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Fig. 1. Schematic representation of an auto-encoder neural
network. The blue part on the left represents the encoder,
the orange part on the right represents the decoder, and the
middle green layer is the hidden layer (2). The loss is al-
ways a function of the difference between the input and the
output vectors (x; and &;), one may add some form of

regularization when necessary (e.g. Eq. (5) in Ref. [58]).

068702-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 6 (2024)

068702

73 [] 1) B A 5B 43 B FR R G 7 (encoder), T B 5
AT 306 ] et 380 e e (— e 5 A R 4 2 L {8
YIZR) 23 [A] )RS MR AR R ff it # (decoder). 3X i
SR 5 NATTHa PR T AT A 32 s ) i R A 0 TR &R
B HEREIE N LB . SRR ZEIE AR W
AHAL, 1HAE 43 B it 4§ (variational auto-encoder,
VAE)PA () BAr il gt B A0 5 A i 5 A
], Hrr AR (2) 2 MRS TR R e 1 2.
W53 H ¢ 1 op e Gai B 25 1Ak B 2 D) 4% v )
28, ay (2| @) Mpe () FoREALR (2) M1 () H95
A7, WMBLR R En] R a0 T

logp(x) = Ey, (z|) [logpe ()]
[ [pelz, Z)H

L po(z|)
pesenll
_pg x, z)

g2l

—Co.4(x) (ELBO)

=Dxi(q¢(2z|®)|lpe(2]2))
Hoh, Dio (g0(2[)|lpe(2])) = 0, FTLA Lo ,(x) =
Eq, (21z) [log pe(x, 2) —log g4 (z|)] W2 ISR R EHY T
F WA AIESE R A (evidence lower bound, ELBO)
AR AN, R B AR, R A g A%
T i i 85 a1 A B 5 B b S R R B 22 ) 1) e
. T XTBEPLRR AR & (2) X H 3157, Waterfall
0 LR T RS HMEE T (reparameterization
trick).

o AR E A, R 2 I TR S AR
B TRTR NS, A5 TE | BTt Fn T RE S5l A
EHUS THER T2 ML B R 104 g+ 77
2= Releigh-Ritz J5 ik P 1E 2 AR SO S
o IR R AR RS, S git2Erh K
I RS T A8 53R 5 25 R R AR A LU s 2L ik
ST TR 2 G4 JRE ()4 a5, PO FE A 28 R 2% )
2N Z 0, BT S Bl G T S A Y fig A A
(50) ZEAAIE R FIXE, IS T35 1028 45
B BE T 43 43 A v B R E R B 3 AL PO {ELAE 43
TS B LG g R A () N H AT S+ 24E A
Rlisl kA, R EEA WA, H—EARZ 5
R TR AR, 77 FER PG IR

=Eq,(z12) |log

=E z|x 10g
%(l)_ 46

(
[pal(
(=]
(

=Eq,(z12) |log

B H Ay R SR A AT A, H R S AU
G (Wnfe/ N3k PY) rh B0 A A St HAS
A, ST RS B e T AR R X
(KT 10 1) BF2U BRI B3] ANid il +24E Dk
BT H 3 ) B 2 N TR REHESE Pytorch™)
Tensorflowl8” PaddlePaddlel® i & & ik, 5
Z AP B ) e 25 ) 24 20 (92 145 3 TV R L aX
IR EPIA B 7 IR A TR T, AR B R
EILA BCA AT RE, P A B RAE RN o3BT B A8 43
MWz K. L% E NMTRRE 30 TR R A
FH e 3 [ ) BT BOR (k) RAE, 225
A R A URCRAE R R, DA I8 35 4 v K
b U AW R R T e (Y RS = e W | B~ SR R E B
T A AR AL T B B 5 N 2B TR S 2 o T 1A

Z PR R T B RAG 1 2s []. Xt IE AR S
FHEHE RS L
3 ATHRAZAEETERENE LT &

[P R | TR LU, AR50 7E A A%
S FRER R AR BN AR D, R+
ZAER TAE, A BENEAEREIE K . BET AR
KECAT DL 43k 1) FH e B S P 08— SRR A A R A ]
ST (spectral decomposition analysis)
1475 43 H6) g 165681, BE T [ F i 42 15 B ARE 3R e i) O
HEK PR SR A2 43 097U 1] P g #E # (bias potential)
(4 748 43 g 172 S 32 R M AR i JRy B 1) AT I 4 M
(lumpability) 553 f#PE (decomposobility) 77 PR
A Gy gt (790 6 T gk 25 e AR R 39 1Y) 722 3
.7 I—JHT%TE*H*JHZ EE A i R 5 SR A 1)
F 3 1 0T LR BRI AR 43 18 i ) 43 A 17,
ﬁ%ﬁ?ﬁﬂ"]ﬁ%ﬁ% P L% 1. EARITF ik,

3.1  SESREST

TE P Ty R ] o FE AN ECE AT R, £ X}
NE M TSR3 [E R 57, Perez-Hernandez 55 ()
KT FABEE T P (propagator) $F1E pR %L H
AH AR B A8 7 SE B T % B8 sl Fad R AR A AR
it (CV) WL, 7 TR 30 7] Dk T Rk
AT RHAEREL ¢ (= 1,2, , 00) FIEN:

l

pr+r(y) = Ze (i p)9is - (3)

i=1

068702-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 6 (2024)

068702

F 1 AT IRRARGE RS 7R 23 ) AT B R4S, AP IR e 5 2 (W) R REZESI R4 5 | 35 4 8 i =28 )

Table 1.

A brief summary of variational methods for low-dimensional hidden spaces in complex molecular systems. The

category of collective space problems mentioned in the table refers to the three types of problems defined in the introduction.
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Fig. 2. (a) Schematic illustration of VAMP score construc-
tion from VAMPnets (see Eq. (10)). (b) A typical neural
network architecture for analine dipeptide analysis, with the
number of neurons being 32-22-16-9-6 for five layers. The
first two layers utilized a 10% dropout. Relu was selected as
the activation function for all layers except the last soft-
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P I b IR ) B o 2R B AT I SRAT A D DT IR O R 5
23 8], DA S BB ik — 25 A3 s RA . b i AR
1 VAMPNets #4545 7EAE HERFER R ER 128
JOL IR

3.2 B HHE £ 5 A 2R i) 5K BK R B Y
To

52051 195799 Tk P PR AR IS (transition path
theory, TPT)M 8 ) F FHA AR Z (8] 1 1
AR S T A B AN . Rk e i e A 5
AR A RERLVE AR 1 RIS, EORBE B34 AT
Jp SR AR PAT R — S i A P RE 22 At
BT R, SOk [71,100] FE TR R A
V) Py 458 [ T o2 I 0 e ) 36 T 1 i 2 B R R )
] CE PREL, 2 J T i AR o e/ M i PR B A S
FEI P BRI TR 25 P R 22 8 RAE R 1) ik
XA A il B, £ 57 m2SH M A | B 7E
]G 7 ZE T T Py (s']s) A1) BT AL ] 7R

plsiten) = [asP $l9p(s0. (1)
Hordr p (s, ) Bl p (85t 4 1) 53 I%F B FBF 20 ¢(¢ + )
e RE s (o) AR AREE . T 1 th i 205
A g (), BIM s FFRA A Bk RS ZS B3 AL
PSR AR EISK T RS A O BT 08 B P 2
I, A5 AT
1) = [0 P (12), (12)
M RT (A A B B) RSN
Jap = % /ds/ds’(q (s') —q (s))QPT (8]8) peq () -
(13)
HLFT I 255 1 i 2 B R 9 1 A6 R

T = 5= {(a(r) ~ a(0))*)
= 2 (a(0)q(0)) ~ (a(r)a®), (10

Forp YO AT LA AR B 40 1 IR RS I 24K
FI HH HE 2225 R ¢ (o) IR TR LA 1201k
i SR 2H R T, i LA 2R BOR IR B2 - AL Y
FUA , 75 R R0 00 BIF 1) b J s 1 g 4k 1 25 1]
(CV z[]) Hh sAH — 4 S N AR AR E 1T H HRE
22 05 HUOHE SR bR B, 5 = 4E 25 8] P AY Kramers-
Langer B¢ 100102 —Z 3CHk [100] 2514 i P %
PR R 21, FFAERUE B R RERTN 2R
RS T . TR R T e A R
B LI B2 ], AR IR 252 B B e P
LM G ZY. Chipot 45 1KE A i E 22 85 B
FRIN (5] S IR PR B R 72 o T 5 A A R T e 2 ) 4%
(variational committor-based neural networks,
VCN), W AT ABL S A AR RS . [R] 5 Tk
TEAEZE S AL VAMPNets #H HLEE, 78 XA BEA
Z Ml N-acetyl-N'-methylalanylamide 5 #4161 2
IR AR A BE AR E VON 7%
EHIAARS, FHATHY A b e — X i RS Z [ A i 9
FAE, T VAMPNets WL MBI £ TT 46 1) J6
B2 SRR IR AN TR B GER A182
AREARE T TR R e A A, IXAPE D0 T AR
VCN BRIl & X MSET5 3 il LB R AT 25
FHA LS, oA AT REAERE RS i3 B AR
) 22 P 4 A pg v

3.3 ETREFHNES

TE45E CV IUHTHE T, Valsson fl Parrinellolt%
Mg T — T CV SR EHV (s) fNIZ MR

) / dse—BIF(e)+V (9)]

Q)= =1
V] =5 log /dse’ﬁp(s)
(15)

Horbp (s) & —A A HEE SR8 H bR, X F A
T P22 bR B0 R T (P4 IRt P BB B 45 1 3k
1), Iz R — N RO ELASBE (i B S 2R
SE A R R BCE AR . HF (s) Rk &R A
HfE, W V(s) = —F(s) — (1/8) logp(s) I, iZ R
Q VI BOR/ME, ITETERE p (s) BRI T il 2
BRIV (s), Lh 2 [VIR/AMEN AR5 LR

+ /dsp(s)V(s),
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FISR AR A R R %5 Bl O R
IR =K F e . 34, %3z vhi )
Kullback-Leibler (KL) #UE ( Dk ) FIE R AT

77 [46,104,105].

BRIV] = Dk (p||[Pv) — Dxu (pl|Po) , (16)
Forh Py 1 Py 43 350 S D $RHA D VIO I 44 5% A A8
FREE AT, T R BRSO B S
FETHI A JC R MmO AR PR i 2
BA e, R LI S A2 73O A TITSK it
FI B RETHT. X TEJFIE b HoTsh )5 Ry 5 sl
RZ, Ak, HERIZR TRk CV EE KA R
JE LA A BERIIRE ). R T S IR iz pR gk b
JEETT AT RE Hh B — LRI (Lt A rh AEZZ fL R 2
X B EARZ A RE S BB U, G 7ERIE R
It Z AR MAL I SRS R0 ), Bonati 45 (™
P22 P28 27 I B2 oK1, TE2 € AR 572 HEE
SCF S A 2 2 SEEEE, AT s

Z REUEI O T G ((17) b By ReE 53R
INREEEY), ITR 2RI B S FE A
TR SR R EME, R Bonati 45 72 FESZ B A2
TEREARAG IR B — 5 VT U B 114 Ot 2 34, TE b ofe
B T pv(s) il p (s) TEIEAREL n BB KL HLE
FEES:

(n)
D v 19) = S0l (o) ol .
WK, B PR BB S T B R S, —
A BT B AEATT A KL #0322 18] A 400 B
UEL, 73— AR BB 24 2] SR B i BE .
THERL CV fy A & # LAk, Bonati 45 109 i H
VAMPNets ) VAMP FT 73V A3 s &L, FIHTR
JE #2226 Fl TICA (time-structure based inde-
pendent component analysis) 4554 CV, b5
TERF Y CV 23 [0 2% H OPESHO 3 55 SR A B %
SEHELT OV ARARFN A e B RS LA AT
TEWN 2R —JIK | chignolin & 41 & FIAF kL4 i it
TR TR T2 5 2 A I 1091,

(18)

3.4  ETANCEM (lumpability) FAR[ 4 fE 14
(decomposability) BIIEZe T 5 H# iR

H T B 2R T AR FVRFAIE bR KR 2 v A 2 ik

iz, F TS i o B 09 A8 3 DAL o E A b 2
A IR BE R A8 U0 NG TC SRR R B 1] 1y A
Lol K, X SRR -1 s FRICIATE S A8 itk
BT B . ST AT IX N R, Bittracher 55 (3] 58 13 4iE
1 P 9 JE PR32 (transition manifold theory) A&
J& T AL EATAT MR, H oG T I [A] RUEE
TR, B E R H AT A R E A
M I 25 4, lumpability 1 decomposability (1
UL SCHR [73] B9 definition 3.2, 3.4), iX P4 25140
AL A pREAE 43 AMZAS 43 A T U8 55 pRi
iy HEORTEE A A w25 M s kA, 101 5%
KRB SR R P BUMR R TR G w12
) TR S s 4 s (A 0 7 22, X ook BRIy
A OIZIE N I AR BRI (R AT SR TR P
TIANXSEERE R AAE A JT L BT R AR
SRR AR LIS T P — R

3.5 FE-BRERMIEE

Wang &5 M 7 1k & rf 1 45 & A8 2 25 1]
P Ay L Ak e A v i A 25 K R AR B ST (past-
future information bottleneck, PIBIOT1081) " X} 25
TE TR REBEIZIARER X AR —B ZA8R XA
R U B x (ARG R IR R R AR
He s [ IR ) 4y A A gm i 2% P (x| X) 5 it 2%
P (Xaelx) BER (HEESCHR [74] a5 R4 1
B A br X iR RN NASKL TR R H 0 d 4k
(1< d< N)FIR, #5551 EAL). PIB 1 Hir 2
RS H5E x AR Tk 2 2R a8 fR SRR TR ok
DR i A R ] BE AT B TN 7, Wang &5 7 415 S 4
T BR:
L=1(x,Xat) =71 (X,x), (19)
H I (x, Xae) BT (X, x) 500 RoR A 7 5
Xae F1 X MEAF B, H 4~ € [0, 00) HI A i
SR B x W 2R RN 7. ik — D3 i BE A
FE PR LR gna 2%, WIS 2 AT DL 220 . A AT TAR IS
FIH Gibbs ANZEAX A HEE T Al AR5 fE %) PIB R FR
Pl
I(x, Xat) = H(Pp(Xar)) — H (Po (Xaelx))
> H (Pp (Xat)) — C (P (Xatlx) Qo (XAt|X)22aO)
Hrb H I C 3 i Fom B ARFNAE R, Qg M HEHLER
FERRZE A R RS 5. i T Py i e 1
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AN, B AIUR O HAx, nA5 A
g3 R

L>L =-C(P(Xaelx) Qs (Xaclx)), (21)
Horr o R HEALAZE 28 A8 A S5 X
BHGE (X, XMARY (X f1 X R 2 Ja]
(BB ok At ), J7 R (20) PTREESHCH

M
1
L= i > logQ (X X", (22)
n=1

Ho x™ MNP (x™ 1 X)) HSRAEAT . Xh A7 % 1 fig
BEHAVL V2, VMR R B ) AT 7 AR
B B A SR RS A AR BT T RlRIE

M -1y
r— {Z eﬁV"} Z eﬁV" 10gQ(Xn+k|Xn>.
n=1 n=1

(23)
SCPRIFRH Wang 55 M BESE AR bRAG L ME LA 4]
BAFR] CV, B o0 - 25 B3 i a2 28 O At
MR FHELH 2530 AN ARk, B TR e o fe/)
f A . BES R IR (24) F(25) HHE & 39F
FHREALA R L, &R

Viias (X) = kBTIOgPu (X) ) (24)

Hodrw = PV | P (x) R A R EH AT x
(P A AT T B A B M R A8 AE A SR
57 (R B A — e R B L PR 120 i R IE
{2 PIB MR s 2 — 2 B ) | A A 2 i i
At fE PIB BT (W (19) ) £l AR L 1 m 5
w5 S AR AC T AT A R R R % R ORI
PGS G AR AS T R, AL A GIRb ik
B OISR B T L E 22 R0 5 AU L2 21 19 fie
B FE. Beyerle &5 M) J5 > Ad HZ 5 i iR 1
XU BH A AU R PR AE AL 53 J2 R 7 X A1~
5190 FH RERL RN £ R PR AR, 2P R T
I7 RS .

3.6 THHIEN

SRR 5 7k E RO A A e Al B AN
[F], X1 A BRSSO, Zhang 55 19 2554
PR B 2 ) TS T RE S B AU 109 (energy based
models, EBM) & & 7 X i % AL TH28 43, HHIT
A PR e DA R R AR B A P A A LS

F HBEXT I MER S AT IC N p , TESE G 7 & =S (]
12504k A FH BE M A R R 18 43 A1 43l ie A
Fp () Flpg (s), W KL HUE Dxr (p|| pe) XF 0 1) FEL
CE-%iv)
VoDxv (plpe) = (BVoFoy (5))s) — (BVeFs (5)) ()
(26)
FO ([ (2)), ) FT B S () 16596 p () THI)
A (26) URIXTHL A 28 0 £ 1761100 255 FEAH AL,
AR S SC P FR  Z2 o XU Al T (variational
adversarial density estimation, VADE). TESZFrf5:
YErba] DL HTHURLAL SE50 8036 Peg (s) BURILIZ 20 A1
p . FHESHIALETE (BV o Fy (), () - M T
BAREAERERGR IREOL, T BRI
T 5%, Zhang 45 0 @ o i A T YIZ5A B AR 22 1)
RPN P 22 R M AR (neural sampler) gy, oK
FHE 2 AE 7 Z:
Dxr(qy|pe) =(log gy (s) + BFy(s)),,, () + 108 Zo.
(27)
PIIET 5 e N S e e 8 R A S S i RS TS A
Ik, X5 T8 4578 B R AN S — s 00, i i
AT sl ST, B e 17 o] o I i A7
B RAE P ) [T, S TR AR PSS [ BE
A RCRAEAN TS, XL ERR AR A SPONGE!Y
=

3.7 ToHREHRMNEENA

Ay AR A Ak H bR eR R 50 RE S
25 AR YRR, P2 2% T HLE H
PR AR LR P S s R . A R e B4 i a0
o3 BFReR B A A, A% 3 i TR SR AT LA ) .
o fRT LA AR R LS R AR 43 F dafid 2% VAE 42
P77 55 O EOSHER Y B AR BUE 3 A AT A, [
7R AR BB B zs 8] (W R F o F IR REE R AR 2
[H]) JFF— R AN R AE A, BT PR A 2%
AL

Ribeiro &% 12 J& Ji& | H FL A AR 43 D1 - i 384 5
KHE (reweighted auto encoded variational Bayes
for enhanced sampling, RAVE) J7¥%, i1 fa2s [A]
AR AR KL BP0 e A s, S5 I e 5
BAUE AL B sk, S TS FAE S Tk
P B2 )3 SR A . EE X E MSM AR i fiff st 3
BRI TITIE R S R R FIRES Z M B EE 4R,
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T 285 S E DA BRAR () R, Qi 45 1314 R VAE
IIEEL 3 A A8 o3 DAk, FERR S Al SE3 T 2 LAt U 1%
WA I Z T AT N TE PR A A [ 1 a7 B
AR, o BE— X B KR T K R i R AR
Fip3bWW 25+ 5847 & p& 42 19 2 . AL VAE
REAE A 2 T0TIN Zith 2 () | B2 (0] R At 25 [a) M e
B ) FEPE | Monroe 1 Shen!'9 % & T 5L T e 23 ]
SRR P Bl @iy, FHE SRS, A
T S5 PRAE LS e 2 2 (B A HL s % 3. 1%
T 5 L A LA e A BOP AT 2R, AR
— P O - AN SR A A R S A AR, AT
L T 5 A B Y P AT VA I R PRI X TR
38 R AR AL S (4kL ) 4 J - ASE 41 (70,
P R AR 22 ) 00 A A SRR 3T (74791 g HLAA Ty =
AR ZETNBER, HEAR AR — 3 AFREZ
Vi) o s 20 A 1 ) 28 Bl S A B AR B R A AR K
(7 IR R R 23 0], X 7 T R R R R 2
EARIE 20T IR R mhs 8 22 ROS R A g

4 HAuH G P T A B A R A A
A8 < B 50 B R

i I 25 I 245 1) 7 RE 1 30T e 7 {45 HAE A
RETIRZE T A BEROm AR . bR 2 TAE
B THATEAF AR DLk 5 2K R 1
AR R A FAE 2005 47, Ma 1 Dinner™6 gt 457
il b 22 I 28 ok 4R 52 2 IR R 1 SO, A Xt
A Tl A% 295 o 4 J7 1 AN g B 4 2R b (R 4 s
) (FEA) AB i 33K JR 2 (] AL BRI [, Chen F1
Ferguson!"" | F [ 4fith &% 7T DL SE 30 /55 4k iy A %S
() BIAPRAE B s 1] 2 ] o T I 2R, i ad A
IEAR I A B Ba s 18] F B BEAE A SR A A8 i, A
TSI T X S 58 Jt O 7 4 o ) S e o) s 4
23 (A AR BRI A AR 01 32 0, SR T SR AR
ot P 28 O £ A R I R ASE TP ) A
FTEAEN R KA TrpCage & FIAKFR 8 AL
i . 5L, Chen 45 M8 Wk A it ki1 7
AV 2R3k 15 CV, KR53 i A 3h s # i in T
CV L1 & $54% 38 B o 11K & rh L S SR RR
FEFN A eI

55 R AR 3 DAL R AIE pRBOAS [R) 19 5 S — T JEL
B SE 15 7 5. Wehmeyer F1 NoéM9 248 T e £5
X N AL AAR P ( Xy Xt = 1,2,
N) Fe/IME ) 52 120-122);

%lgzt: [ Xer — D (B (X)) %, (28)

Hor DA E 535k it AR AS a8 . 7EXT CA #L
TS BSCHIR 0 EE ] 7 5] Al broAs) 2 e BEOT Sk A 7 34 (B 5
Z ((28) AN (29) ) 1k ((30) =0A1T (31) X):

T—1
" 1
wtlf:Xt_T_TZst (29)
s=1
1 T—1
mf _
Yi = Lttr — T_ ; Xer'ra (30)
— -1 mf 1 g mf_mfT
Ty = COO wt 9 COO = T_— 1 Z wt wt ) (31)
t=1
A L NS g™
Yy =0y, Crr = T_, vy - (32)
t=1

SR XA B B ARAR AN R, S BR G A A A
Sigp o o 2 ) e S

T—1
pp 35 -DEE)E @

3 o I ok AR o i ST AR i A g ¢ I 2]
HIHESS ¢ + 7 B ZI AR R, WSEEE 1 AR R S, T
FER G 23 (A M AT 3 R R AR A, 125 IR IR
B[] Koopman 5#Y 1965 S (HXFELAE R 431
K%, 5 PCA Il TICA K N THJERFEAS (A AH 1L,
SCHR [119] FYTH 240 R KA 2 S 7= 38 2o i 25 R £
T A TR L 2% 2T HUL5 AT LU E 4 b b .

Zhang F1 Chen[" £ X A5 419 CV &7EH
IEAE 23 ] AR A ) (degeneracy) M 2L
XI5 Al AN BE IR AE A 0], i 1 A1 HIBEDL3)
J12#2 4 A (stochastic kinetic embedding, StKE)
B 2 B 2 T T vk 1 o Y i B R B = X
(current least informative regions, CLIRs) i) 33l
2¢ 2] R FE (active enhanced sampling, AES), X5
Kleiman HI Shuklal® 7£ VAMPNets % H} 14 5 2
TRUSRAE e /D 38 0 14 N 5 SR A SR B IR %07
IR TN R KT FL K met-enkephalinfA 2
Hh Bl 225 I TJEA CV HER, ARG TR] SEE 1
XT | H AE Hb A ] A AT 5E R A . Rydzewskifl Vals-
son"4 £ Hy i) 22 ROBE 8 BC AN F R ALk A (multi-
scale reweighted stochastic embedding, MRSE)
DUAE S T2 S it S TR A B AR
AERFAE 25 ) RN E A, S0 25 R i 2 34k
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FERCRAE U 2 rb A R . 3207 59 Rydzewski
F1 Valsson i F 2] Muller-Brown Potential L1 &
PN 2R BRORA DU IR AR &R A B S B R Y
PLUMMD #f441 (https://www.plumed-nest.org/
eggs/21/023/). ZEUlHh, Belkacemi & 129 2 i 1
FIH E g 5 25 09 B AR B 3 kA= 2] (free
energy biasing and iterative learning with auto
encoders, FEBILAE), % J7 1 0] LA X 78 - i 25 5%
O R SR AE R 8 RCA S AR H gt A%
A (B ] DL ok i a5 18] 1Y, o mf DL Fh
ez J5 nypg Yy, Horp B g% as R SUZE 5 E T
CV M4ERs, (H IR ARFT 2 AFTIE+E, Mgl T
PRE AR " REM AU AL CV IFARE
PRIUE B Fh REHBSR B Y 42 R 78 00 R IR ZHERA
SR —HF, XK gmi it BR B TR, A
70 M HTIE i A A4 B RO [R] ) 28506 CV 1Y BTHR.
FARJFIN F AT DL R SRS R i A shisor 2
BRI —E (5 8., B BRI Bk b soh f X
FhATHT. B XA L, Kikutsuji %5 126 1] F AR
To K JmERf# R (local interpretable model agno-
stic explanation, LIME) F1¥03 F1Jin #0 f# £ (sha-
pley additive explanations, SHAP) HE4E | %5 tH 4%
M A gXF RC BYTTHR, BEESTE— e FERE G IR
ATRHAZR ) EDURA AN

Sun &5 127 R Ji& T — AN FE4E G A d , A5 )
RAFFIFARE T 25 2H M) 24155 CV “# M58, 1

IR R SE (1345 5D Muller Brown model |

AR M4 (110) fhmER TN IAR) 5
O HARIIZGR A L R R T — L. 51RE
I T R G A R A A i A 23 (AT AN, B
75 (B B4 #% 129 (latent space simulator, LSS) 7E
I 7= A i AURAS #8576 CV 25 (] Pk e
F R G AL, SR 5 M A s AR R e 42 (]
{14 207 B BILTID . 3k S A i s [l o 4 A28 o 25 ]
PEATERAE I B AR 2 TR R B 4 i 2 Y
HE X R EZHOTRAETE N &R — IRk 2k
LIRS TR A 2R v R B E— 20 (R R 5 A 8K
KIKZ (264 F 3 PROTAC & (M 1 DNA 741
5-GCGGTTTCCGC-3" X I i SR TELE#8)) 34
TR RIIR .
Jung 55 0290 DKW B I SR EMER S

Pra& h o, LR T IR 4 ) AL AR B S T
HAor TR R H A LU R F L | E AT B, Jf:

A B Al 1 G A A RS A S PR Y
AR L 422, 07 S 2R FR TR E 2 > RN ] i
FEME A B LR AL . AR Ay oK A AR e
EREH— Zhao Fl Wang!"* HIFEICEL (flow
matching) [FF >R AR LT 5, 030 5 4 i e
HbrfAR A HaEAY T REIR TR,

Y T Al A AR 7 O T RS 42 T A5 T )
EL R 131, Janson & (192 JEF A il X oA 78 il
transformer 22 14 Il 2 i 4 92 32 23 A B Pl 25 ) 4%
R I &7 SR R SR N B S Wh g &
(IDP) #4942, %t #t5 4r F R B E R AH LU T
HEAMAEE /N, A ERHMRIRA f ik — e
ZARZR PIIE.

5 % b

ZE TR, AR T AL B TR 2R 1 REHBSR
EIHECZH T AR 2L, R R T
FEBCR AR RIR R, FUHADIEIS FARE ™45 11
201 73T ZR L Ph e L ) A 22 I 45 D7 VA A
IR AT SRR R A R G . LAl AR 4
) VAMPNets!67 F1ffi F [l 5 01000 9 0y 1k T 24
R KR R TP T B R A 5. R AR
FERE BRI SEAtAE nT e SR EE R INE S, W
RIT BE SRR A TR RN At —28 &
AR T 2 R, WS T R A, A
43K BB AN [) A8 23 A R B S SR 1 B e b 3 30 4
FRZR A e R R I, A T4 AR
FE BB KR I FH 75 2K RS BE R LA AR A
AW EAESS. SRS 53 F A GRS fod Ay
RETFEN T MR AR, Bzl i
H AT AT A AR @ A B 2E 2T ek 3As A
SRt i (B IRZE Be s ) 38 Y 4R . 53 AN
AR B SO b AR nT DA R 22 R 4% TR B S B, ATTAT
AIRERG N R IE R ZARRE Ty, ANad H v A I
Fk A=K, AT REE A M E R & S 7 ).

MR FA B, i a8 VI B A i) ] ]
I A 4 K S 3 Sl ) B K A 4 0 1R R ) A
i A B e AR IR 228 R 2 UOR B, it
AT R BRI R R AR S R 2Pk, 7E A —
A~ H i BEHIAR E RS R RE R b, 2 WEREZ
(i) 2 66 42 5 YA T P 0 A Ak Lt A o i e
T4 [ R ) T A AR AR I AR AL
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Variational analysis and Al algorithm implementation of free
energy landscapes of molecular system’
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Abstract

Accurate description of the free energy landscape (FES) is the basis for understanding complex molecular
systems, and for further realizing molecular design, manufacture and industrialization. Major challenges include
multiple metastable states, which usually are separated by high potential barriers and are not linearly separable,
and may exist at multiple levels of time and spatial scales. Consequently FES is not suitable for analytical
analysis and brute force simulation. To address these challenges, many enhanced sampling methods have been
developed. However, utility of them usually involves many empirical choices, which hinders research
advancement, and also makes error control very unimportant. Although variational calculus has been widely
applied and achieved great success in physics, engineering and statistics, its application in complex molecular
systems has just begun with the development of neural networks. This brief review is to summarize the
background, major developments, current limitations, and prospects of applying variation in this field. It is
hoped to facilitate the Al algorithm development for complex molecular systems in general, and to promote the

further methodological development in this line of research in particular.
Keywords: variation, neural networks, complex molecular system, free energy landscape
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