLM, (HIXFH I ReRR k.
RS S A TR AR [y, x Ny K A
BRI ) A% 1 7 58 BOITAT R IR AR R T B o I e 32 U e o

logP;r(xl,yl,...,xK,yK) = logP;r(Xl)+logP;r(y1|X1)+~~~

J/ N J/

#ho ik
+ logPr(x"x',y',....y" ")
#ho
+ log P;r(yK|x1, vy x5) (3.18)
ik

AT TR Bk 4k F S AN TORH R  BOBE R B2k 0 0, THSR B 3~ (81 R AR 23 ) 457
5o AEREAE RIS AT FRIA RIS (3.17) Prilid i AR, B3.6 &on ¥ Z48eXHE SFT /il
ZRuate %, BARIIGR A ARKIR AT AR S

0 = arg;nax Z log F;r(seq) (3.19)

seqeD

Hrf seq BI_ERSEBXIE 41, 1RSI A ORAUE 1R AL A 5 2 o] A=l B = [T &2,
117 AN 2 25 000 FH P 32 0

BT 2, WO R e T A 5 LR 37 S A O . RS 0 1
TSR 2R TS SRR, IR A TS, AT B AR T LLM Rk
LI A BT 5 SRk B

3.3.3 BMHARE

B IR ITE

F6 A B BB SR AR, Wl FLAN JU4E T 1836 MT% 29 1500 A
FEAR [158]0 TR KIS B KRAE S AT &S 808 8, (HETE S . &
Bom R0 a T R b B S HOR MR — [, (RO EdE A ST R A g
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Loss =0 Loss # 0 Loss =0 Loss # 0
Pry(x") Pry(y'x') Pry(x*[x',y")  Pro(y?[x',y',x?)
x! yl x2 y2

/

User: I've been feeling very tired lately.

Chatbot: I’'m sorry to hear that. Besides feeling tired,

have you noticed any other symptoms?

User: Yes, I'm also experiencing headaches frequently.

Chatbot: How long have these symptoms been going on?

B 3.6 0T iR AR ) e B o s S EBE, LLM 78 4R LS N, AR 3 b s 3
FEMER . XHEAE M P AR B8 N Z 2285 3k 47 . #E SFT w1, FAVEAARHE LLM
BRI XE O — 81, B LLM BSR4 2k o

FARZE. 55— Fa U8 s NEHEA T RIERSEX. B ORNERITH
VA, AR DR RS AR TR R 1 R I ORI R g B . TR, e KRR SR D,
TAImEEN — A& E R ERTE S* C D, T ZTHEMIHGRH LY 0+(S)
£ A AMESS BRI R v] g iE I {8 4 B B R ROR -

S* =arg Sgg}i‘g:k Liasic (0°(S)). (3.20)
Z 0 TAERHIE TIX— B . Zhou et al. [236] 5O i TR FFIREEREA, % 71X
15 1000 MEEA KR A MIE SR LIMA . 18 72 80EM0A A LLaMA 65B Fif, H
ST SENE ZROAS IR SE, HETER: AWM P F, LIMA-
65B XI DaVinci003 [ IE 58%, TiH 52k 2EHEHOA R Alpaca-65B {3k 47%
POREZR . X U BB ) 2 AT 55 WA L BE ) T TR AE P A $8 2 28 8 AR ED Tk . Chen
et al. [77] WA GPT-3.5 NEKIE2-HIZEXT 7, M Alpaca-52K Hfiik Hi 9000 4>
i T EBFEAM AL AlpaGasus-9K; XA ZFEEMI, 78 AlpacaEval IR ILEIREF
Bt s 8dE. X Rt — P T “BUEREMReTEE” WA, Bk,
LESS Z5 5 5383 1+ SRS Y ZRRE A G 561 553 2% e B2 S ik e 5 18 I REAS -

T(2) = —Vol(2) H'Vpl(Dyal), (3.21)
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Horb H NG RFERE o G BEW  KIF48, W iR R i 8l Sk =, A
B/ H B = A A Il 25 NLP BERY, 4314 5 R 5 L R

PR RIE NLP FiEGONA AR B34S AT R /10T Ll > bR
BHRHOE, MARHOBO IS BN SR — PR, AR BB IR I (1) 5 ) CAE TR 2k
BB >14F, AH4E2-0e 7R B S 78 HE PR I I JE s 2R B4 o T R R X A R AT N
BT HIEETE 2, i g Tl gk, X 5REX TR (superficial
alignment hypothesis) #VIH5¢: FHHRE FARETNZIHI L@, f52:H5iRE
BN T R BAT NIHAT R IR, AaBESNCRRERIRE 236]. B 3.7 EWHER T
XA WA 3 TR R DR R, ki 2 e BGR JE R B 5 e 45

REFASRE FUNGREL)
TRAMYE / EFRS5E

T R+ D

% O FITR JEE

3.7 RMAFHRY R R : BONGRTE RS eI B AR, SO > B4
KRR AT R 55

SHEHHET A

B A7 M B i s iz S TN 5, AERC HCS BB AT 22 H00R
PIEFEFTUWE GPU BAF 5 1FEB A, XA2E 7 Z8S80H (Parameter-Efficient
Fine-Tuning, PEFT) J7iER 4. 5HH2HSHN 2S48 (Full Fine-Tuning,
FFT) AF, PEFT &5 Ml SR KRB BCE, AIZRD &M N2 ek )z .
FHAW) PEFT J7i£@Id(E Transformer 22 [A4f NN A& N LG Cadapter) [131],
BUCE R A S S N o] 22 ) PR SRR & (U0 prefiz tuning A1 prompt tuning) K5 'F
AR (147, 153]0 HIXEEIPVEAFALEHEREIN 5] NBAMEIR, BUAE R AR AT 55 b LB
SRR R RE F IR .

Ny Mk R EBR, Hu et al. [132] f2th 7K H &N (Low-Rank Adaptation,
LoRA) » HAZORiscse: iR A2 IACE B3 AW BRAEARK “HNERK” .
Kl 3.8 Fias, STFTUIZRE Wy € Rk, LoRA 4 5H 70 i v W5 MG RRAE R 1 e
A

W' =Wy + AW =Wy + BA, HFBcR>™ AcR™ r<min(dk). (3.22)
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YNGR Wy BG4S, ik B M1 A, & r 8% EL 4. 8 5% 16, Al Sk E KIS
Mo LA LLaMA-7B B3R B (d = k = 4096) A, # r =16, R4
S H ) 40962 ~ 16.7M, 1 LoRA FIZEEAL 2 x 4096 x 16 ~ 131K, #/biaid
100 1%

Wy
e, d x k
Az SRR

B
L o A
r X k
dXxr
N o &t A, B4 B (h = Wox + BAx)

& 3.8: LoRA 7&K BN = WEMBEN, DPIskgiRmfafeiE: s dik
TN ZRAUE Wos BT BRI I AT ZRBRARFERE A Cr x by JREAm AN B4
BB r) M B (dxr, FRITELERE d), WFRBRCRAEAMICEAHM, 5305 H
h = Wyx + BAx.

LoRA f— KMLH 2GR v] B3 A BUEAE (W = W, + BA),
I AN 2 5] NEATESMEIR o TR\ Ak 2 LoRA 24K: QLoRA # W, LL 4-bit
NormalFloat EALAFiEFFAC G 70 DAL A%, (1S 7E 5ok 48GB JH %4 GPU Lfkif
658 B RN AT RE [91]; DoRA TP A6 FEARAR IR B 5 07 1 43 52 2], ik —20 42
FE T O R E AT SR I [157].

£ 34X T &S HOH S ER PEFT JFyAE 7B B FREA SH GRERE
WZ5) . PEFT MM TGS B 2RI ER, BERWN 7B ET, R
RGRE R “FRA”.
® %4]: SRS PEFT B IES EL (BL 7B A8, FERIKE 512, #LRkK/h
1 9%1)

Fik 4S8 A GPU EEEA (fA) #HEER
EZH 0 (FEFT) 100% ~55 GB T4
Adapter 3%—5% ~20 GB B A S
Prefix/Prompt Tuning <1% ~16 GB W& A5 14 0
LoRA (r=16) 0.1%-0.5% ~18 GB o
QLoRA (4-bit) 0.1%-0.5% ~10 GB T
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&SR
LoR A STHEGHE S AR H B SRR FE A A A B BB, (L1 45 5 4
A BB 2 A P AE. LR 03 TR AL (AT 43 LD,
FLEA7 S KM, TV Rk o (0 M, S 8~16 U, S0
e A

G

J

PEFT J5 2 it LAfie IR 405 B & ZHOH IR, W NRELEE Gintrinsic
dimensionality) AT BIFERE [150]. ZBRUNA, RETIZE S HE R, H
TE LR E N AT 55 A R A (A S b AT — MIRZEFimE . il 3.9 B, Tl
GOS0, BT RIFHITVREHAN, o R 7578 2 B R 4E 1= A b FHR0E &
R 1) 6%

0" =0+ P-5, SER™ m< 0 (3.23)

Hrp P OSBEYEFE . LoRA XM AR 1 326 TARYESE BT IR E, R R 3
S RrE A, ERHFAAMAESHERBT & TR,

K 3.9: WAESERER iR s TUIZRERIAL T 58 Mf ok astrdy, T A (R4 1
73 6] A REAT S/ U8 B AT & S T A 55

3.4 RIEBUREFIISTHA

3.4.1 XSFHLA

TR SO LE R 5 R T B8 38 A 2 W] R B E SRR S5, XS R R B R T
alignment A8l Xt5%, it 5 FRAEKATNUNENRERE, FAOBTEHREHE AN
REITETE S, EEMBIEMIL. HEHIEF. flin, — D IsTERBRR N 234 [ 2%
“Unfr il iE A 7 X AT FIE K. B FFREMRK N LR e, HARETH
e HA MmN RARS, WiRASGHEILH 2 SO B oL, #8
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REDRFFEME. %a, HAT ARG NSRBI X552 BrbA e, 2ROV ANKNE
MR IR 2 FE HAWAE L, AT BATAAE BRI, A4 fe e 2 B A a .
PRI, X FF AN B AT X FUBCAE S5 o, TR — A7 B AL S I R AN A B
oas RN P N LI

FE R TCARZEH S e s g )G, 5@ a1 Bk

o BBEBOA (SFT). SEAUHTI. AR E AR 55 AR EE RO 4RSIl R A . 55
MIBARRIE O, RS “RIEIEL” X — AT X5,

o AAXBRBF S 3] AL B RO, BRI REA AR S AW I
FHIN R . BEI AT CASCER N SRR R gy th A DPAG S i, IR R IR 2 e ik — 25
IR, SCHLE IR 2 IR 55

— M FERBEMNE R BRI, Rl H A E— N Es= I, BN re-
inforcement learning from human feedback (RLHF)o %7158 & WANHAT

o Agent. “HEEEMR” WARABATZINGERK RIE TR E©AIABTRIECCR, i
i BOCASR I 3485, HAEms AR AR B (0 A1 52 L: Pr(yx).

=

o Reward Model. JEMR L TR S Y, EM
S —MNEE S, AR H P AF R

R B RERZE R B Y )

\5

RLHF ¥ RN 205 — FIHANERBOINGREEA, =, 2NN TS
N, FHERA T S FEARASR RS o B IR AT LU a) @i Tl SRR T A o IR
WIEHNE s b) NN AENREZAMEE, FFCE N Bk M mF HF 7 ¢
BT HF AR IR EiAL; d) DA AN IR EME 5, X SR e& AT sk 2 S oM
K13.10 fE7n 7 iX—ifE.

NHEEATE S A BRI TR AR RLHF A, RERIMNes 14
SN GRFNTE SO R S, B PRI

EFEA R E I ORI A ?

FEALE R T 4 AR E
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Sfe — 37

L )

SFT Data
Write a poem abouf the

weather in London | ...
-_

Comparisons
Y1 = Y4 > ¥y2 = ¥3

T Annotating Data with Human Preferences

KA TN 5 5 i 07 ik

O
Pre-training Data Model Output
How can I get theref? ... 1. 2 ...
I love the food here| ... S T 4. e
-_ -_
Pre-training & Predicting
Supervised fine-tuning
User Input
LLM LLM {——| How can I live mor
environmentally frigndly?

(b) Annotating Data with Human Preferences

Reward Scores
{r(=¥)}

T Evaluate the Input-output Pairs

(a) Learning an Initial LLM

Reward Model

Input-output Pairs
{x,y}

T Sampling y via the Policy Pr(y|x)

RL Fine-tuning

Comparison Data
{(x, ¥k, = Yko)}
ﬁ Training

Reward Model

LLM

(Policy)

Dataset D
x ~ D

—

(d) Training/Fine-tuning the Policy

3.10: RLHF #tid. Hoib e 4 DD IR: a) AN GRA0 0B B I 200 46
LLM (BRSNS ; b) IEIEx LLM #fa 347 5 R N R il Bdls s o) fEHHEY
S5 RNGRJEAY ;. d) BT RN SRBS 34T RL . XU i Sk R Il 2Rl
iR

[ |

(c) Training the Reward Model
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1 (y.): 5 R U] BT R B B AT AR R G, A T HEL
TR EAT 2K

B 2 (y2): SRR AT AT 3 D BT e, AT R AR
e DAL 36 A0 Ak B SR B PR B

fids 3 (ys): BiEs ™, B R AR R IR K, SEPE A
B4 EH 2, BB AR AR BRI KA

B 4 (ya): 2 SCRFARIA Sty X B BE D B R 8 E i R B A2
SRE RS RN B .

& )

UEARIEH BN 3T H 2806 0 B AR LUR IR S, (BRI ATIoR 30, S W
Z IR MRS WEE 5132 . TRATUASE— Mk, Flan.

Y1 > Y4~ Y2 > Y3

FIHIXIEHE P8, RAMERT LLUISRICIARTY . B 5k 5 B s K 5 A
FEAME RS S /NI SR . 25 N x RIS yr B EANTPHER— AT seq, = [x, yi]»
FER BRI — MRS S (W1 (\s)), PAJEHL Transformer &5 0 Z 1% 55500 B 1%
HAEABNTFIINERR, et —NEREEREI D E R(x, yi). WIZRE 5 KA
SR HE 45 2k

Loss, (D,) = —E (x4, yiy)~D, log(Sigmoid( R, (%, ¥k, ) — Rw(X,¥k,))) (3.24)

Hoott w RS, D, R AR X RO (R R . IR
HEFF 5 ASFRIER —50, KBS MR T . B M — 1k, JRATA I8
O Ry (), BT B ERH A RS SOE SR A B, Wk I SN 3 51 0
B

FESRME AP B — AN EAE N H AR A2 SR 2l

6= arg max E(X’yé-‘r )~ D L2 (X, ¥54) (3.25)

o+
Horr x M AR TR,y WAHHTRIE AT Pry, (y]x) FRAE. SCECAE S
2R A SR B S S 5L, 40 prozimal policy optimization (PPO), LAIRISHEFR
TERINGRRUR,  VEAN SR AE 5 22 51 R T .
3.4.2 RREMERE
B A R FH oA ST HEZE Ry A AL O A B, R AN E R B . AR
VWAl I ZRIX R () 2L SR A
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Reward (Scalar)

T
W, Linear Map

T

Representation h,, h,, h., ce. h,,. hy, h,, c.. hiast
at Each Position T T T T T T T

Transformer Decoder (LLM)

T 1T 1 T 1T 1 T
Zo x1 T2 cee Tm Y1 Y2 . Un

(Last Token (EOS))

K 3.11: 3T Transformer AL RIZEN) . FERY FARAS & —> LLM, H Transformer
RS A AE N T B RN AT S 28 78 5 J5 — M B R E AT [, y]
MR, P IE I — 2R 1 e i L 3 o b 2 22 70 5.

£ RLHF o, SRR — AN 5 AN AT token 55155 BT Abm &2 0 #0282 )
. g x My, 2EME A LIRSy

r = Reward(x,y) (3.26)

Hr Reward(-) BPHpIEAL . » e RES ERA x AT, Bl y SHEITH
M—BREE . WAThrR, FTAURE x My #RTEERSOR, KEME LA 5 2
BT HA P HIHTE SCRG HVEH . fEBEARSCIL, AT x My PHERIE A,
BRAE ) B B 2 A — DM, BIRMTABUFAIRRE (B y s —14
token 2 J5) MR RIFHE &L, A E T LAZE N 0 BHAD 5 AL {E .
FARFERF SIS, FHEBEH r(x,y) BaREEMY Reward(x,y).

SEILAL B R B T AR 20 — PP T B I A0 2 B T I 25 i KE S B Ak 1
. BARH, FATR x My JHER— N token FPF seq, , = [x,y], HHIEA—
AP ZRH LLM, F:METI)ZE Transformer /2RI B IRIER R . BATIE &5
—MIERFRIR g, I — DA H LR bR &

T<X7 Y) = h, W, (327)
Horb hye 72 d 4EFE, W, 52 d x 1 BFZRPEB R RE . 128t 3.11 Fror.

R AL ) 28— 25 RS R T T A i tH I AR B3t 2 e x, AT
JeH LLM AR AMEEH {y1, ...y~ AFERGHE S T LUEE DUF LR 7 3k

/

15:
o BRXTEEER (BRFTHERF): S MR, ANRTHEIEH— AL,
o W9 NELF A RIS B — AN EUE 0 (B 1-5 43D
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o FURHERF: AT EEN i T B

X IRATR AT o LBt B E 2 RLHF Al 81 B FH 0 A28 s st
AL~ FEZBE T, BRMEIEMN {y,,.. ., yv} TR (vo, y0), £
e NRR R, JFEORIARIGIFIL . MM HEBIVESEARUER I LS o w45 R mT
PAZWES 9 ZTOhR%E: yo =y BN yo BRI,y - yo WIAH

T WO HE B 2 ST 2R, JRATT R R i 45 SR 55 2 il 7 B
AR IIMEZ LA . Bradley-Terry model [69] 1E&IXFE—Fp e se B 2 A R, &
fitiih— /NI 5 — NI T R AR A RO SERREA RIS, v, By, BRARL
B 5N

eT(xv)’a)

Pr(ya >~ Y» | X) = er(xya) + er(xys)

e (X¥a)=r(x,ys)

er(xya)—r(xys) 4 1
= Sigmoid(r(x,y.) — r(x,ys)) (3.28)

IR AT, BATI A B 2l A R 3 v 2 4t B v (0 0 2, Bt RS e KA
ERmir . A DI B E T Bradley-Terry #5284 1451 25 B2

L.(¢) = —E@Jmm~a[bg§ﬂya>3w|Xﬂ (3.29)
HA (x,y4,y0) KAF B SN S H AW I o 1N BPRERIE SR D, ¢ RARKJihi

M2 % (B 4E Transformer A5 3 10 S HOMZNEMUFEFE W00 SEBR I % R
ARPERAE, AT LA SRATACE 12

L) =~ X logPrly -y %) (3.30)

(%,¥a,¥b)EDr
WLkl B bR R B MG R RS

¢ = argminL,(¢) (3.31)
¢

T 22 i A A A By 2 — > LLM, FRATH LAE 2 E AR H#ER Transformer Il 5
TRE, R A sk B o A (3.30) H RO ELE K . UIRseml)E, FRATME
A FHUIZRES BRI 5 (-) ROW E bs LLM BX 5 2 B (5 5

EAAE R R, REIRAVEH BT EE A RN SR 32 AL, (BAE 5 2% 5B
B, 22 Jah A A R STt D RN N R FT A e O HEE (IR B R A 22 i AR A
X 2 1) TR0 2 e A B R, T RN TS e it R S bR i o Bk R T R R
Al XFEM I — MEALET . LR IIZRiT ik BT A BRI e, R ERZ&REIR
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B AR B A, ST DATEAE B S ) RLHF 5 AE 22

3.4.3 ET PPO gk ZE S AR IFIIZ

A 7TREAZ G, T it KRG SR A BN R R . A,
AT BB 7, AR AT BT B ol B K -

J(0) = Exup By [1(x,¥)] (3.32)

(AN 3 B DR AR AR OO g 5 & 2, Tk 5o B SR 4 o s XN . B
FERIUCPATTRE, PN SCARA: R B B AN A3 o SRS 2] I SRS A B2 BN I
AL TAAT TR

TR B T L B A% 0 AR B SRR T B AR RS J(0) BIBEEE, FERIFAR
EAFEHSE. T BRI T £, WA BN RGE ), g AEH
PREL A(sy,ar), BTEAEIRE s; TREGIME a; LAPFREIKFEF 20 R TEE—AM 0
_Lﬁ'ﬂfl\ﬁﬁ%i V RIEAL, B P ZESRE r+ YV (1) — V(se) TENMSTH. 7R
MEZEN, —&KPE 7= (s1,a1,...,57,ar) WA SN

0) = logm(ar]s;) Alse, ar), (3.33)

HeAk B b B e M IR RO -
L(0) = —E.[U(r;0)]. (3.34)

AR BV ERARIEIT: & FESMERRAAIE, e, #o80, N
JEARAER
¥ BRI 0T BE 5 AE AT, AN x, BIIX token AEREIE y =
(Y1, yr)e IRERCAERBITE (x,y<1), BIMERL T token ;o bﬁi?%ﬁbﬁ

T
L(0) = —Exy) [Z log g (yi|x, y <) A(X, ¥ <, yt)} : (3.35)

t=1
RS RLHF e, BdaE AR x, fil y HIEE 7, B 5 KR, Frilsebr
S RE )
L(0) = —Exp Eyory(o [U(x, v: 9)]. (3.36)

RIS A RSB A A 4 SRS EOFRAE T i b, VRSO AR — A R U
o [E— D IHRS (BN HE NS m, 0 RIS, A R H
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Bl HH TR PPl . X528, B H ok &

B Pry(7)
J(e)__ETN%[ﬁ;;F5
S RFABAE bR, R RFEFAVEAG RS, LEIRATAT LUR F) —HEIHFEA 2 CE 3T 3R
W o P& SEF) token JZIH, RO BRHC (R0 BOME S48 B 0 2 BT SR 5 228 SRS IO E =6
tt:

mﬂ] (3.37)

wﬂngjm@M)m%%y (3.38)

PR T 1 B A0 F 225 SR S i sh i, ez
FRATAT I LE 2y OB O ) R EUResh R 2, BRRERI DT Z P REARH R, 3K

WEEATE . NMEIIX— I, LKL (PPO) FIRFSIN T PR LI . ?ﬁg,

X DR LU AT AT, WG FIRWIZE [L— e, 1+ ¢] MIXTHIAN, G Rt — 0 F iR

K

Ueiip (T Z min (7To , clip ( —e 1+ e)) A(sy, a). (3.39)
ef

t=1

N RIS 1IN b s SEBR s A 2 AR D0 545 ) I 723 Sl SR AS R et o7 5K, 18
RN ) B, EH PR BRI R KL R0, am i) = A SR (R
I AT BEARAN B 15 225 RS Rz o F 11 TLHR A SRS A 7 41 [ X R 22

T
Penalty = Z [log mo(at|s;) — log W@ref<a,t|5t)] : (3.40)

t=1

& A A, 153 PPO BIR& Hir
Uppo(T30) = Uetip(7;60) — [ Penalty, (3.41)

Hoor g ¥ EST R . X — 81 BERT 1L T R 5 T, AE 4R BARE T 3R
&P AREEE, DRI T ORE S AR RLHF 45

WA EIE SRR S, M x My, 528K PPO HARAT LS

To(Ye|x, y<1) ..
U(x,y;0 g min (— Chp---,l—e,1+e)Ax,y Y
?Jt|x Y<t) ( ) ( <! t)

- BZ[logﬂe(ytl') — log o, (yl)]- (3.42)

t=1

FHRNEHE, IR NZRIIR N L(0) = —ExopByom, (10 [U(x,y;0)] o HAEHA A M ER
RUPRAE, SZRhINSR B SRl 22 A Y
SEP IR I ERIRRE 75 B[R I 4E 9 DU AN 3L T Transformer ffhS 23 AR .
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o RENIEEY r,: RRRA S PR Oy AR E 2, S BRI 24
2,

o MERRE V. TN SRS RIARR B, it B ftitek, W
SR AL kit s A

o SEER 1, o WIRVIGHE S (NSRS HOR K EEAD, £ RLHF d it 2
Hopdl, EBEVERFN KL SR gk,

o BIARIREE mo: RIFRATHZINGRAOIE SAA, A2 2R 540 (a1 00 B T AN i
Hro

KRR I Rt R REAT I S I OISR R da Al B IR DM e il
NSt B M 2R R s AR5 [ e AR RN 22545, [R I AL (e A AL AT
o BE— R, SESA S A, UrEAR RS AR FL T, SRsEE &/ ME PPO
PR, O fE A AL U I e MU (E TN A 7 R ZZ R BB . fEAER, HPIK
W% e 6 B e A A NS ([ &2

3.4.4 BEEREFHKL

5T PPO ) RLHF HAAA R, HFEZF R 44 Al . M ERA ., SH 58
FSRBEPUANIRZS, IIGRRFEBCNE 2. — N ARMAER: Aem bl B aUn 22 h g,
BN H AR BIE R AE S5 BRRFRHE (DPO) ERWEEX—EHiE
7% [186]. B 3.12 7R T stk RLHF J57%5 DPO JiikEmIxf .

515 RLHF S s IZRm R AL B —A KL &30 H Ar sk 2

5=%HgmﬂlEmoE%wuﬁ>-—N&Y)+B(bgWMYk)—k%ﬂ%AYB»], (3.43)
0

5

Horb r(x,y) RS B35, BB B EHRIE 5 S5 ry | BRI
2 Fbn AR o _E sl 2R A ol sy 22 il HL A O 28 A2 ) [T A2

AL ) A AE — AN R AR DR H SN R T 0 A mp (92 BRI 5K
PRAE, AT AR e SR 7 i A2

7 (3130 o i, (1) exp((5 r,) ) (3.44)

W2, ULHREEAES 5 RS A IR L, 222l i F 0 BB AU 21 9 7041
X% IO HOF R, W] DS RAT IR 7 D SRS ) bR £

() = log T OB o log 2(x). (3.45)

Hh Z(x) &5 y TRmIH—LH .
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Value Function

Preference
- training with MLE r.
ralnlng w1 N . Yainin
Ya = Yp ——————| Reward Model : ; o
\ 4 :
Policy
(a) RLHF (PPO)
Preference
Data
training with MLE .
Yo — Y > Policy

(b) DPO

3.12: b5 RLHF (PPO) 5 DPO. 7£ RLHF f, A% Tl g — A%
JIRREARL, AR S A T I 2R LA B e . 72 DPO H, N SR i 2k 1 £
FABE N 4, SRS EBAE LR F TN SR, BRIy

BUE, Rk — Rk sUARN I ZR 22 AU I B8 A ) Bradley—Terry {12
o £ RLHF RN, FAMEBAEMEE yo - vy RN

Pr<ya ~ Yo | X) = O-(T(X7 ya) - T’(X, Yb))7 (346)

Hr o 72 sigmoid M. F (3.45) B, MIHR Blog Z(x) tGUFHHH, 15
|

0, (YalX) T0,¢ (Y0/X)
EHEPGEAT, H—EE Z(x) Bl 1, i BRI T SR g AN 25 150
X E L o X RS RATAE 75 B SN 222 A, ny DB 2 F A\ S m i B8 )|
SRR o

ik, DPO B K £ B3 2 O SO BRI 2R 22 i A B ) L~ —
B, RESHADR T HRIEH 0:

Pro(ye = o | x) = of flog 202 Ty @)

Lapo(0) = —Exy,y,)~0, | 10gPro(ya = ¥ | X)|. (3.48)

i/MER 1K, ST RN L 1 B RN TS B R L, R A
ARG (1 18] = AR LE

5 PPO MLk, DPO KEANXIFFE RN — P EE R RES: AHIELE
PN R X, EREEE 5B SH, ERAALCREE . M E P2 A2 R 25
AT DPO Mg nAase . FHEARCRE m, HT%8l. 448, DPO AJi L& —
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BT, TIABAEL RL AFRIE T 3 sh iR 2 K I [ e A SR rg siems, (He
SR IR AT BAURE C 22 on H A i AT BN S X 55 iz —

HEmIFIL (DPO) A% 7 bR I SRR s i 2 2 RAE, 4wl X 55 % 4k
AN R I D AN ARG T S S R R R LR I TR R
K= TR G ERE, (HAR LRBELN, TiREEL RL IR
\%%%%o@%ESRMW%%E%%%H%H*%%%O

3.4.5 RIFHBIBEINERK

BT N GE 27 21 72 2D 55 KR 5 AR AT RTINS, (EARE A A A =
o NRSBAMNY RIEA IR, IERH BT EMNEE 5 TINW I N, AT 4507
IR LRI IARE MR, ST al i e e 5 — 2ok

R G R S PR R OB BRI, FTEEA R S A A,
AR A oot i, AR R HOM R S bR A o T T2 B RE S A —
X 2 R ] 52 A e o 6 PR 7 81«

WHR—NE P RS 5, FPRE T ™ER. /RESEEEAEE, I
e — AR, EER, FRIRIENALSE . JEMT. TS, BRI
P, RUEEE NGRS TT R, FHRFFIRMES

iER

AT, REFZFNROITELLS, BHRIURATHIZERT . G5 H K
H—T BATe9 kA& ? i)

=

T EBERILEER, KRELEMILZ LAA5ARDE, ZMNEEARARK
B Rk Ay 18R *

& B:

, XA EELN RO RZINWTIEERSD, RAE S,

it FIR A

en

AT 3] i Bf A 25 i B AT 45 5 b X AR A R N R 2R AR . DR THARVE o
AR BIECR B YERE (CoT) M ionR, BIIfE R s A7 HE BT AR
i 4 7~ 451 o

B TR ARZS, FATE W] LSRG EE MR B MIBER [144]0 — P ] S0 2 AR Y
fan i AR TR R EUPR S token (A1 “A” “B™) [MER, FHHH Softmax ZFIH—fbH AR
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et oA, CAAE ORI ZRB i R 32 B 5o

Bl AR ERE S, BREEMZRVERRRE, XAl priE, it
WA AN S R, B EA AR SRR B SORBIKARIE
[89]c Dubois et al. [97] faHi, Joitilid N BHEE AT JAFIZR, B i i 2 1
ZREMEA > L

AT St EET o HARX 2 0, EEESH WM E R ES . )2, A%
B FFANFOMEN . EW L BB 2 F 50, NSRS B AL . SR g — 45
&, MRS YE AT BRI RN

3.5 KNIBSEAEEIEEG A

3.5.1 HEIEHLA

b, N et O o =M R @ J'E ONCHEEES
BARGE W, WD YA CANEARG] 7 HE B — o ) szt 20O AR Cy—4 0
WA R IR GEBMBERE) (179, KILLR, FRIESY M BERES L (NLP)
WEIE T AR PR AN SS b B, STARSr M 44 SEAR IR A5 4 8 NLP R ] A
BN VAGNAE S5 . BRI 2R AR B by B m 4 iz A H LS pR 2

R, BEE KIESEA (LLMD MR, BTN Gkl B A 5 IR 1 4 3 )
W ZHE . R Cagentic planning) FARME K IN, X HEIE 5 7 Bk FIHH S
AIERAERE . BIAC LLM BFFR M, pnERTlgs Hir (RIFERESCARIERHE FdiT
NANETD ERETERK, Bee A B A TE F A A RN, R ARV AR 1 HE R e
1o SR, FEPEAE T HEIAE TR BOF AR BN PRk, ATt & 2 A if)
B, LLM 25 EEmH R AE R, MAZPTELZEES.

filan, 2% B8 —ANa] E ) S

Yo R AW FRIBWEPLE, RIBWAE 3 FEHRA 10%, MAAHIL
E%K?

SLAL ) LLM F] g 2l fa] R oC B OCBRER] “ M%7 AT “107 far it — MRS,
an “207. MHZT, BAHEERE M LLM A 8e 278 [0 2 5 2 204 B Rk -

MAAEGFHA 10-3=7 %, B, HPHFHRL Tx2=14 %,

TAE LLM i g 52 2 i S T AT 5%, 0 2006 Q0 K 6 75 8 ) HHE 7 e
Tl B4 (CoT) IR EOR, bl smil v > S Bt 5 I ZR7a s

DN B S R AR A B ) R, AT AT BAAE A R B A UGS R FE R (dual-
process theory) K LLM [Jfe/): R4 1 MRS 2 B4E [138].
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o R4 1 (ERBY): £NKNMT, R4 1 Bz Rz T, JLFEiRAA
TEFEYRS J). 7E LLM WIEEE N, REGE 1 BLER R TR 7R B 0T A 4%
LA R AR B R IR AR AR e, TR L DLR fi] B R 2 S U
INES. SR, TN ERZ BB, R4 1 B4R 5 HILEEBERFIZ)

W o
- R 2 (FIEBYE): XMHEAZEHAEHR, TEZDNEHMAES. X T LLM

M5, 245 PEAEHEI N Jp RO 0 T 5 55 DA U4 B [ 4B AR I, &R
gt 2 MYEEPEIGE . IBIDR BRI NSOR, LLM R i IR 155,
UEFPRISEIE, JFES R & AT YERr— 2 S IR %

XFF LLM RS, 20 HbsRH0E R 4% 2 W), N 7B —m, JAi1e
UL ST T8 . LI N TR RET, MBS POE SONES M RR N
FRE G b R 2 BRI o SR, X3 LLM R, $ERZ — R RSO A il #e . Bl
P SN R R FE BT R IR DS R & & R IRE YT AERME X B, LLM
A PR FE 2 — T Dy S M A1 ) s 25 e BT B 2 AR S B IR A AL A . AR SER, LLM
HOHER RIS TRAE R R 4 2 4R iy — REHE DR GERBIR) HIRe

HEBAE NLP BEFCrh S0 2, POVEAEZ N HA BN SEE B 2 M -

o BF: OB U E RS 2 . B AS REO ORI SCASE AU TS 5 . A
FRRNEA RSt NN R W B MR

o URAE: G0E BT L ] I IR T 1A R . AR AR B R E 1 P
SRR AR IZ B A AT o PR AE MR DR B 2% IR FBURS R Pl 3 7 SR
AT A 5 2D R

o FHREFHIK: I ANTEAME VA ZEREE (NI FELE N TE, B
WU PE R BT AR /N ATHAT R IR, BIE R EAR AT, JF
FE D 1R R B AT B

o BBRI DOFRER TR RPN, XA
TR - T2 B AR A R

3.5.2 MR B4R R

KB 5 A AL AR REAE AR KRR B4R 23 TN R BUm T Sy e —— i it 6
2 RN 2 SRR THRE 1. PRI, X T REUE ] IR R A
155, ERIGY R AN o X RAE S5 T AT Fob PR AT I SR, 1 i A vl g
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FRAHE PR B AT R VAL SR 55 R 0 o — B ey R B8 A2 350 20 T SR B U I R4 2
FIHERTET B, iEBIRIE AT I B A A @ HE R R, B) “HETE 2[R T IXRRAE
LAY HE T B s sk 38 N h S R SR R R I v, AR I 4678 (test-time
scaling, WHRIMEH &),

DA S TBOR A% O A AE T SR B0 43 B AR R P o X6 1] B e i, AR T DAPR
AR 0T IRMER R, WAL BCE 2 E D), VPR IR R A RIS, A
A ERMRGREFE R KERY, — DB, 5 e I B 45 140
AT TA]BEAT HERE, HERILH B R BN L g SR ST R 25 Y B S B ORB AL . IR R i,
DR 248 TSR 3G 9K TR S AR HEBE R ) I — SR AR AR 5| DI R B84 . 3T RPN
ANNTEHG 73 ) A B 22 SR HE B R A AR A 2 R IX A AR B, 28 S I P 4 T
(R BLRY TT %

RAFLD FHETERER

SCHLIN G 8 U BRI 7%, WU R — MR R 26 AN R I HER R A, T
A 2% Y AR R ki, BRORHERTS TR i AREHE
A PR B IE A R AL

FE BRI BRAT, T B SO E BN TR BB LI . 5 B S S iR
KA AETT AR, R EA S MR A, SINRESHT >0 )5,
SV ACHR R B R A A5 0 AT A8 T8 B IR P = S R A 22451
H, AFJRAMCBER A AL gk b, ISR R R ) 2 18 5 k. i
Gese = BENLRAL T, R R SRR RS &

« Top-k XK#F: B0 ROREMRE N b MEkin, FEH ROl )E ARt

o %KM (Top-p R : ZNEMELE ZHBERNINGET RE p 19R/Me R 5%
o, TENAFTEST TR A EE

I XL, X TSN x, KIESEMAAER N SFi AL
yer={y',....y"} (3.49)

KEK N AR TIAKR TR . N K, BRI EIRE . TR, FHENX
AR AT TPk BRI — SR R G IR A B R . AN A LTI Best-of- N (N i
it e —Et.

1. Best-of-N (BoN) Z5iE5I A—PNRAES: v NEFRIEHASTT 2, MER B
WSS IEMTE. HAEEAT 7 e B

Ybest = argmax v(x,¥). (3.50)
ye{yt, .3V}
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LI KL URB MG, N A% E S TR, £IT (SRIE) b
AR RA I — 0. B, Best-of-N KM E R BIRE .
SRR IE 290 S TR L EE T (EL R M0 2 SO, T i B0 O B G A T
Yo B 0 B TPRHAESS 3,53 Th B4 G

2. B8 B -#@tised BARvraas, BinAE C2HEE” ERE: TR
IRHEEE, B E A 2 A FRERE AR AE S M R D IER RS, A IR AR R B =
BN P, BATA &K R 4% % oF = Extract(y¥), RJEX
N DNERBTZHBE:

N
dg. = arg maxZH(Extract(yk) =a), (3.51)
k=1

acA

Horp () —ARase s XRAR R HIETRHINNGE, 2RSS P AR
EEE e

FEAE LA BTk, — AT B SR A T A N B S RE . B
HITRLEE RESRTT 2 FEME, 87 s5 IEFRFEER Bl 2, (B P RE(E S 2R AR I SO i & R
B, HAEMPLZEIRL. KU, &ERGEES R R A MRS GRE T Bk k
o p WMED, FEPRRA) LS F it H (0 T Sk 2 T R B BRI s

g
RIS BB 0 BRI e 26 0 s T 20 Sk
FEAAESFI. Hoobt, SRR S HEI AR, TR
Best-of:N MUKHAT AT AU . S 75 08 o £ HEVE 5 R, SRR
FE RN A 40 B3I MR O B RN R TR, R R

VB SR .

YETHAD IR 2R ORI

B 1 3 AR ACR R R et I 8 7804 R DA TE S5 A0 RO AIL A SRS
Bl: R IR HEB B AR — MR R A H O AR, 314 TR
HAE BT R, KRR RAE SRVFERR A i (e HEED B B2 A 6], I
PLAR GEAL 05 308 S HL R i (e g A2

TN 2 MR A, B IR E 5 R A B R MU O R AR A
-

o WERTS: RESSHELRTCHER LT 2% ¢ IRE s, IR x
AN A 8 HERE A B P T AR

o TNE: AEECT —MEBEUDER, Bl —BOCAR B yio
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o RESEERS: ROBTA RN A BOENMB HATCIRERE, B si1 = (s, Fi41) -

o RASTHERE: 4 AT 7, PP B IR R B R IIE . VAL TR
SRR, AT A I SR AR 2 P 45

o HRIESAE SBULH R R AR R, SRS MR BT R L.

BETRERAMFR, 2GRNSR A B TR S 5
M BRFER AR &R, AR D v DURTF 2 A e RS I AT AR &R, BN [mI . %
TR ERKE R B IR R IAT S, S0 RIS R A PR R s
FIFH QA A 2177, ARS8 A AR R ek 3 BB IE RSO R i E (Flin /8
Y TAE 2310

TEFRH, @ 2Ry RN T 5 B R e S A R I, (H i IR
HWRELMEK., YRR ENRES, EiiRISE T, WARRET,
RIS B 1 R A 28 A R T RE T 1) PR s 8 AR R 58 A A B % At e i — [ LAl 75 (A%
R, BRI RV A G R R A Tl R N R IE A 5 R K
BiENEE AT, FEXGTHE I oTEREL L

3.5.3 ETARIERMAELE S FE

TEAEREIG O o, FRATE 7 NG AE 3% R I W o (8] 25 IR i A5 R IE A
MM A SRS TR LG 5 . IR A =25 SRS BEhr R EfR
FAEAL (PRMD, PLHARE SHIHE BN £ R XL S, DLUEAKEE SIS T B ™ I b
[ XAF 5 3E & o FIIRAVKK A A e A8 AR E AN G072

1. FIERMIRR RIEHEESE R AWML 2R ELmEA (ORMs) A%
AR (PRMs) [154, 214]. ORM fUIPA IR &% %, BARE D IZ:, HELFAE “fBH
PE” I . 28 R8> ] 5 PR 2 )

KB x: 20 +4 =10,
LAY AT B A B hn T HE R R AR

2r +4 =10 &% A& = LAAL 10 89—F, B 5,

42-%5_2:30

E::]ll-t, x:3o

BIRRAER (3) 1B, (HZEPEESLAH. R A ORM, X&MAER
eSS E oy, Mmustk T RHERL. A 7 eX AN R, PRM 2P R —
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WIIEMTE. GOEiEE y = {y1,...,¥n,}» PRM ETHIA x FZATHIDER 30
FAE IR 5, 4T ERPES L 7,

e = Uprm(yt’x> y<t)' (352)

K vpen (+) & D INGREF PP L 2% o BEAN BRAT (RS0 20 27T AT A7 22 R0 1)
BME CBERAT “Hmdaan)—38 7 e, AU IE):

U(Xa Y) - min Uprm<yt|xa y<t>‘ (353)

1<t<ny
R A T DL B 0 2D 3R P
%k PRM 2B RB M EE S, MR 05 A P ih 72

o AIARE: NFRL OB R el 22 BRbsiC Oy “IEmh” B “HfiR 7. ZMI7
PRUER, ERASE MELAYTRE, JCHAE R KA PSS F

- i@ Rollout BE¥HE: WRBAMA CRRAERMEHESE, BT U B3
JHEAE P ROME [54]. WP IR y, A, BRIk EAE 2 5% e T 42
I X e pR AR PR R H A e 2449 3 T IERIE 3 o, IRATHERT LA BREAE
IEHRAE B SDIRIAETHE 7 W] BUE OB B IEM A SR A A

e = Eyo,om[I(Extract(ys:) = a”)]. (3.54)

A7 REAHESE, §UTLOIZE PRM X300 7,
2. SERRFUIRIERS b1 A 90 UE AR AR 7 BB O R SR IR AN I 2 (B Anoin E gy 38
e TR E AR AR B KT S AR A A SRR RE TR PPN HEEE D IR, 1K
WMAERINVIEIE (generative verification) [53]. & BUE — 47 2 IMAE G U & 5 vEiE,
A RS — 3.
NTHEBEEREATIEN, BATRE 17 B R KR4 -
ElA: S 2r+y=10Fr 0 —y =2, K x F= y,

PR 2 A B T A IR R 2 B

W ZATTAZ, By R o=y + 2
¥ o RNE—AFAE: 20y +2)+y =10,

kel =0, HNP i ERR:
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il

Self-supervision

E.g., evaluate how well the
model reconstructs the masked token OutPUt for Downstream Tasks

— [

| Softmax | | Prediction Network |
| I I | | I I |
Encoder Pre-trained Encoder
17 17 1T 1 1 17 1T 1
€y € (SD)] €3 €y €y € €9 €3 €y
1T 17 17 1 1T 17 17 1
i I ) T3 Ty i T ) T3 Ty
(masked)
(a) Pre-training (b) Applying the Pre-trained Encoder

Bl 3.13: A e
BFTTAEFE] 2y +2+y =10, LA 3y +2=10.

FATIE T FTPI DRSS BRIk, BN b — 2k IeEdR & (Bt “45%E
AU RR, A AP IR 2 2 5 IE W R S50 7D, AR,
Jl I UE A T AE 2 a0 X AE R SRR -

Wit Bik. £ 2 B (y+2) N ESTNE—RAR L 2, 232
2y 44, MAIA 2y +2. EFAREFA 2y+4+y=10, WEH 3y +4 =10,

A, WERN 2, WM ¢, HEHPIRN yooo BENPHEEMAKE

Pt ~ Pr('|zay§t7c)' (355)

XEFA T HIZRE SRR ERRRE S, EFRAIMIZ. B 3.13 o 7 X — ik,
R R FIA T ERUE B, 3T DR AR R T SR 1R AF
R (R, RS8R 7> H0E SON -

0(2,¥<t,€) = Pr(Yanchor = “Correct”|z, y<;, c). (3.56)

s R AA L, B ISIERAT LML 28—, BRI —ORIHE
RETE R WA A dE, 7 T R &SR . 5, ESCRF H RG] IE——VHEIEE
AR AR BARNL EAMB LTS, AR DU E IR I B SCE AR, AL E 5
KRR, =, ERIRI B N ——[F A BAT 5 HEHL RE 7 (K S AR R ) A
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[F IR 78 24 SR g s AN GRIE 25 o

3. AR SRGEEAWIESE MAKIER BIRMEK, HAPR T HEH L) b o2 A
o X THE. ARISEFTRE RIS IAES, BATER LME RS RG/EARIE
#o flan, e, EAEMRE AR (W1 Alive2) 7] BLE S0 50IE#T A AR
TR AR T 5 R AR ARD 58 Al [F) H9E SCo IR R G0 M W85 B B s A0 0, 1 b
& 100% "IEEM.

B I, B0 HE D IR AR A P AT RS BE AL BRIE,  TAMY
2 HRET . thin, EMREC SR, BRI LIS — Python JIASKIATH S
iR, ARG AN TR AT X BACHS o B8 AE 2> B0n] DA B T HAT = 5 R Ih ke
e

o 1, if E(y:) executes successfully
U(X7 Y<ta'.Yt) - (357)
0, otherwise.

WRPAT RN, XTI E SR A — 4R EE (U0 TypeError), IXZkiH AT LA
RGBSR B IR R .

KR SE AT bR TR A S A “RBHTE” BnTRe. A, EWAFERIR:
BERE Y B A BRI S B A RE T, A R AR A ARSI AN By T
H, X TF53E. PRI RIS, AR HMERIR BRI, X RS9
ANEH -

3.5.4 MHEEAREBIEREM

HEBA AR T 7B SRS M E SR, SERA T — SR,
R, ATsh 5B EREMA. AW AA =M “CRE 27 HEEFE AR AR
o7k dEa B4R IXENAT B0 ReAct HEZR. T RN AT H R IEM
Reflexion /7%, PAEOK RIS NH#2 ZR ) Tree of Thoughts Hik. X LE 75kt [E] 45
N T AHEBR AN SO BN N S5 AT B MR 2 .

ReAct tEZE

&G 3R BE D7 V518 — AR i e BE TR, X ARG B8 0 53 A AN oE 1
ReAct (Reasoning and Acting) HEZE [230] K ] @R il AN — AN & A pk “ JB4E”
5 “Gife” WA, TR RRE AR AT I R T AN W AR UL 5 45 AL B R

BARME, fERED ¢, BERBICYET B R o CBFR TSR, T HULBDL K
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PIsEAZHD, e kb — A BYE T, M T B4R EIE A

T, ~ m(- |, (3.58)
At ~ 7T9<'|Ct7ﬂ). (359)

WERYE A, IREIEE Op B LN SCEWN e = ¢ ® (Th, Ay, Op) o IX—JEIAFFEE
AT, ELRIRR g Y — AN G B Bk B e K

AN LR AR AE FEL R R 9 T R I LA I . SR dE LM RIRE
HEAE - NEHIRSEWERIES, 11 ReAct B AERKICHIEFEU T

Bl AP EEMMTHEANGEM, FE5MHEE GPUREY 32 GB A
Bo RARXMINILE,.

HAE: search(” IR LT ALz )

ML BE 50 F B, BEEFRALTAERE L

Bt REZFREANFFMN. M@ LA “SRBRA” 48, KTUEREE
HREANAEH 32 GB.

NAE: click(” @R IRL”); select(” W& 7, "92GB”)

M PVRRIFT, FIA 8 NEEE &

XA BYE—BE—IEE” BRI R T AN SRS (1) B4 ARt T
AR R AR S ;s (2) TR MR W] DL SRAE IE JG Se e R 7 1), A R4t A&7
LIENRE ST FESEPRERE T, IMEAEE P SEIN TR APT WA, AR SN A iRy
TEAE A SCA (W1 Action: search("...")) Kk T H, REZNPKE AT 25 SR CLSCAR
A mlfE .

ReAct H)RIFRIEAET HA B R AN FEAAERE, LS 2470 SCali R ZEAK AR R E
IR FAT S, WTRERE N R B H 2 iR B AT R . Ak, Sk NT &
SRR R AL .

Reflexion 5%

TEISERZ B, RIS — IR SEHE M ReAct U AT RE LURINS 2, HH ML E
W, Reflexion J57% [200] T8 GefR “ MEHRAPEE2)” BEST: RRRRIUE, B
B BOCAR I Y, IR RKIETZ, )R 22514

A, ICAEFHAN x, Bk IRERERIILN 7, SAIELL 0 it
HIME SR sp € {0,1}s 5 sp = 0, RGWUHTPIL S RIS SN KIE 5B,
RS RIS R AME IE g, AR BUESCAR Ry :

R, = LLM(x, 7, “Task failed. Analyze the error and suggest a fix.”). (3.60)
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Ry #EBIMENGIZ M . 855 k+ 1 e, BRI 7RSSR x 4, &
SEBHCIZ M AENFSN ETFSC, NIE =R fiu 4R . AR AT LA
BRSSP AT — iR B R “RR T

A7 DA ) FL o A 8], AL R YR Sk o 8 R AR E O Ok J B % T — R A LB )
BB, 28T GPU 85, SHEENELERATFEER. KIS, Reflexion R
ARSI AT R

BE: EAEBARARRFETNARL, WmXARIE GPU
MRFTHEG TR, ET—FTEBEAREZDN, LAEEL GPU
SRR F (e RTX 4060 % VA L),

Bie

=
OO

N R, REREPINAIRR, B REAETTE 5 & 32 o & R sk it
[¥] GPU 24, MM 3 32 = 2

Reflexion JHAMARHMEZAMME T E 2R T F— A RIESHADRSCHL “ R EE”
s e, ERDIMNGR. AL, BB RFRAR KR AR08 T BAA 5 (12 it
X T R R B R AT ST, B SOA SR AT AN B A I L) T SR B R R,
PRI a] 45 Jm S A S R BT SR IE 25 34T 5 AL .

Tree of Thoughts X

AT 55 B A W ) o (RIS AR PR 8 5~ H AR, (EEZRIk R« 4E—2hiE” 5%
A2 B R BATE A o« Tree of Thoughts (ToT) 52 [52] KK A4 NAE “ 18
a7 BRI RS B RAEE A R, AR N IR 2
N EER N, WREEASTEM A R T R R A A B2 SOF BT RR T &
AT

ToT HI— IR AR PATELE P AZ O AL

 REER: AT MATRA s KB E B UM b ASRIE R b g
(0, by,

o AP AR GEE IR (R AR AL BT 2
LI RAL B LR TR (ISR W/ TR R TR it
(PO, AT ERS D A AR MR a2

V(s,t) = Pp(Yanchor = “certain” | s,tD, PFHHES). (3.61)

AR AR S 450, LRSS 492 (BFS) BURREMRSEHE (DFS).
Ll BFS A, SETERE IR R R BRI b ASRES, ARG ST 10k A 4 5 7
Fosb ki, EEAFIIERME IR RR & E TR,
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Tree of Thoughts 7E 77 Z 4 R LKA FEI LSS (b il . Al E S 1E R4
B B ARBETRR) EES T ReAct IR (BERHFEFREKR, FNE
WY AT B L YOR B SR, ik, &R ERIR. 72 DI bR
FEdE:, Tt H SR EZ TR

SRR, ReAct 14t 7R ek S EIZ B HEAEZE, Reflexion NHIEAN T M
Kb B et ) JeIAFIRE ST, 1 Tree of Thoughts W@ ik £5 /AL 48 R IR T 1 2 RE 1K
JREXoT A 25 FK) ) 3 PRI P HE T B o IR BT R AL R B T 2 Wi B T ORTE R )
R B AR R

3.6 ARE/NL

AT F GRS S R TR 2 S 508 1 S R R B %, W T —E RS MEm
INFIHEZE o FRATT N AE IS 5 @A H br it i ——F F B8 05 K 7 2 e & R 25 40 il
NIB SAFRE R I IRAN, B PR T ARIS 28 Transformer B QAR i — Mk 2 43 fie
PR ATV SR P2 X 28 ST o TIN50 I AR BT 400 S5 — AN B AUAD 2R AT AR s K 1) H
br: TEHEE SO LI KAGIR token TN BN BULIAR . iCE BN R TS HE S
R & 2 (B K R, Chinchilla @018 H =38 D204 Lh )38 K A Bk
PR, X W EEEES T GPT-3 11 0.5T 3| Qwen3 ¥ 36T IIZEEHE 130
BEERIE . A s rb BB AT . MUK IFAT Sk R IRAT N VX Aoy 5K 354t T
TFE b B RTAT P R

EWNGREE e PE e 12 b, AT ) 1 el idad 32 7R 2% ST B A& i 21 B Ak
155 . FFEAR. BREARE /DRI RMR T LR CEIMEARRE R, 1B YRR
I oRGIRA AR R (A HEED IR, BT T 2P HEEE S R R . R TREMAN L
witE R B, RGN T B BOCA IR G, KRR s N aT & 2 [k
I, {EERS RIEMEZ HHS T 7.

TWORFA N 18 H BN R e A AE55 L AL % O F B A B o
A o BETT TR 20— X S B T ) i 238 6 70, LB J iz /N T SR B BB 2L
MR TERE 1), X SR R E . SEEBMR T, THZ LoRA, @
T AR 23 s B BB IR A RS INERE R AR, DR e RS 0L B A &
OB R, HAEHERN ZRAMEIR, AR OR B EE R T8 .

PRI R AR AR T B “Beftt 47 5 “NAZMt4” Z BI85 . RLHF @i
NI HE P I 2R 22 iR, FELL PPO S8 oAb 2 S RIE AL R g, B4 7 &
NZEHIEE . DPO M@t HHE S 2l i 5 S AR & — o —, R A ny U Ay
WGRRAR A — N B AR, KIBFRAR 705500 TR IR . feF 5003 1 5 3
A B — G AR TR N EFRIERIHORE, A S R R T R AT R

T HEAE o0 T R B W e — AT, W AT S BRI TS AT . DU 48 Ok
THE TR MV ZRI B e B S HEWTRY B, I8 SR 22 2% 41 BRI 42 Bl ) S 45 A A 48 2R 0Kk

137



LA B KEMFONSS WOR A

A G A7 ST ARG Al A sRAL 22 ST O HERE AR PR O 1 AT SR S
7, SRR AR RS A AT T RERATIEM S5t IIHEBER R e
REE#E—ReAct B “BYE-BIE-ME M. Reflexion HIRMUBIEHLH] L Tree of
Thoughts I 2RI ——Hr 855 KA 5 AR A 1 AN [ SCAS2E R 2 5 TR RE 8 IR AT
MEIL f7zh 5 HIRIZIER B E RS

JEEARRK, K 5 AR BRI 1 22 TP R . 4 A0 o o A fih B R
FERR, (RS 5 8l (I b A IEAEZE T, Al e AT R BEJRR SEEL B = ) Ik 5
R AR RPN AR X 55 R U AR g o, A SSIMEM A e S 3l S PEUE 11X
AHTRER —RVERIIIGR F bR, 17 EEAR AR AE 5 St A S A B AN v . HEPE
RE ST BIAFASAE SR e, AR AL I6 UE ™R SRR e X 2% 1) RGVEVR BERL &, 2
LR REARAE T BOA B SCHLRAE IR 5 S e RS, AR A A RN T 1] IEAh, 2
S E KB, B2 e 5] B S UGB R A R ST IR R IT
AREPEILTNG SEom Wil X7 SR R EOR A 2R, B PR 2 AR
RBE IR, B R R, g a, HEMAMA L GERGHIE A .

LICES

1. W— token JFHIA {0, v1, 22, w3}, HHF 29 = (s)o RIFFERIEN, S
T HINEEMEZE Pr(xo, 21, T2, 73) HI5fE

2. Hr AUl S IR, JFfEZE U B H: “MRYE Chinchilla FHECERE, &
BRIMERERE, NSRS R, ARSI ZE E .7

3. N HMIANEDE L 4E8%E (Chain-of-Thought) FE/NHIAZOFFIE? A, TE3ER
Hide (it 2 A SE B 1R B o5 B. o il Y A= R TR] B HE B D R S 4R
Z C. fEHPTNGRESE M B AR S D. R B B i A 45 R
DAR = 2 %

4. A WEBOE (SFT) H, T4 EER 5 R s B et i CEBY
FRIERD, MAMER TR (R 15T 2R

5. T —NSHEN d x k WG EHERE, # KA LoRA #HTH0A, %
Br, WGHMHAINESEERLRZD? (H dv ks r B

6. /£ RLHF #ifEH, Bradley-Terry B8 H T Il 522 A AL iy, FL45 2% bR B0f8
FH Rt bE R a4 vE o £ . XM I e A4 ?

7. FARREHCAHEBAE S BRI, ARTEUER NG, AT DU IREE AR SR
RS ? FEOEH WA, IR ER .
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Jduy

ME SRS S] SR S

& sk, MPRE. B
2% RBEAREESHE Ordinary Differential Equations in Vision and Language , #8453 W
RN, B EZ IR

EEE

o HREHECREE . BN ARG SHEBER PN HEER, HEEHM
G RE . MME AL AT AT SR R I A

o AEME M IESEVR LA AR R TR ZE N 48 5 Transformer RN, X454
K5 kA, HHEE Neural ODE M AL R R U ViR R A B AR,

o HEIEME MM RAmIE MO TR, i HES . ESHRSE
Flow Matching FJIZk Hbr X HZE R

o BEBEHLAT JTEE. &IA SDE. ¥ #. EWEr LA S#ER R ODE
IR AR, I RE LLRLHA E M S RE ML A I

o T RPESE R /R E] R EEAN B T U B AL, RS BB 2 R AL
b veslLTE N Y SN EVERSE A = NEVEE 5 W

o REMSZEERRENE. WITE. IREZHIFMRIERCE, XA FELSS) AR K
HBESCBUE B ot 5%

5

4.1 FEENHNFESEEM

FERTHE ST, WATOL ) TIRE A MR R S T FERE . WRAIZR
MR, SRR 2 OSSR WHREA 24, MRS, AL
PRI G AR I R A, JFR D AN R IR N B R 7R « X LI R AT HE 2
ER AR THENAT, DIEHE RIONA IR B ECD B E RIS

B RS B ELE U R ST S ADIRS B T —IRE, WA Bl A
BHUD B ] REAAAE AL . B, RS EN 0, TEHTN 0, I, EHK
FOEFAL R EHHT R M2 H, A BRZES B MIRES Z R I E LRk . 28
Rt R 2% A AL RRE H R s A F R RS, AR A 482 2 18] i aR
&

0 o

L 1R T 5 — iR T e HEAR B, KBRS E R R ESH
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LA SR RS ST ES SN AL

8 ERIRAE L, FEAEFIRES B IR AR A iR U e R B R s Al . AE3X
LA, BEIOR R R B RPIRAS RS, A2 2kt R AR AL AN i REUE
JH) S BT

BRI A, XMESE I AN B IR TR S SRR TS LR DOE SR T
iE47 . BRRINGR S HEPA A IRCE BB B e . LS 1A RIMER], NI E
AT S S AN A FESEIA . BERT OB HCIRA P 0tk ik 7L ] eI Y
HESEAEE, WAT LA SGESEN I RS, FEEBUE T iR H A A 9 SERR rT AT
HIEECE . Pk, BHOHE SELSS) 2 AR IR A B AR

BHORAE S0 Ega Y S AT G, (41)

A E e LA AT 4RI AORE L T B Da ], Ui S IS BOE W in o] 5 i SR A A
LR R BEJS AR TR RPIRES . B0 VIR A USSR A R S
Ja R AT R AR 7 R e BB PIRASTEAL, AL A F BB R SR i 250
/\é}ﬁo

AL L3N ) R GRS B AL R R AR RS 2(t) RN RS
FETZ) ¢ AL E, &Y f(x,t) G A ELR)RHERE, W86 51 e AR
—rith R ZFH LR E — SR BE )AL .

B SR MBL LT R 2% = BRI I B TR, RESKENE T
EALH B LR IR, JFAEE R A P K T ™ & ES%E. id>k, A Euler.
Runge-Kutta 554K AE ODE B X2 H S 2B HCEd; K. ks
JE S [R] s I AR 25 PN BB AR E 12k

& J

4.1.1 NEREFHEESHEWK

FERTHESTH, BATCE A TR NI L. ¥ 0y € RY RRH b ENE
ISR, L(0) FRoasIZRBish, JUBEEE T FEA% IR Dbt B 5 17 S0 2 4L

0k+1 = Gk - anL(Bk), (42)

Herf, >0 85EAE, AT SRS TR
2 (4.2) BRI BN ICE N B B S A . AT WESLEAL R A
SOX IR, WK B ANIZRI 20 2 T8l A Te]Bs, IR X

tk = k?’], tk+1 — tk =T1. (43)
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LA SR RS ST ES SN AL

TR, BRE TR SIS N
Orr1 — Oy

Ter1 — Tk

2 (4.4) ZEMZTS RS TR B GRS Z1 2 18] ()T A2 R

IR ERSHUTI {6,} B FESSHINL 0(t) FEZ] {t,} EREREE, JF
BRSSO o A M b SR R A S DS i s SUR) - S E S S e R 73 I LT
RIS AL

— VoL (6y). (4.4)

do(t) _
— = ~VeL(8(1)). (4.5)

R, BRA A R SHOE A B Zhid fe, w] DL B AR AL Oy — S5 Bl 52 ) [a]
RIS HENL . B T B B2y A BT UCEARZ B S8, i (4.5)
U3 5 2 B ) IS A2 A A R =) B e A AR

KBl R, EECE I RS A ] LS SRS AL LK R
X (45) CEBEAEMD TRENEARLNX. N7 PHEBLPICIRGSZER. B
AR BT R B AL e B A, /NIRRT RE R A A

4.1.2 BHHFIE

b /N RARR R BN, R B S B B A B A O — SR SR S R
O(t), FHALHZEOC T NGRS 8] (B i AR A R R R L R s A . oy, BRI
WO _ (00 (4.6)
o 7R S HAEAT B ZI RS i A8 4k, & sks) ) RE M —A B AR p+ . MHERT
FACSAH B PIN EHUIRAS, B3N )5 B R RGUEAT BN 2 = 5 AR AU
WP HBIEIE MR RREL DU AL T AR, gl @R M s e
B BRI ER, ZIE RGURSUTEE B AR B R A . ARTRE e B 7 AR ) 5
AWEE, FEE SIS E T4 /77 (Ordinary Differential Equation, ODE) HJAHREIA;
N T BN RIR LA, e R R B SR B ZiE A ke . AN RIE E IS
&, & teRFBRAMMNZ, =(t) R ffENZ) ¢ KA E. ERX—REd, ¢ ZK
B HEE, o(t) 2 EREIENZ] ¢ BUE, WFOVRERESRRNALE, N T
faitbics, fEASGIRIBER, TR 2 RAE 2(0).
XTI EZIE P, R [ A7 B R R AR RIS . R 2 1E & ok
Uh, RN B AL 2 (¢) XA ¢ ABER AR LR, HD
dx(t) . x(t+ At) —z(t)

= A At ' (47)

B ER, KA At LT F0, P AR PR SR ) ¢ R

141



LA SR RS ST ES SN AL

XTI ELIZENE, EEIRENFE L v, DR A15 2

dz(t)
dt

= . (4.8)

Xt — M AR R E M2 A, (ordinary differential equation, ODE), B R %1 p& %L
v AR B AR, BINTE 6o AHHL, WERARFNREKE 2 AN B AR, a0 A
PRSNS TR) A3 a], DUAH B 5 FEFR AR 47 7532 (Partial differential equation, PDE),

e, RGUIRE x(t) PIRR R AETFEL, A2 H AT RE B 24 B RAS A [E]
HFIPRE . BT AT AR R f(-) o Fh AR A0 i AR -

dz(t)
dt

Xe— P — B T RERE R BZIE A ZIRE o) R 2B S H
{8, /2R RN (A A L B Iy FE s o, f(2(2),¢) R RGAERE 2 (¢) AN Z)
t TR,

3 (4.9) WA RLS Rt B 2

= f(z(t),t). (4.9)

dz(t) = f(z(t),t) dt. (4.10)

R —EEEMMR R £ MRN EERE dt ), ARESZAE de(t) 7T LN
AT AR S RE R AR . 5 S HEUEAR 0 TR AL AR R, XA s
INJTAE

[l 25 HZizg), BT f(a(t),t) =v, K (4.9) BN (4.8) W HMILIY

x(t) = vt + 2(0), (4.11)

Hrp2(0) & t =0 NHWIahiE. Bk, HYIRAE «(0) AR, BMEEE o M,
WP RIAFR L, WU EE, SRS (¢ 0) T bR AR
BELANFE N E L XARRE T, R BRI RIE S & Z Al S in sk 1A fE
—HfE o

1 f() WA TALE (t) i, RGP CHESENFEE. IR
Bl 7R NE RV R : Bk RGPS Tl moz, H w2 R A, X
AR R HAPIRE R MESR R, B FIRANEL L > 0, WA f(o(t),t) = —kz(t)o
XK NEEER D HFIE. KT RICHERRIE, BOvENEs BA Ui
B, Ry DU R R RiA sUE RS th R GUIRASBEIN [R) 22 A0 AL, 1Mo AN 58 2 K At
HUEI AT i

SRINT, AEVFZ BRI T, () RARENER . B 5T T AR RS2 PRI S 3 Bz Bl
AL o(t)? B sin(w(t) SFARZAEDT, BUI XN TR E R TIEL M BN D H 2.
SEAMETTREAR L, ARZMEREIE W AR A AT A, B EE EARAE, R
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t B 2(t) 9S4 =t ITHOERE

’ \/ o

(a) fIEE «(t) FEATIE] ¢ ROZRML

S

~

= X

@ =
o |
&
=

t1 B

h \_/ \erz_]t

(b) JEEE f(x(t),t) (BD “2) BEASTE] ¢ A93EMK

s

KA1 A TIREAE (o(1) BRI SE (LL) k. BAZM TR T
) K

w(t) B () BN, (H o(t) A5 R, K, HPOREE, WEEE f(
AT ¢ R E. MOTERSHER f() 5 ¢ KRR,

WBEEE R AR B, EAHEE RGN, 475 B BEIE
BATIEARLKR AR . BT e ZE 3T 1 A UK 238 K ARZRYE W o 2, nfal i ek
T ABAAAE R B FRAT 1 I 1 L A

TEERMAZ, B FO) Bk o) F1t ASEL H 2t) KB ¢ R
Rk, WEATE — A4 L, AT LLEERT ¢ ME AR TEXFERT,
BATATLLKE f() Lo T ¢ B %L, A A AT %0 A o K ot B T S 4 22,
Bl 4.1 5 T — AN .

SRR S PR 8, RS o(¢) @ L RFN, FHRE £() XTua ¢ iR
AR HI I R WAL LB R E - BEAh, () SAIE] A 5 AR A 27 SR AT A ) B 24
PEs I B SIS R AR e AR, T S B R R AE AR . DN T BRI IR — R,
BATTUCRAE S fi(0) BoR f(- 1) XEME, BRI R T H A0 &,
WER T RIS % RIS 7R AN [RI () 20AAE R4 B, 0T BeBAT AN R 1

B 41 R TIRZS o(t) KSR 0 Bl s, BARH B R
BRAL f() TRELL 2(t) MENEIN, (2 z(t) ARG HEELKEN. Fitk, PREFEHE S,
R f(a(t),t) (A AR B R S T 18] ¢ A BRI %L

MNERARIAEE, REEM TRELT —ABIHhES. X —HERT, T&E
x(t) R RGNIRZS, H TR RGAERE R € I I BARIE OL: R f(-) W20 &
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Gish i, MBI SERN, T R GOIRATE AT BRI 0 R A AR A

IR AR, RO 5 B AN ], SRR b S 08 30 g 2 MU A ¢ 3
Ko MRS, 3 B RIT RECARTHORE, B 28 = f(a(t)), B
LGRGHNEERGE: WREN 1A B S B Ak, B 20 = f£(o(t),6), T
L% RGF NI BE RS-

AL R GRS R N A AT R, (EL S T RSR AR b 96 RS
IR, Ban, e85 4.2 Firh, ALK U —HHES ) Transformer Z7] LLMAEE A
B0 77 B GE 1541 FE 0 AR A o

B2 | a4y
| s, R
o) | HER, BEAKEMZ t RS,
d?” WA S, TR B A L2, 5l
bl s,
F@().t) | BRRGFE RS, BHEh 1 H,
FA T4k 2 4192 192
dﬁw:ﬂdmﬂ R R, HE 2 BT
8]
‘ﬁ?:fu@> EEE B TR, AR T RGO
&, HIEN AU BE R 2
du(t) = Fla(t), ) dt | BEATRIBATER, % THER A
B AL 4
dﬁ”_ﬂﬂm@ IR R A AR, TR R A
(t) € R FiFr 02 H 2%, b f() X
T oA,

R 4.1 HRO TR A

FIHATC N IE, BATWPHE FEE D ThrELENRERE, HIRE () 2—
PrEARE, R () 2 MrERE. —DNEHAKHE) T R R 2 A EE SCE T
TifE. & x(t) € R Zom—ME d MAFEGERFERS, FlishaMstt—Zd
AP TOOEE . AHRM, R f() B O — DR EEBS R x R — RY I
I, T TR VS .

xdz(f) = f(x(t),1). (4.12)

7ER (4.12) 1, % SO FORX R 2(t) AN ESHIRS . AbRERESHE
PR AE I ERA R, WM TR T R LT (ERTE AO6 TR, bR
R FoR — S MR R TR R R f() WAERSZ A E LT — AN a8,
ST AR A W P (), [ f(a(t), £) B T RGRINZ BN KNI TT
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\\ Y Y Y 44 A
/K-«—(\\ > >
/i o =™ N \ \ Y Y Y N 4 A s 5
/ J v - - * XN \ \ I AN A O N
/ J g & < v N \ \ T R SR B N
é vy A At T s s+ P
\ \ \ A > a P f f A A« < v i 1 4 4
- > 7 / / / L >3 - ~
\ NN A N S S
— -7 / / / < < ~ ~
\ AR / AR N N S
\\\\—’/’// < < <~ Y Y x KA A A
o) 5 10 =] ) ) = [0

B 4.2: Z4Ep i 1 B A7 B BEAN TSk R AR AL T 12 A B BRI A2 4L
i RN W ES RS BB RGERPREIE. (a) PR E ™A RER LS
(b) ARLEAE 7 Bty A HE R R 2K

P

B 4.2 g5 TS LRI BTN R GUAL T R B PRl
BT RS KA WA FIRIUEIR S R IR Sk 07 S, @R 2 hE—mEg
7T ARSI

JE RN RGNS 2] T d 208, H Ry TR I AN & AN 5475 2R A
S N TAEATTRIFRR NG, SN IR FEER RIS MAEZ G ETS
B TR B A [ B AR o Dy BRI BN R AR R . R 41 B4 T H AT

PIARg= =}
A EEME.

4.1.3 BWOHIERKME: AoRRESBIERE

BACEUH, HiMsr 7 (ODE) ZIEFZRE «(t) K8 —MERK N
B It ABNTER SR E LRS, MAREEERRE () A5H? HLE, W
RBAYIE o(t) #FOH, 4 ODE MR ZZ R, ZPUESIA ODE, &HN
FEVFZ LB R, ATGEAR R (t) W RE . AT H4E RA M3
FRRE F() PARWIIR AR 2(0). XFMATZRR4: AT LURE 5 5N 4w Z)
(S RE, (HEDRE B A ARG T AL B 2R EME. 75 ODE 1, SEEXTN £(), T
RN R 2(0), TFATH H bR HEEANIE o(t) B “BA7T7

FEIX GO T, TATTHE B RAEH T 772 (ODE) . Xl 5 # N WA M 88 (initial
value problem, IVP), HH1%55%E —/ ODE UL —MFEZLHR (FIPIERE 2(0),
BAIAE ML FHIK AT B Z] ¢ FPIRES 2(¢). RIEHAR S A H, BZ) ¢ FPIRES
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A LAEARRIAGIRES 2(0) DA 0 2 ¢ X B (] RS R S AR . XA AL E ]
AR N 38 (Bt ik ) EXE [0,¢] B, Rk, FRO0TA] Bos o5

ODE [#f# .
z(t) = x(0) + / dz_(:) dr

0 (4.13)

= z(0) —l—/o f(z(r),7)dr.

WME 4.3 fir, HAREAIEE BRI, B[] f(o(r), 7)dr Fork
¥ f(a(r),7) 26 7 = 0 Bl 7 = ¢ XA L5 5tk I AL, %I RURAL TR
o(t) FEX I 0,6 FRUR BB, Rk, 2% R0 W2 BORAS LB X
— Ak (HRD MERIERE 2(0) L4331

SR, IXFAR S AL ODE SR R T i Eiphik: /R RIERE R
TG B, AH B T RABREL f(a(r), 7) WBT RAMACREPIL (1) 5, TPHRE
U ST R R HORR Sy, TR TR BB B A, BRI B,
TR RS (IR AR B B A SR, TSR
AEAE Oy M. R, BRATT0 2 1R K 7 IR A By . HoR 0 AR R B B
e AEAERG TGS/ R EESHEEE o(t) WL, TR E— R 5 B )
B {to .t} EXPRUBEEATIERL. BT BRA AR F() AR,
Rt B A R T b o AR R R T 45

B BRI R, B ML AT AR AR A (4.13) PRV HEAT I A0h: KA
YK VR J TN ), 350 B S ¥R B0 R R T BUHAT R A B 4.4 4l T
TR RIGZE R, ROVEX A (0,6 b CHEFR, ZMEas N +1 4
Bitg <ty < - <tn, HAtg=0 NVILEIZ], ty =t N&IERZ.

RTIFR, FRATTIE B 1A R A A, B

HA At R K (step size)s
AT BAR T H— RIVRE {20, 21,..., 28}, HHPEA 7, HTFIEBEIR
B 2(ts)e IHRIRE 70 BT —IRAS Toer 05EES, TR B30 ) RGeAE MK i)
[t tia] ERIRGN . B b, B HUR AL AT US Jyid e 20
lkt1
Tpy1 = T + Approx </ f(z(1),7) dT) . (4.15)
ty

HrA ek # Approx(-) FTIERER . 7EEEL ODE Y e, 12 bR 5008 AR
S() FEJRR LA R _E R BB R E S, il

Approx </ - f(z(r),7) d7'> =At- \If(sik,tk,At, f) (4.16)
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. 0

o \/ Em;——l t
ODE HYf%

z(t) = z(0) + fJ f(z(7), 7)dT

(a) IKZ =(¢) BERTIE) ¢ BYZM(E

iz 4
(). t
B [y f(@(r), 7)dr

(b) BN f(x(t),t) FERTIE] ¢ AYZAE

B 4.3: @A KA H O T AR R R R B BRI B 5 B BE IX (8] _E AR
gy, RUAERE TR RARAAL s Bz R I BRI a6 RS R AT 15 2 22 1 IR

Rk, 3R (10) AT S N
Tyt = T + At - U (Zy, b, AL, f). (4.17)

Horih W) #ERRNIE R R AL (increment function) BUMTERERZL (step function). &
MAAE SHL BRSNS () R E AR AN E] B EE 7R AN [F]
() k. wltn, i () BOyA R AR f (2, t,), MFFRIZ MK Buler J7
1 CGRUEZR SR MG R ECNEN 1B, B W(Zy, 6, AL, f) = f(Zg, tr) o
RN (12) 53] Euler J77ER 3 #HiE

Try1 = T+ At - (T, ). (4.18)

W T8 — AT — IR EOH 5, Buler J7VATFE AR & . R, AP K At
REBN 1 R GARACEL RN, FOR AR 72 . T IRiX —F &, #fd ODE K7 %
WH I NMEE: mE R TR 25Tk

o BT E T AEBUED T, TRERB R R R At — 0 FIEIGEE
IRJFEIRZEN O(APTY), WIFRKIZITERN p BirJiik. mBir il 22 XA [, te]
WA RVl () AREEHER AL TP R flin, PUEY Runge-Kutta /74 (RK4)
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K& 2(t) A
EHRTZI AR
. L S /
: ° ° t
to=0 * l Eﬂ‘f;]t
. . o
C O-.o.--@ L J ©
(a) IKZ =(¢) BERTIE) ¢ BYZM(E
I §
Jx(t),1) X8 [tk, trs1] EAIFRSD

L)\%E%E%Ri&w

(b) ZAIZF f(x(t),t) FERTIE] ¢ AIZEAY

B 44 Wi iR EHOR R KA f 8 HPIRESE RIS ZI R 24 Bty
SRR B U )Y m B RPIRASITAL, R AR At - W 3Tl D A AR - 1 &

FEAR P ST 20 RIS, TR AE AN TR Py S AR AR —
AT, P T A A 55— AN PR . BJE, RIK4 2§
DU AT IS, 36T SR A IS 2 4 (R A AL AL,
HALL S P IR AR, RKCA 5 S Y 20—/ 25 o L 0 25l
A, ITTAEAR I BN K I 3313 B e

o ZHriE. SHLIAAR, £k (0 Buler il RKA) RAHSHPRA I
EHPREL, 25 ER MR L8, B & SREETNe (nEmn
R KT T 5B . 10 Adams Bashforth JriJd T, FURL R 5
G, TS A P A S BRSSPI 7 A AL A
Tk

UEAN, SEFFERGHE ODE SRARFHIIEM T, B0 GRS K7k, e,
K A RFLE, TR ARG R MR . ACORRIX ST iR 18,
HISEPI 2T 25 B 404

fEE B IHE 2, T AT S o WA RID S a(r) RIELN
AR, TIAEHLES S 1 SRR, o T RN ¢ R . ZEAER A,
o (R @) FORE b B HMIEIE D

ERTA O, AT T DL 2 55 ESMNTR (0). (09T Rifkin s
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HEIIROREE— 3, JEEERATH o), FoRE kB RRASITME, B

A 2 (t) RE R SR FILT L
RMEETTE, fEmsh 1% f AWIEIRES 2(0) 8 X ODE &R4t, ALK ODE R
AR — DR @) WTAERE t > 0, ZRECREURESMIELIE, N

x(t) = ¢(f,2(0),t). (4.20)
[F] Il R W GE 26 2(0) = o(f, 2(0),0),

EFEABE TR ATk, FATMEEE TSR H A, 51 7 ES
IS 18] R IR BER T RE o AEST AR T H A iR R BRI T iR e, DUAE W] DUSE VR 3t
B H IR R

5 B L

de
% = —VoL(6(1)). (4.21)
Bie — U o T AR
2O _ fa.)

ERETEICVE S x(t) = 0(t), S5 REECN b
f(0(t),t) = VoL (6(1))

A — DNRER TG T . 3R 4.2 G T BBRET. BRILIE SRR BE T B TR RS BEDR 5R
R 4.2: BREER B IRKRLVE 5PN B2 IR R R K 2

N A —f% ODE 5Bihik BREDR S TR

ZLRA 2(t) & BB 0(1) =, 6,
ZIPSE SR f(=z(t),t) —VoL(6(t))
B )12 dfét) = f(=x(t),1) %ﬁt) — —VoL(6(t))

b FES K Al 315 g

. AR BT Tpy1 = X + At f(2h, 1) Or1 =0, — VoL (6})

HAKM S, WERERTEERAP KN At = n R, W1

Ori1 = 0, +1[—VoL(6})]
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AR BR R T R R A3 Rk, SN MM S, BB IR 2400 T
FETT LI S R EARALNIE, OB EE T B UE I AT FR AP KX A SR AT B
AL oA, S S] REEEHI AR S B IR, ot N BUE SRR A AP K
FERR LT B 5 o T RE IR SRR, BRATIAE AT LA Bhal 71 R G AUE 70 #r mh i
W, DA EVER NG AT . 10, BRI B AT LAE 1 L I A S SRR
BTG Herp a2 2] 5O M BUE SRR AN )20 . 222 ST 3G RN, B SCE B m] R e ik
PR BEESAR BET, T H B R IR L BRI 445Kk BRBE AN [F) 7 1) L A2
WREAZIR KIS, IXRPEL G5 il J7 R A 00 22 IR 1) RUBE AR [ i DA 5%
XS AR R UL A R BB B TR . B S IR T

Vi1 = UV — UVQL(Ok), (423)
9k+1 = Ok + Vi+1, (424)

Hrb, v, o EHEHZED ZBLROIE, e (0,1) NEhERE. 5FEkE
B R = w7 B AR R AN R, ShEDHEIERE T S BULETEahiE s, it
A DA 52 287 1R B ROR Bk, FRAERR T RO — SO IntR 2 Kt

FEXE I IR RT3 B RICE T T DA R0 R B oy Jr A

d?0(t)  do(t)
a2 T x

Hrp, Zh SEEER SOz s BE, —Br SHORoRE e, 105k e B s B 3R
BRSNS HCTFERIME R J7. BRI, B8R T R n] DAY — BB LU, iy Sl 1Y
DAL TR B EAT AL JE 1) — k3 71 R Gt XM, H o i REAUER L 1 4
RIELESHOPAE ) TR, WONBEA R SRR S5 51T 8RB 1 49— A

T, AT T Sk B2t H B RIS T8 22 TR] R X I BB AR AR B P T P A9 31 1 — > FAk
PREIL: RSO T P T DA JE A0 A5 BIURR UL, TR L 3L ST DA 8 3CRR Az i B
W HOIBRE L N . JRERR R X — S A A, IELEEN )2 R L BME B U £
JEBRARAR L2 25 o (R TEAL

RIEZ)

1. SR ECIRAS T BT . B8 A MBI =F AR R A NH
BR A B0 B T BEAT 2B U R e B v B AR AL 240 ?

2. % L(0) = 5a6?, Ha>0. BHXNMEIEER, HHDK At =9 F—Ik
230 Buler B#k. PSRN 2 BB R A SLE] 02

3. MHMER S do/dt = —z, x(0) =2, 755 HEAE, JFHEK At =0.25
1 Euler ¥ETHE 2(0.25) A1 2(0.5) HIUTME

4. R Euler %, RK4 5HENEKINERAAMRHER . HEALD

= —VoL(6(t)), (4.25)
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ARZZRT e At amBInEA e By “ 2HLR?

5. HBHE TR AR E gy > 0, HRIH—HAIZINGRN 2] ¢, 8
BECE IR S MCT AR R E T R I .

4.2 RRZEEFHELERINFE

EREZ I, NG WA 5 T B H RN RFIEFR A FR7R (representation ),
FIT A R] RE R A8 ) 7 [ R A 3R 7R S 18] (representation space). 5 IlZkid i H AN KT 5
BB R ZEA R, R AR S e f5, BESE W4 1 7 A& 31 E 222 4L
I, RIZEMEZE B AR T DR R N R e R s A () — RIPIRAS AL H#e

£ Transformer W1, H R IR FT 15 00 26 AN Wr 5835 7 21 B B R s . T
el ul R R ZE R, HIZ R 5 5 o 77 B SR A T i B BOIR S HE IR B
LG R . ERIIE, PT DO R R AN R GRS, AR M2 B AR A 72
FIBEBOTE DR, X—WMAAMN A CLH T 3% Transformer HRI/RHIZZA54L, @A)
CUMEB R T Baalo7 % L SRR e M B0 43 B A T H AN 1] [ P 28 2544

WIS TTREE AT LU — P B T M e N g ik . 5 Transformer /2 H %
B 0 BB IS I B R AR AN R, AP T AR AR N 28 fo FiliIR BB R s 7E 24 Fi
R BRI AR b

WO _ fye0).0) (4.26)

Hp, MEMSEICY TR H(t) FEHE ¢, AR R, e
RonJa, W TR R MR ASAE SR E I R XA A e i R A, JRiE I BE AR oy
RN s . TR, AR P28 51 D058 SRR R AR R, T il U 72
SR AR A% TR X L8 R AR A R S B R AR . XA R RO T B o) U R
(Neural Ordinary Differential Equation, Neural ODE).

AT S 4 Transformer BRI 5% G T EEUE B ECZ MR R, )G
PR TR AN P Sk it RREME SRR TR K, BRI A A E Y
TR R FANGTT i

(EARE
R HERTIMONEET ] R R R OVIRES G, FRZE S H ] LU R
TR — RBUE . Neural ODE M) BL$3% FH A28 (0 28 S 504k BRIt A8 40 %,
F 1 ODE RAg#SE 2R BEIX (0] | RAIX L /AR ik .

B AR : AR Transformer 583 Euler A BA “MaPiREINRIHIEE" 1)
SERIRT R, HEEESEEFEALE, H—1b. ERIIFRIET E W RS
¥, PRIAS AR BE T 5 e AR SR SN E E ODE. KA BIRRIESEIAL . S4B
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REMIAAL DT 3 DR USSR, BUE T I B S R e tEE5 e T B
i

4.2.1 Transformer B SN FEERF

B — W C& U, HUE 7 RE A IR CIRESHESE R BIE SR PIL . K0T TER G
&% Transformer HIFSIRE NG, HIE S JIBIHORITT 5K 2% B = A2 (1) 5% 22 B v DL
BRI IR 7 R XM SR ER R4S Transformer HEZTHE
AT LLNE SN 11 RS R, (HIFANBIRETE B NSRS e o 7R, A
BEME Transformer 53 —MBUETNEENA BN HEEN . THHEZRES. E
25| AV B pR B2 A 2k &2, U ODE U & B AR s e it — Mg —
Kk,

RTIRSEREETH. WFEIKEN n, BRSNS d, 51| MEETERAK
BRIt Hy € R4, FEREIRE— 47 0 B — /M A SO 78 M AR B AR 16 B R SCEROR,
M 6, XnZTZMBSE . X T H—4k Transformer, —A~HFE 7 Z BRI
W 2% 1 JZER AT LAGE— 5 Ak

H,,, = H + «F(LN(H);6), (4.27)

Horh B R TR, LN ZoREH—E, a > 0 RESSCHIRE, R o = 1.
X (4.27) PREX pWEE: 6, )& T2 0, il b eEEER: H
J&TFoREN, 4 E SRR — IKAT AR IR IZ R . X BT E) 1582 5 —F
AL, AR R

N T EILESAEIE, B IR PR

o <ty <---<ftp, hi = t41 — 1,

Pi e Nl TN WU E | IS M P P2

dH (t)
dt

K (4.28) 18 [ty ti] EAE—RE X Euler Bk, w13

— f(H(t).£:6(1)). (4.28)

H(tl—i-l) =~ H(tl) + hlf(H(tl), tl; O(tl)) . (429)
G2 Hy + H(t) oy <> Iy, I F o LN BAE R &R A &3 1) — B ECE L, WL (4.27)

53 (4.29) BAMER “ BRSNS Ko Rt 27 45t AR & U
LESY
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Transformer HJ&E ELEHNRFHHE FH

TREE 44 21 FRACHEE R B
iR H, WA H (1) HiR 44 2

TR R R f o2 o 4 7
HERE o By o 22 5 T
2% 6, o(t) BHA R F12%

XX N — MG RRRR . bRvE Transformer § F; W] PLMEZ A, JEIH—
A VR RS R At B BB VR R R B A TSE 45 0 RO M s [FIRS, B
FrvkZEREEFEA—E 2 BITESHOE 1) /NP7, ik, Aredat (4.29) #EH
Transformer %A% T 54~ ODE ) Euler RiF5H . HHEFH UL, ODE LA NAE
JE PR HEG SR T FE RS, R VFHERNRE . e AP K SN S 5
XM HERE

—5EE Transformer ERP RN &L A M B, 535 RmBW T 2 H—1k
SONSPE=WAR'E &t I T S| Bt S 2 S

H = H, +h A(H; 6],
H, ., = H, + hy B,(H,; 6™). (4.30)

HER IR JC4E LR & BN SCE R, F i R 2% Dk 25 A7 B 3R s it in AR 2 R 28 2
CH BT AR RS . S O

dH
dt

WA (4.30) ATEMEONSEHERE A PR )5 7157, BN EPIRZSHERE B Prtiid it zh
1% o IEMIBF AT R T —Fr 57 02, WA TR I HESIR Y 2 i e A 3%
o B 45 BHE T Transformer ¥ /2 B Hi5 ODE B e 2 8] (10 45 H % B .

H1tt, Transformer [ CHT [F) A% 3 7T AR AR RS IR I W 28 IR BE 4 P (1 —
B . IR IMEAE TIE A MK EY a4 9 ODE, 1M/ET AT P
BRI ) 5 — MR ST — B B HERE, B A SRR, 2
PAAERA ARG THRRNIRG SE 1R 5 A R 4 A e 2

— A(H,t) + B(H. 1),

422 MIERSNA FHMELEIRT

B /1A RO T Ei A A5, Gt 1 LERUM BT R 8RBk i) S
IINTIRE o bR ZE HOR BRI AR R e R R, b ik s A
EH X RN 2 A R R B 8] KR BRETNENRER SR —IRES 5
JiRE, DRI R EE I IE . R RSB T R SR AR I AR . A/ N IORE X — 22 5
Ko PHEBUEAR AR K Z B B, P s 2 AR OR g K I 28 254, Tl A2
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X1 =X + F(xg,0))

T X0 — f(x(t),0(t))
T2 ERIEY Euler 57%:
(MHSA =% FFN) x(t + At) = x(t) + At - f(x(t),6(t))

T

At=1

I REhh=

X

& 4.5: Transformer FI&HUR R T 5SS )1 RGURSHEDE Z 18] B GRS B o

a7 PRI v AR Y HE N R 48 SR AL
BEFoRETEHY. WERIIMEGMEEERA RN T RoR Ry,

dH
dt

MIARHER) B AT FE T N T Lie-Trotter B33 fE—ANP KN IR A, FHix
KRR Bo X Fh 2@ 5 RAE—WREEE, 1 HA RS SSHFR s 283>+ 2 1
JF— M OB . A IR AR I G, ARA PRI DR R
HIER” 1 Strang BE5H. £ O 5 OF HRIRRAT3 J1#HERE ] A 7R
5,

= A(H)+ B(H),

Hyyy = O 0 O 0 ©F o (H,). (4.31)

fELBUE P, 2 (4.31) BEAAZHRE, WEwe R, B, miEM
A5 50 N 2 Rl — AT ah T, I BRI AR G 2L W HE R
o ot RGN TR 1 AE BR ARG, I TR BN R AR R S 0 S S B AL B
Ji e QR I8 ZE 1 2 AR N @, B8 1E P9 IR A2 e o R 58
BB, RAR BRI S BRI BAREL “B-A-B” B =WiR%H, (H
TAREE BN AK Strang 70 RT7IEH “HriR =M. #E 22, BUER R R MR
AR BT R, T EAR B S R AR N BRI R TR TSR
Jias TSRS AL S PR BT 3

SMEEMERT. BUETTIRR “Br” iR ZEED KA/ N R SOR L . X A28
JeiE I AR E B E R, REENTRZEA O(RPT) I, LER Ay X AR 4
R ZIE N O(hy), MNTTIERRA p B Jiiks 220 30k /5 2 BN = Aa e T
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>
>
P

Xk+1 Xk+1

L,
Lo
7 %

(a) THIH—4k (b) RK2 (c) RK4

(=

A

(=L
B

|

Og

DD~
D=

oy
Og

?t

Kl 4.6: ZTHEH ODE KfE#s 5 K1 Transformer FZZEMXT L. (a) L& TNH—1b
iR N —B 23 Euler 5 H; (b) 5 (c) 5l ERZ RK2 Al RK4 J3 K112 M B
FoHT. HPIAPIRA S R AR A 2 A A — 20 S X (A N A 2 o

REM p HARSRMEHES T p HRSNTEE. mb D IEEE AR D EHX
[A] PRS2 A lal . Biltn, W B Heun A% 2R 38 IR B

K, = F(H,,1;0,),

K2 = F(Hl —|— hZKl,tl —|- hl;gl),

h
H, = m+%m+m) (4.32)

K, RS ER, Ky /R4 B Pl AR, =38 1P E T UX
B ERFREE . H NI 0, BRI EA LR B LG I, (R
B RERFE &2, 5 Runge Kutta #& F0EE R — B4 f£—1%
M N AHE Z D ENRES, AR “mbr” WREFET “HK7. ok, Bk
'?w%ﬁm UK U WL B, = AE — AR TR B FEAAE AL

S 4.6 WL T RSB DU BCE R Ry R 1xx s, mkr
% QBT 38 0 R A2 — A 2 0 5B P 8 1 BRI B PP B B, T AN A ] B3 0 A0 X 2 R B

hEERSZLEH. el IR A& Ea i et . Fln, 1
K h N, — Adams Bashforth 8 # N

Hii — H, + h %mﬂn—%ﬂluzl). (4.33)

BEHI—ZC&58 20 /8 H, PTERH Y pR HOT Al 815 50 R B0 s
A A2 75 B ORAE P S R s B SR AR 28, i HL 2% (4 15 A B R 20l P AR SUR B
3 (4.33) BAGI RS, o5 F 2R D EBERAEE B IREY
TERHARPAS IS 20 1 BR BUEL, FE HIAS S0 K. Bl ERIE BT E. &8 ESH
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WS, F F R —4HAEERWHZmE, ZEHT N LB, HAR
HZ)EA Adams Bashforth i) i fRiE. MERMIMAEE, BERE. P EZEE R
IR TS A2 AR IR DU R HRIARAR 5 R AR
A ge e HAUERT
RAEMEAEBKE, DS HL9ITREERETET RE: B Euler #:0
5 L
H, ,=H, + nF(H;,1.1;0). (4.34)

KEN Hyy o FIRHBAESERPM, BrPAR (4.34) A — U@ a5, —MEAR
SERLR S B AP A T, PR AR

Hl(J?)l = Hl —+ th(Hl,tl; 91),

H'™Y = H, + hZF(Hl@l, tan: el) . (4.35)
2 F SPIRASH) Lipschitz %30~ Ly B hyLp < 1, _FIR w7 AH N X 32k N 8 R 46
RS, € RUEAE A FEAR RIS ORIE . SERR N 28 ] R A BRICES IE . AR5 a2y
B RARA IR . Rk, “BasC” o T RS mERAT7 e X, AR
JEZ AT 3 B & A S AR Lo Uy SR A 5

52N 15 2 TEE S FZAL

BREF  HETRSA R SRR, AOEAE REMREERZ DK
(LS AR A BIR 1

ZhHEsEh F-XEARZAT RERETE, 2 8ok
RS KT LR BRI L =

e E P& S S A N )Tl g w28 BT A RS =
R AT

(E:N BERMT REN FEERAERORE  HERREGEURIE
B S 1k

4.2.3 RTEHHFENREESRIME

JEH Y T RO VTR A 1 B RRE, (B R A SN B IR FE A 2 A
2RI, RSN 1 RGIARRE METIAR S — ki N Rl T AR A 2K S Transformer
IR E Pk 5 05 B AT LR Bt on o R R I 5 DDA 5k

F Transformer BN H I AR M — SR, 24 3] RI5) J1 5w BEA2 NIRRT o
P35 102 R IR B 2L 30 77 22 AR A AR R A AR AL LA, Biltn, JEee 7y sAe ik
W, AR EAGER . I, MR o T R fe hm e . s 5 ™ AR
SE MY IR, 5 EARR /N KA RER e HOR R IZ T R fEA X I 5T,
RERE R FORAR S (B E IR MR ZEIER) ATRECIAA ALk G S, BN
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A — P F(x(),0(1)
S 0(t)

\
/ A ¢
\/ ( EZ,;?E J—E- )

(a) RGN HFSSHBEREFEEL

A — FHE F(x(),0(1)
SH00(1)

/} A8 ¢
SINFEET ‘ (BRE)

(b) BHEZSH RSN NFERERT

KW 47 RGsh RS HRDMAEEZUFI RER. HWEERRGS) 12
f(x(t),0(t)) WL, ALKRSE 0¢t) Bk, THE (a) RS )22 %L
EHEAL AR L B (b) BIRARE Transformer HEHUZESH T8 15 kA&
B RS AK 17 100

FE 2l PR e POE H S 2RI, & 1A R RE A B HUL, EATE 5 EBUEA
FaE M. G MBUE T SRS Y, FR KRR B A - P P A B ATV AR XK
AR N H T NI R, e TR AR N K DL e BB K. AT,
B Uo7 ki s S T NI A, PRy A TR SR AR E X k.

Xt Transformer 115, BT EREEUE, XA R @ NP E, EIXERG, 2
0 RPSLH, FF HAEANFZZ A A E RZER . X558 KRB E I T2 %
HF- 1 3h 7S T T . B S R A S 2 = F(x(1),0(t)), Horb 0(t) Fow
BERSE) ¢ B S E . SR, TEARE Transformer H1, ®ZEMSECEEEM, M
s 0(t) BEULCA—NBER S (BI 6,,6,,...). XESHIRL S AR 1N
— BB T B RESRA . B, FRESHERG, 2% W5 LRSS EBE Y
BAE, FEARZEZEFHEERFAEREZER. B 47 B 7@ s,
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N T G NIVERT Z B R AR SR R EME A€ T, IR B AR 2 AR ek 5 P AR 5
P o S B AR — B W7 L& I8 I Lipschitz B8 214 « BARRIUL, IR 5y
ke R HAERE KM, MAUAAE —DNEE K 15 ||F(H,) — F(H,)|| < K|H; —Hy| .
FEAZ M2, Lipschitz 405 52 SRR 1 Va e CRIFEFE A SR ar e &)
MG LR E T LA 2O R Lipschitz %4 XML AN T30 71%, &
DR 1A% 5l W8 IR L A TBOR 32 2P . 3% A B T B i B %

Sz, BATTRT DA S S A BEAOR SE L m O Aa e P mT LSS 8 b
S -

SHIENE. 5 7 956 Transformer T3 7 2 FEIREE AL ETE, AT AFESRR
R SN AR, U T RE R T AT I

Lomam = Aparam Y [Br1 — 0413, (4.36)

Hrb Aparam BT MR E, L 2 Transformer JEHES KRR, BLIRL A ARLLZ
BB S ERRE T (B, 2 Aparam — 00 ), BRG] 0,41 ~ 0, X
SET SHSLELEN ., R, 0 AERZ RN ER, ERRE MY TR
N—PEIBRG. XL BRI NIEA A M I 2K . — RS, H
BARG H T AR & .

ARFSIENE . BEo7 kB S 2 g ARk, Bian, FRATT T DU ST AH AR 2 4
Z IR ZES, W R

-1
»Cstate = )\state Z ||Hk+1 - Hk| |§7 (437)
k=1

HP Atate RZAENALTAIALE . WIXAE SRS, BIEH— AR — 405
AT AL E Transformer 7 I AL RGBS (10— M R0 e 55— RiOEW Sok
Jeil 2= B I E AR AR H S . SRR G HEAR T2 T I GRIR A
2. WNEUE AT EERE, XA AT LR Z B HUER 4 (Bltn, 2t
I3, FA T RS KLU T SE AR R I s, AR B AT T — IR
IXF P SIS R P 1 BGBUIRAS H(t) IBPLE. @il REk B 24 i P RINE
B, RIS B R AR, 55 AR 3k th REAR N Ra i

4.2.4 NBEHAREEIHZEMSTLIE

W T FEAR A N B AR AN B TR FE N 2 Bt T — P& 228 1 HESR . TR SRR
W2, RN IE B IR N A R E M R E TR B R SRS
RN, 2R RS TER &S . NS RFEMEER, X—dREn DI

kA, —A Transformer ZWEHATE. 0 BRENENIESHES.
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fil R TN IR TE S 4E 25 (A FR PP AL, X2 20 B B (8028, T 2 ok SR 0 ke e
RAELEZA AT [ .

T XA, ODE AMUFTLMEA—F THH T CH M git, bn] LU
—H T EF RO R T RGBT SRR AR B ARUE P 4 B AR i BB
HRGRIEAL; JEE WS W] BRI 2E5 )1 R 408 N %% R s R

M 5 777 (Neural Ordinary Differential Equation, Neural ODE) 1E&7E
KR MR RESRESR . 5 E R AEM%E AR, Neural ODE AF 2
FHE — RV EHCIRS T B, M2l 2 3] o 2 8] o L5 i, e 2%
B SCIRASTEAE SN 21 B AR L 28

dH(t)

— = fo(H(1).0),  Hito) = Hy. (4.38)

o, H(t) FoRESIREAR T MRBURE, fo R &M% S 812 )
5 (vector field). FREHRIMHIE, fo HARBEIZTER—IRGE IR, TR
HRPRASEE L R AR A2 7 1, FAERPRASZ A HIZ H ODE R 15
£,

AU, Neural ODE B2 2 W 2 ik tH LRI 2 A SRR M 4 2 2 3L
A IRFCR PR AR, T Neural ODE 5 5] X LR HIE LB . 05
Zs WEHAFEEREE T RRARAT, M) “ A RR R A A 5 Al
73 [RHEEAL o

4 4.3: [5EIREEF 2% 5 Neural ODE BELRI) HLAR

P 4 [i] 7 IR i e 72 X 4% Neural ODE
RS HEHEVI I B RN 4 JE HES &I e X, Fuid
BT ODE KRfigasti 715 2
FEARKTHR HEEORES R H — Hy LR H(t) B R
ZHIE R HEFG-EREAEMISE WELEEIIESE 0, I
0, AT AR s (1] ¢
TR W] 265 &5 ) V11 B[] o HH SR i 2% 1R 22 25 22 A Eh 38
RIS R E
HHEPRES X 8 [i] 7 J= i Xt ODE KRgiE 2+ A
TS [R5
R ZE FH X 25 &5 4 A1 S 5 2k TR m] @ i #1020 KRR 22 %
el 72 i |
MEE: B, Neural ODE HRIRESFEFEH 20 .
t1
H(ty) = H(ty) —1—/ fo(H(T),T)dT. (4.39)
to

T fo W BAERMARLIES Y, HRD e H(r) RE, BB —BC
RIE I AT T IR AR, T A 7 A BUE R A R SR RS (BRI Jekg- A
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R x(0) A
./70\. At NEE O
— ™~ - |+ 7N,
= = — — =
\&\\ ! // 1A ¢
o\‘./y$/
(a) LEENEEKECNRS (A5%kEMNL)
._'.y»&. o,
./ \. —
_— / \. >
Y ] A ¢
N
.‘.*o—>o’./

(b) EELEMWBRAENSEIEILSKAIZRSE (20 Neural ODE)

B 4.8: [EED K S BEN P KKRMGHE M RN RER. (a) BEDKIEEENKX
AR AR R IR TR) 254G (b) B IE NP K7 iR e J/ B 0 R o 5 iR 22 Al i sl &k
Fifa DK

oE SRR tHEAR R

H(t;) = ODESolve( fy, H(to), [to, t1])- (4.40)

Hrp, MM AT UEPIRES FRRMER, 1T ODE Kfg#s 51 57 A Wil i
BAE, FHmdEER A IRE R AR

[i] 5 A4 SR A TIOR8 IR S HEBE (R B TR] TRI R, T 1 0 2SR A o 2 MR o 51
REMTFBIES DK . B 4.8 /R T PSR MR SRS AL [F] — 2L bR E S 2 7

FRER W Tl o0 77 R BN 2R T R AR HE R FE 2 I 2 N ST 55, T8 TH B4 2k BR800t
SR 0 BIBE RGNS . BTSN R g is Bt AR P AT R = 4%, (H
TR A AF D] 75 A7 i AN U8 () A AR S DAL FH B 0 0T 7= A= v 8 A2« AR
FHAT 5 PR RS 41 SR 2 B R O o D, R R T R R A BE R B
B AT NG, %07 LS R P EOT R E E WA AR TH SRR B . FRATTIAESS
4.2.5 FIVEAT R I SR A0S

I & 2, FREH A T AR A M4 £() SRIEAR S 1% B0, EiI%k
i, FRATRATZ N2 U RIX L)) ) 2247 s AR B, IR 3d I SR AR 22 5 ik
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TR K E R G RN ZI RS .

4.2.5 WEEWMSHFREMNGSHERBEE

P R TS (BOPRAERE D7) 2R B S i fil s i — g kR, H Tt
T TR L RS R o AEURFE S ST, BT DA AR e LT R] ) s [
ek . HiZ 0 BAR I N —HMIRE, POAMIRES, H BB R E T
I IA] S P AL . B I SRR 28 = AN T AR T A S BB R, T A 2K =ik
D =ty S FH 1 T A 6 1 B R A

TERG H G FRAE  rAE R 04T LU, RSB X — X e FE— MRS GEE
PR BB ERALT) F, AT EE ODE KRN EAH RZEWHE
K, IF BRI SR ARSI N AR R REAT S r e F . AR, BT ODE KAl Re /i 2
BTANNERA R RN ERE R, b nAE 36 T EAAAE R P R R BOEE. X3
HANAEHERER BRI K (O(T)), ERMELIRZMRERE . Ha)iEud,

B2 KT ODE KM B BRI NFARE, FIEEATT.
AL, RATHAERIRE a(t) & CONIRRRE £ X TAE RS E TR ¢ B RE5ER
RE x(t) BIBRE
a(t) = a?(—(ﬁt) (4.41)
B F, a(t) R AR 6] ¢ BPRSTHUNUS R BUEME. HTikS 5E T &
R x(t1) THER, U AEREIRA 14 5 5 A2 SR
oL

a(ty) = o W (4.42)

TEVERMAE, BIR x(t) M to B ¢ IEFRARR, AERIRES a() LaUEH
a(ty) TR IRTIRE, Mt B o RIASRME. B 4.9 Bon Tz En =
K.

#pEzEh hEF

PATIAN B I SR A AS (1020 BRBEAT S %4, M0 Al SRAR — AT A H o i REk
a(t). N1 EME a(t) MBh71%%, HEAMABKIAY At 1T H R 72000 A A4k 2t
T Mt B ¢+ At PR RT

x(t+At) = x(t)+At- f(x(2),0,1). (4.43)
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4 ODE H#iifk: BRI x(t)
20— f(x(t),0,1) FHERE £
\ }
‘.,a \\\\\ ,/VT
| \\ "I | _
= _ >
N s e b RSE

(a) BUMEMERE (M to Bl ¢, #393 ODE ®7%)

B HEEIRTS RREH
HH=E HHF BENHFE
v v v

{87 ODE §0: 0 = [7(x(1),0,1), — (2 ) " a),— (%) " a(0)]"

o MRS
HEBBIRTS a(t) :

.

R x(0)
¥ /

to /,
SRR ODE Hilk

(b) RMEMERE (Mt Bl to FRDIES™ ODE #%)
Kl 4.9: R J7 FE TR AERE R U TR R s =

R BERGEN, R K T RERIRZS x (1) MIBE R T LR Ry

oL
all) = 50
_(ox(t+ A\ oc
B ( ox(t) ) ox(t + At)

- <%W> a(t + At), (4.44)

Forpp 20080 ¢ Rixd TTHORERE, 1 a(t),a(t + At) € R 2B
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K TTRE (4.43) RNTTHE (4.44) 135

a(t) = (a(x(t)+ A;;({)(X(t),eﬁ)) a(t+ At)

B (ax(t) + OAL - f(x(t), 0,t)>T a
B ox(t)

Of(x(t),0,t)
ox(t)

t+ At)
= (1 + At - )T a(t + At). (4.45)

HPrEHMITRE, (ARSI ER

a(t+ At)—a(t) <8f(x(t),0,t)

A ox(0) ) a(t + At). (4.46)

WAL AR ER At — 0, FAIF B FERERES FBELLIS R B) 7752 X T T $
1 I AR AL R IR B0 T R

[
-3

dzit) _ _<%€;)€ﬁ) a(t). (4.47)

X, 9L R E) )R BT AT LR RS o XA TR RIERAT], FEBRIRAS B — AN MR
IITREE S IR T IR AR s KL () POHERT LEAE RS .

FAlith, FATATAHE S S H 0 KIBAIE . fEREDITIED ¢ S8 0 XPIREZRAA
N TTER, BEMT MR . IR ¢ AL AR B 2 DTk 2 S5 R APIRZAS BB (a(2))
e LVRA BT SEIBUREE (55). KB EE R iy TR 7E AP L AL (R
)

g_g _ /:’ (W)Ta(ﬂdt. (4.48)

EE, RNt B to RABTH, X5 K AERK R A2

BN RRESAENE

3 (4.47) I (4.48) i T RTHHIIBRE , (LN VRO T BT 20 ¢ (RASHUE x(¢).
FERRE IR AL, 357 SEAE 4 T 0 (8 TP O BT S VRS x(1), S O(T) 19y
AEFFA

P R 7 VI S R 95263083 O 6] TR R AS AR S e R . 1
FHRARAS 003 B9 7 T A 0 FLIE 36 RT3, 01T DU 0147 30
IIENIRANE x(t) WA x(2).

2Ry 7 R AE BT B R R SRR R AR AT, (HX — WIS T AR 2 ) P A 2 Ay R AR (RITBE
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N T R, BATHE DM EF IR RIS 2R S E R 1

HEr-RAS
x(t)
s(t) = |a(t) |, (4.49)
5 )
.
Sorlr 96(1) Mt B¢ URFIBUY, B 95 (0) = — [ (20G00) a(r)ar. AL
RGN SIEN 11 B by BEA IR 1R A
) f(x(@), 9T t)
= = = (&) an|. (4.50)
- (3) a0

L GE G

(4.51)

BB SR A o B R AR I E B T R . I RWRAE R AR I A AR 23
I, BRI E P x(t). TEATLMIREER A ¢, PPASHERT LURERE (FEZE A =4
B TR x(¢) BT RS s(t) PEIWIRSE . Bk, RAOTA T EAAERT A
AR PR, WAARIREMN O(T) BERE O(1). AR L, HERET L DVEER IR
SPILRTHFEIHE R, BT AAERNTE . FEERENE, XA R
A U F IR ) BB SR AR s AR A o AT PT DURR iy o8 755K, I I ] SR it i o 72
SRR SRR AEUE RS -

B 22, ARG H R TR ISR RE W] DA 9 BAR AN 22 3R

1. BUEMERE: Mt B ¢, REEH HREUSE] x(t,), FHFHEHER L.

2. RN 1E ¢ WK R s(t) = [x(t), 5255.0] - fEF
WA BRI 0 5] 1o RIVBUIT S 1307 R S0 = [F(x(0).0.1)

— (25 a0~ (&) aW)]T

I

1. XEREFH Hi = H + o F(H), TeEEBER. BRI REREM
T2 53 I N 20 Buler 583 I RLL &

I TR AL AR D o AFIEAH I, T R WA 1 A 4 AR 3150 iy RS A 22 ) 2 R S
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2. W —Fr Heun BIMEH 2 K, = F(H)) Ky, = F(H, + hK))s Hy, = H +
MK+ Ky)e MF(H)=H. H =1, h=02 1, TH-KEHLEL.

3. - AaRBREN IR IRINE? 8 MNSECFE IR T slBa O h e 3%
PPN, Ul AT T S A R

4. LR E IR E R Z M4 5 Neural ODE fESHUE R, HE 5. FEPIRS
FRZE VI T T 2 5o A7 BUZE 70 5 BER TR PN 25 il B2, 13 R A 2 B
Al R DK

5. 5 H RIS B0 2 s 2 AE RS I3 05, I Ul B A Rl R BUREVE DN AT RE S [
RS, PR E AT i S s A

4.3 FREMBEINNEFE

EEER TS RAAE R I EIER, BRI AT R AN B A
b I SRR B AR R B — S e MR B . EIX—AA T, BEFE SR EWIaIR
BIEWFRRLIRIERE, BIOGE “—ASRSWAbEs) ) 281257,

SR, AR RS IR Sy 1 1) A BT AN o AR BB (1) B AR I FEAUAS AR 0 5 — N o
IREA, T2 I 8RS G MR A, RS AR AN R C R G, 1E
A RAE S5, AR TR B 5] T Ae] A ] ER PR BE L 20 AT IR e A O Bk BB O AT
I, BB ) R GBI TN BT B EEASIRES I — 2B HE) B H R E A AL R A

Y [E — A e SN ) RGAEH T A RIWIGEE AR, SAMFEARES 2V B & PiE
Ak, T AT R AR 2R R B AR S B 5 SRR A AT BE IR A R AR IE SR AL . R, IES A
AR T EN “— RS WFEsh” i — B m M EmFiEs) ) REE 5
A7

X — B PG A A BRI ) . — 7 1H, 7% B SRR AR S5 R A A T A
ZRIEERR R, BRI B D st 7 R iR s A 5 — 7, HRER
THAT 5 ST B3 1AL, AR b X A 23 A AR A AR

AT FEAANHAUFEESIH—4L (Continuous Normalizing Flow, CNF) Fli UL
Bt (Flow Matching, FM) S8 T8 HE L8 )1 KRG M7 %. R/i&mi [ 8
ERRE AR P SR B AR A, R T I R A AR Y s i 3 D) O TS ) i A
18, BRI EZIBARES SN )1 . E LR E R A s R, (R
b 7T AN ZR H bR EAEEZE R .

ARG e N ERANFEAR BB BB AT (PSR4, BT 5 i &~ 1E
Z IR R M ENBIESIA— WS Flow Matching FI3EABAE, P igiER 2
TR FE XTI JUART P Jo AR SO SR e A B R 2
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&SR
B Wi ODE ROUEM NIRRT A — BT, I 2 E Ryt b
RSERHERTRR A5, SRS REA G BRI, 00T 50 M b
MBS, 7 bR B 5 R e

E SRR ONF S RSB RS O R o e, 4 B R IR
B Flow Matching FUGHIERERE 1o, I LI 1 3Pk B A
A RIS ODE, {1 B (35 S A0 G2 75 75 SR 5 B I A
s R BB Y BB .

4.3.1 MR R S

Y JTRE N A HIAEAIRZS R ) AR 5E — 2RI, BRI 7E AR I Tk 1t W]
—HBENUREA RGeS i At . Jytt, 7 Z RN 5K B R A K T A FEA,
HHESENER 3 /2 TR e f . AR ZOIR S B T 5 AT 4
AL R s, AT SCHPIRA S /1 32 O A R B /& (K 0 A 3 15

4 e WA T — MIGEREAR 2(0) € RY, DA —ABEES IR R & f
R % [0,T] — RY, ZFEALI AN H Gl 7 REERAL -

dx(t)

dt

KHP) “BEME” =R SPIIRE v MR f 4EE, PUEAHaEHI

HIBEALIAS, T2 sl ) RGME— R E . ANFRIPIIRIRES &7 A R RIE AL 0

REEREYIIEREA, XL BARIS SR 2 — D SR A BE I 1R A £ 224k
K WIAERAS HERE BN 2] ¢ B SRHC R @9, R

= f(z(t),1), x(0) = zy. (4.52)

£(t) = Boi(2(0)) = 2(0) + / f(a(s), s) ds. (4.53)

T, A0 pp ARMOLIRE W, TR HYIE AT po ML LFFE S, X—K
A NHERT (pushforward):

Pt = (q)O%t)#pO- (4.54)

P(z(t) € A) =P(z(0) € ©,7,(A)). (4.55)

it SHERSE AR AL o,
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Eu(t)pe [#(2(1)] = Eao)op [¢(Poe(2(0)))] - (4.56)
3 (4.56) 187 THEAAIA 5O IUA Z AR R 2R 2SO 1 ¢ R0 A py
gt AR PR REA ©(0) Lad s e SRR Gt &. Bk,
TEABRINERFEA SR T, B AT LUR 2360 o0 A vh R M EAHT 38 ODE e, FFAIH
HEBE 5 FIREAS SR A LA S5 70 A0 peo
ARG KM

Po = Pdata, PT = Pprior
(YRS TR 77 16 T I A o R R 20 A B e A R B TR BRI S5 0 A, T A
AR pr FRAE, FURFE— RN 7 [ R 2] ¢ = 00 QRIS AT, T
Po = (q)TaO)#pTa Oy = (IDEiT. (4.57)

X2 RN X5 AN ET: ) ODE fid S ANREARI A B AR, THERT
KA (4.54)IR T A AL IL RG-S MR EARL, WA 4.10 Fos.

po: 0 BIZIAIS T pe: t RIS

\

Do BSAIBIHERIE: pr = (Po—t)#P0s
D po WHRNDTE pie

B 4.10: [F—FEIZEH T IGEREARS, FEARBUL S5 R A0 (O HERT .
HERT R &g T R A B E S (EM AR U oy A2 TR, W

B s ML pu(x) R o T — /N R 23 Sl 3 Ao YT S PR SR AT S Ty
RE B 23X P A (7]
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4.3.2 RMETSEESMFIE

AL iz B RTE BRI AR LS € N 2| BIA AL, BRI IS Bl R T i
R AR AE WA K o MU 1 R E I AE — BN 1R] Y BT W6 R A 1Y
SAUER, ST R M 53 A 20 1 A A 5 3 Jl B 2 B) )P AT — 35 70l
HERREARLAN A S E, N5 SR TH R B A AL B e A

N T RIS AT R AR 2, 5INPT

t
boilx) =x.+ [ ST dn x5 = x. (4.58)
FEMRME—AAAERJI ] X TR A, B AR TSR R R MBS R AR
o, = Idy Q, =&, 0 (1)7"—>sa r<s<t. (459)

3 (4.59) KM, S v HEBER] s, B s HEBER ¢, SEB r HEHED] ¢ FRF-R
Ao X OB (] B AE B YR MY, SNAE AR A R 205 RSN 7
AN AN (RIS, ) At — 2530 e S i W S B

A f(x,t) KT x JBER Lipschitz, FFHM@EETIHE B8] X TR N AELE,  TUATIAE ]
AR A ME . ME—PEHERR 1 2 AN RO AE [F) — N 2 A 5 B TR I, JF
2t

ol =, (4.60)

A T RS IE H AT S 08 ISR AT e, VS B HG 0 RN S W A, IR @,
o N G 1) P S ¥ 1 BUIN G 6 5 G N = A S A o2 R /A W (e
s o T BER, B ERRRANE R AR TR A IR A A 1 RS KA
N ARZEATY AT BEAE 1 ) SR AR 5 P B [ SR ATV 5 2k RATHL -

TG E <RI E 7, EEEETT RN B R BRI R AL, B S,
I Z] s F— XL FFL S, = 0,(S,) B —iBiazh. BT e e A B
P T AN QI3 B KR o

/S | p(x) dx = /S s ps(x) dx. (4.61)

XHAE R BB X IR A E R TN (4.61) BRAL, WS35 A ES 512

Op(x)
ot

Hrh, p(x) f(x,t) FRAMERIEE . &3/ DX RN IE, X SR % T
TR HEAANRIE, BN BA. HEUETURIT, 5K
Opy

+ Vi (pe(x) f(x,t)) = 0. (4.62)
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RIS AL IR R A USRI R % 2 34 R, 72 p(x(t)) > 0 &,

%logpt (x(t)) = =Vx - f(x(1),1). (4.64)

AR NIE, RBLHOLE R R AR AR, S UL A R N, R
AR, TR BUE N E MRS R A AR R -
MAIRI R AEER, £

aq)s—)t (Xs)
0x,

NS AT LEAERE . Zou R BB S A%

Js—>t (Xs> -

e (Pusi(%,)) = ps(x,) [det Ty (x)] 71 (4.65)

30 (4.65) e —BUR AN N I R BRI, T (4.64) BRI AR R . [
— it TR SR B A BRI T AR B 30 BER— e R A e — Mg, @
G BRSNS B 4R ] AT 815

4.3.3 EE)TF—WUE

TR T AN FEARLE [ B3 T AL B AR, TS — 4R (continuous
normalizing flow, CNF) #F— 25 ey B2 0 A Wl fE s fh . HoAz O B A2
FH—AMELRTE) ) R G, ¥ 5% R o0 A 2238 3 N fal B e e A, [F) I DR
R R

BUHE, R/ —BIARER RN K . BARKIR SR = Rk A hr
i AR, (HYRba i &R EFAAE . CNF IE &R F IR PP B AL, 257 i
B AT 5 53 A 73 A 2 8] H R I SR

TORAS 75 1] Hh R AT R AP 2 8 Tl o0 7 2

= fo(x(t),1), (4.66)

R fp RHMEMESER R, 538 Neural ODE N GRS LA
[Al, CNF &7 EIBER P XS B LA
FIEHIIEHZ] t = 0 HFMERIXIR Spo RS @ () 1EFT, XN

S, = 0,(Sy). (4.67)
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BT R R ERASTERASE R, XA R R A

/S | p(x)dx = /S 0 po(z)da. (4.68)

&

x = $y(z),

Wi R EH R AN,

/50 Pe(2(2)) \det 0@@;@)

BT %R R/A TR X Sy BOL, R4S 2% BE IR fU B 4 00 R

dz:/S po(z)dz. (4.69)

px() e S5 = m(x0) (.70

B PR BNEL T AR B A 3

-1

ox(t)
0x(0)

pu(x(®)) = po(x(0)) \det (a.71)

HerpofE Rl BAT 9 R R T AT 38 R R AR AR A AL . R S (AR AR AR, U
BN ARR N R BORE R B Rl s A R R R A, R R RN . ] 4011
BN 1SRG T REAR MG K S5 B[R B AR

SR, BTSSR (4.71) A0 B ¢ B SEBEHE AT LAT 51 A ey 4 2 a] AR R
o CNF H)ocHt BAEZ 5 [T 55 /N TR AZ AL .

XU LTI )R AT, ) DAAS 3 i e AR s e 3

dlogpi(x(t) _ o <0fe( (t),t)>
dt ox(1)
— Ve folx(8),1). (4.72)

)
|
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pe(-): ¢t BRIA9D T

i) 4 e
fS pt dX
= [, Pe(®@:(2)) |det 252 dz
t ¢
0O ¢
X1 So
po(-): 0 BZIRIDT

R :
fso po(z)dz

B 411 ELEH R P M R s S R . A AT TP R AR B SR e, B
JRA A B 3 A s mfﬁﬁm&@ﬁE%ﬁVMK AL o

9fs
Tr (a)
T [ R HE AT LUAERE I, WAONHUE . EHE 1R AR E A, TR
AR AT L 77

PRI, RESAZ B AR 5 W] AL I 30 ) R 4t

i ]
dt log pi(x(t))

FEAS TR H I A 2 5B 30 (X I TB) 7 [ 40 5E R -

)] . (4.73)

Po = Pdata, Pr = Pprior,

PR 7 AR (4.72), 153

log po(x(0)) = log pr(x(T)) +/0 Tr (%) dt. (4.74)
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Rltt, CNF A ] — AP 2 000 5% [ B 37 [R] ) 58 R = T 55«

o R ECHE A 1 S Y 2 1] 5 SR 6 0 A

o MIRIE A0 S [ B A AR FEAS 5

o WRLETHEREA IR L

FHEE B 0 — AL 7 B BT AR R S A LAORIEAE AT AT 21 AT 5, ONF R A5 22
THEHERTLLAERE I, PRUER] DME RME S M2 NS S B R .. ERdEsDL R, &

AT PLEIE Hutchinson i 112555 BEAL VI, AT FRAR T S Rl AR o
BRI TE G, BERFEARTT R EED, HFEMGER KA

x(T) ~ pr, (4.75)

RIEW A (4.66) A2 ¢ =0, RIRTAF 304 pE A

Rik, CNF BRI 9R T BAE A R b R TR % ODE, 8 MU T,
T4 Flow Matching W —2 202507 B B EME R IRAT, B
WS R BB, AT S A £ R

4.3.4 Flow Matching

HESE A AL AT LUE S SR 22 3] Y, (H % ETR AL AN B T 5 2 iy R
o URRBENS TSe & RS I8 0 A 55 Bt 70 A UMLK 642, b nl DL EL R B 42 b
R BRI, AN 6 e BRI — R AL . Flow Matching 12X — B EKICE) /)
AR ) REAON R R B A TR AN R S AR A A T SR AT TSR I 2R A5 5
LA B S5 8 2% A 3 JEE G 5 B AR R B

S € L R A

(X(0),X(T)) ~qor,  X(0) ~po, X(T)~pr.
SR E X A, GBI RS A L T MG SRR AR
X(t) =1 (X(O)vx(T))a ]0(X07XT) = Xo, IT(X(),XT) = Xp. (4.76)

2 BN LR, X () BB T {p o> 5 0RIE 1T — %>
f ODE A, 2 (4.76) fu¥F ELHETEAL B 2 HE I 40K -
W A AR 0 AR Ny

u(X(1) | X(0),X(T)) = 2 1,(X(0), X(T)). (4.77)
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B P BR8] s S e 22 ) 1) e A 4 £ -

X(t) = (1 - %) X(0) + %X(T), (4.78)
N INAIE L STy
X(T) — X(0)

(4.79)

Uy =

T
T [ 2 A, R (4.78) ALk, R (4.79) FERTIA] FARFEE R BT B
), rp DR ZAS AN H bp g B2 AR e FLRCR AR EGTHEL, EATAT DR N I B B I e 42 ) B
5 ve(x,1)-

%M Flow Matching P78 A

Lopn(0) = E [va(X(t),t) —uy (X(t) | X(O),X(T))Hﬂ , (4.80)
Hr AR I E
t~u0,7],  (X(0),X(T)) ~qor,  X(t) = 1(X(0),X(T)).
— RN R 5 KA i ssUFHINE ], AT #4036 (AR 5 26 IR L, P R4 5 38 1) 1)

BAH; T AT 0 BUEAR T2 to X “TORERIIZR” U8 AR EA
WA ODE, FEA MBI BA T2 ODE Kff#s .

Al — {7 B x AT 21 ¢ AT REXS I 20 2H o i, R4 FT RE B 22 S 2 AR o 17 4
REVEAIEAECAERE — S SR PRI, T2 IR S AR AR F A T 13

vi(x,) = E [u (X(t) | X(0), X(T)) | X(¢) = x] . (4.81)

FEIE S HE AT, 20 (4.81) 45 H R L &3 2

Opy(x)
ot
DRI 77 AL R 6 2 AP R AT IR 6 J5 A GRS B84 . X — 2D fRE T A AT DL B it
SR SR B — A I (x, ) MR EY . Bl 4.12 IR T 256 5% HE I )R
3R an e I SR A BRI S A 2 n 2
HEWS, A x(T) ~ pr B, ¥

dx(t)
dt

T S ESRAER] 0 140, S 18] RRFL 58

+ Vi - (p(x)v*(x,1)) =0, (4.82)

— vg(x(t), 1) (4.83)

x(t — h) ~x(t) — hve(x(t),t),  h>0. (4.84)
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X

EHEEAER
JREEHAEE

ﬁﬁﬁj\ﬁ pr ?ﬁEﬁj\?ﬁ Po

] 4.12: VEDLAR b O ) B0 SR R IR 4% 0 B L SR W 2 1 4% 14
B, 16 5 FR 2 e AR 2 Sk A 7R 4 1 24 AR A 0 48 P
RE BT T A 2 o B

RKEEA AT R EE SO T U5 RENTEIDKEH ¢ ER ¢ —he 35 ve HEHE
LR EYy, RATER S pr s BEHE A0 po. BRARZ S BUER iR Z N
SEIR) R E S & FEAKS H bR o0 A I BRE

4.3.5 WEERIRZIZIT

WET AR, WRULHC B 2% ] — DN REY) v(x(t),t), ZAEHREE ST — MR
Wi, AN T B SR 30 0 AT pr BN B IR BIBAR 0T poo HAZ O H s 2/ MU
(138 B2 37 5 R R AR T 02 o B AR A i ) B S AR PR RS 2 TR ) 22 5 (3K 4,800 SRTHT, ]
IR T HARE 73 A po BWEE AT pr ZIBIIFE S .

MULECA R I I SR B, RN 1 IR, #dl i x(0) MRS A x(T) M
HE BRI AP RELECNT o IXFHBENLECN FEC—FELR S 4RV e 2 () Pl &
MR ML LB 2P RFE 5 x(t) HASE, 2R PR &R ve(x(t), 1)
R AN [F) A A2 S B IR 219 2 il PRk, 7R 28 Sl oy 7 R I S Bm i A
BN B, X 3 EEBUE SR AR S R RPN 22 7= A T 2 1) B Ak R 22
228, 234]. FEAEIEIRMELEH, AT DLE I Jd s 25 A B A 2 1] ) TP R et Mt 75 2y A 5 4
Yo AT 2 B AR A o B 5, MR BERLECST (x(0), x(T)) INZE—A 1-B1EH vl SR)5, fi
VISR RS o) AR — AN & BB R 5 . Bk, X T — 4B S AR {(xi(T)},
SRIBE MO JTRE B0 = o) (x,t) LABRAG X LA A RBAE AR A {%,(0)}. AR AIEE T
—HRETER) . EEEREN (%:(0), x,(T)). fJr, 8 It 3 xRl 2 — AN
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B 2 (FRR 2-BIERD . BT x,(0) ilid 35— MER ) 1% x,(T) AR, X
SO 7 2% (] R R BE T 5 1. DRI, 5.3 ) 1l S B R T N2k k.

X B2 IR R AR T e A% i I B A Wasserstein B0 25 B/ME . 28081
—ANEZEEEGE, X TS A B E TR G A RE IER, AW LIRE ERE
PASEEL B 2RI . 1X— DA SCH# T InstaFlow F1 Stable Diffusion S I8 50 i), 1X
SEASTY A FIE 1R B LA AR VR I B A OB, RIS ERAFRE A T & [100]0 31X
SEPNMPACRTY  Dh R B, SRS IR B9 BUSE A mT DUR f b e FH T v o BR
510

HUB M EEMIE 5% MRS Lipschitz H A XK. R 1BERE L-
Lipschitz f, JUIRT LLR 1E B i it 25 A A it S 304 iz 5008 o AR, ZE SRR,
L ATREIRR, SEUEA R I BAR fn g AT I B S il o X Rh s il 23 PRI — 2 RK
PRFERIFGRE, W] RETR Z it — 0 W8 IE B S Bk R BRI

BTG T 1R S bR SE AR S SRR it . BTN R DO B 2 BB Trans-
former (MMDiIT) HUX T fij L) U-Net 2844 #1401, Stable Diffusion 3 5| X 7 MMDiT
ZaKy [100], T Flux.1 #E—2 K48 1EH Transformer ZERY R E] 120 1228 [115]. X
R BUE R AT DL R BIAR R RHIRUEL,  [RII OR A R B AR

N Tt PR S BRI E N, WA LR ia S N B . N, v Befz
IEWL (PeRFlow) A2 BRI R 73 9 J LA BRI TR & 1 [227]. EA R B2 R,
1M1 B bR LA X TR N B B, X R BB A RIS 1 L SR R T B AS, i
MU T BUERZE « AL, BIFFEN GBI Se 1) 5 S EOR MR 1 S5 AR B AR E E ) e
%4, Rectified-CFG++ RH 7 — P H & N T 25 -A2 1288 77 % [195]. BN b 3%
B PePAT SR AT SR, KRR TE AR B A AR I A, AR5 BT AR R S e R
T 2 NA) B 22 5 B R SRR IE o IR 1 SRR R A AE B i B 1 — e
PRABI P -

LICES

1 —#EEEAWE do/dt = 2, H 2(0) ~ N(0,1). 5 HRBE &g, A% ¢
A% 5340 pro

2. REHEARS) f(o,1) = az, RIGHUELULIBUERIR S ER R, #
a >0, BERBEERHEAA L TR

3. Sl ONF [N G ERA S0 5o B 2 R4, e Rt4 R
T AT L PRI, A T e A R A 1 e AR T LL AT R

4. WEGELSH—1Liit 5 Flow Matching FJIZR H AR WEE 5 MA BB —
H o AAEREEE I T A M T B AR B E R A R ) ?

5. BENLM S ECX RIAER B AR AE, ARG TR S . 5
B, IRt N -2 RS R 2B IER N R A ZRREE
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4.4 BENELERZDZE

BTSRRI B S R ASE B, I KRR AL R S
BER A (B FESLRIE . EIX—HMEZRTS, — B ENanIRS AR &Y, FEARREL
I AR ph R L PR 5 A 20 T R P — T RE

ORI, PERE T AS R B (8] A AR A E — T 3. ) SRE BT VR SRV AE
AAEFAC I RE T HF LR IRENLIS, Wi CABENLEN 772 1 77 Sl 70 A1 5 1) #. 5
Roor Ao SHAETESRUAHEL, SR RIAE AR R BRI IR A A AR RIBENLIES) th n] g
FAAEANFERIFA AR BB EE, KERIVPULTIIRZ]mE | — R [aE S22
IR I3 A1 o

AR B I R AR — AR 2 B RERME TR AR £ Z NI T e
FIRLAR B B O R, R AL o)A AR RS () b R Ak, 1T AN DAAR 5t
I HSCR R F) B RO T A 9 ABURE A 10 DDPM H BAR T E B AR . A2 T
FHES . MBS TRESCEAN™Y, B T g BB i oy 32, (H
AR T8 1 B AT

AEABAEE G B R A IS 5 e BT, R R RS - BS - 1E
SRS TR) L R RE AL IS Qo TSR o A fe A, I AR 5 e R AR B A e s
SEERER S, LRBENLEN 1 22 et — 20 SRR BB E VE LR S flA . E X — A,
IR AR ] AR SO A B — AR AE BRI 1) A SR, I 5 A SO 41 i e VERE R e i
T3ROS TR

B 4.13 ANGEEHE EXF G 1 g it o XD R R e B A LSR5 37 RO 2R ) 28 T 2
AL o X B E R IR AR P A AL R — R, i 58 3 O R A Rl o0 A 5 e B
It 2 )R g T IR R B A ) A B A

NS S EEN UM TR IR A, BRI PTG A SDE. 73 #eF
SRR ODE,  f5Je [AI BEUERAFE i 8, i W S [ A7 G e 9 SN AT IR A
JREE o

T
Bl : IRV, log pi(w) H 24 AT HKRR T . EHEIE R SDE 5
RIS B L T 0 805 B A5 U SR T DA 3%
AT R
WA SR 1A SDE WIS IEIE RAOY g0, THEHIFILS A IR
ODE ] Lg(t)2. —-# SR (IR M 2 M3 5 — B, AR R B
BRI SR SE BT T B I R 05, Bl 7 Ao

Bz O T S
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Bnhfmisss
e 1 . .
3 mme |1 mms |
E=RE
X pr = (Po-1)#Po EEE'_E-=;= po = (Pr—0)#pr . X
Il e RS
B2BI% x (B x(0)) 7= z (BD x(T)) BAEG x (B x(0))
X ~ Do Z ~ pr X ~ po

K 4.13: B9atdas 59 BUERL R b . ER Dy B g A5 2% 18 T 2 A 45 AT AR 25 52 i 1 20
WA NN SR BAEREE AT po YRR AT pr ZIRVESL ) IR M PSR R A
Sl S AL -

4.4.1 PFEWNEDHIE

ooy R R I Bm R R 45 e IRFS A i 2 AR, R AR IR RREE A1
BEHLIEEN . BEHLIN S J7 AR I I 2 AN e A IS Sh IR Eh 9 B, M
CEBEA BT N CBENLE BN N R NIRRT R B . AN S T I
. PR BBENIE E S HIER, X AT 5105 0 A KR EAER

BEHLI D H IR B AR BN 578 (SDE) &M & — ek 2 A pEhLid
TS . W, SR AR 2R ENE S TR FpEYLgE S
CRATTRIMI S fEmf RSk .

AT BRIX A, BB BRR RS R x(r) B IR ¢ AL AR S O AR
(ODE): & — f(x(t),t)0 XH, f() B MRIRESEZHE RS . SED)
%A x(0), ARREIPULR T 2HE T .

SR, FEH HOB A T, FRE AR B Sl ANBENLE S . O T IR AR — R,
SUE DT AR AN —NBENLIR . E T AR AT WS S A A AT, AREf Bt B i &0 =
[+ noise. MK, BLMEAEENL RIS H TR

dx(t) = f(x(t),t)dt+ g(t)dw(t). (4.85)
deterr;lrinistic stoc?lgstic

XE—NMEHFRE (1t6) SDE . ZA MR € LR
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x(t) A — REMHT

NN .
~_ 7 ™

(a) ODE (HEREMEANIL)

(o b —— W
CU FEHURE

N I
!

[

HYiE] ¢

(b) SDE (2REHEER)

B 4.14: B PSS BENLEUZERT L. ODE JN4h & WIME HE & i ;. SDE 9
AU SRR N S TR 7, SR [ AR RS IR AN R AR A LI

o ERARE f(x(t),t) € RY RoREEACHITIE MRS 73, KA TR0 7R P B &
Yo CHGE TR &S .

o VELARE g(t) BHEA MR EREL HTIEHIER R ¢ TEA RGRTRELE R 1)
%

o QIR (HFNAMHIZEE)) w(t) € R FoRBEHLIERRIE . BEE dw(t) 7T LR
HN—NMER 00 W22 dt - T TGS /) e g s ) =

TR (4.85) #eARANHTE SDE. @A XA SDE, RATTE LT —AHimid#E,
AL ¢ N0 i T I, ZId R B AR x(0) ~ Daata ISIEEF o FEULISFE
A pe(x(t) FEL IFH x(T) WA i 4RI — A S At Jede oA Gllss
2 N(0,1), Wk 4.14F7R.

4.4.2 IEEY BUSIE

A THENLEI 10— BB, e R ERE R A /R, 4 Rt R IR M
el o A TR AL 9 el B 06 o 1R TR O R B I 1813220 ) 95 B8k 45 -5 JF 3 n
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N 5 SR 58 X —AE 55, MRS B e A AT . A R IR DA RS S R IR . A
ANFTRE I — LT H b H R 15 B 1 ) sk R ] )3 I 5 T 75 1R T A A

FERESHERFMENMD I : DR R E TR BN TR, BITE 2
(4.85) W UM REL f(x(t),t) Y HAREL g(t). HWERFTIR SDE A2 M5k, X5
F GRS 75, B9 AR SIS S5 A B 46 (NCSND Fll e gy HioME 2R 452 Y
(DDPM) HIEZER AR IR, FONBERIE (VE) MEFEHFRE (VP) SDE.

7 NCSN HEZEH, /A i FE i@ ik — R 53 3 16 = Wi 7 KF {01, 09,..., 0N}
(HA o) <oy < -+ <op) PiENETE. BE—NEHEGEFE, HPE  BRRE x, @
A xiq SIS EIRE R BT 2N o BIINE of AR, HEHHNA

X; =X;_1+ \/0-2'2 — 0'1427161', (486)

Hrt e, ~ N(0,I) X5 i DRI EMEE . 2R RE NEER xo Bk, 280 B
45E xo KT AT EA of BT 2.

DUAERE RSN IR . 58 R TIN8] ¢ BB T Z R AL o(t). 2B HUEIE LT K
(N — oo) B, BSEUNRIAIRGEIE T (At — 0). MBI T 2 2228 A4

At. (4.87)

BB, AR dw 5 VAL REG] () VAte ~ dw(t)). Bt E
)y 32 ) 6L O B

X, — X1 =~

BRPR At — 0 J5, 1928 [A] SDE:

dx(t) = d“;t(t) dw(t). (4.89)

% SDE HHEE FHUE SO F(x(),0) = 0, FHUREON g(t) = /220, i T4 7%
B ¢ T SR, It SDE KPR M 5 A RN 2 I0M 5 04, [
Bk )y 242k SDE.

L HRAE R, FTLE xo 1 — S ITER 0 R 2 F R B £ 3K, &
Go R 1 G b P NS . TFRAIT, PR R S BRI SO U AR AT s B
AEW G PG 2 ¢ BT T I, BT R UL LT A
AR B 57 2 OB LI

I L R
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AT DAHE R A B B ) P W 7 T ZE 3B N e o2 (¢) BERRER, EUERAE I 252 21
BENLIL St ias . Rk, 7 Z 48 4E SDE #iid K& — /MEL I 2. AR T
PERRERS S, MREAN RIPIBENIIESI T, B A S A4 HR R A N =
JiZERE R . (ERIED

DDPM HEZLR AN [F] B 7y N SR o AS[F) ] S b g 2 s, e 7Ef—
0 BT AR TS R FE T A T AR EA R, AT ZRE 0 < B < By <
< By < 1Y, M oxiq B x, FIEREH FREAH:

x; = /1 - Bixi_1 + / Bi€, (4.90)

Hoh e ~ N (0,1). 15 NCSN ARTR, B3 VT=F 2ledisi—RAWBE. %
THIR DR T NS IR PR HE RS 70 AT, WA G o A IR FRbRAE IR RS, BIOT 215 DA
R¥F.

MR E x; — x, ATRRA:

X, — X1 = (\/ 1-— ﬁl — 1)Xz‘—1 + Bzez (491)

RIS ] SDE, FIRE N — oo I NIELLREL B(t) 1845 6, ~ B(t)At. FIH
FEWRIFEM VI -2 =1 1o (Ko B/, H /1-BH)AL -1~ —-15(t)At. ¥
FARN (4.91) FFRLHAETBORN /(1) Ate; = \/B(t)dw(t), FITFHIR:

dx(t) — —%ﬁ(t)x(t)dt + VBB dwlt). (4.92)

itk SDE HiE R RN f(x(1),t) = —1B8(t)x(t), T HIRECH 9(t) = /B(H). B
TE AW TR RS R R CRIMED , WMHTHY BN 2. ik, #79]
oA B A T 2, BT ZWORRHEE . il (4.92) FRO8TT Z R ¥FE SDE.

NI, AR BEE XS5 {0} (B o(t) M {5} (5 (1)) HERETER.
EfEERZ, DDPM HE IR (o, =15 Ml a =[], a,) LAl
HEFEHSLH. S ERE O T T A R 7R 2 1 E I 2B T3 R 1 36 70 AR

BRI HLH il IR L ) SDE A XE G — B EIR AR, (H 5L A o
R H T B A Bzl (W 4.4). NCSN Al DDPM 5 51 AR S B & x,
A ERESE R EE L. SEhRSLELF, Il A L B L ]2 {x,} SRR
SDE j§1b .

4.4.3 &[a SDE 59¥ &%

1E A IR e 8 7 25 KIS 2 A (O REATLPIE , A BT 55 A0 SR A Sl 6 16 7 [ 514
Yoo BEHLERER N 8] S e 0], [ein) SDE Bi 1 ELE AT S A #UE &, ik
% IR 2200 00 PR IR BB R, RO > Seh i DRIk, S A A Jl A% Co PRI HE A 2
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% B | TEEREE (NCSN) 77 ZfRFF (DDPM)
ERAL f(x(t),t) | 0 —38(1)x(t)
TR g(t) | /5P B(t)
1
W ] SDE | dx(t) = /20 aw(ry | P = gD
+/B(t)dw(t)
1%’?2;}}#%[ (%jﬁﬁ) X; = X;—1 + \/01‘2 - 0'1-2_162- x; =+/1— 51')(1;1 + \/Eﬁi
HODH L (BHD | x; = x0 + 04€ X; = \/axo+\/1*di€

# 4.4: VP 1 VE SDE HIEZERS [A] 5B HUN T TE . x(6)s w(t)s o(t) 1 3(t) & [E
t PPESERAG x; R BEUN T @ RAS .

AT N s 7 BRI SRAG AR A B 3 AT I 0 07, IR E SRS R /N A
AJ5 k.

FEARTT R HPIRS TR EY BURE g(t) BBE T, BA SDE fA7E— N4 BRI
[ A 1E] SDE. 1R ¢ =T 2] 0 Je BRI R, il LA SE 3870 Ai 26 s
FEA . I SDE B a4 H:

dx(t) = [f(x(t),t) = 9(t)*Vx log pi(x(t))] dt + g(t)dw(t). (4.93)

Ho dt Fox— DL/ I E, dw(t) 25 EHE F i — AR e gE gt #E, T
V) log pe(x(t)) &M% BN BOER T B s RIS, WAV EEE. 257€ — il
SDE (J7#% (4.85)), WURRERE V)0 7> Eek %, ST LM K m) SDE (72 (4.93)) 4%
FEARMNSCI RS pr A% 45 I 7346 poo
¥z ) SDE F TA M, FEAEZWANEAZER, T4, FEENEEHET
il SDE, {5 3R A0 po BEWEIZET AL R 5 T RFERI I 5340 prs bE—/N T
Z4(") VE SDE 5 VP SDE IEZ&WRH s, Hk, 7FERE R IR I 541
BRI %
st(x) = Vxlog p(x). (4.94)

— XA EERE, (A LA Sei A ok, I EMESR S ) SDE &5 24E itk
PEHEA

DRI, R 5 A A RSO AR 2 S, S e A= ol P T8 ) 3= 22 PR X 88 £ 7 93 250k A
ISR E. FRIRIN 20 25 00 A py(x) B AT 2 BENLY JE 21, I8 BEBCAT o)
TR, W ERR I HO AL . SePr il Zrrh BEAS3RAT Il H R Ak
H po MEIEFEA, TIARESESTE Vilogp(x). XEMWAE, 70K HCIARE @i
B R EIARRE —FE AR
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4.4.4 KEESEITE
JIa] SDE R, A Rl #2 i 75 B3RS 0% 0 X G0 2 W %130 2% 53 A5 1) 0 B R 4
V() log py (x(t))

ST, JAZIAT p(x(t)) HEE AT BENLY BR R, WBCA T BT
RIEA, MBS U N B S 5.
ATy B R Nyt i, B, 408 JRUREdE x(0) 5, AR A

p(x(t) | x(0))
LA BB H A i . KM BIULECIE A X — PR, BLE RS0 8o
YNGR bR, AITRE S EET SR FIA G AT 080 TR0 Bl v e Al RAH 4

20 WA 4 SRAFE Y 1] U ) 7L
LIt i sh i, AEREZ] ¢, AR R BLS Oy

x(t) = x(0) + o(t)e, e ~N(0,1), (4.95)
Rl HEATER A
p(x(t) | x(0)) = N (x(0), 0 (t)’T). (4.96)

ZAFAF A R T AT ERIRAS x(¢) A H0] PR A5 A

Vi logp(x(t) | x(0)) = _%
O] (4.97)

Rk, R MBS REE x(0), AN (4.95) AR BRREAS, (] DLR) 45320 ]
THRR R B E bR LM BULRC LSOt | R A E L pu(x(t)) HIR AR AR
LM BULECHISEARZE ORI, NGRS sy (x(2), 1) RITLZ A %A+
DH FENTF NG Vi logp(x(t)) o B, AR BGEBL H A7 1T UG Rcth 4t
A [ A
AL, A B/ MUAL T3 S SR B2 R RS B 7 RO LA PR

so(x(1), 1) — (-%)

Horp () £ IEREREL. —DE LSRR Nt) = o(t)?, XA PP [F e
KPR 3B RN

L) = Eix@o)e [A(t)

2] , (4.98)
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SGIBNEAWAN OO B0 RS2 0P S R AN TR VS F
L) = Eixope |ll€+a(t)se(x(0) + o(t)e,t)]*] - (4.99)

A MR TN X 25355 A2 €9(x(t),t) = —o(t)sg(x(t),t), LI&EIRBUEIRHERTES e 1
BT R ZE TN H AR o

ERT R EETREMRE (EBM) FAEMIBEKR. GBS, M0
B AR R Ey(x) FmN py(x) = 22200, Joeh 7, )3 — LW B R AL S bR
s

XT3 R BT AR A A S AT AR — ML RS2, B 0T LAGR T M LA B 15—k
WE Zo P X T BHBOXFE R S4B S, 115 Zy = [ exp(—Ep(x))dx 18 #E
DARCER . T4 B A Y 38 f 13X AN IR) R, DR Aol O 7 R BOC T BUR B B2 N
BN Vilog Zg = 0. KIH

Vilogpy(x) = Vy(—Ey(x)—log Zy)
= V. By(x). (4.100)

—HFE S VRAE A VRS EC 20 BR BT DL N SRR T — AL AR

— E B so(x, 1) WIERSER, BT AR ERAE BT R A . BRI, 2]
S IME so(x(t), 1) ~ Vg log pr(x(t)) AT (4.93), 5]

dx(t) = [f(x(t),t) — g(t)*se(x(t), t)] dt + g(t)dw(t). (4.101)

DA, M Sele A (Bl A (0,1)) %)Jil“@c (T), FAE FH R AL Fu Ll VA SF R R
flds, Mt=T 3t =0 RIAPZTTRE. ELEDERREERS, XA IR HI6 6
FAREARTFAL Y B b Bt o A IREAS

4.4.5 HER ODE

SHERNZGTER)G, KA SDE 25 1 —FBENLRFETT 2, (HIF— RIA SR 75
A FEAS RN B U A B A2 sk 484 O 5% B B4R FH 28 5 R e 1 R R 0E i
A& 1% SDE BAMFEAZ 2 M INMFER ODE. X —45 RIS ERE W E T
BARPIB AR, TR N F— A A SR At 7 AL A e P P AP s I, AR — 5
ODE Kf# L H 898 F I T4 Al

T B A — AN E B EE R TR ML 5 RE R 1 Bl
WL FE B A LG SN I @ R R . WA SDE, B 8 AEHEIRE
TRIMbREREL g(t), FAE—DXRIH M ODE, HPUL =4 1l S 5 %5
{pr(x(t) Y SEENLIM J7 FEMA ] -
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P B TR AR R ODE, H&ikR K

dx(t)

a7 <X(t)’t)_%g(t)2vx(t)10gpt(X(t))- (4.102)

HE S FEAK# T Fokker—Planck /72 (XFR Kolmogorov AIIA] /7 #2), 1% /7 FEH
RFEHLI > 5 RE B )5 TR LR py(x) RIS AL . ATRAIER, 30 (4.102)
ODE S HH#ESANE HFE S5 (4.85) #F SDE f Fokker-Planck 584 —#. Kk,
WHRKFE x(T) ~ pr W HKRMIZ ODE (M T 2] 00, ISR x(0) # AR EE 7
Al po, XG5 R FEHLG > 7 FRAE L o A B2 A ]

KPR N BENIAL A S e AR S TR . FRiEREIN (4.102) M T 28
BRI Vi logpe(x(t))o XEME — BINGLF 0 BAER so(x(2),t), IR EEH TR
M ODE:

dx(t)
dt

~ fx(t), 1) — %g(t)QSQ(x(t), . (4.103)

TESEBR N A, AHECBENL 2 T RE 53, SR o AR AT R B 2 Tl
#o B, GrBEEVIGEESERE x(T) N, ARG e tEr . Fny LR
— kS, FERedE IS ERAR S ODE $4 3L SRR AR S8 oot B T fE e A5 s o LR,
ODE M@ & Lt SDE B3, ALK EA Bi@ RSP KR TR s . 58
=, FIHBEN R AR, TR EMZRR ODE T #dE M £ eiak .

B Fokker—Planck F1Z#S#% R ODE.

N2 H R ODE MEAHES . F e XHIET M SDE

dx(t) = f(x(t),t)dt + g(t)dw(t). (4.104)

Hrr f(x(t),t) RIEBRE, g(t) BT BAREL wit) RinilEdEgid 2. AfLRS, T
A x(t) THRISE L.
RETE x MMEREE R p(x) B EEH Fokker—Planck 5 FE#2 i -
0 1
péix) = V- [ Opu()] + 590 Apu(x). (4.105)
Hp V. RRBUER T, A=V -V 2fihiiE . SN0 %E IR bl T3
| EFIRER T =T, 5B ORI BEALRE A 5] R P H
N THEFEYW ODE, 5 fE (4.105) EENESEM T EITE R ELLM TR
WR—M S8, HEN

Ops(x)
ot

= —V- [f(xa t)pt(x)]7 (4106)
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Horfr f(x, ¢) X TR EYE ODE [ 3.
KB RAGT B Api(x) QBRI SH0 Fomh B BEE . FIHE SR
Vpi(x) = pi(x)V log py (x) HHi i fi i H 7 HEE N

Api(x) = V- (Vpi(x))

V-
V- (pe(x)Vlog pi(x)). (4.107)

W 4 %5 20 8] Fokker-Planck J5F2 (4.105), A UK & T4 & 78 AN BUE H T

T
W) 9 S )] + 201 - ()Y Lo ()]
— = [ 060 G007 g )
L2
= v (7000 - o0V 0z ) (] (1.108)

Rtk a5 RS TTRE (4.106) HREESEPETT REREAT LURE, W AU A R i 1 ) B 37
€ N

fot) = S0t = 59T logn(x), (4.109)

W PASTTREVEEC . (A, iZEfE T ODE P A LG0T p(x) 5546 SDE 5 X IRE
PLLAEAH A, BT

dx
dt

4.4.6 HWEXRESSIERK

T KM K7 SDE it £ MEZ ODE, IlZ545 2 AR ER X3R4 7 6 1) 70 £ sl )
B, AP TS BUE R AE D RAIX L R . SO BOd D 2 O SKR
w7E, BHILZ NG ST A . BRI, AR KRR 20, B KR
AN TEAR =AT7 T RAE R, FE U s B Bl SR RES . TI0I—AL 1E DA S Bk
1A 7 VR AT 7 T FE 550G 2 R B~ o

K5 SDE B9¥{E K.

N T MWNZRIF 3 B s A lOREA, TR EMAVIIEREAR x(T) ~ pr R, Wil
P A ] SDE (X (4.93)) HZE t = 0. T 25080 018 ik ke Mg, &
BUR FHUE SR A R AL B3N 3

Al 5z A B 7 vE /& Euler-Maruyama J7i%, 1% 710K RBiEHET 2 SDE
B, HAEERTEIXE [0,T] BEAN N P ty =T >ty > >ty =0, X TIE

= f(x,t)— %g(t)QVIngt(x). (4.110)
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I At =ty —ti Mt B t; Bz SDE A@E T Ul
X, & Xy — [f Koy tivn) — 9(tien) 5o (X, tivn) | A+ g(tig1) VAL €1, (4.111)

Hrr €01 ~N(0,1). FFEFZNE, HTX BT &R R R AR5, FolE R igas
PITESD IR BT (0] ¢ & . % Buler-Maruyama B EULN AT &\ VP
SDE, W13 355 & 5 Bos 2 RAE JUU AR IDE S 0 S0 T 2.

SDE HESL I — MEBLE T R BUER 7 5 BRAXREFRIFRE (MCMC) J7
R BN, @A IR E T, AU B UL S 2 T B R R AR . L
TR R, BB KR A RS LR %, fTE N A x, BPIRES, 2P IRAE
it AR () )AL . TP IR Z 5, X x,, A MCMC i (W2 i3 775
AT 2 ER e S BBREL so(xy,, t) TRAEIAT pr, BIONECES BERRIE, RIIEATBAZ 53
DI LG TRNFEASHE [ A 0T py, B FEIXCI, RIS CRAFIN R) ¢, AR

5 TAEEERIELE

IR MBENLR S 712 5 H BRER R ODE $24% 1 8 e M A ot 72, (HE A
s LY O BB R . TTRE (4.102) IR EY

FOx(t),1) — 2 0(t) Ty logpu(x(1)

HI 198 SDE (Bt 7 Z e F ey Z R 55D W BRI E . X T1K T —A 1] .
T ELA MR ODE MRy, mAMKE T H ey iea X ok, sediit
A E L EA BRI, TR S AT BE AR ?

XA TIRUCACHESS . JRUL A2 — MBI ZRE 22 7 — i i ik, Ef
VFRIGHLE XM R, iz 0 BB EEEM - M HAaMBKmEY o(x(t),0,t) (5
vo(x(t), 1)) LK BIH—RERS A BT EM RS p(x(¢) BWHEIRFEY w(x(t). £T
TRULEC T35 21 3 B vk Al AR b

o ETHEBGEE. BRI A EDE R R RO AR . R BRI ODE A
A A RS ORI 3 BOWZE i) 1) b . U= AR AR B BN B
RO RE R IR E A E . Ik, SR IA ODE 4E4E /5 25 % b AL
B FH SR AR S KA R 1B X LE R A

o RILECHE. 5N TR RE S 1A AR, RILHC SR VE BB AR P
s ) e Bl R AR SR — 2 B X T8 € i 0, SR MR AR A 2
PEIA IR (8] EOVH . XAER ODE 8% & 5 BUE K.

415 B ) LA AN B 2 0 A EE RS 1 Bk S

= 5% RKES.

K3 RO A 38 380 S o S o B — MRS JLAE R B it S A . $R e
JRACR 77 1 AR P B SR A P A — A A

H
fiE
X
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pr: IS po: EIESDTH

(a) BETEDRIITIERTERTHIE

pr: ST po: EIESDH

(b) FRECECTTARIHIE (ELeisi2(EH)

Bl 4.15: ASCIRMEF A pr BRI A po FUA RPN L . Je T3 BT A4 Y
RO R E U R AR, WLV AU Fe VB R BT 26 AR A2

B BRI V52 — R A S BUE SRy . AP ey, B —FrEhikix
FERIARMESR 28 5 B 200 4 BN S UL IR 2. N T IR GRIX AN 18, AT LR R 98
ODE $5H A 45 A = B SR R 85 -

%41, DPM-Solver il DPM-Solver++ FHT #t ODE )28 PE 45 b R b ih 5
FRATZEMESE 7, NI AR LR PR IR 2 R AL R FREUIM BN 20« HAZ O SR BRAE T 5 208 5 A
X, ZARNG ODE 73 B LM IR IUAN E 24 (1) 4 B0 38 A A SR A 4 1350 5
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Kiggas AFAEH (k= 1) Br 2 BE0RERARZE ) 2k £ . DPM-Solver++ 18 Id 4
Kl T 2 H A AN 3 A5 RE AL BER B 1E MRS 2 RE Ve Bl 2 Ah, ATt — 2D R
faE . DPM-Solver-v3 MR F &AL IESRAEZE, @ A RS0G5 SR AL AR 733
(VNS R AT vy Rtk R SIS S P

B 1 L3R5, 3w U S S5 R BT SRR AR o IR T R SR AR AR
(AMED-Solver) Al FERAFEHUILIE H AL TR 4E 52 81X — W&, i =4 > Fl -1
P 7 A SR K. R RO RAE S (DEIS) fEAH A xS H p Sl &
2, DUBVNE LR Z . g Tl KRR (UniPC) SIARIEZ BRIFE
PRGN 5 22 PP AL I PR M A I, T FE AN N Ao 22 B PPy (R 18 100 92 veihs FEE
o R AV EUE T (PNDM) 25 M REAL A 7 K iy 2 J5E DX 3slont B R A
ESRIE TTRE, R BAE D BRI BE LR 7> AR AL AL B 00 o BEAh, [P T
A (EDM) M —Fr Heun KT, JFIEIDR M85 < H A5 R 46 03 F 5
ZERAGE N ZRENZS -

HUTAE IE o

VLS B AES: 2] — N & v(x(2), ), ZIREREW 5T — MERI, I
a1 LS I0 0 Ai pr Fetf NSRBI AT po. HoAZ O B s B MEFBIRE 5
REREA T I R AR AL BT I LS SR R I 2 TR I 22 o ORI, SEE BRI IE 52 BIAIHE 0 A
po SMEFE AN pr Z ARSI .

FEAIRINZRPr B JBFFRON B IR0, Bl x(0) AR i x(T) W58 1)
AR REALECKS o PP EEHLAC 3 B0 4ET R 23 8] B 2R PFRLR WSS . 2 2R HLER
PUBAER B IE A x() FHRC, SERIRIAG R EY) v(x(t),t) (RIXEEA FAHSE
HERIE) RS, ik, R ODE M SLhriBfifmaE A mLER, Xa
AR OB AN 7 A B 2 B IR 72

FERBIERAEZE T, AT A J /b 2 1 AR 2 T8 IR TR o8 M 75 A 5 8l 20 A
Z A . B, MBI (x(0), x(T)) WM& 18I vie SR, A
ZRIF R vy AR AN S R S . Bk, T MR EREAR {x (1)}, TR
ViRt e ¢ N T K[a#7r ODE

CASRATRS L A AR FEAS {%,(0) o SEMHE, 25 51 NI St a) 7 =T —¢, 0
BIREEN dx/dr = —vg(x, T — 7)o XFERHAIE 7 —4LBE VRN . EFE R IFEAS
(%,(0),x:(T)) o BJim, LS FFHIREAST I ZRBE R oF, B 2-B1IEiR. BT %,(0)
ST A — MR BN S5 % (T) A2y, SRS IE AR A a] o (R AR R EE R 55, (A
S48 B ) B 4 B N e 12k

TR B PEIE 5 MR B35 Lipschitz W AUCH &, W 1B IERE L-
Lipschitz (), JURT LA Lk BRI 0 Wk P R A ek B4 2t R 25090 e AT, E S,
L WREIRK, S BHEA ) PR BuE fanig 42 tH I & S il o IXR0 25 2 PR — 2B K
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PORFEHIAG L, R RE R 23— P2 IR BUR S & RAF AL

N T BB R AR E N, Hn] LUK A SRS N TZ IR . B0, e BB
I3t (PeRFlow) KB sezsd) 7y LA B UK R & 1 EAR A HAE R, M2
I3 B AR X TR Y R B XA R B AL PR 1 BN SR T S AS, I8
MNUERZE .

—H MR,

R AACER T Rl AEACRR 7 B 1A BN R 5 . AR TR IE AR D
R, —EMER B DR, 2R MR RRIR ODE $U FAR R (8]0
A T R BRI 22 5o XD B — BUVEZEK A — 26 AR BT s 26 RO R A 4
AT DU B5 B 25 A RIS A

B AR OB IR IR —EEUIZR S - BUE AR . AR BRIk
SCRENEIT IR IR, (2 B8 0 ] DB BOE A (CEUTRERL () 2 25 ik 12
PRz — SRR (AR o ZR IR IR Il e /MU 2 AR R AE AT 8] 25 ¢ (T
AR RIS 8] 25 10 2 18] B 22 5, g BTS2 1) 28 25 B0 I 4 e /b ) ELRR B R

TRAE — SR (LCMD K — itk 2818 N T i 0 Fe 2 PR S O Y ) VB A
Al A SEEIEE ODE FIMEZR I, LOM 7E RIS RS A s e 7 ) [R] I PR 3 A
Bo NEMEINGKETMERTHEIH, LCM-LoRA #—3RH S Hm il
PSS, IR R ARk B A B N4 -

Bt G KA B n, I SR A i A s B AT RE T B B B AR O
(TCD) A5 HRIrd8 o &, FEALRMEHESE A — BUVE R AL, DLSCRp xR R 18]
ABERIB . BB B (POM) PRI 73 D 22 A5 3UE, AT 38 5 B
PLIRZE BRI AT T SEIURA E 1 2 20 Kbt

LRSS, BAR B R A X b A AT 1A, (BRI SGE 2 E
BUERAE . W PAT D ERAEE IR Al g, AR ] DUS B IR LR
2=, W R ELE P A A ORI 22 ] SR 1k SR LA

LICES

1. Xk SDE dx = f(=,t)dt + g(t) dw, 2HIVERHER .. ¥ BUR LA B3
®=INEM . ©5 ODE MIFEARPUZA FARA X 51 2

2. R4t SDE fERERT[A] At = 0.01 AIERA (1,-2)T, ¥R 3. K
Euler-Maruyama .03 & F)39ME . Yo7 22 5B AR AR BR BEATL S 70 O A
HEZ= .

3. % pi(x) = N(p,0I), REpEeRE, FHMRenBumEm) L 77 m LU E
7tz 7] SDE HI/EH .

4. FWeor VAL A2 BENS A8 FH T T B A 2% AR 20 BOR 52 S R ML 2 o0 #0
THE A R Pieh S A A Bk B B A
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5. HHHEIF SDE XM H SDE 58E% i ODE, FUiiH —#& “ B MFEL
GOAR 7 AT “ BEMHFEIREARRZE”. EXRFE. RIEALSR TS T EA
BEM AR E?

4.5 BEEIRSLERESEMEENNFE

GEERERE R DR W=R SRR IR e eila ko o8 15 VIR e 32 3 7yl LTI me R oy 7Ly i B N £
ODE i&#& SDE 3Ka), IRZAHRRENS ££ [ f 2 18] rP AR TE 75 /N4 . BUAERE 1A 73— RIE L -
I R AL AP PRE SR, (HARGUREIE BEEG . M TR T, FREEN R, W
AN B HCIRAS 1818 H AMEAE AT ELE AR RN R AR NS (A A S IR A
TG M ZeAesl, oA AEIE SN 8] AR BN 20 % A2 B O % o BRI 8] 2K A 2R
R N AR R AR IR 2 X SR BN S A A T

B A AR IS S R R A . — R R BT R T
PIESHR AN 6], FUTHESEY O 5y — PR U B AR ] o 2 8] SRR &
MR AR I RE . Ut IR 2% 2 ] 5 A SCIOMER B 0 2Rt %, Tl SE X 2 B el
FSAEAREFSIAR, B ER IR BN S B H JESE ] SR REE . BEdT
B SRS B LA R AR SR SRR 5t 5 3 T 2

£
S FELERT 1) T A AT G N TS RS IR B 7B B SR R 3k
Sl £0 76224 HUR S ) ORI B2, 6 R 6 R IRAE TR s 7 B MR A %
AR T RS R B e, TR SRR .

TSR T M RS R e, 8T FI SDE AAMECRUE,
SRR A NTIE, A BT A ALK O A A 0 L B
el BB B, 1 SO R I A, AN T T B R
R, 8 NAR AT R E, (VRS RN, AR R
AR O(1).

- /

4.5.1 SHFIIER

BATEAANAEREYT (AR) £AMAIEBEYT (NAR) EpMIMES, BEfEUHY
BRI ) NAR R IAT 0 B H5r .
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N
=

EELI

2]

BEVIAEKSIFBEYIE K

I PR S TR ) L
CHEFFVER (RIFRFFIERD 2 BRI B RS, BRKE
(LLMs) W3A [184]. FRTERBAREIE (AR) ARS. HARE S A3 Al R H
AR A SOT 2 BIARYE O R BT AP BB A TR 224 . e, i

—_

4
x = {1, ., w0} ALHFH, FHMEEE IR 2 e SON:
Pr(x) = Pr(zy,

ey T
= H Pr(z;|z<;).
i=1

(4.112)
Hrr o, Lo BT AR, oo, RoRITA CAERBIRTF 2 e Pr(z|es) & —
TR A, AL T I B4 R AT . SR Pr(wi|ew) WA EZRE, WM
PR A K ERLZMES, B0 LSTM Al Transformer #2040 18 & & A
2 IR

RO AT S T B3 T H P 3R E B SCE BT AR . AP X2k I
E ¢ N HARTY) x FIBER

TERIEN ¢, AT XMNEETH] ¢ = {c1,....,cm}o MBS AE AT S A BB

Pr(xlc) = []Pr(zilz,e). (4.113)
=1
AL ¢ T LAR B MU A CAndoRia)) s A P41 CAni 2 4% AR B R
HWH ¢ TR RS X, BIanrE R E IR R), TR & T E RN TA], BE
RAMBICAZ AP RN
E EE A AR O AR A TE T L1, e AT A th 2 T BRI BERF A A E
SRS R, WIEAE. RS LA H R B AR T A —— R A Rk

ERRE R ISRET (EOS), MARETEE E KRR . (5 H [a]H77 A 1 52 27
GRS AERUREN, T PR | — 1 2P, TRIMTARR, 3

100 />R &) 5~ 75 MU $0AT 100 AT IA)THER,  Sem B TS ROA s BRSO 2
PR, T 2 P ARERLIN 22 R 3 weyy TEIRFTEAT M1 S

| = N orany

B [H]

dE A (NARD A RO 4T3 TU RO AR B (7 % [116]. 538 i
SO, A B BRI M BT S A e, T

B NAR R,

Pr(x|c) = IF%QM)

FIAZ & 5 0 Ja AR 8 H AR BT A Hr . RUANE X T Y, TR Yien T Yp

B H AR T g e AR AN SR, A x MR R MR
Sk, SRR (V) SEER (O WXR. W% auto MERIEE B, Fit g == 3R

(4.114)
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LA SR RS ST ES SN AL

Pr(zs|x<s,¢) Pr(z1|c) Pr(xzza|c) Pr(zs|c) Pr(z4]c)

L S bttt
C1 Co Ty H i) Cil Co — S S S
(a) BEIFER (825) (b) IFEMEITERL ()

K 4.16: HEAAERSIAEE RIAERI . ¢ = ¢, co FaRATREM ETFL, x =
Ty, o, T3, Ty e BARFEH o AT HFR R E ¢ 4F T x FIMERIAT B, (a) 7
HEEA R, @ ot P, o BRI T 1 L5 R xo A eo (b) FEIEE B
AR, AR RTE ERDCHAT I . B (b) LR R — AN H 4 NI IE G AR
R (25 5E BARKEERD.

FERXAE A, T 2z BRI T oAb B Asi T o5 (G # 0. B, JEEE
AR R RAT e O HE RV B o S AR IR T 2 R RO &R, AT AT DAAE BT [ 4%
FE RPN P81, IR 5 P S BE A B ATIREEM O (n) I3 O(1). X HLH
O(1) R —IIFATERBCEE R ¥ 80 NAR SR HHAT 2 DL 2D, HE
KR EIEA R TIHOPEH O(1). R, ZDHRAT DUAE B A W 588 1) 42 Fr )
WERIELLE KA, FEAER T IR R B — RS Ao X R IFAT VEAEAS I
R GPU REWA BT = A, DRI T 3B IR EOREF 2 sei A T =, AR E B
R ARG o BN, HE A RN R A sl A T BTS20 B R i 25 AR R AL
HHELE. B 416 fon 17 HBAA RS AR E BEAE S X0

SR AR A, PP A A SRR Y. B, EEAES T,
) FAEAEAFAE 2 AT R A a5 2 AR B IR T ek R b AR A B L 1R
i, A RERIR G AN FRAT AR, T EOYTIE B 2 A

AR AAE B RYAE K

S AAAE EIRIRA, AR B [ R AT A7 B HOET 5 5 3 RO R 3 [ I A B 4
PR AE K ARG N . PRI, EARE S B TP VR 2 3T R R ) NAR S UH2E
JRAEF e 1 BRI R, R AR B R s BESHE T B HOE U 2 A A B
AT A BOS AR E AR SO — DB ) ¢ BRI ) R G AT s(t) 2 ONR
GUEISTA] ¢ B APIRES o XAMIGORES s(t) 1EN— M E—HFRoR: BRERTLUR — RS
B R (P, BEPORRERD), WAL —RANEL AR (B, ARICHRA). £
GRS, RGNt =T 2 t = 0 ER AR AL . ZRGEHPIREE X

LI R T e P ECE S L R EUEVA NS, G AN “New York” 5 “London” I, BIRIEIA[REAE
fr# ¢ B “New”, fEME i+ 1 %4 “London”.
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o B s(T). XFRomMNSeKm A (10 m = [ B al g LA il
BIREA . EAEESEME UEE .

o FEPRAS s(t) (40 <t < T ). XKERAZF WAL IIBES . S
WL ERRECHR 3 .

o AIERs(0). R s(0) R EEMRENES . &, W MEsBENLTERR
0 (BB B argmax #4F) K s(0) BEZRIARMMIIRCT ] x = {21, ..., 20 }o

e R, RATH B ¢ GHBGMRE s¢) o, WRHRBARE
(s(t),c)o PUL, AT LLHEIA N

(s(T),c) = --- — (s(t),c) = --- — (s(0),¢c) = x. (4.115)

AU (s(0), ¢) — x JEHE A H— AN B RGORIAT (B, FEm Ak
PEFRE) . IR (s(T),¢) = -+ — (s(t),¢) = -+ — (s(0),¢) Al LM N —AB0 1 R
GuEEAL, UBERAEY BUSE A AR . XA AR 4.17 FiR .

FEARTT T RIS, AT B 2E A Se TR B DA A S TE . FRATH
P eI E LT RE s(t) PR SAX X L VAT 025 BATE BN HikAN
A BG B bR G B 2 1 B DS SR S B AR5 AR B B
BEIRAE B E e U RN g R

4.5.2 FELZ[EPE A BRAZIEE R

FEANT R, BAVHRAN Y BHELR, SRR E S HUEALE e TR 7o e
F A

18 FHEZR

WA BT N T SCAR I —Fh B 7722, 4 B8 B0A] SO S 3 Sk N 4% 8] RY
AN BRI AR B R AT DA 3 P 34T o J LI B T AR AR T aX Flge N =[]
PHUESE [110, 152, 203]. FEIXLT7VE, 55— 5 o0 b a1 o i 4 oy — A
d #ESEmE RAFEICIRN) - R L, 4V A—DNKNA V] BiEE. f4E
UG x € V BERRNA— M E, R ENE. RE, —DNEICTS
x = {x1,...,2,} LB —MRA KL Embed () B A—ANES M EFH], 1T
7N

Embed(x) = [eq,...,e,],
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b
o]
MBI
KIS I At
»[ 5(0) ] t=0
!
T
»[ s(t) ]
!
T
c || s ] $ =T

ETX 535

K 417 BTy B R AR A R A U B - ARG R SOIRA s(t) BEIFIA] ¢
R RE . Horr s(T) Fomilgla sl GRS, s(0) Ronrl GEaEMR(ES). £
PEE ¢ RGP PIENREZE . mZ&5mE 2N s(0) BT 2K T8 .

Hrp e, € R FKRALE @ HIHN, e € R FoRIBANFH OB NIER). FFE, &
AT LK R SCEIEF I ¢ BN T4 e, € R,

€ X Embed(-) BJ—Fh#E 875 RS H — AN ESIRAFERE E € RV (166, 167].
X2 EAR TR B, R ST IS BT, AT A T E AR PP 31 i TR SO
KFo B, ALK EEANE TP FIB B — A BN SRR A filhn, Wy U
TRIZR 1 R 1 55 AR Sk i il e B HG I BRI bR S (71, 93] 1BVERE, XA HAN IR
TR TC S R X RCR, WAZIRTEE PR ne Mk, FATATEL
A FH 5 v 2 IR Rl GO R T P BB B — DA R RS n/ ISP 8] (b /A
WEET ). B, B S Bmisas, 1L B BT SRRy EAR R | 15 CE
BB ERR . ERXAEEY HOE [190] H, F 8O R F T 2 e 45 5 7B AR AR
B, AR EAE B TC RN o

— B TR AN, AR R AT DL Ay 2o i o A sk R k. B
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Xk, % e NETITRATI FATE XL s(t) AEEE T e M s(t) BIIG)IRE:
s(t) = le.,s()]. (4.117)

BATH e, 1 e MPHEM ALY BOSFRIVIIERE 5(0) = [e., ] € RX(etn),
RIG, BATE L —AHTE R, £ ¢ e [0, T] WIZHrm B AR RGN &S, 6
I OREE LN SR E o e A = SRR TC RN B4 o bn i e 75 V0, T)

AT ATIR, AU AT gtk e, Biltn, AT U BE LI T R A H AR RN B9
HOSRE, A8 BN STIRAAE 9 52 251

de., = 0,
ds(t) = f(s(t),e.t)dt + g(t)dw. (4.118)

Fob f(s(t), o t) FER R g(t) R BOREL w RbRAEA R, A R T
SR IR O BERLB 7R, B M AR PR B384 A 08 7 (RS S(T) = [ee, s(T)]
Tk HERHA

ds(t) = [f(s(t),ec.t) = g(t)* Vi) logpe(s(t) | ec)] dt + g(t)dw.  (4.119)

Hr w2 A I R 4EDNIS R, Vi logpe(s(t) | e.) /245 7E bR RN G IS5 70 2R
o WATRUE IR ILECR 7 S BL e, NSRRI EY), 3 HARES 73 170 A1 D\ e s
HEIE BB A . XL VA BRI TR R BE A N, AHOC I &S B A A /i 1Y e
MUREZRBN )5 — 5 i g .

SN0 ) — A SRBE X AAE T, £E H AR 1E 5 b B b, JRA T3 A6 Trans-
former 1EN% 21155 A BN B E T30 4@ IRE s(t) = le.,s(t)] €
R*(etn) - Transformer 7] CLBSEHC_ R SCHURT B AREe, (H R 5 B AR FU% B 1450
PTG %A 1S BRI EYy, BT SORAGAZ S5 HER, i 4.18 . 5K
BA R (S R4EE @ 2B ER)D AFE, BIRESFIIMKEARR E2TTARR,
I, BAFEEAEEH SRR E BT IR no th4h, REY HONAE O R S
AR REAT LASRAS s(0), HERE AT B, 72— ANEA RO AR
(RIS NSRS [0l B H0R TG AT AE T T ] EE 0 R IX P AN Pk

KR TN

KEEF R HRE F L — AN R E IR A, SEEARI L. —ME
D7 AR BN SCHUTRR TN B An e A A B . i, AT BLIE IR K B 3T LUK 5E
bR fa] FHAE T HAR K . X B T LU W R St A5 80E (SMT) IR, =4
I {af FH SRR R R 5 45 B I RAD X R 1 B AR A i [70]. AR AR B a1V oA (1
e RE R A TR [224]). EF IR B [BUHE SRR G R G 5 25
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AT x

f

‘ BT ]

B#rs(t) T

BT )
BRHEE s(t — At) € R (nc+n)
—=— | acaboR |
[ | :
Prr ottt
‘ ¢ BB ’
Transformer .
Pyttt
[ J g(t) c R (nc+n) T
AR S(T)

N~

ETX ¢ B9 BtRRFIRY
(BR e.) FRIEPMAZS

K] 4.18: 2T Transformer FIAEBGIFEREE .. A (BIRATED SN EIRT 5
[P FRE & W AR AIRES s(T) FHah. EREAKED ¢, IRE s(t) FRom L FCRA
5 & HARRA R PEEE . Transformer BAUIE T s(¢) fHTHS 0 %l (Ba&Ey), MG
HTRARES IR s(t — At). SRR T B2 R B TIRE 5(0), &Mk
T ER L. JER BN SCHIRA e, 785 i fE ih AR RRE 5E o

A2 28R, Zwhhas B 1 A FEATIIN S o TR AL R G b 4 RO S
IS4 S 1) S g A 2% VR, AN ITTAE ARSI B AR P S E . AER R, K
TR Pr(n|c) BHATEM. T SHEHE L e, §lin% R
Ml (MLP), HIZRH bR A € R N BRI T,
LR R e KB e R E H AR K

AT ik e f, B R SR EE ML), RO R 2l o T
RHJ R BCE H R A E. M, AR ZH HOE 5 HRAR AR
AR E T XMIES B BIAARRAT N8, VPR AT KA I E S,
RS, AR RN NEEKNED (B, SRFHKE JFiE. — FiZid i
e, I HIELERN ORI A B, RE RBP4 Ibbsid (1 BEOS 4

196



LA SR RS ST ES SN AL

O I E . A BN TR R, R R 2 AR g E 5T

AL AT FE A 5 A BEE R, R 1303 Bl KB B R it
BCRAR NI [151, 229]0 X EETHAAAMITD0ET EOS A MBET S 5, 1M
R B R A B AR IR HIONT A BT R o 3 5 A A AR o f5 A B R ) 25
MR, e SIS R EE S .

A

bRk, ARG RELE ¢ = 0 &R, P ANESFEF S s(0). FATH 5(0)
WABKIRAF IR RN 6 = [er,...,e,), HPTEEAN ¢ e R i T-IATH H 52 AR
A, LA IR B A ) B [RRV R Vo B EGE T BRI RO B
B -

EE S ATIE R IR R, BN B BRAGERE BE e ROV
KIRFTTIAN, KBS N —MATC v € V RN B4, FATAT LG FAERF
SEFRRERET, HMANSERNAE & KL fiFEsc. hTy sl iim s 4/ MSE
BURBAT ISR, B LSRR A B AR

x; = argmin ||& — e,l|3, (4.120)
veV

Hrh e, I8 E HXNETG o B8] 86, ] RPN 2 G4 softmax
PR, RUT AR RE S EME P Em R, EXMEN T, Wit o MRS
Softmax PRELZ H .

MHZ T, XTI E T O AREER (B VAE 8¢ LLM £/ K
AL, TR A RAE R AR BT 5 AR B FE A B0 B AR S 1 3R] Tk
Ao TEIXEET VA, 5B —ANT] 22 5 1 MR 4 4 % 21 B T8 0 7 71 B 5[] B 1y 1] o6 2%
(0] o MRS IS REE H I S — R N 25, 1% 248 RN T8 AE Ta) & P 3R] 3% B g 22 4y
i, WRE B AE AR —F

HENHAEG S, KR T &L HOE 7R 2 0] 5 R o ik N 1S U BT 2 8] AN T AL -
FROEFIF B ZR HAx (i MSED 8¢5 2 Tt 2 i B2 8 . 7215 5 19 BT,
RO ZBAR (Flan, N—AME orlges “M” 88 “H7), BRI RE S T E AT
RN IE: (e + eg) /20 XTI RSN T B0 A Z 8] 1 1E] R 25 (] v o fi] B3
Wb s N B RIEAL, "Res RE—ME EZE T (Bl “sh”), B Wik
RN AN B2, WIATRE BN B AR R JC . IR AP ISR IE RN
AR R ) B R RE AR U T — MR E T B BB K

N T RAREIXA W, RN RGN TR BARFZEMAZIL. Li et al. [152] $2H
T IR ANSE, FEIgR B R asim 7 — AN B E NI 2% 5508 5 50l
BRI i din B A RO AR A E, AR AR TR i AR % . Strudel et al.
203] FIN T B MRS, BIR g m o i T HE R R A S ], FERE R —28
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I o XA ROMRE Hh TRPIRES EH A SO A BRI AL B, TR 2R (0)
AE % R 5 UL 21 B AR 7.

4.5.3 RTCEE[E AV AL EEUEEL

BRI 22 8] P T B REAR S Bl AR HE ST OB R ROMESE, (HE ST\ T RESE )
B A B HOA T AR kbl oy 1 REEX — R, IR A ol A S H A S 1A S
RIESTURFPERS 55, ORI B T AR IR R B R /. X, sl e Bk
FER AL AR Vo BT ERAE, T ER 7 XHRA B E AT K

CTMC A&

NT HEARBOAIER V BRSO G RE, BRATRIE 1SS 8
(1 e B FS FNBE AL o> 77 F8 (SDED. 1E B HCIRAS 2 a1, FE AR SR [a] s AL, {3
AU I kB BRER RS B R RRIE E — B BEALEE B[R], 285 Bk B — SRS .
[ AR 3A T o N 2R Bk K 1 2 0 e i 482 ) ) T R ] SR BE (CTMC). IE SDE HE4E
W3 BN P Kl T 20 BENLIEE FIARER, CTMC HEZLRE B B HO i 1) 25 4
FEIT 0 75 B B HO [ L 7R AT SR AR PR

BT AL CTMC 7E BB token L3847, AV x(t) WA R s(t) KER
RF token FFAIPIRE . 2 {x(¢) hso N—DBENLERE, Horp x(¢) ZRE ¢ B H n A
token ZHEIIFH]. 4 x My FoREHECEE Ve RRREIRES (B token /¥4 . #f
A pi(x) = Pr(x(t) = x) KEAH Kolmogorov i [A] 77 72 3T

dpzlng) = D nQ Ol (4.121)

yevn

Horp Qeea(t) ZEEAFHI) (B RIFHCH)D A BREFEFE . T [Q°4(2)]yx BARMIRES y 2
R x BN R E, BRRFRE Q(t) TH—PImE.

SR, RN [V RABEBORHT, 2B Qeea(t) Eit5 EAT]
1To A TIRPGXAN R RE, FA1E8 AL HT i B2 B token 7 B 2 [AIAH B AL 7RI
BTN, HRIAERAIE P RA . B, AT DUEH— AN/ E L token A2 A%
FHPE Qtok(t) € RVIIVI SREEBHZISFE, ZHFEIER T84 token. L, Q9(t)
B YES) 1T A RN 0 DIATIE R, AN SRR A A ) 5 token A2 BCES
QUok(t) 3. Kl 4.19 R T (4.121) MK,

TEERERZ, B CTMC HEE AR (4.121) FHIHT R 7 AR AL 1 & 4L A
M, H NLP Hsc B ) B B SO A8 o 1a A7 72 B B i (| g ¢ € {0,1,..., T}
b FEIXMIEOLT, SRR AR AR (A0 (A R A% (BRFERED RS2, 1 CTMC
Pk AT LR A NI LE BB B)) 0 2 (RS S TR AR PR

flEFH CTMC,  JA 1K Fi mg A0 [ i AR R o h -
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EERAERE (x,y3) SOT' Ay

A D B C C
¥EM%TT, 154 [Q*°4(¢)
SRR
x = ADBCC
A D B D C
y3 = ADBDC
Qoo (t)
BhiE) A W_EJ
CTMC: %62 = 37 0 p(3)[Q (1))
 (panesocceeaeeesoceonaa oo ADBCC
ACBCC BDBCC ADBDC

] 4.19: e eI ) T AR AT S B AL P B2 B 2 . R I I T T SR 7
ﬁ@tmmﬁ%ﬁﬁﬁﬁf_jgwdmn@wnﬂoﬁﬁﬁ%% XS] H 7551
x (it ADBCC) HIMESRAZMLE, &R TTRSIEFS (I yi\ ya ys) HOBERZF,
LU B RSE [QU0 (1)) ML 4SS i 26 1 R JE U BRI 0B 102 e . o
t1, WIFA ys B x MOEERS S CBABRR IS, BN IIAEREM D AN © R
QUok(t). VHVERE, BRI ) T AR T K (BN ) P ) 0%, (ERAS H R
G R B BIOBER, TIARELEE L,

BN 2. 7RIS A /R AT REE (CTMCs) H, FRATIHARE i v I e e 75
T AL BEATUAR I B 3R SCA . X — 1 B 1 FiE SRR A AR R QUok(¢)
SE o W HIBEA T B

— BEATEL: ARid DAY S A B L BRI R AR R AR I . XA T
S 18] o [ TR 7 R B o A R PR T IR RS 0 A . AEBRTE LT, 2y
AT WEONRNIERR VBRI 51 A

— FRDH AL (RULZS): bric BARRE R R R RF IR (MASK] brid HA AT IS,
TN R By 2R R RBE AR RS

o RiEFE. FEHLSREPE - MRELIRER Y], R AT AR R A B R
Q'K(t) ) CTMC, AN T 2| 0 REIETH)EREREHEZ A CTMC [57].
A R QUok(t) B A4

Qe - Qo (1122
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Hrb u,v € V REAIERFEIEE token 1, FLFIRIEM A RLE p(v) > 0 B
E S X H, QUk(t) R RIS P ME v HBEE u MEE, p(v) & token
FERFIA] ¢ BUEN o L2, I A4 BB % i 7o i — 17 e B 2 A E
SAEHE .

FIRTTRRESL T CTMC 5 &Sy #iisi A 2 Al AT R . B2 Il [A] SDE 2
NEHEE, AR R TR 51570 K Viog py(x) BRRMK. FEBEEUENT,
MER L py(u)/p(v) B “EHAS 27, 51 RAEBGE IR R S MZEN token, 7722981
P, T2 (4.122) BRI TS CTMC; 2588 51 I 2500 B A7 (EAH S
B, K0 I R N e AR APIRES S E] v b, FRERECE FAIMR 2 . BRI,
AR L] T 2 LU I8 A B S HUE — ROIFAS 288 . SEEkrh, Transformer 381 152 HL
TERE AR IR P AR S5 A & A BB AR 2, I IT Ak s A BRI 771 1) A4 ot R
RVFRAL BB BE T, X278 SR AR IR 2 S B AR G54 ] A7 AH B I
A I P A2 TG

TR (4.122) sehflE] e CTMC FELE ZE,  H s e) 28 SR AR T 5 S &
I3 pe() e FERTOOARREE BB A b, A T8 E A B A p(). AR, XA
1Rl kI JE% Pr(x(t — At) | x(¢),x(0),¢) I UMkt . Bk,
e (4.122) FEHTRME R, U2 M2 LU 3 B i 2 51 5 5 A)ak F25 n)
R tokeno FESLERH, A MM L GEY & Transformer) X% M5 /7%
HATZHAN, AZ T — 80041, B0 pe(x(0)[x(¢),¢) o

T CTMC B9 #URAS ) — MMURMEG] 7 2 Austin et al. [58] $2HI1) 4544
AR B ERE (D3PM) o BAR B IS B B 08 5 R T ) R i 35 S0 e 1%
MEZ, {H D3PM @IS S5 M A 78 0 BRI AR 284 B S R g e i . 2,
Austin et al. [58] UER] TR R A2 B AT & . ATl T LM
FRAE ST BN S LR T R . RS TTIH, D3PM AS[R] M R Fi v =X
FH T8 5 7E B e (Rl R AS 2 I PE RS, D3PM #1125 B 482 MR 75 g N AR 000 14 1R 2
550415 po(x(0)[x(t), ) -

T B E RN A, HTEINZNE T DISRF HSE x(0), AT LLEETHEHEH
RIAJER: q(x(t — At)[x(t),x(0),¢)o K, XA LG I8 AE iR R ME 2R i W BHE
T

1722 VIl P o b S [T [ 590 VA s R 1 o< 7 o7 TR K ¢ - B SR T TR e
BATH q Rormim&EoAn. o, Jiafggen] DU DU S R0 00 S

q(x(@)[x(t — At), c) q(x(t — At)[x(0), ¢)
q(x(t)[x(0), ¢)

STERZHORE S, AT BRI R FENISL T co BAVERSHIRE ¢ &N T ILRKMFERITE, JERvr
BB, BIRR A R FE AT REMRR T c.

q(x(t — At)|x(t),x(0),¢c) = . (4.123)

200



LA SR RS ST ES SN AL

XH, FPA LR AT o N IRILI) per-token #2140

n

g(x(O)x(0),¢) = ][a(@:(t)]:(0),c), (4.124)

=1

HAGNER q(2;(t)]2:(0),¢) HE token AERKZS Qok(t) e O FESLEAH, X114
WA BN Y HOXFE RS QRok(t) JERE, FTRIFEFEMZE q(x(t)|2(0),c) BA T
BT A AR . TSR, RATE

q(z(t)|z(0),¢) = ap-I(z(t) =z(0)) + (1 — ) - ﬁ, (4.125)
B o MK T AR R E S, BRESRER. B, Tk
CHERD) 310, MG B 5 11— MRRFRI [MASK] token . AIRZAOPSRAE RS 1

A&t

ay, if z(t) = x(0),
q(z(t)[z(0),¢) = $1—aq, ifz(t)= [MASK], (4.126)
0, otherwise.

XTI RA TR S AT R R U R S R AR E . A T X T AR
IR IR, 5 1A ik FE I K b 22 X 28 %) TR 4 token J7 81 TR po(x(0) |x(2), €) FRA
IR HES R DU R S . IR PEAE T — AN RIS AT po(x(t — 1)|x(t), ¢), FRAIT
A DA SRR, B 4.20 @R TR At = 1 fIBALR, D3PM 38504 B B ) A1
J& AL AR

N T NGRERY,  FRAT A B e KA log po(x(0)[c) HIXTHLISR . SATH, 1X
TEX A TR T x(1.T) #4784k, XAEARTATHI. 85 A0 R R
q(x(1:7)]x(0), ¢) 1E N A0, FRATAT DL R i Sl 26 5 5 o8 — AN

pe(x(0:T)|c)

logps(x(0)]e) = log ¥ q(x(1:T)[x(0),c)

(1T q(x(1:T)[x(0), c)
= logEqyx1:1)x(0),0) {q(x(igs()!;? c)} : (4.127)

R Jensen ANFEZ, FATRT B2 B ENEL, H#ESH DK GEETHF

SYRERL, q(i(t)]2:(0), ¢) XF BT B token FERMERAELE Pk (0,t) = exp(fo Qrox( dT) B (z:(0), 2:(t)) JG

F I BB R) P 2245 ) B B, PEOR(0, £) FARTEIX ] [0, ¢] P token 2 A F5 A% [ A ME SR i 5 Ba?%aﬂ?i‘ri
JB, 2R A T DA R Ay %%QETIEH*FL%V%E%E’J%@%D WRBATE X BN 0=t <t1 < -+ <ty =t,
WA P©OR(0,1) = PR (tg_1,tk) X - x P (tg, 1)
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FTX e (ERE) BirF5 x(0)

é (x(0),¢) o
R -
E B
o T
= : P

\

T E R RER (x(t —1),¢) fEFARLE
q(x(t)[x(t — 1),¢) po(x(t — 1)|x(t), c)
SREER il T x(t — 1)
q(x(t — 1)|x(t), x(0), c)
(9B M=) X Y B C A A B
(x(t),e) 1 e 0 B, BrMb
q(x(t — 1)|x(t),x(0), ¢)
A 4 5
po(x(t — 1)|x(t), c)
X Y B D A A Z a8 KL B0

XY D X C Z E

(x(T), ¢)

B 4.20: D3PM A5 b AT 5 5 M R R A . FER R R, RS
At = 1 HIRHRBBEEE B — NI, TR A (x(0),¢), BERE R (x(T),¢). 15
TR, AT SERT R (x(0)x(t — 1).c)» 2RJE AT FISL V0 5 0
a(x(t — 1)[x(£), x(0), ¢) LAVIZRIG IR, 75 et FEeh, ARSI 7] Pl . 754
ANB g, A po(x(t — V)[x(£), c) BUNFATTRS] x(t — 1), RIE4S:
WFE ¢ — 1. BRI ERRR, 76 ¢ R, SAME g(x(t — D)x(1),x(0),¢) 5
po(x(t — 1)[x(t), ¢) Z 1AM KL B .

(ELBO):

pe(x(0:T)|c)
q(x(1:T)[x(0),¢) |

10gpg(X(0)|C) > ]Eq(x(lzT)|x(0),c) log (4128)

I KBS A0 pe(x(0:T)|c) FHT BT q(x(1:T)|x(0),¢) BRI NEH K540
PIFt, SREEBHAILL, 1 ELBO 1l UL g NED KL BB BAT O T =ik
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B NS, 620 [58]). B G/MERERAINZEH s T4 H

> KL g(x(t = 1)[x(1), x(0), ¢) || po(x(t — 1)}x(1) caz)}zw

XA AR, I g(x(t — 1)[x(t),x(0), ¢) R R AIFEM R EG 5. X BH— ok
PLE, WAL A Candsy S RS BaEhs ), IX A JE 3870 A1 m] BLAE A DU
W R LA SR RT3 — 30, 2Rl p(x(T)) @H 2 MEA W EZ
By € A CBandsy 23 o0 A Bt e PERFERDIRZS D, — log p(x(T)) XS T 6 ZH L,
LIS . DRI, A% 152 S S AR A py RS A1 RS B 5 I R0 B0 0 22 P ok
FE [ R AR S R BR A X 5

RS AR EY

R BHR A (Masked Diffusion Models, MDMs) & &5 803 85U —Fh & T2,
FUERE TR AR AERE QUOk () BT AR R ot A ] — MRRRR B RWACES , CAF [MASK] A
i (174, 194]e EMITIESRHE T — MR SE AR ES: — B — PRI AEaT ) i fE b %
B RIHERDIRAS, M ERBEAE, MM 7 — 24508 M 5 SRS I B m 2R 42

i 1) AR A S5 UG 7 H1 AR L B 0 IMASKD o B AN TE A WL 2 1 5 41
TG, BEIAE R, BERBAN TSRS TH . fESLEt, FRATH I H
BEUk, JREREUN RS {0,1, ... T} ESEIZE A — AN S SO 1] B /R o] Rt . 4
x(t) AWFIE ¢ € {0,1,..., T} BHERFFS), Hd x(0) £ +H&HdE, x(T) = [MASK]",
zi(t) A& x(t) MEE « Mhrid. ERTE RS, RSO B W, FEy # s
NEEAFRC RIS F -

q(x(1)[x(0),¢) = H q(z:(t)|2:(0), ¢), (4.130)

HA bR ar N
q(zi(t)|z:(0),¢) = ay-I(z;(t) = 2;(0)) + (1 — a) - I(w;(¢) = [MASK]). (4.131)

RH o € [0,1] 2RISR R R KL SRR ¢ RE 2 AMES . Fh,
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£FX e AR x(0)
(c;x(0)) -~ IR = & Ul i =
b=ty
[MASK]
(c,x(1)) - M [MASK] & & [MASK] o
e, 8RS
PR EHERTT
(¢,x(2)) -- [MASK] [MASK] &J i&  [MASK] [MASK] .

~—

(¢,x(3)) - [MASK] [MASK] [MASK] ¥  [MASK] [MASK] [MASK]
(c,x(4)) -  [MASK] [MASK] [MASK] [MASK] [MASK] [MASK] [MASK]

SEIRES x(T) (T = 4)

& 4.21: MDM ®ij [ fER &, HA B AR 0 e S A AU A Moy 58 e S 17 51
RS AR, AR B O (MASK] 715, BEEBNFIMML. EE, LT3 et
BAS R P IGAORFFRIFEADIRES . 2R MDM, BAL% IR [EE BRS¢ AR 44
BT, IRE PRI IIARIC.

FATAT LK x(t) MO RAE A o iR & m, € {0,1}" £, Hrp.

my,; ~ Bernoulli(1 — ay), (4.132)
[MASK], my; = 1,

zi(t) = (4.133)
Qfl(O), mm- = 0

PRItk B ZE v AR O B 3G A A B AR A, BRI A T A A B A R R,
W 4.21 s

JGIREFEM ¢ = T 8473 t = 0. %€ LT3 ¢ M—DHIUE K 58 2 /DT 51
x(T) = [MASK]", MDM EACHKE [MASK] FRic & # h B SLhrid, EEIFE Vv kA
—AFEEEFUI T B L, BATE LS A ) D R A] KA

po(x(t —1)|x(¢),c), t=T,T—1,...,1, (4.134)
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XH po(x(t — 1)[x(t),c) W mFMF2A Pro(x(t — 1)|x(t),¢) BIETE, T 0 smifd
[ [A] B0 )52 6 ST
— P ] B R S EA T A L 2% T T bR A 25 A

po(x(0)|x(t), c) = Hpg(xi(O)]x(t),c). (4.135)

SRJE, TR CE AL A BRI R RS, RN R FERIEAS I FRIC AN . N T ST
IEJ)L}%E Qi —Aiii é'\

Qp1 — Oy

= 4.136
Pt 1— oy ) ( )

Hrp p, RRECHFINE T Z) ¢ BREDEKET, ZMNBERIAPE t — ¢ —1 Fik
SN TEHIMER . X v e V.U {MASK] }, BB R AR AT LU R

I(v = (1)), x;(t) # [MASK],
po(wi(t — 1) =v[x(t),c) = ¢ 1—p, x;(t) = [MASK], v = [MASK],(4.137)
Pt 70,t,i<U’X(t)7 C) ) xz(t) - [MASK]7 S V7

Horb w0 (-x(), ¢) B ARE V. ERSIES 0. —AE ILEE R
o4 (vxX(t), €) = po(2:(0) = v[x(t),¢), veV, (4.138)

B, B AT ) T 13 b A PSR B bR

4 5% — A RBIEHREE (x(0),€) ~ Paaar MDMs SIS T4 52 51 O 4% 1 LR
CERAAN MU R BUAR ) SR ST AR g 5 HABY BRI K00, RATHY
L ELBO SkiIZk MDMs (% W& 4.5.3 51 D3PMD.

JUE ERIGE F AR LB, (HESCBR T, — AN 2R FL U P ) i
SN AT LAY ST AR B AL SRR AR . A TRBE— NS ¢ ~ U{1,..., T}, &
JFRFE—MRFFI) x(t) ~ q(x(t)[x(0), ) Bl SHERDE 314y

M(t) = {ie{l,...,n}:x;(t) = [MASK] }. (4.139)
P9 B HO 5 SONFERSAL B L2 AT O BRI R B

Edenoise ( 9 )

= Ex©0),0)~paata Etnv(1] Ex(t)mgx(t)x(0),0) | — Z log pg(x;(0)|x(t),c) |.(4.140)
iEM(t)
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AL, AT DA TR) 25 HEAT B A DL g IR e £ B K P

£denoise(9) = E

2 (- 1ogp9<xi<o>|x<t>,c>)], (4141)

ieM(1)
Hort gy > 0 52— PE ORI . B L, FLTIREET, NI ¢ O N AR
W CBUECR Sy (508 ), TR ¢ % B EEHRAR CRIBHER K1) o B +, ATELAIOK
R PEE /NN
UIgRsE i, FAVE S BIRE R pe(x(t — 1)|x(2), ¢) JBILSEE DR
) JE3a AT By R AL RBER A OCAS . HEFERL AR A BL R 4R -
x(T) = [MASK]", (4.142)
FFIRACHL AT -
x(t —1) ~po(x(t — 1)|x(¢),c), t=T,T—1,...,1. (4.143)

FETTHE (4.137) WREARIC R A i T, 88 )P PR AT RE SRR AD AL B . X TR AN 2
z;(t) = [MASK] HIALE, SERFE

bi ~ Bernoulli(p;), (4.144)
P2
z(t), z;(t) # [MASK],
z;(t — 1) = q [MASK], z;(t) = [MASK], by; =0, (4.145)

Cat(mgri(-|x(t),¢)), x;i(t) = [MASK], b;; = 1.

Horp Cat(-) R NS HUHEE 70 K A HRFE— N E RS T2, AR E S
fir BARE A — P HOR T, SRR e BN XM TR IR E SR RL, BERITA
i B HRAL AR o

B T4 pp BOLRAES AL E, AT D SC B R B LR L. &k
MMt F] =1 R EAR R PR ICER, IR U(t) C M(t) N R R AL
BREETHE, HU®)| = ke Ba—"HREIEBZ:

vt —1) = {xi(t)’ UM, (4.146)
Cat(moss(-|x(1),¢)), i€ Ull).

VAL RR AL { ke o, AR SHERRIEZ (M HEATAUS . BORI &y SECEDREAREL, (2
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SRR AT T FHOS S HRIc: RO b, P S AR, (L
TitH.

AR R T AR, RV R E ] (Bl 75 ¢ R R
RAAN), EAHETSRIC N 0 D] 00 55 R0 LN AL TR R
PERERHE U)o 458 m i BRATATBLE XSRS HON:

Si = Mmax moi(v|x(t), c), (4.147)
ve

SRJE BATRT LA o nd BLAS B e e FO S ELREAT 40 . IXA “Je b et R kA TE
fist e e AT AR B e AR AR E AR B, AR FRIE T AR AR AT .

4.5.4 B BE9TEE
FEA/ N, BRATH7E A 7025 IR AT B Bl B 2 T bt

SRR BT BB R

WS IMASKY Fid HAT — AR 5| NRI(E S B PE: A o AR BR (5 A2, 1M
SRR AR HIH AR Bk . XAt 5 Transformer )£ IRAER G, IFHix
AR R HIGHE 5 AL A B Zhrb e B 17 5 KRR Je Ik (174, 194]. gk, &
e ALARIR S g RO i (B 209 /O ViR E R, X5k, i
TC ] BEAE S AR I rh i S IR

HE, B0 AR HAT N REFRIZEZE . D3PM A A 88 50 35 et /&
—N ARG AR B, —MNATCE AR, B A IR A AR
FITTR T i, XA IS REAS B I AL, AT ORFFUIZRI AT AR B . Be4h, i
TIRXAEIAAE N E AR, A REASZ A RO 2R . WS EJE, Y
SR 4 VN N v [ o T 7 T B AR L . B IR A A I T — AN TR R SRR, [H]
IS RS o T 17 32 % 73 A1 R 73 B 1 o

H AR A /R, S R AR A . ERERL YO, RAERD A
TRIEHE PR, RAPARME ML E 288 . e AR s B ilh, S B AL
TRIFREALVE, DIE— A BRI A% AT AR — 2D OB AT i 7 . X SRABL T3 SR 1]
RO A5 K, b A YE AR B U T AR ko B8 ARE A) DMB IEAR AT 2 A%
i LA R — 2, 1A AT LARAR AL 9 [ 5E

=, AR A TE 5 T REBON R A . T R T AT AR R, A I
FA x(t) TR S R AR W E R AN — B B 1 e TR A% AR A 25 [ s HE B i 2%
v SO IERR IR YR TC. X SHERSSHOR Ot b, FEFERS I #ioh A i i 1) ol 2
TR MELLI 1] By R A REERIALA A, ARMSUE o B — AN E R QR (),
H P A ot Z [ BAT AR F M AR ik, IR EAE V. ERREAE3, A2
WNR—HPIC. BEE ¢ g, (S0 nr fe e BT FRAS SR, RS B 2
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U ESI: R Ty S N E TS T

O R AR R T R e RS 5 A4 ) & e 5 A 4 B 1 ik, LIS — A
EAT . xR 7=, AT DU S B R i oo, 1AM S e AL 1
A8 193, 233] XMIBEMAE, FERU B AU ST B T4, &
A] DR 9 —F EAMIL I SR 5 e v A AR IEBE T

— AN BRI AR R S R S M AL T B SR . T EARIE S, — Rl AR T
el FHARH T 1 T B S M R AN I B AL T R R B B 4,

Q) = ww(t), (4.148)

Forf wy, (t) A CIRIEYE, BT DURSIR BRI . 57 1A AR 5% A B T A AU
(K1 FLBHHLREAE RN S AR SRR B (51 5KM), M i o2 2 /iR 5 1
(L —AME IS8 ) IXRN TSR Wb 7 2 frfr 507 2 it ik 3%, (HI
FERIR N B M Ak B R .

T3 AN BT TR R AE S SRS S 2 50 B T B T AT H e . i, T
CAAEZE s 2 1025 18— R AL 65

QN(t) = A - Qo (1) + (1= M) - QIgi(), (4.149)

SO BB SRR R ILEMBRT T, TS ACT: D R AT i 7
2 SRR R R AL S, SO IR E E AR T ORRALE, DRI SRR PTFHLA
P BB IR PEAISK BB 1 ).

R MEESEIES EE

FE— AR “ 4R IR- L0 7 AEZE T, D 4 B A i) 25 H An 5 HERDIE S 4R (MLMD
eI, filan, 7628 BERT A, FRATREE — MG, FF g —4 X0
Transformer, # 3 GEAEAR 38 570 WS 2 1) LR SCR P FERD AL B AL IR 4617 78 93]
WRFA TR (4.133) RN LIS R (1—ay) RFE— AN ERSFERAF m,, A4 (4.140)
H LR R A BT Elag — A MLM 22 ik, IXMNAE TR R il o,
IR RG], I BN DLy #0b 8 ¢ skt B, FEMBEERAETREES,
MAET LM% 770, BERT ) MLM 202 —FhH TR % BTN H A5,
T HED 7 FORE 28 JULRE A [R] 1) 2 M R AR Ry — NN TR e B A%, JR A — > 5 4
M HPIRAS T ERIEAAN A E, AR — MR TG WA SR, IR
T B R 7R 2040 Bl A 2R 1R BERT, HEATE MLM W\—MINZAT S AN
— NI AR .

MDY BUE A 5 MLM Z [AI I R a8 T — M7 BTy #eh i a0
) oL R A — AR B IR IR R, VEZ o NLP PRI ZRIT & 1 0 S ms m DL 28 i
NEHE BB AR R . MRUE Y, B 1 AMSLHE TR 2 A, FATIE T LA SR A
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BARIN R GAe 5 XA BO RT3 Y. B#eiE S DRI TR LR
I ) AR 5 30 (P Bt Bz ARG T %) o LT AL BT RS I HUis AL
F LA B8 ) — S L0 g

- IEHASERIRCER. SESIEHARICAE, AT LA B ) 70 A bR
B, BN BRI AT T RFE . 140 ELECTRA #6884, FHorp—A /A
AL AR TR A PR R T, ) A BN SRR I EATT [36]. AT BRI R
X 5 DR M AR A 2 S0 B B rTRONTE N 1 EEBEALRR 10 B8 B SRV TR e 7S, 1K
AT BE 2 S R R AR LR AR, RGN ZRIN (8 AR 5 HE BN (AN B 5E 1k
Z 18] i) 22 B

« RERIR. TS5 RIGERDRGELL R B #Oy A febnid, IR Sl ok
IAES [188]o X T4 ARG, v Beiidh s BRI 30 ) A v s il e 9 38 8
W RELRE RO B % DX IR AR R VELI I SCAR o 3 45 7 25 Mg A R T 1 354 2 Mt g AR 7 e
SARIC T AL BRI E AR SR, XA AR AE T, K2 MRl
Br i A B AR IC SR P IS, X R T AR AR OB (1 [ 4 R R
MR, FRATRT LSRR T SpanBERT HI#H A BAERT [137], RIES:
PRICHEISE P S B ORI AL . B, W A e iy 1 4% DA 5 A5 4 AR )
BREEAE, NI AL B ] AR K BE BB [117, 189,

- FFCEHSEBRMEA. BART 5L 737 A bric i ER AN &) 7 B 5 S5 157 8K 25 1 91
ko ZTIRERBRA AR, IEZ5E ) R [149]. R EH
FESCNYHLHT %, WEWREAAAE KR Z B ashaSd i, e Rz
S E B EGEE . XA UL 808 A R PATIECE 1 “ e + EHE
Fe7 A, ARSI TS .

o XFHUMEMRE. 55— T5 AR A AR 51 (Pl B ) 2% A R BBk AR
iR HIT NLP BRI INGIE (Bln, iRAHIan) KB, Hag, 4tk
R 7S AT DAS B [238]0 BARVE 22 0 UL T iR AE BN 25 8] P 52 SCHY
B RO ARG T B A . JRATT T DA A B3 A M 5 2001 5k 25 g 25 Jta
e KB TR T3 30, I B ] DAsE 27 30 21 (1 390 17 Sh A AR IR ACRAE T g
SE o

o FIRMMRARZ. SHFHEERE o AZRFE RN D ERT N2
UL RARTFP SRR (e, i, s Al A AR & Bk B A BE AR 55 T il i
WA HLE] [210]. FEF HURBH, X2 fd27 S I [ FEFF A IR A Sk, LLARIE
BUIIE, W SR AT BE A PR A A Jo /D B 2R D B

BUS Logit BiZS{EAESEMRM A

TN1C AT 2, L [A] S /R A] KEE (CTMC) R IR NG B 8y siud A2 g2 A 4 A
N REFEARRAE x(t) € V" £ FRES M BEER, HiEd 20 (4.121) ) Kolmogorov
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JitE, GG p(-) BERE ¢ P, X —MEE K 7 RATRE S @SR A H
FAS IS AR PR MOSBEARIC P41, i Y B4 RO 51 1A & R os B4
(VAR

pi(t) € AVITY (4.150)
pi(t)[v] = Pr(z(t) =v|e). (4.151)

BT X e [ BB A NFEFE P(t) = [pu(t),. .., pa(t)] € RV, Hrh 547 afify
o XK B B R o B A AR S R B RE SR 2k, i RT LLS A ODE/SDE T A
(1 IR s R AR T PR 20 R

XA RSN Qkt) € RVIXIVI fibrid 2t CTMC, BANM B 30 253 A6 i 2
Kolmogorov 1E[7] /7 F£:

dp;(t)
dt

= [Q“%1)]) pilt), (4.152)

X AL A~ ODE. ¥ERE QN(t) M7 RINE, LB sFE. MR
&L E ST, A pi(t) #EEMIF R ODE Wifk. X 9i% 5 @mat 7
ODE HLff: BS# BT PR QU0 (1) V8-S 00 B I 1 e IE ) g b, T R
i SDE.

P E 2 1 T A E S A0 . CA9IH01 one-hot TR0 77 2E 404 il .
B AT S logit 1B 2,(1) € RV 244k pi(t):

pi(t) = Softmax(z;(t)). (4.153)

HIBETTE logit 25 [H) & S [ 375

dt

= vo(z(t),t,c), (4.154)

HAr vy & Transformer & XM EY (SMELF). BN L, z,(t) WFRES40
(7 BRbRiE”, KImARTD 2;,(0) — ; WBIT Softmax(z;(0)) H argmax SLHL. 2475 E Al
TCRAFERS, AT Gumbel-Softmax 7317 5 70 FERAE FIFA T T V% [134, 161],

XA logit #LAFE B T Y 3 B4R it 8 5 RN 2 (B oM AL, 0 B 42 0 g i
B RSRFFRTEN 5 (B BYEE (V) MR EERATE RY. Bk B CEE]
X (4.152) ) CTMC 4% ODE: #EFE1 QI (1) W T pi(t) HIRFEm L, nliE
Softmax BT H I FRILN 2, (¢) HIEAL.

WHT I I BN ZR B ) 2 — TR, fEIELLY Bt 1 m i (Al Sh A RE T R OR A
WO Vogpi(s) (1) SDE, W AR/ NMEZI ODE. fEBSEY #rh, K Hdim)
CTMC R R T MR p,(u)/p(v) (3R (4.122)), HAEFRBITFEEE H3A7]
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KERSFRTTE p(t) B0 2(2) I, AT SRAAHURE S m e RE Ry o7 ) I R el (44
W eI 51 04D I B T ROR B S SCAR R one-hot T FIE /0 A () ) 3% . il
1 B o B AR AR B, AT LA e SO S B U5 py () BT A B B 3 ) B
ASHIATALERYIZR H AR [130, 159].

BEEME, RAITBERRATEE logit A5 RS BALHUIT

. EBYK ODE RWESESHSM. LR IFERE NN (4150)
BRI ODE, JTHLT BLE T E15E R ODE SR 4 ALK B Bt il b e
S Y ORI B o T AT 2 R TR 0 B R
S RN

- SREEAFRSM. ERaAE L, FULHS H RN T 5 DR AR IC A7 17 5%
i) SRABEE A 70 R AR v, 11T R AE U ZRIN AR 3R 2 T LR
ELBO,

- EREESEZERER. BLYEL (B [MASK] RS SRS B GEZEHRN)
AR AN o FRAiIE AR AN P 1A e . RS IS, (H
DT LA REONARIC R, I HLBSOAR R S A0 A8 58 SR IF

xR K EX

B I 00 1A R — R 16 T A DU A e 3 P AR AR (BT 9 A
[145). EREARARALH, BRI KA RA ], TREE ZHMILIER, K
S B B A TEFCR A A I S R 5 TR o e R T 7732,
T M A [MASK] MR, 20 BT 67 i S0 B S AR B T ) S T
E, HZRWSEOA R E &R E [107].

ZONETTRAR NG R (1.146) MBHTHR. & x0 BRE r BRI KT,
T w[x, ) = po(a = v|x), ) FH ¢ HALE @ BT, NGRS
x:

(r) : (r)

x; 1 ¢ U\,

x§r+1) _ L # (4.155)
Cat (Wé;)(-|x(’"),c)> , ieu,

Horb g 95 r AR EAES . MBI U0 BREAE R E L, T A
SCHL AR R RTINS 8] LSRG . 5 2, RS Y HCRAE AT — R ds Mt e i e ——
H i 2R 1] ¢ CREARIE A S ARIRED SRl 2 s A i fe v 2k
TR E M AR R R (X I RDTER ) . X EREREE: B
R AR T R A E (E vl RE [ AL SR %, i Al R O A B AT I R AT e DA R
A3 EHRY -
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VIR B AR O 4R B R Sk A bR AE R JE RIE IEAT . — R
R AR HEER Y B B AL BAE B G, WY ECR A S SRR T i 2 AL 4 A
(142, 233]; 3 —M @SS AT AR S AR, I AR R A 7 S I AR A I TR
B IER] WA R 0. X ALERA RIS 58 e /= (a5 5 ) seal, M
P24 RAR SRS IE S 9w 30 i 72 193] IR 88Ty 5 584,547 BTk 7 RAFAEAL
£, WIPR T AT HEA R HORIE 1S .

MY BOE R A 7R A R is A A o 20 (4.152)(4.154) i) gl 58 A il
EARARACER AL 715 TR A o B R B IR ARAL A5 BRI A B R e RS N S8, ik
AR A R B A B ] 9 858 3T PR 43 A )3 485 P ) A i P 5 QB B A 3 530 0 s
WVCHEE formulations FHIER:— 58 B 15 2% 21 0] F A RAL A0 BRRAE [FIB CR4E R 11
HESNF R (106, 171]. HEEMZ, @, E TR aEs 5 2 tus AR mr iy
[Fl— R AR, HFEERET: PHPRERR TR BEFETG vs. M) TH
R U IEFRRNS G vs. BERED. DIEASIASETEESR (B/R0 KRR vs. A
AE T,

1 EE e

BYELY BUE B ARTE 3 AL BRI AR A3 B AT 55 4 0 10— > S 5 DR HL I ) Bl ) 2
A LOES AR 2 AT S H U o R AT R R T R YR B TN, FETE F A
B S, RIE FRE#®RS (DIT) fEMSESEN N 2, Hp A
HF W% & U-Net Be% ™ A58 KI4EBUAT N [178]. TR A de 1 1 ALY
TaFE o FRATE VUSSR (1335 2 R A DGR S [217, 223],

FEERE T, A di Rt 7 —Msr R L], v DL —ANE 7T S b
ERMIHER R T RIEIX RIS 158 SCRIERE 7 2, SRR ] F T2 =) N
0P A BT R B AR . FE B, AR SR A U SR A A T U TR ¢ (B
BRG] o I I I 2 ) BB TR NN B —E R, i, aEd itk
fRE, o5 — AN ST A SE R ). 4 s AT DA 2 RpRs 7, X E R
THERNSEATE . RS R #h, W R RN 75 Vlogp(s)
IR ey MR s(0), BURGMEA G LR T REMEBEASE [126, 196]. XS4
W72 FEOR R BB ECL 7 AR e AR, (AR BT DALA 2% 2] — /NI () R
SRR R, 10 SR e o B D — A 167 B BE it 20 A7 izt BIHE 40 A o

ETRIA

4T Transformer $2HE M RIEYE, FA1IC T R BR 60 2 30 5 FBUR 1
ELBO (WA (4.129) KNG BARAL . —A BRIEAT RAERILE . LR
€N, RILHEC S ) — NI TRMR R [ Bl FLR o 7 Rk — g B 3 0 A a2 21
B A MRS S, RERMEE TS E AR v F, Bt
WAE SUNE A e B FTENEIES CERURSAMA), BA G E LAEIES
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(CWIMEF A ek logit 2518 LRIE R TR CESRIREWAD . UL EEURITE
TSR T IX AL, RIS S @A R IR R AR S (74, 106, 199].

—MERPREAAR (4.152) PEAGIAFRARERR. AT x(t) WNE
BRI TP A, T R PR S A BN B 1 7 R

P(t) = [pi(t),...,pa(t)] € RVIX™? (4.156)
Hor
> ] = 1L (4.157)

FERMERIRT, T AL PATE IR 8] b — D E o T e,

?f): vo(pi(t), 1, ¢), (4.158)
ZVG<Pi(t)7t7c)[v] = 0, (4.159)

veV

HATI R RR TREZE T EH . SRAE R R — N 5 7 B A 43 1, 3 5540 5 40
WAL KRB S p(T), RS AI (4.159) L3RS p(0), FF
B KRR MRS H 17 T

T NIAES BT E vo PN E AR, B U RO IS S — IR 7 A AV 2>
A0 2 (A1 PR 26 2% A7 SR SEIIIX — £, AR5 B2 r) 7 b5 3K 6 PR A% 175 5 1°) ik ) AE 26
HELAHUCES . SRR, TR ISR x(0), & X V" EEANE TS oA
R ¢ (+]x(0),¢), FFIHE—NHTRFEA x(¢) ~ ¢:(-[x(0),¢). WICHECHIEIE H
Ay Rt e R e S E BT i

#Id arg max

v (x(t),t,x(0),¢) = mﬁﬁgwﬂl (4.160)

Horf 1y & x(2) BIRGRIR . S 1 H bR R B B2 AR UL O SR AEL,  DXOAE IR
AR JE 52 21| A T LA DA K S s 73 Sk B R 205K

INEAZ A] LS Z i R 3T HIOE S A AT AR R AR L. X TR E,
ATATBASE SC—METHS U BT 72 AT p(+) Z TR TR R 7

q(x;|z:(0),¢) = ap - I(z; = 2;(0)) + (1 — o) - Pi(5), (4.161)

HAE o A1 BIRE] 0. XRMEAEREAR AR B EURTEIL T, MAEE R AlE i
T T R AR
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LA SR RS ST ES SN AL

Xzl (4.161) KRTINASR S, 432 Hbrs E f i e
vi(zi(t), t,2:(0),€) = - [Luo) — Pil, (4.162)

Hrb oy = doy /dt Fos i EERIN S48 BT o, BERT A TN 1380820 0, # ¢, < 0.
RIE, %26 A8 BEAE T R AN 7 AT A 5 B N B AR IR T 2,(0) BB R34 pis A2
I DU A s e 1) 5 T HE R 3 S A2 [ml H v im] T

N T IIGRARRY, JRAT 75— AR T 8] ¢ I ] S SR 2L . S ARHERR
VLHEC—HE, INZREbrE N

Lomi(0) = Eyxoyxm [IVo(x(t),t,¢) — v (x(t),£,x(0),¢)[]] . (4.163)

FIRBAEE T TR T R IA G it £, (HERAE R EEE
FSCIE R P HIORE AR S A RTEA o —AN EL I AR A A A 38 e — 1 E IS [ A 8 40 A ol 2% o
Qiok(t) € RIVIXIVI 504k (132 B2 7] Ty JR AT SRR RN B U . WG v(t) SH R
28 2 [8] ) 5E R B Kolmogorov B A 7 245 H

dp;(t)
dt
Hrr pi(t) R o ERER A I . @i AR E HARiA o 2 I AN R R,
PRATTET DG T B e oy — AN il Al 7 72

= Y PO = > p()[E]QL(8) . (4.165)
y#£2 v y#£2 N

= [Q“%1)]) (), (4.164)

inflow from y—z outflow from z—y

WL, QUK(t) FRMIATE y BREES) - BIBHITR, TR, A MRTERE QUK =
S Q) LA

BIRA (4.162) FHIDLEIEE v [ E 7RIS, HEIHRME— Eﬁ%ﬁ:
B2 Qlok, A TR MIE AT IR ] B AR e A O RE, SIAREIRE] - =T — ¢,
L o = ar_ro WK dat Jdr = —dp_; > 0. I TAEH — AN IESFE A fmti:jli
H bsia ek HAREEA 2,(0) [74], FAFHIRERN

G | a(0) = S g a0)),  y£m(0), ot <1 (4.166)

1—af
A SR S, BRI ST A s LR A TR AT H A
RS, TR S, S SR IRE AT 9 B AR G g FLEEBkE 51 B 47
2i(0), P R 0 R T A
BRIt R b 2 M AT A2 2, 1|5 bt A B, 7 8 D R 45 2
TiAEA R (4.163) PEER B, 24 it B, A7 LU Gillespie 77 [108] 5
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Tau-Leaping [109] ZHIEBLZERE, HPATEEEE o(1) — (1 + A7), XLk
TG B S 2] B MR

EIATLUE B, BN A AZESRIRE ARG ELL: AIESRAEZ Y, ODE LA
[ E R R, SDE #E— B I ABENLY | R ECRE 2 Ed, CTMC LA
A A R E T I Bk A 2R . = SR RS I R A ) ) 15 5 B P TR S A R 2R 40 AT
REAEREE R Pl LA BUEE T X EF A A .

LICES

1. 5B REER A EZE R B R R, PR ZF X TP
FIKE R BATIRE . N3 8 NAR 156 842 2 2% R g 4] .5 R
0(1)?

2. HEBHR AR HL P 1 A EEH . EOS A MBS K BEE N . BiL 40
BN AR REFAETE SO R LY 1545 P FP A R i

3. E LSRN (8] By /R W] SR B ) AR B 2 50 B 7R B R MRS 2 0 X TR A A
Q= (122), UHRANEMAICEME AR L.

4. WFWRKANA NV =4, FEESREEN o = 0.7. 2HITHE I HP RIS
SAE—HARE TR, ORISR B B e S IMASKT IR

5. WIRER R BEah 1% INGR BARRRAE A A J5iH, AR A 2 4]
IS 1A T ) B T R AR S5 R P RS IR 4 2 Bk TT, ML
PR RRR A ? A2

4.5.5 AKREING
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e SRSISF IR ESHEE

Jdiy
N

5

\

PR : RIE . BRFE XA

BU T LEEFRA TS T WL 22 ST BB S AR ik s 2] . KIS SRR FIl
50l CEFERR AR S M), LR 2] R &Sl sh 11 5T A
B, XN R S — RS TS AR . A, RS A RER
HE L ZMEEESIT: BGR e e g2 LG RES, EE5 S 00E R A AR
R 155, SCRNE BB 5 E5 . ENIESIREE . e R 515 SORLE k-
ZRWE, WIEFRAMERE X —IR— R, s —KEr. —f#k, W
AR R —B s (B 5.1,

s RS L e ° B —
B 5.1 Al M” AEARBS T RAEA: SRR SOR “H7 (cat)
S RS A . R ] SESRRAS X FEANE R A, R 1K = fE A B2 a4l it
k.

1, e

ARERBIESIRF S OHREIER. 156 /505 SOR S A RS I 44t —
Rons K5F BEEEN. EFES A=A, KK, B2 2 RENRT
F I BRI, MR RS I g S g A B RN GE—IE SCAE R B ARy
e SIRSEMRANGEM SI)IZ, WHEEK, BEUOMEARESRE, ERERERS
RHAET); H=fo e st P ERER, R REE. B&gwE. 556055
TR, Gt R NAELE E ST TR S DA R BRI

F3EE. ...

o BHRER . S AT SRR, DL S
SR ik

o EARFR SRS X, W 3 SUREN R RAE” KRS
AR, SR TR B 57

o FAR DI S SO AR MBS RIS 57 5 i R A B st b i se B, T
FHIRARER AR I K JRe Jhk 2% 5
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LA FhE BRESHESEINE A

o BREBR. EFIATERANRIE S, MR 2 RIS B BE /T 1 R Al A
2l

o ERFMAERERNG MR, RWHCREREE. BR%E. 555
FAER, RIBNFAEM p(a | ¢) FI5 25 KAF i E

5.1 ZIEASRRFESISERSITF

AT IR PSR A He—, R 1R 5 SO AR a6 80 et i A ]
WEEESRR: K, ARESKRR I R 2 ] P S E TR, RIS RS
X5 e XA I i S 2 AR S R R AT

5.1.1 BIRERRES: NRHBESELEE

HIEETENPHEBRTN .  TRRRE I, 75250 S BN AE THE L L
R RAAAE (L 5.2), BRENJGEEABE S ER — R .

BARAE AL IE & — M UER . B RG22 /AN, BN
TREFRA—MEZ (pixeD o —MRKEEUE TR A—A H x W HERE, HAEE (4, )
MR CFHL 0 2 255), RmxG R, 0 NE. 255 AH. BEE
G—Rha. gk, = MEESINR, SN— Hx W x 3 =454, 72—
g 224 x 224 WU EEIER, KREGHZST 224 x 224 x 3~ 1.5 x 10° NMEEEL

& &/ RAE VSN AR — o B R R BUE . R AR R BRI RS, %
oo, K% [E 58 F I TR] TR RS CRAESR, andERP 16000 ) & X ARSI IS, A&
BN, R —AREES, HIUERIRIE. Fk—BOES il — A —4Em K
M, KERBUELTRK,

LALETFENL AT 2 —F 5. HER—7KIEAZR (vocabulary), R HEH LT
W (BFRD B—da's; —BOUAREH S X B 5/ A7 41 . s«
[M9m*5 0 352, SCAHE) “H” {HDAEEEL 352 HEANHRAL,

Efg: REREE BE: RS GRIB XA ARES
30 200 | 255 “«pon
128 90 15 gvé» i 1] U BiTE
60 | 180 240 [15, 352]

% 0-255 [HEEE B R — M RIE A

TSI R — AN 2
(H X W x3) .., 0.2,05, —0.1, ... BRI R4 5

5.2 SRBAEHEN P REGER: REREEBEMEME, 1535 SR A R
WERFEFP A, SCAR R S 5.
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LA FhE BRESHESEINE A

AHLEREERR. ABSBRBENT, ORETEEYS. AEEFK
Joo UM 2 0 S 3 R T35 St s 2 (AT 0 P R PR P 7 T )
AT 14 72 TSR T P50 2 A T AR AR s 3 i A A A £
BT BRI EEFIN, e FhiE SR £ AR TR

ik, ML EHEERE MR, AMERE HHFHEE x -
(1,0, )y FOPREA R 2, ATELRAR AR AR E RO, AL, 1
BB R E FASEMES. Flln, AR SRS WZE - EEG <R
HER” “RENL “REART” S T 25 PR G/ S (U B,
For R T . B B ORI A NI, TR MBI B82S, (3“1
B AR &7 55— ELVLIB 2 S 1

EEZESHENE. 2k d44ERERNR A d EEEE. ERXAEE T, BT
FISPL A, SPGB “RIAUREE ™ W] 2 T ) 38 & Bk AR AL, B FH RN
B RKIREEES [|x — yl|o BrEigil; RZAHDUE

cos(x,y) = &) (5.1)

IR

RTINSO, BUEBEGL 1 Ron 5 ol — 2. RAFSIMHS, WY
2 ARG RO B R B B, [E5E AR X RERES B R ERR . 18
MR REBEBA (K 5.3), X m BN BRI RM: PSRN IriE R
;1B AERAHAFEIE A AN RIS R G, A [F]— [ B s (A A e 2l

FHE4EE ORED
4 Yzl-—\‘ uzﬁ-»
.\
e ER
T BB G U
BEESK G SUER)

ST

» FRALLEE ORED

K 5.3: RoR IR HAR: 15 SHIZHI R ook B WM ) 18 ) 7 ) v PR B 4L
Ny T TR EIR R EOR

Token: FTRHIEKREITT. AEEUG. EE. SORK, @A SN G R
Mg, Makn hE TERET, BRSNS — R, WS RER N
—$EE. XFEARITTIN token. AR token — MR TR T1]; EIMEH token
WL 16x16 B (patch); 5 token FJHUF 22l /2 0, A RIS AR
HON “token JFH” HI—NFAb R DLEERE JINZ O ZIRR (Transformer 5K
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EEEAD A ABONGE A e, ROV Z RS S KIE SR N G5t 14 1
RIAEA]

El&R~: EREMI token.  WHIFTE, JFIHERIEE A& G BEREE NG K
N, a s N REESEEE R R E I T ERE. BUR iS4 s B RS
(convolution),

GIRRIZOR — N NIREFRE, FOERZ K (Bl 3 x 3). BEERmARE L
W3, fERANE S TR &R X IR T AR B K e, 153 — N UE
B Ao B i A R — KA AE[E] . AT A0, id AN 1. BN K, W
HARHIEE S fEALE (6, 5) &R

S(i,j) = (I« K)(i,5) =Y Y _I(i+m, j+n)K(m,n). (5.2)

3 (5.2) R B AKE—/NRARXIE FRNEERRZE), TRz
SREIB S S =il S v Byl D bk SoIe L 4 e P i R e Y PR B RS Sn S S LR
(K 5.0 . SRR KM RGP —REZFHDSHE, WK ENTFRAE

P — B HIAEA R E R, 7] i R — S AR i 3] .
AR 1
R HHER S

N K . D
EIEEMTERA

K 5.4: BGRUEH: ERRAERMA LIRS, FNRMEZEL B ffiRm” 5
FIRFAEIE 1 —MH

LRGN 9. B —A TRl e EOA 2 3 x 3 B (A0 Sobel #£), #
X (5.2) EEE LIS, BIATAE K AR AL 2 B ELA SR A A5 SRR N R -
HALARRFEIE 0 MmN, M “mise” AR R ERE (K 5.5); ARG,
U] 3 ARSI KV %« R AU A AN [R] JR AR AR

ElfsmERENLRIKE. CZEEHSINER, TAMUZWLE%., SOHEBEEZHE
HE RS, XEMWERNERMEMEE (CNN) . CNN KRR RIEZET T M
AlexNet[1] #ASLIREE SR MNAE BRI ERIA R E, 2] VGG[46]. ResNet[37] i
W ZEEFACM 2% BEINRRIERE . 5 —REEARAHERL, 12 8 EUE V) R € R0
PIEEER (patch): BIU0HE 224 x 224 FIEUE VIR 14 x 14 > 16 x 16 BB, FAE
A LG B — N &, Bl —MI5E token, BHJEH HIEE JJEBIXLE token [H] )
K, X Vision Transformer (FLZERIIE 5.6) [47). PIEEERIHIIIZR HARERL,
HRAL AR R R RS T HARE S (i), FRAlTE SR B EUR R Rt Bk
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K 5.5: BRI TGN : BEALGNZ (hE, Sobel ) xf £ M EHE MG,
75 2045 0 5 H e B0 G PR R & o

i gmisiE, BEBEERRI N —HUR token, HFFIEE A token B NFEIL, X

NZHBENFEREE 120 A B SOREE B %R, S token B %
VT JR B DX AARFAE , T SCAR token T8 T LS8 R IRE SCHAA

2@&%%4 DDD +é)§§§{%;/ﬁ%
G

(Transformer futas (HERD XL ]

A
251
2k (MLP) i

K 5.6: Vision Transformer (ViT): B Y)RE & R/ANFIEEL, ARG 3R s
Bt N — MG token; JEF— NS “[2E]” token —#2iA AN Transformer
ihdds, e E eIk 2R .

BERR: WEREIFZE token. IEHEIETENFRFEGEE R E—4E55F (wave-
form), RIS [ PP A0 3¢ R MERAE KU A . A RFESR Y 16000 Hz, W —FbiE&
T 16000 MEUE . BILTEERE TRGA ST, (HHBEREN RPUERE, HalH
FHEAHE AT R, KENE. 158, 5%, MEREEZMEE, KEE AR
OB BB A B R .

— P AR T R IR I O RIEE] (spectrogram) . BAKTI &, FKiES:E
WV RV 2 R B, B (frame)s & LMWK 24 20-25 ms, AHARMTZ (6] 7]
HES, MNE—MWE TN H R 454 (short-time Fourier transform, STFT), HI#]
153 2 Z I 8] A R B0 5 55 « BIEIRTE N x[n)s B ERECN win]. 2 t Wi
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RGNk, WHEHE TSN

X(t,k) =Y aln+ tH wln] e 7>V, (5.3)

n

Hep H 2mits, N ZFMHKE. 8HEBHAEETT | X (¢ k)2 fEvRe s, Ptk Eny
CABRAFE I —A “IFIA) x A7 ) Z4E5ERE . MR (8], YRR, A E
(P ER A e 7 1 I 2] B 3l S AN 003 i o3 B RE

NEXSAS [FER (1) 43 e J13F AN &), ARSI X S B AUk, R b 8 A 3 il i 4
PE S B /RRE (Mel scale) b, BEIF/RINTE (Mel spectrogram) . HIEAY
e — 4t IR RE A ) = M08k as, XA e gk m by e, FFREUOG 4L

M(t,m) = log (jzjlﬂn(k)LX(t,kﬂQ—%e> : (5.4)

Hrp F, (k) B m MR/RIEESS . WS RE TMiEEH S5 KENS. Bm. 3
PRUEAIEI A G B L5 4, R R4 7 AN BB Ze 4y, PR B DR 1B iR
il B E TR AIE B A B () A ONRRE . BT A0 ] 5 M /R — Fh R R 1)
XFHE L 5.7,

TLRHINAE SR AR Y 1B S /R A, 185 i o 1) B bRl 2 g — el —/NBOE
GG TSN — A i, NS EHLE S A S token/F 41, X B 2
token I LM E, HA— NP —ANTERK . HECTEAF HAE SO BT
FESCA token A, BRI UEAN . HEMPEEE . SERGH “Eik — Wi
token” HIIHFERML, THFWATMA B EMWT — 5% token” HIIEFE; XHIET, B
G B SR BRI, MBS 4ER R A E T, A0J5 token T A TH T
PRI SRR BN A o (Rl — A EAS A TR LIS RN FE], RIIE R token J7 418 W 1
XS N A token A KAFZE .

MAFKR: 7 WRSEIRAN. AR F AN ERE, HRfEmE 5.8 fros: 5k
=BTV AEEAR I GRIECFRD, FROAIR B oo E TR T B — N
Ty BB kTSI B1EER N (word embedding) #, B4 SHLEINFAE. T2 —
A B A BCN— R, HEBII token. & I % token TEIEA E—3K,

XEE 5.8, L “—RA” Bl Febin “—R7 “M” WA token, AiAERMA
FEEMS, HERRARDUES R A E. RN E S80S 8 5
P aste e =, G SCHIERE (a0 “H” 5 “Mnk”) mE AT,

5.1.2 BYEBZIJ5MiEGRR

79y, R RIE TR IR R 5RO B+ N g Bl
B, WIAZER TP m e 5 s &, 55 ORI ESR RN E .
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(a) ;B (Waveform) : —4iRIERIEFET
0.75- RIEE 44 kHz

0.50 - AR - B

0.25 -

0.00 -

bl

-0.25

-0.50 |

-0.75 -
0 200 400 600 800 1000 1200

B8] (ms)
(b) 57%E (Spectrogram) : BfiE] x i W HEERIEE

7000 - SGEHEEN TR (STFT) -0
Wi ~23 ms, Wi ~17 ms

0 20 ‘ 600 \ ! 1200
BYi&] (ms)
(c) #/RETE (Mel Spectrogram) : #RH/RR EELESARMTS

=AEREBANATTE
{EMDHER, BITDHEE

H/REFRTH (Mel bin)
H N W B U oo
o o o o o o o

5.7 WHEM=FH WERIR: (a) B, T EHESI —HEIRIERAE 7515 (b) A
K, ZerE Il B AR A B “IFIR] x SR THEREEAERE; (o) MR/RINE, fZHEIR
R}#XT%EI%?HEIFJJD*RE SRESE

Dz#‘)? [%ﬂ}_’ - M —P{ﬁﬂﬁ}—’ 15, 352 %[ﬂﬁ%)\ﬁ}—b €1s €352
18] ) B )

5.8 SORZORIRE: A AMEIT token, FARMEIGT, FATABARIS Y
il 51

SO
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BEFINRAEE, 2AEE A IR EE S, TR AN LARE, AimeessH i
RIEAEBATFONER, G2 RER B NS I RS, T i S AR R
E PSRRI Z5 H o

BRERE. FEVLERSRAD 85, BRI AR P o R R N . AR
BE b, AT T B PO SR K 5 AR R BRI s L @A R, BEAAEAE
T BB EUR S 518 U . 2B b/ MUERIRZ, 53R H 1Y
EEEEAEEA LML, XEFTEARREHE MAE[29] 5 BEIT[6]. UL MAE J4#
(E 5.9, ERENIEEL 5% PIEE, RiEgE e o] REEOEAwDE, Bi— N g
fR T 28 B RIS 4y, BAMS A, BARLLAE MRS S R S (Ban g ok
FIOHER A0 . ARG, XERmIDLS 2 B AR RER 2428, %
TS -

)
HPNE™
e =
encoder —> decoder = A || ||
V.EE s

target

-y . A O
[ ]

K 5.9: #EfSE gD (MAE): FEPLEERH D BB (L, input), R AT I EBuE
NGttt , Y & AL 7, IIZR B ARk IR Cf, target).

IFEEEES] e KRl — X Gt 0 B AR (R AR BE AT AR e Clnsssd BEMBASOAS ] (9 385 5 B ea
3D, BRI ANMEMAFE—E S, BONIERAS, ZSREFRREL; kEANFEN
FHIME N GakE AT, BRHFIRITEE . HIGH R E AT AL & T R A
X, MBI TE L (Canfr B B AU, XHE CERBUR R R, R T
YEALHE SimCLR[41] 5 MoCo[32]; M4t DINO[16] 25 H 2818 )7 it HUE T e 308 .
T /NIRRT, AN S AR “CORRIRLE B ORI HHE

BAENBRE. EHERNFEAEERCARERS, Rt 2 e ey 2
MR e B S BRI B — A, ATUOSE S A)ih . B —ROE
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g, BURERENEWINASEE “B” mk (K 5100, A G, BEEL
N RE S AR E N R B S B RIER AT ER RN

A EZTA —DMHEE . SCRFA R R E R, AHB R
FIVP—HE—F, FESEIIR. R ERERENZE SRR R BRI, & R EZED
LRI R RE SR O, A AR AR TE . BRI & A I E — A LR R BIE A S,
MARTE “H5. 18E” KHs. LW HRRAE, AR AR .

F—FENETEEEANHERER, KL wav2vec 2.0[50]. BHH—MER
IR 28 ST il — ef A 2 B, BENLEEH A — B, il Transformer fR4fE B A7 A
0 ol NS 31 A= = dan o 0V P[RS i ey SR E A A== C e B2 a S E
Wb “THA R, FESRBA NN IER I —A XA g b —Bo A
o) SEARBAE I Tl Y S

FoMRAMIEE RS, B “EfED” , URE HuBERT[23]. B EE
I anoxt 75 2R K-means) $ERF—MWUHARE—K, B2]—PEAHgS, FFHxLL
U5 BIEL TN LARIER “OvBr2s”; PUIZRAT I E — BB, iEAAYRRYE 1R e
M A EJE T AT . IXFE, JRAIESERE S E c— s Eak “Hon”, fiil
155 5 3R FEGIE 5 @A AR ARRL, BRI E R 5 w85 R — RS .

PARIROE TR H AR AR QAR RIS 55D, (R L. EiE, §
LT, X mExE s, BB SR 51ES R E B AL AR FR AR .

wav2vec 2.0: W\ HAZALI 7 2 &

L Rl B HuBERT: J5th b9 i 5

t t 4

[ Transformer CFJH_E R0 }

%%\J/\Jp\/p\_

A 5.10: ¥EF B B RICFE B WAL BaBE, SRR AT 5 ARE N BRSO
MPGEHR Ty wav2vec 2.0 TMIZALH A 22 &, HuBERT ALK& HGR 5 .

5.1.3 FEEESXST

AN PRS2 B R T RN, BRSNS 2 25 82
(¥, Hom S AN E S ], G A D E R . ARSI ST AR R . O
BRI RN B — A [ s 6], (8 R IE A [F)AE SCRIXT 5 Cin— IR i 8 5 SO
“H7) AR A T RO .

SEBLA 55 (0 — A H gz, MR RIRAAAE N ECT BE . Hlin I B “
BRI MFEAS, A B glibs B 7 W i B 55 00 ) 14 SORE I o 908 ah mT ) 2 1) 45 2 B
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LA FhE BRESHESEINE A

B 5 AL, (FROGFEAR IR RFET . AERCXT A [ R m Iz B —— 1% IE 2 X Ll
SN A RS AN IR HET 3] AN FRAS BECR 7 as R X — BB IAR 2
CLIP[10] 5JL-FFEIH ALIGN[2]: |58 FH 8 a ot i SCHdE a5 R R
B A R 75 B 22 P PO 4% P SO RIRE RT AT o b A AR AR B3Rt b A T A/ it
#iltn SigLIP[40] H sigmoid JEZUHIAR A BN softmax, PAEGE KA E LR T )18
EMEE MR,

LA CLIP Jf1, B—tt N XfESC. BIGRwILaE N @B NaE I, ... Iy,
ARG EAE N AJEgmIL N E Ty, ..., Ty, A2, HHEEE R
KL, 5EE—61E T, FAEUE GTHRRA L -T; £5), 83— N x N KHELE
FRE (B 5.11): XMETER L - T, NESKLER, S 50 A& IT R AR
Fext, MEBUBARME. R RAmidas, MZEEET “dhgka. HRIK7.

BN
“#H?ﬁ” “#Hjﬁj” “45’5%*%:, ______

T, T, T, T,
I I Ty || 1T || I1-T3 || It - Ty
K15
My My KA
I I,-Tq I5-To I>-Tg Io-Ty
E1&
Yfidh 4y
I3 I3-Ty I3-To I3-T3 I3-Ty
Is I,-Ty I,-To I,-Tg I,-Ty
WX AN IEFECRT GRALEERLED, K EHRM RN R

K 511 ESCREER5E (CLIP): KB gmidasimtt L. SORGiEssmt T;, PIsim
RIFEI N x N AR IIZRHAR R LR L - T 8w B AL In R
.

X — HIRS dk k L, BIxftbaise (InfoNCE). X265 ¢ Mg, H «“K3”
J7 1A B3R N

eyl ,

Zexp(cos(li,Tj)/T)
j=1
ZACATIR IR AR 73 250 0 e S E AR ORI AE, /R iZE SN A3 N

PG AR 2 Fl o A3 R — softmax, F£/x “TEIX N AJihH, MALHES )
NIEFECSCRIMER " O SR, BERBEGE 1. M. r MEESHL T,
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LA FhE BRESHESEINE A

w  IEHREN 2% T AR 7 FOBERE A . o <RI SRR < SCEIE
BT IR SR, B 52 6 5% A

Gt ARG EGREANF R, TR <SRRG
SR S5, KR A4 ATE A b A . TR B, X
SRR P BB A LB £ 5.3 B SCAE MR, e P St o
KR, (AR AN 5 S BRI

55 B S 2 S R LR T 40, BT A K B e eIk,
S TR KA BI'S HOCAR “— L FHERBIIR A (I B “H” “ KhL, 4
5 5 B R A SR, AR s 4 B B . B A, AN
NI A | TR O, RN ERA S 2.

BE BIBINST. IEENCRZ R RIRAAAERCN R & B, 15 & R HE e it
TEE-XTEE”, EEMEAIERA RS SCTRIET. B GG ASCR Y 3
3K WL DA 1)

-~

8; = fspeech(Si)7 u; = ftext(T‘i)- (56)

VLHC AR & SR N IEREAR, ALBCHA G A THREAR . IIZRTIRMA (5.5) BIXTEEH
Ko AEIEFECN RN B, BRRECN RN B i, i 5.12 Fs.

[t is a nice day! It 1s a nice day!
“It is a nice day!” _____,..-f'A “It is a nice day!” { i

- What are you going to . What are you coine to
“What are you Tl - do today? . What are you Q do today?
. . ‘ going to do today?
going to do today?
_ A\It's a new day full - ; A
— S “It's a new day
“Tt's a new ffayO’ P of energy. fiell of energy.” O It's a new day fidll
full of energy.” A of energy.
» O. T if you take chances “if you take OA if you take chances
“if you take : chances”

chances”

(O “Speech” A:-:—.r.‘:«::il:".)

[O “Speech” A:‘ 1script

5.12: WBHE - WAL RPN FEIERE. £ EROURSER, ABOSRSTE: RIERRES,
=R LS TR

ARSREFTTT. A FHERAE T S5 BAE S RGN E, EEIEERER
R B B o 1] 00 55 WU e — 0 A 52 5 B 5 S MRS SCA token o 491201, WACO[49)
IRV R B N RSO [, SRR B RS B PR
EI-SCAX T, WX ESE OIS R s B AR R, xR
SRS CRAEIRIY” “RY R FERE T A S HIRRC A . CLAP[9] ¥ CLIP Hhi &
B B o B I gmAD 2%, EILE A A O SRR AN SO A, il 5.13 B
FEIE. UFHEFREHREEHN U THAY, BEASEEIIEYIEN G
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Iz \ — g

RIS A

VG FC i) 5 001 5 1R A B HE

K 5.13: B SCARXS TR FEAR L .

gh. HOMEE. Bk, RAEHESHATN N, BMERSEES NS AR
HETESER, EHMAWIEAN E2BE ARG br.

5.2 ZIRISEMRBGEHSIUNETT A

AR I EHR . 1S ARSI RIE SRR, MRS B R 2 A
BN IHHZIR 2 E MRS I ZARSEMIER ., fFE WA, RRBA IR
G, EEH SR SRR RIE, HOGRIPLE I RE, RARRREEZ
] [ it B B AR A . RIE S B B OISR, 152 B0R 5355057 AR SR =&
I, ANEET 2RISR A 5N

5.2.1 SIRSHEMERIAYIER S
UG AR 2 WA R — B S5 (8 5.14); A0S, e

PG RIBSER = BAHE. SN (B 5.1 ik B EE S mise) EIE Tk
NSRRI R KA SRR 91RO S SR AR i, 3 T A A7

T R B4t 21 K1E 5 B8 T 52 A A\ 23 6]

ey
RHECEE s e B
SRS

TP

K 5.14: 2RSSR A IE 454 . il as A DT,  TEREARER 1 ST IR R bk
S RITE SR AR, ORI SR RS RS — I F A B S, il e
5 RIE

SCA

MERXENFHRE=REN. LREMESHZI, EFEE AR kB AR
RAKEE, FRABMRR— S 80 —iE? LRa L EHNFR, KEF 2 N=K
(B 5.15), "EATIEXT N ERETT 30 H R BITR K AN [ % -

227



LA FhE BRESHESEINE A

- EHARLE: BMBRSEA IR e gn RS A S RS, BABU 5 AR
BNEEHEA, BE RSB Bk SEYANMAL, 55 8 IR b
mitas STH S EA, AR LLaVA[28], Mo -1 REREZE. Lk
3 H R IE I E5 A B AT SO A

. hERRA: BRSO A, Tl R X S L A 1 M
Z A . KA BLIP-2[7): TE A6 1 FR B 8 5 V5 2 R 2 4
A/ Q-Former, FI—LmT2: 5] et LAAS Yok B/ A B (R s it
BB, FEEAE SR, Flamingo[20] WI7ETE S MR & R R TH %
SR B RS B

- FPHRLE: LEGRFHEBRIRANE, SCABRAZERR —FF], LH—DERE
WG — BB AR RbE R AETER NI . FRIE SRR, B 2 m] DL g —Hh 3
I R BN S AR . AR R Emu[18], BEMWHRA S A token JEN IR —
H [B13 P 471 i 21 3 1 5

FHRE
(Emu)

A RS - [

BLIP-2
e

A (mie P wemms - #w

(LLaVA) © ity
A A

K 515 =3R@ha “AtEa RAEMER” X (o /RZGERIINME S, B ERT
WOER) . FHIEE (Emuw) E5A ST B SR ATFEAF — 8. g8 @8, &
2Rl (BLIP-2) & H %5 )a A2 XGER g s 518 SRR 2 A2 1., e iRt
7 (LLaVA) ib#LSE 56 MO it ds e B i, R 45 SORPHERR IR S

=FMERN, BEW SR 515 FEG R EENEREE. BEREG, B
AR A R L BB S 25, AR SRR, SO L 0 2 A AL
Gifihas 5iE SR . TR, X R IFARERS, SEh R AT RE S 2 AT 3
EFRER I BRI AL 5.2.2 JEIT.

ERERG O ERING. LR T LIRE—3K, EREE /R AR AR S g 5 4
Bt R, B O TS OOK token Ab T F R MRl A R, A 2 THE B EGE
“ERR” ONIE TR AT — BN o ISR R SR B ER SR el SR R D
SR E AL RNZRERARE, (EPN R 2 SEAT X 55, X RE KT ST4,
NATREESEAE ARG b5 E AR NME RO -
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BEREN.  IEEMEMERE AT DA g hh At SE R R S A A
No B, T A RERY B R ST e N 75 2R

aj,az,...,ar.
AP IR SRR AT R R R R A2 AR5, R BRI ITE S token 751
Z1,%9,...,%K, K«T.

IXLEEEE token 5 AR A — N RIE B R, [ RENS S8 BTE W I L 1 R

FE SR AR AT 55, A 5.16 B

[iﬁ%/%iﬁ %{ TS h{ e P{ et P{ T tolen P[ KB %»[ I#ﬁﬁmj

A
S

K] 5.16: 1B ZMAKIE SR IEARLE N . BRIV R AR KA T8, Bk
PR N RIE S A B T token.o

AR ON K<LT

B S EGRARN EZXOE T, BRI ERNELLRIT, 5 token I &
HZ . WREZR LMY token FIATE S A, ATHEIMHECR, ERHEHT 5
A ETFSCKE. B, ERBERE RGN RAE, B A R R s R R 465
T3k, A E LR B T ORI TR NG PR [R] IS 446 967 371

BENRE. EoEAfd BT REAE, B R A H 5K 5 % token
aj,ay,...,ar. XL token 5 W ABLEMGAE BRLA K, FFEEAERTI “RlA K45
7 BIMEZEPN: AP %% token. KM% token FISCA token HHEMA — 5, HAC
25 [F—> Transformer 403 (mFHIELE) s 0] LR A ML E S midds, o0k
token 1A X F & JTBUEEFE (WP EZEREED, W 5.17 B,

7% token Ef% token XA token

Transformer

X =) H R st }> farth

5.17: B H 5 ARSI MM W& 7. b KA BBASCK token HH%
NG FPH; R SOREN A XGE R T 0E H AL .

HIAMEE, 1HH token EEZ, JFHAAYMKIN NN Kk, fhd s
W R ER B AT N OREE, DLk RTINS B iy, fREE “SEiiAt
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2 Ja AT IR FPoR R M TIRH HE . EE RS, BALE N S AL 3
=4 T IR I VB 5 S R ) 254 o

5.2.2 MIREEEE: ESEMPHNIETER

T bR A DL B i &, RIS RILSEE S 1EE (VLMD: e iRy R
N, IF B EHG AT IR 2 S HER . MLES 22 ST G, LS TE 5 AT ER R R
VRN A, ERUE S RAREIZ AR T AT SORA G, B BR A 704 p(OCAs | MR

HTAETT R 518 fros: BB Lg% 5 ERE AN E T token, B
TICORARIR A Z A, 530 token &R O TE SRR A5 s AR E ) ) Ak 20
WA R SOREE, B REIE R A e . MR E, B T R SR
gy, XAET Xk B B

L s+ K= \ 5

W token WA token (#2117

5.18: ML F M. BRI NI token, 5K token PHEJGHAKIEF
A, A RO R AR

RETME: ERFRARXEL. AFRMEE SN R, EEE T ERIREREN
it BRAnfarE AL B G 5 o 0 4 H 4 A RTE SRR . 1 5.19 XFEE T =R AR TER)
ik, =FMMEmSE () SRIEFHRMY CGEGD KEME, ZRrgErhfapi
HEEZRER (B,

Flamingo [?ﬂﬁ%ﬁ%%%]—{ (}%])\*fg%fﬂzﬁg . H ki’é%*ﬁﬂ}
A
BLIP-2 | Wiitghigss Q-Former A
- LIS ERD> R token) HE
A

Kl 5.19: =M AIE 5 BRI EE 7 SO0 T A & w23 5 A (GG
AREFHA, AIES CRE) [FFMARE SR, =02 R E 8T
R .

XTHEE] 5.19: 5—1TH) Flamingo|20] fEZRZS G 5 B & 2 hdd A2 XoF
B, ECREARNIET “BE” WRRHE, &S 0B E SO 7Y 5 /R AR
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21 AT BLIP-2[7) T & S EUR i 5 & S M KIE S Z RN —NRE
1) Q-Former: EiiH —HTF I &@&= (W 32 1), B EE I MNE G
fEHHREH B 2 S e s CBuE R i fmil M ooe, 5EG PR BYgE
TR, G—NEMEEREERN “HIER” ENEFHEE; JIZE R EH Q-Former
iR E, 0BG T —56 8 Q-Former 27F BG4 iG 28 b2 ) B SCH 55
M RN, FEEA B ES B E S/ RER AR, FiNSHmRs 52470
LLaVA[28] KM B A& MRS (8 MLP) , {8405 R E B 2 e i 3138 [ & 25
6], 78445 token. WILLUEH, FEHARHNE J: M58 XF 2 18 40 8 n) B4R B
52, AR RLSCR AR DR R B ——iX 5 N E P I125 75 03 UIAE %

SMERERA RS, K 519 His TR AR, T — Ul A
—Fh CEEITH WEBIRRM 4. GlEss (B 5.20) . SO g s A%
PIREANRHER &, FH—MERE W (B0 ZE MLP) WU 2 5iE m EAAHFE 4, s
M) & B YEM S token A AFF . Q-Former (] 5.21) 5IAN—HTF ] a9 %
e, WIS EREIMNKERGRES “H” BrREE, W HErbE
token, MMM A ETNEURFHEEZ4E 2L A, BEFHETFI. TERZEEN
(B 5.22) AEBICATFS, MAEEFHEMEYERHA—NTXEBRENTE, R
FRRAS B O S R s Hofar H 263 — AN 14% tanh(o) FERZEINRE, o WIEGR 0, fF
WA LFA W RIS, RimERE. iTUEH, MEHERFE R Q-Former
W YR T), ERA A 45 0 5 2% FE AN IR A AL ) L AR 2 AR

MLBEREAE P token
h, € R% z=Wh, € R?¢

ARSI d il ) e L

5.20: LR IERAREL (LLaVA): H—/MERE W (8 )Z MLP) A0 50 451
5 2 5 iR R E R 4ER 2SR, B MM token.

B S kRS K
- (Q= 7, K/V= E1{$H) L token

[ﬂ%ﬂﬁi@ @noooy g (K< M) } M AER KA

K] 5.21: Q-Former EFMLL (BLIP-2): — a2 &l m &l R IR E
FEURFFAE SR IUE S, A H [ E (1D B token, SEILESA .

NESERXAVRRE .  BRERLT AN, INRT7 B et 53 BLE SO 57 BB S
BRI O E, Bl CLIP[10] Y gk 0 B SO ALt g i 4, 5 1l Jm SiA L
BRI . IR IESHER OV RE . LLaVA i BhEGR 4 SO R,
Hahiig “EBR+1EL+HRE” SR RS ATHoR,  AEH BB e IE N SRE 2

231



LA FhE BRESHESEINE A

- TXEREN ) 1745
AFDIRA h (Q=h, K/V= ¥5) [x tanh(a)

A

MLBERFAE

Bl 5.22: 14828 Xk = &Y (Flamingo) :  TEIR 45 1015 5 B8 2 i N 22 ik
BRI FAE, 22114 tanh (o) FEBUE BN o ¥4 0, HIAGES LT
AT PR,

o WtEHN 0

InstructBLIP[25] Qwen-VL[36] & WIAESE S Hls S 45k Lt — D9 e . FHE U]
M2, REMBAEAFLS L&A, H “ER” BEREZRR, BRI AN &
Je R AR, AR E LS HEFE

N
WL T A B K SEPLR s RTINS 203 B 0 o A4 0
. SURIZ—, WA S R BN RSO R T S
WALE I MG, DUECTE PR KSR OAR AT U 185 . 4061205
BB KT W2 —.

G J

R BRG] T 5K B R ECE KR BB S R LA
SRR, WAL S A b G 6 ST R B AL L token, 5 A)SCAS — S A\ K TE 5 1
A, EHEEGNEEE “APANERT PR RIS “H R,
fif 2 BRI BELIGE -

5.2.3 EHIESRE: EEERPINFTIER

SRLEE SR N, EEES RETIEE RN RARIE S, DOSiE S
PO RS AR TE I ST AR SS, FLA R ARG 5.2.1 IIEAAESR. —
B FEERATHIREN . BEEZARI WG, 55 SRR E g, Hib
RN SRS A WITAEE. HEERAE . FIESIE SR — M,
FEAUHEES S T A WS O KTE S R T AL B AAE S8

WEERNEETIR.  (LGIE TR

p(Fe 3K | 1),
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FRRRLIETAIEL S Ve st (P47, il o BB 4 6 SRR 4, %]
plFE | ¥, 16 4),

Rl b tH AN 2 IR e, Wal DR M A &, B BB g R . A&
K 5.23 iR,

ﬁ%%ﬁﬁ%( EH }+{%%ﬁ%ﬁﬂ

R
R

5.23: MIEHRAMBNESFIE SR A RN E 7Y, HEE SN
Ziain T MR SR . B S XIS

BHRYL, g —BafE LR, EginEiRn Rl HiE v HS “ LA
Tre”, RVERL p(B 530K | T6%): SR SR 4S8 BIIEE, By
HAERZ “NF=rl", BIEM p(lRI% | i3, 972). F—BOE®E, iES “H57,
Ja# R “ERARIF RN

BENMMENESERE.  HIUJNEAMEE, WK 5.24 Firs.

1 FESHHERN: G T omADas i HOES B 2 30R, 1 R IGAT R4 A 80,
il FL 2 B 5 SRR [ — 3. Qwen-Audio[35] F1 SALMONN][38] Z5&fki A 3= TR
P54 o

2. BEL token EN: K EFEMNAMRES PRI BEAEIT, HEXERT
NG AR R, (R — MR R 48— AL BESUA token HITE T token.
SpeechGPT[42] KH T X F L% o

i%ii#?f&( i H%Eéﬁﬁg%ﬁHE?ﬁEﬁ%---
B coken| it | mmee J—sfuoa]

¥ token 534 token FLFFAI

& 5.24: T token FENIE S A RIMAIT . b RGPS SR R 4 0 BUY 2117
AR T RESE AL, 530K token 45— @R,
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BESXAK token BIXFF.  EELLANTIRIET IEREBI, (H1FEF RREANE S
RYBE USSR [ B 8] B BER A TTIENAETE & token 53U token fEH[F—1H
IR, ZRNS, —BOREEE 5T MR &R, BRAMRYEE & A1
I H BRSO -

L
£speech = - Z lng (yl | Y<i,21:K, q) ) (57>

=1
Hot 2.0 NIBERIR, @ AXAIEL, y N I D BEFRSCER token. BALAIUNIEH
SIS B RA RIIAL, A REIEFTIIN 5 S23CAS, g dris & 5 30 E L2
[ R0 R K 2R

WZBENREL R. IHEIESEMEFLE LT =B
L IEE-ARIZ: FIRES 58S SR SdE, BB E WE S U Z IR
R AR o

2. EEIRSHIE: AN “UEF A - [B17 Bodls, R TR S S R ) 1]
By B EAE R
3. EEXENEG: (AR IEEE, ARG, Free @ s St e
JGET [FIE
Whisper[51] 7&K 218 5 155 R SIS #IEERARER, Wl T OEREH -
AYNGRAT DL 25 48 55 18 5 NS SR RE ). FEBLEERE E, SpeechGPT[42] i#t—
DA HOE SRR, (5 5 AR IO AL BUE . Qwen-Audio[35] K Il k7

PRERIE T . HARMIAR A S LM S HUEST: SALMONN([38] WHEE & gmidds . 18 A
H I A SR ERAGE S, RO B A A IR A S5

MEIEFHEM. HIOEFBESCATEME S, EEABET L5

NEWERS: EETEAEL. F HEEMATEA) T, AFRMIXEH
W55 & AT BEE VIR o A AN

o IRESEN. LHlA., HERMCEERESERKENE, HHEERRIARE.

« ZANEE: 2 A\ UIER, BALGEFE W N VA7, AR ELESIES
AL AARNG 2

o KIBEF SR B token FHRK, I ESE ]G E KR40, MARE &
token X &Nt & &AM [AZ AR .
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ERRT

BRI RS T RS, FAHESHREL . B SRR <

THA”, AR L RIER B 70 SOm AMIE S &, E, iEEiE S5
R DR BRI 23R, TASRE R O 5 SO

5.2.4 ZEREIESHASITF

W B UG EE SN G, — R 05 38 £ T 2 B P P 7 B 4
BUE RS RAEZ, T I IR G X S8t o 7 & ARl 5 22 42 Bk . #5480 . RLHF
5 DPO 27 A 5 CIES =i ie, AN R H7E S SIS IR 2 AL .

HARME FEAEN . H—, EOBBAGSIEIAES: LHEHRIK
PEEE H BB IR+ HAREIE” MR, R, EHGHE. EScHER
s HOME RO, SR R A B TG TR SRR, AR U SO AR E B
ORI REA (LLaVA BRI TR . o, SFFMEmEs—5: B—
WP P 5 22 AR A, S0 B S A A R T T B R M6 40, (R g [ e R
ST bR R SE T, T ARR0E 5 e B0E .

EEMESHIE. BEES8dRmEE b
EERIA + CARIEL + HiRE

Hil. EAHRERMAZR TR EES, M2 ZORBRRIEIE & N B e s €55 .
LR A 5.25 Fs.

BEIRA [ —BEH H“%EEE&%%” J—P[ XS

EsEE [ R }{f%ﬂ%mﬁi"}—+{ S
EEE [ - }»@%unﬁﬁ%W’}%{ o
=y [ PRB }{“ﬁi?ﬁzw }«{ 5 AT

& 5.25: EE MRSV HE WL [ HEREARRES, SESERES . #
By R B SR A

]
]
]

A (T 5 R RIS 5 B T LB S e AR st I, o <B4
BEAMAE R “WESIXEE S RS, 4 % M%7 HAGREN IR
RS HARET. X TES RSN, BRI E S . R
TR, BRSO R 5 B % . SpeechGPT(142]. Quwen-Audio[35]
1 SALMONNI38] 2 T/F B3 it 1 2 2 B 25 R BT 45, MR B8 0 9 4 i
PR AT
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5.2.5 BB —IEE—XKEKEEER

BLseAs BMEAE 2T MR A S . 75 & 575 IREL RN R S i 15
P 5B, A AR ERR AR R — BN P R AL B B B S OR, o)
TR L (B S5 KE) s IR 540 5 5 5 G54, JRAE Gt 3o T 5 S RS [ R 5 28 A
HAE B, TR UM SRR E ), RERFFAE BE 5T R85 WX
ARG BI=BE LU LSRGt RITF RSN DN,
BOR R el Gt MRS A JRUAE SR 2 ML SN S et

LUEE /BMA%OINEKETR. AU, REMSWUEG RS, BElEHEE

VI IV FE SR IT, TR 2 S A FOBSF RV A7) 0 BT I 20 B 0

PR A R, A A e MR IEAE R 0
/

] 5.26: LAV £ SR BN AR L BORE A G S5 ) — LA Y 755

5, BT S TR

I ][] 22
IR [] X 5%

\
ey Rit] SN
PERARLS YR B R

WRSNIRAE . WAL R E, S RACIE AR, BT AT 4o i
SR AR FAE. BN, DR AT REE AN TSN, TR R A TR 15
P W] DL B AT P A 11 A B M S T 1

BEECEZT AR, R AT DIF N Bl B ERISCARIR 2, FAL A B A 3 I . 51
n, ARAE MR R T Sk B, BARYE PR Y A . R A R
IEE S NAE S EUE — 2, EE TR (FATES, s Rd & Bk st.
K ETXHHIBERE L. W TR, REREH 2 Nl BRIE T ek m A7)
AT, TR

(‘/hAlaTl)a (‘/QaA%TQ)a sy (VLvALaTL)7
HAr Vie A M T 23 3RoR 58 1 AN TR NI . 30U 7. T o AR B X
IFIE] B 26 R U, IFIERA I — )il . — DS ER—Fh s & 2 K AEAE R — I %1
A I TAD O A8 R, gl AT REATE J T P 75 2 AR DAy I T O B T, T 7™ A2 5% ) SR
5.3 FHEMBRSZESASTER

AT IR ZHENFN AR SORERER . BGHgE. 155G SORERE
AR S RIS, (HRER G RIE VR — DR 8% ¢ F, #2H
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WNE o B2 A A REE,
F2:p(x | e) HNARFERBE 2. (5.8)

Hrp 2k e WORSOR B IEEEEES, His o ADNER. EEEE. AT
SEAFAFAE R SEA RS, BRSO RER . B gE . B, A R
SEBRSZEA R WS —AMESE, ZUOIIR (5.8), WHHETK ¢ 5 ¢ K
Ha.

5.3.1 4 i iRR E A

BESMERME.  BRAREA, SRS BRI EX— L
XEPTA T REBUE S HER (EEUEIE) SRS GESAEE) rfid. LRGN
B, FIRCARAE “PrA AT REER M B e 4 A 1) EARAE — AT p(a): HSE. HARE
PR I DX R By, SR ELTE R OB R A SR B SRAFNZ 35 A il B —
NEARIUE . a2 amif, HLEsE IRl “Am”, KA LR DK — A5
TR

KSR ORI B AMER . 1SRN, S-Dal A
FE R BRI AT, BRI N, BPERA TR R F . B
A U AE UG Al A — A e (Rl EHR) — Xl RiEEE. ik
F b 18 B 1] I A S S 1 R m) B, R BSORARHR IR “ S8 oAl . FERAE” st

FIFERI 5SS piER . PRIt X ISR, FIRIE R A ST R 5T ply | ), RN
HIAATRINAREE, SRS Z 18 () 70 55 Sail 2 BUESS TR MR . S AR B 24 3] (12 2K
ARSI AT p(a), FRRZ )G BIFEREE RN IZREE RO MBS RIFEA . FHE
FRARBYIE— B BINZEAT ¢ 220 p(a | ¢), ANIMTREFEAE S 2R RAE, BIINZR “AEp—
FO” AR EGR . 2 BESERT, %0 ¢ ERERAFBESKNAN: ORI
NGRS, TSR R BB G125 1T

ENERGERTTIE. WA R IR A0 R, P 52 B R A T3 (R 5.1):
RIS [21] AR Bt Es [44]. FOEOERAL [15], PALCRIUE > iR s T
TRE RS o AR DA U A Oy 128, ISR ER . 85 S0 b N A
B B IHAMBEEAT AL RTT EANRIE R R T AR B[R] A L e
S AR A I R R
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R 5.1 W WAERSGERT R (XS0 BAED

Jiik %0 AR AV

EJEPE! P E LR ER p(r) = [[p(z, | WEFHEE. EBH
[E<t)) J‘zﬁ%ﬁé IEWE

A7) H gt ais FIANEAZE, CEZESMARNYT VAE
H

A O BT 4% A pas GRS, IRITFEARIERE GAN

IR IE[AZE e [ g2 LM IREE DDPM

2 i it DAA] 10 AR 46 45 ] B 73 AT 5 B4l 70 A 18] Normalizing Flow
FEE T LSS

5.3.2 NAREEG

SCASE R ENR @B p(BME | SOK): B —BOCT IR, R 215 iR
A—BIER . X—I7 A& F TR EEAR W AR o Bt X 2% B S
Ao EE: DALL « E[13] K EUR B BN token J& LAH AT 2UE MG Ih/E4 HUR A
BN F A —2K 735, GLIDE[22]. DALL * E 2[14]. Tmagen[24] 7£FF % A
AR EIAS T RUFROR, T BOUR AL [27) (B Stable Diffusion fREAi) #id
FEARAETE 7L () Py 5, 38 PR T o SRS . T DAY B ], 58 R it
WA 5 REEL R, MR T szalal (5.8) FTELRA “@Bio i HRFE .

EARBE: ME5EEE.  BIUECHOESERRIBENLR T TR AR T U A
FIERPEEh S AR R AN -BHE S (Bl x iICEBEIE . paa. IC8HE
oAy N(0,1) 2S8040, FEMARAFERRBIAE, USRI EJy 2614 51 3 B
AR T BB AR, X ER A R R R, HB AR5 5 DY & AE
S AL — B THOERA S AT AR SRR (1 5.27) . IEENEAER — IR H
KEUR X0 ~ paata BLIAGHMESE, 20 T DA RS K xp; X112
R BOER, LfFE. REMEENGTGESS: g MIEmL, G5
BGATPr iem, WiRED £ . e R ZJE, BRI EM
Ko A N(0,1) KAFEH A, REEBE, B2 H—iEEE.

- TR (Fi, RS - - ~
e

; L Fge L
xp (AEE) ——— - X3

xy G

B 5.27: B IERIZEINME (BE), IRMIZEHZRMEIFRIE (5240, ARal
WA TG, WA AR R K.
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WZ&BRR.  EFIRENEERIE ¢ 25, WK
Xt:\/@_tXO—f—\/l—@tG, GNN(O,I), (59)

Hrh 28 o, B ¢ BERTECD, FRonBEE S IR B b o R . R
2% €9(xs,t, ), DFHARMEAMEE x,« PEC ¢ 5 o PPN e, B2 fhiih
1S BT -

Laig = EXO,e,tH € — €y(xy,t,¢) H; (5.10)

BEAR IS4 ¢ BISCAR: SO R gigas CH A 5.1.3 o5 BHER S i SCA R )
Feonm B JaiE NZE, (R0 RRAMI T SCAS, Mt 51 525 B & Fid (175 17
pri

WATRAE: MWIRFERIEIG.  IIg)E, mlcan R aCR_E, XN (5.8) 1 “M
p(x | ¢) KB SE ST ARIENIE x0 ~ N(0,1); BEJES ¢ N T3S 1, &E
AT

Xt—1 =

1 11—y
Ta—t("t T VI-a
B AE— 20 S N2 fh 1 IF 2B — 0 e s, FHE N> ERNLME S oz DAERERAEIBE
MU EARE ¢ =1 19300 xo BPAAE R EHR . FTRUE 3R 56 X IR BE 4% SEBr boe L
T—LL e MR ATAAHCREERI 20T po(x0 | ¢) EXTIRATERRLN) p(x | ¢). H
THRCRAEYMEAR, BB AR RS R .

FUHLE, X R E S LB “ g Rz b B i i LT 42
Weri, BEEI (5.11) MEMIPRIREHED, R, BOSHTEHFIN, REH[RNE
7 14

Eg(Xt,t,C)) + 0,2, z ~ N(0,I), (5.11)

RN A—HM: TOERSIS. IR CRRIIRMARE, SEEH R T
DREFIIF[R]: AR PRNUE “GEFRME” 5 “ARGRMT PIMEESMT, IR
RZHZE,
€g(x1,¢) = €9(x¢, D) + w (€9(xy, ) — €9(x4, D)), (5.12)

Hr o RoRANRUEFAM, 51 FEE w > 1. FETNZ “BSSCAR” MR “ABSCA”
PR s, bl w BIBCRM SRR . — M5, w BOK, ZER8IN & 30R,
EREARZREPERTRE N B, 75 AU

A TEREGN T 45 SORPR R ¢ — BB LA T RT3 R ARAE R |
BHOCHAYE ", MR NAEREFS A FEZOCARRAT B R0, RS HiR 18 30
g BCRRIE I E N CnfEFEi . TR, ERO, ARSI RSB T
LKA L w, SIRTEME T, HEFMEEZ TR,
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5.3.3 BlGHIE: AREZHTHER

SCAE R B R MR 7S A e R, B SRR I B AE R € A B4R B iz,
PRI 20t — TR 200 AESI N AR i A, R ORI IR A4 S5 M BXURS
AAg, HEBIL AT E

p(gmiRE B | IR, GRS, MR EREE R T). (5.13)
PlanitH =R HONE IR, BT SCEE R, FNRERF DS, S5 5FE

Zik). BBRGAEN — Mz, IERAE “Hisdsh” 5 “JRERRE” ZRRA-T.
OB 5.28 s DUR MR SRIEF MmN, STH AR (2831

AL PSR
A

A4

I PR A
S it

A
. 5 P A 4
. SR (35
CeAdeS [ I  SHE ) BEE)

K 5.28: BGRHER—BOEN: DURE SR, LA R IR B AR
IR FE 2k A B A R . ARIER TR Z R, EEAET “g@ERM0" Mkt

X E 5.28, ARGRITARRI DO 24 T EIrh “ gt actt” DU Mg, Heittnl o)
NELTJLEE:

- BEBRIZESYT R EIRENHRBIMNE XA RA R, MBHAR “NAEALL
AR

o XARS|ISYREE: DLEHRE SR Hir, fEREREEEIRFTIR T SEI g,
SDEdit[39] 55 Prompt-to-Prompt[34].

- 1BSONMIE: HEEGHRmEGS (0 “BRTFBOVEE"), BRSNS
InstructPix2Pix[26] .

o EIEEIS SRR DLIASGE IR K AR NS R DU E f B,
11 ControlNet[12]; Bifif B/ 822 B 4747 € X RIS 473, W1 DreamBooth[17].

CLES R D f] . A B A i B B M A S Ry FE i, AR i — SR EE A SR A ]
— PR 2R AR BRI —— 5 3O PR i AR, R AE (R fr
AR RT IR N HEOCARE RN . € R 2R, BUAFRSCR (“FABML
277 “F R, BIRE RIS Bam A F 1 B
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ERRT
TGRS R REA BTN ARG, EHBEE = Z OBl

T Bhrdish; ANEEh b EARIRES: R d S 5 BEREO i, X=
B AP, o B G A e 2 A S D R A2 Ak

FFLAFE & m B oA H: 450 — ik “ NYISSfES T #riE w7 R S 9T 2“8
HRERE L7, RAERIF AT B85 EREMAZREIR T, XEhi s
X FICHLEON “RARSOVE &7, RO 522, W E R

5.3.4 EEER: EEESHFRMER
A3 (5.8) THERR o BB FfF ¢ BONSCARUIE A WS, EI1350E

=2 AED
ER=pI%

p(IBE | SCA, BN, KA, 5. (5.14)

EHEBAERN - MRAZRAET: BEZ SRR XA, 85 2R
(] JETT WIS 7 A1 A i 3007 BT & B AN LR A TR SCR N AR, I8 I 5 2E R
HARIE . B, R S

MAFBEMERRE. MAESTSRAFRCET =102, WK 529 fros. B,
SRR SO RNEAL, JFRHON TR BREIES Yo M, BFREERECOR
TR /R B B 5 tokens BJm, R ADERREIXLE o ]R3 I N vl # IS & BT -

BIEN KU TR
HESHEIEY

TR/ ER

& 5.29: SCRPITE S WAL P2 BRUARIE SCASRIE N L WA S5 25 2B R 27
Ror, BTSSR HONESEE DY .

BOIRUL, 4R WK ZHERE” 5 -BSHIEE Faeat), #
e i SCA i 55 75 A AR A e R, R S L OB SO, Rt LS
VA& QLRI IZ ORI R G R R (0 “ %P7 BB %iEE, fEn]
FENBEARRIETR FRE S SO, XIEEI FEs AR “—xr 27 frt.
FRSEEEH. [/ ORa DU N 2 R OE sk, S AR M =Xt %7
550 BT NSRAFOUE BB R HE, Fm. MHCHIBERILRIFE TR . B, (S ATE
o TEIEARZE N AT P s AR ECT R ERIA T e AT T RN A = TR AR
R WETE. & aR, FFREEHEERUTENAZRE XK.
THAGREFERE. ZUIE N DB S 15 & TR I 1E AR & SR
%, PR T 2P 2 WL A SCA . A T BE A8 D9 I ZR A R S B A s N B AR G
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AT EEF NG, EHRATFERETEM. SHIEGFRM “HERNFSFR”, WA
MOARARME VT A7, R N EAA AT

EEREME SRS . BG4I BEHN g2 A R RSB token, TMHEH A
JRAL 2B I TRV ORAF MY o — A7 B BRI W X R TR e 22 l, DR AR AL 7 2
2 A G 1B B Z TR AR RN [0 RO B o XS TR IR W] REIE e, R RH(E
PR TR AGE s AR BN TR, IR DR 5 o C AR A — B

KEZIME. Tacotron 2[43] SR “SCARIME/RIE, FH WaveNet A D884 B IE”
[RIPIRT Be 4t s FastSpeech 2[19] AR E BIHARL, JF R AEBEMAC, HmfgEE,
Pem Ul E SN . VITS[48) i A8 4 W AR BN TSR, 5 5 @S 5 ¢
WA AT o B A U 2. VALL-E[45] WG & Rom A S Em & B iy token,
BAE ST SCA token —FETIUNITE & token, FFRIARIEHAL I 218 & AT FHE
ENENR

EEEENRSSRIE. FERANENN A SRR, KA E RIS,
RS T E e S BRI, FEH, SCRRAGRTAS SR, YT ARR
RN, BRI R A R TE e, 4 A UKD . SR T i
TR S M ARG PR PR [33].

& J

5.3.6 EHMERK: FEEHSEEFESENFHER

SRiEE4L, EAEZNAE S EE HRAER. AR R ESERAE R S
RSO IR A BRI A, RIS SRR, A p(H O | SOAHR). EHIEH
BN L GES S E T, EEEH RIS S NESRE N, — s A
SR E . RIS R B, HEAZAFE RSN, SR .

NAEIFMMERRIE.  SORBIEIAERA R YL, TR RYE S illid ik A
RLFE & o Blan, AN “HRAEIE EAREa”, BATREAERWNA . EmE R
R LR 25 (A o HARAGAZ NI 5.30 Fros: SOk et i N sk &, ARk
AR = AR L RN B IS I token, i Jm FEIE BN B BT o

FEEHSEREM. BRESRHGEERBNES SN, . BT EEs
g, HERMAERNEES Z A RN SRR MBS flian, WA, Zef
AR, BB MR RN HE A ERSE . WA B RNy . AR AL
PERCEERN B, IR E EA TN TR RREEE A VLT AN et RREE
AL E S ARIE LGRS, e A MIEE . S aRAE, X EIFRA T
(H, BAAETEEFMAMSE. RS RIS
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e B s N
£ [EEUHEE?}‘%& ’{ #H1 token

W | BB > R S48 547
Gl &
“PA S5

B 5.30: UG HE A RS M . A BRI SO HR P AR I E A G Y
R A SOy He B AT H A

PR, B O TR B L AR AR AR SRR L SRR
SRS, I H 2 ANFAFAEN B R0y IR . [/ By th ] Bexs N VF 2 & B
o DIEBRL A S (AR e — 5 58, T2 G IR 1 & 0 A

BRI BRI HOBIR ISR IR ) EOSEE RS NN 7, A s U M
PR i, ST 26 H I 513 R IR

Zp — Ty — - —> By —> L. (5.15)

ARG SR, BR AR I B AN ELRAE v KA R B L T S 8 s 4 Dy B B
RYEEAE RN, (EREE R e A, Il R as M S K BB . U738
B b KM SR AL, (R A BT A T A A AN PA S

NXASIFHEMMmIE.  EIERGE AT R O B BRI B R
A ETE S, el AR “ BRI~ “CRANEE B HON T AR 7 B “ B HK
FrBCY SRR MR BRSOt e A, N RERBERE Dy, BB I
B, BRETEREABERENL.

RERIME.  AudioGen[3] K& FEAL N EHL token, FHAEM H Bl HBA AR 5 AR
AN ; AudioLDM[4] 1 Make-An-Audio[30] W3 Bk 24 B F - 16 46 ) 1) 35 4
Fon, WEAERMESE R . Make-An-Audio 2[31] #E— 5 308 5 3% F A4 158 J5 T
A E A (I 18] — et . AUDIT[S) WA “J5ah &40+ gt & + B AR S %K
PR AIETEY HOS A, ATAT A S0, MIBR. By BUE 5 5 9miRAT 5% .

AR E, SRR /NS A BN NSRS HE
T B B SRR ST R RS N ARFAE IR, T — A 355 A0 A O 7 L 2 2 A e
BRI SR, AR EA e A R A S
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5.3.6 EIRSIRZEERK

RTIRAEST 2 N o —25F. BARZE . EHGL PR, RZFM. ZRE. %
L ORGSR

p(HAEEES | 304, B&, 65, sk ER3C, HRS). (5.16)

Biltn. HcHs B A RIS UHE: IR E S TR B UEMR, ks BB S SRS A AR Al

B BAEZ R XIE AW BT AR RS R I F A A T A RS S A —
BH— B E A B SR [A] SO R —— RO R A A U R
SR RN ORFFIE SO B 23 [E)— 3, I [E2D 5 P S B 8. X SRR 15 A
Ri: AT R e R & B RAXN T 5 SRS TERE ), A R SEILEN AT 5 1) 2 A A R
WAFE I | — X R — R N SR “AE RS IR BB AR TR,
CoDi[11].

LUBE /EMA B EHRRZEER. 85 A AIE T DUE i 2 35 24 i) B
r, AT A VB P IR S50, Wl 5.31 fos.

% /B p—
ELUEEL e2 oy ol 2 a0

SH. A A
2 Ny HETER
EIJ‘ﬁ“Ejjzk#F ﬁ%%%i}ﬁ\

. sl 2
PRERA A PR
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WER: T, BEETESWESHEF I %R AR A

PSNECE SE B, B AT DR i A SCAS 2R A s & UHig . Bilin, HA
—BUACAI, R O I R D B B AL, AT AR RS A 1
A S ULECHIEC o PRI ACEGRIE “URI N A S8 S B, 15 E
R LRI R S AR 2
BERIEN. M0 DLEREAE SR MR, Ul R R
R CETF T I BE 7 B PR R S iR . AR RS
MRTE ARG RS, RIS P faE i, IHREREEMNE.
LRI

Yo p(Yi |1 A, Qary Yau) (5.17)
Hor T R BERLI, A RRSHEIEFHEM, Qo FRBIELNTRAIIH 14,
Yo RoRULRTE AT R . AR AT IR B e B IT SR, A2 e e Ef A
—HM SRR . XIEARGUEH T EFEN BT L7

o EXEME: ARAEFRGERCES 5B AT R AR
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