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Abstract Low-cost and high-performance materials have become more and more important in past decades. It exhibits the
technology level of a country. Chemists used to find the candidate material according to property regression and quantitative
structure activity relationship (QSAR). Traditional methods focus on finding new molecule from prior knowledge with trial
and error experiments. They are time-consuming and low efficiency on screening molecules. The appearance of machine
learning (ML) changes this embarrassing situation in two ways. One is accelerating the property prediction process to prevent
wasting time on worse candidates. The other is inverse molecule design which expands the imagination of human. Lots of
researches show promising results using different inverse design method such as, variational auto-encoder (VAE), generative
adversarial networks (GAN), reinforcement learning (RL), and recurrent neural network (RNN). They introduce uncertainty
from different level to generate new structure candidates. In any method, molecule descriptor has a great impact on the result.
The descriptor converts the 3D structures in real world to a vector or a notation string to feed into all kinds of ML models.
Large number of descriptors have been developed in cheminformatic, bioinformatic, quantum chemistry and natural language
process (NLP). Some classical descriptors are Coulomb matrix (CM), smooth overlap of atomic positions (SOAP), weighted
graph (WG), simplified molecular input line entry specification (SMILES). They show different advantages and solving
problems from different aspects. CM has clear definition and good result on energy regression. SOAP is good at reflecting
local environment features of an atom. However, they are easy to encode but hard to decode. That is a reason why people
prefer WG and SMILES in the structure inverse design tasks. WG and SMILES express structure as a graph (an atom as a node
and a bond as an edge) or string to apply massive mature GNN or NLP algorithm on them. Nowadays, most of the ML
applications on chemistry and molecule science are focus on developing new model to regress properties. However, it is
thought that there is still large improving space on inverse design methods and traditional descriptors. In this paper, WG and
SMILES are briefly introduced firstly. Then, four generative models are presented, including VAE, GAN, RL and RNN.
Further, the current progress and challenges of inverse design methods are summarized case by case. Finally, some of the
author’s understanding and explorations are given out. It is proved that SMILES with BASE64 preprocessed shows some
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advantages on molecular reconstruction and worth to study deeply in future.
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FEHETFFF R R 7 1 ISR N, 05 2 00 oR] 2>
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SMILES, i Rl 1 fros.

1 SMILES SLHBI(=MA R T)
Table 1 Examples of SMILES (three different molecules)

Molecule SMILES
Ethane CcC
Carbon dioxide 0=C=0
Acetic acid CC(=0)0O
Benzene cleceeecl
Phenol Oclcceccl

SMILES 4F 5 4 )72 M T4 FHE R Ak, i
David Weininger fl%ET 1986 4F, HFF AT UAH R
SrFEER, JRT M) CLRYERFES U7 15 55 TR
TEE M AT HIS0 AL, SMILES 2 414754 T ik A% %
Fli) 2 758755, SMILES MR ¥R & AL & 4k
RS E AR R R, R AL T RIS
(@EB@@)X 535 TR, 775 “@” R ET
RS, f59 “@@” FRor BLF R TR £ 41
. BrILZ Ak, SMILES 38 0] AR IR 7> . IS5
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Figure 2 Schematic diagram of using One-hot coding deal with
SMILES
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Figure 3 Conversion process of molecule to labeled graph
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Figure 4 (a) Structure of variational auto-encoder, and (b) an example of designing new organic molecules with variational auto-en-
coder
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Figure 5 (a) Training process of generative adversarial net-
works, and (b) an example of designing new organic molecules
with generative adversarial networks
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Figure 6 (a) Training process of reinforcement learning, and (b) an example of designing new organic molecules with reinforcement

learning
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& H 7 (Objectives) AT AL ; (c) MoIGAN A #Y 45 ¥y 8. A Bl 2% (Generator) Fl T M3 Al Z~P(Z)H RFEAE > 7, 5 8%
(Discriminator) F F #1707 K B B SL BRI & ok B A ka8, R4 (Reward network) FH T fti tH 7 T B A, X~Paaa(X)H
TR FRESBYEL; (d) ImatGen BRI 55— AE FI 45 7 4ifd i S0l (image fingerprint), 2~ VAE Fi T
8 S I 45 Ay B 2% A (Latent space)
Figure 7 (a) Structure of CVAE: encoder generates SMILES; decoder reconstructs the latent vector to SMILES; property predictor in-
fers the property value of the input. (b) Structure of ORGAN: the left is the training process of the discriminator (a binary classification
model); the right is the training process of the generator which is optimized according to the error of discriminator and objectives. (c¢)
Structure of MolGAN: generator creates molecules from the distribution Z~P(Z); discriminator judges whether the input molecules come
from real data or generator; reward network estimates the property values of molecules; X ~Paata(X) is a function of property labels. (d)
Structure of ImatGen: AE encodes molecules into image fingerprint; VAE encodes image fingerprint into latent space
312 AFHRAZMLLERAFINEGS TR 313 ATFiEEsE %o g %mE0HEA Tkt
# T 64 SMILES 5 25 A VR 22 PR A b
P RL 29035 A2 ABE VDR MR TR i my e A0 TR 72—, 2017 4E
O3 TR TTEZ . 4 2017 4 Guimaraes S5 Kusner 254042 ) Grammar Variational Auto-Encoder
—PhEET R A B SR AR RN BT M 2% 45 (Objective- (GVAE). GVAE & M4 VAE $2 B st R 4%
Reinforced Generative Adversarial Networks, ORGAN)( 4] SMILES EVEHIN I N BE AL B fE b, $2 B0 T 5
7b). ORGAN AL T M HLNZ GAN, JHH GAN S 2w ity MO A F. GVAE FIF] SMILES 1035 7: 4 i it
RL ARG &, RIFTSRALSE I H S BALEI 0L GAN PERAE  mpis | SR 5 AT VB VA 7 68 A 2 1) O SR BN, T
fl. ORGAN Hf GAN FIAE/ERLEHEAN RL HIOBEHLA g R B ARA One-hot 4 16 UHUE A 4\ VAE
W, SR PSS SRR FAME HUBCTE A EIE NI gmiids BM0, 7615 CVAE (ML, GVAE 24T
BRI, YRE AL R AN HBARERYE gy ek TSR, ST BRI 44.6%1R
HIBI ¥ . ORGAN fEGRFFIRIGS T SHE BRI, 5317 53.7%, Bbysr TR0 4%12 5] 7.2%.
(Maximum Likelihood Estimation, MLE)“7, SeqGAN i+

(Sequence Generative Adversarial Nets)fll RL 77 7% [ ELEE JRA GVAE 1289 SMILES 75501 31 ) S Fid
o, AT T ORGAN TEfFRS 7> 16 801 S IR IFAEAS 2 PR h, EAE AN T 52 4 T MR AL B4 T4 2tk 75
HEETEIAT EAHRS. 75 BT 91, 2018 4, Dai 550995 45 58 o

Ja K, T R IE SRR A B SMILES iE RS A
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BT A 2 AL 4 H gt 45 (Syntax-Directed  Varia-
tional Auto-Encoder, SD-VAE). SD-VAE i i 15 1) 5 80
PE(SDT, Syntax-Directed Translation) SZELXT VAE f#hd#s
MIBNASLIHR, BB R AN SMILES 14 st #2 H,
15 ARS8 AL AT i L) SMILES. AT CVAE.
GVAE, % iEdE— 045/ 7 A8 b Y () R 23 1), A
KA A EL A RS A, LR R ER, TR
TR 53.7%3R =3 76.2%, BRI THUMEM 7.2%4
R 21 43.5%. PRI 7K NLP A Ah B SCATE S 7 VM
R T SMILES (AL Fdrh- i, fefg il it
BT,

32 ETHTERFHEANS FEENZITHHR

HH T SMILES /& — M T 745 8 iR 77 %, itk
BT SMILES HI4rF it K2 REF|H RNN % 2] 5%
N5 RIRINY, X ToSEHAE T KRB TR, Rt
F 007 BT 20 T 80 TAEIRET A T 24 N B 7034
5
3.2.1 #F MoIGAN #9i% & 5%t

T GAN 7EH: T SMILES f#)3% [a] ¥ 4T 5% 30
HT BUFEERE, FTLLE GAN 54 F B S0 ER R
WeHT . 2018 4F, De Cao ZEWMRH T —Fh3E T 4>
TE%HE, FIFH GAN 5 RL 45411771 MolGAN(A 7c)
WitHi 5 F. MolGAN FZ il =44k, 43 a2
R | S AR R R 2. AR AR R A BRI ) T S
NF IR 542 il i 28 MBS g T — 502, T 20
) 286 D) 25 B — A N JEAT 8 AR VRS (FE b o AR 1oy F
T, WIPHASEA 0), HPPANE S B L A a5 7
WRZE, i ) R 2 17 22 5 A I 4% 22 ISR A
R AR 2 45 L], MolGAN 7E /N7 1 ¥ ¥ 4
(QMO)_E LIS 25 1A A2 ik, Aoy 7 Rk 3] 7
100%. 1H MolGAN A3 JcikiktE S GAN FIME LI Z5 [l
1 FE MolGAN Il 2RIt 245 5 i NBE A 1.

322 A FIRERE G G SR a6 4Tt

55 FEEGE S GAN &3m0 TR iHE S
(IEIET, VAE 45 ) B FH 21566 -1 43 BB (1036 ) 4y
TR, 2018 4E Jin ZE04R H T HEEE AR 43 E SifiD
#&(Junction Tree Variational Auto-Encoder, JT-VAE), JT-
VAE X GNN 1E A gmitas MRS a5 2%, Ko+ Ko
fREND T HITE50, PR aRER. gl Mm&RE T
TENNGRISRE R, B o0 A5 2 BRI 2544 20 Sl G ) 281 7
AN B2 1) R, I A B AR R A [ SR 4
T &, 15 QM9 BE4 I JT-VAE 4 54+ 10 250
1A 100%. 7E5 CVAE. GVAE 484 TR it
tbH, JT-VAE #R8L T 3 K E M B J), DL ARUEAE B
THRBERRE
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{2 JT-VAE 753 & 215> T XM ARG e 7110k
46.4%, IXFPIEZE D FRIXEN, IFEERE
KRENGF. P4k SR = o B v BB 1 e ATD o e e 5
Ji — B ] P R 5 R4
33 ETHZHMFHEBIIS FHEENZITHR

IEW ARG = /R E F—F, 3D iiaa®
R REATHGR. R, 75240008 [ 7 7 -4k, &
FhIEFARR R B 2 M.

33.1 A TFiEieF 3 ehiE G40t
FIF RL & Ji 7 B0 450 2 ok 0 F— BRI ) 47

— BRI RLZ 578N i) JiR - 46 74 2 2] 532 (Atomistic
Structure Learning Algorithm, ASLA)W i1#7 43T 8L i i,
ASLA VLR s S8 AP E 3REE, LU IS 1 147 Pk
REE, DUBHEEAE A RME. B — R, #BA
—/NEEHLI R T 4G, i CNN TS R B A7
B Q MH(Q EMARK XA E R T R, S5 AT
ME, ¥ TR Tan3 Q s AHIALE, A H DFT
THECHT S M AR B B Y. ANridb AT BRI R, B AR
AR R G, 2 REY], ASLA AMUFER T i
PEJT IR T 3K ERE, AL BT[R5 AN [F] 28 2
PR SE A 7 THD 1 AT K
332 ATARBELEES ARBELLSHEG Y
Fiit

FEHE TR B m) 2y skt 9, R VAE 1)
FEM AT A E S . 2019 4, Noh S5B2gH 17—
3T AE 5 VAE S5 &1 H 1 it 7% IMatGen
(Image-based Materials Generator)(& 7d). IMatGen & 5%
FIH AE MIgmto 236 7> 1117 3D 4544 8 46 s EUE e 4L,
K EGfRoti N VAE BARIRE &, &l
VAE 5 AE (302 il i 4% B4 0] 71 (1 3D S5 1A

IMatGen 7EFEE V.0, #i 7T HISLIRHR I T 0%
KHIZERGRE 1. 7E Materials Project (MP)SHHfE K 2
HIIZMEN T, IMatGen KIL T MP P 31 1 H1 V,0,
[ 26 . 1EAh, IMatGen BRI T 40 RFHAHH V.0,
g, eI E S A B (convex hull) b AH M £ 2
fe g2 Z/NT 80 eV/atom. X B IMatGen 7] LA %L
bR 7N el 11 IS VLA 1% 7 1 15 e
3.4 N

A ML Bt B A L 5 C g E I T 45 Rk
W7 AR S S, K2 g T AR
PR HRAT UL R 7 A b R LU
B 7RSSR AL, B RN IR AT 8 5t 2 X AR
VERE IS R 25 . BRI T, CVAE AL 7E A T
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BIKE

ik SR

QM9 il dE i A X THELAE ] ZINC Bl bt &
i 5.4%, PN QM9 Bt E ) 7 1 E W B/ T
ZINC HfgE, /N7 Bl o A A AR A 5.
FARTFITIH, T EEHER JT-VAE BRI R T
f# ] SMILES ) CVAE B, X2 R 73 7 B 8 S 47
HORER T 00 T RIES MG B, S BOR AR SR B Sy TR E TS
T EA R AL

F2 MR RBIEIR . #WIRFF. AR TESH
Table 2 Data sources, descriptors, valid of molecules of various
models

Model Dataset Descriptor Valid/%
CVAE ZINC SMILES 73.9123
CVAE QM9 SMILES 79.3(23
JT-VAE QM9 Graph 1001501
4 PEERE

24 3 17 v T 2 1 IR AR R R RE O
SRR, (AT % 2 Phik. T GAN RIRIALZE 5
ARG 26T VAE BRI 2 3fk DURE G fL R R 4
RAERE. Wt — LR Rz AL RE Sy, it —
AU 3G KR P AR TR R PR R X SR T 25 BT e 3
o

X RS, EE NN H AT AN R R
HRERSE MR T, SHASMBH A —KHEREN
X, RUBBMLEM, XA 5 TRE TR b
Tk, X T RAE M T F R RIR 1L SMILES, &
BAN A HFRIE T Rk — b4k, BRI RE
NHRIE? Ak, 2B SRR TFEALATEAL S  dni Ty
1\ BASE64 X SMILES #AT 9mhd 5 At £e 2, Lk
FNEE TR A H . [N BASE64 26 3 7454
9N 4 775, HiBF “Tj10” , “Qz10” , Hr “j17
M ez21” AE7T “=" RESHBEZ/MH“N=" 5
“C="HMBER, IXZhrdE SMILES ToiZtbiliy. Ak,
EHFET VAE B, R —AME 25 AN T REEE
£, Klits SMILES 545 BASE64 Zmid Filsb B j5 1)
SMILES 737§t N VAE #1779 FEM). ¥ VAE B2
B N R U ) 4 L JE v, A5 SRSk 3 Fios. &t
BASE64 4wt i1 7774 %+ T VAE ITEREA Frde T, #Ang:
ESEE A RE BE M 98.14%3TH2] T 98.53%, AEIHAFSF
I FIRE LM 95.08%3ETHE] T 96.33%. {HIXFP 5k FT
R FHIEE AR, EH IR H VLN & A % &
SMILES 8 &M AEH, REET ESCH UM
“N=N” Fl “C=N" BIE0, &R T I BRI HEHL
WAL SRt 7 LR B - R RS X — AR Rk,
T AT R s 2 ).
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R3 AK%id BASE64 il )71k 5 283 BASE64 Hifib ) 75 ik
SRS @

Table 3 Comparison of the results between the methods without
BASEG64 coding and those with BASE64 coding.

Accuracy without

Method Accuracy padding LogP QED SAS
Without

0, 0,
BASE64 98.14% 95.08% 0.928 0.093 0.444
BASE64 98.53% 96.33% 0.934 0.092 0.440

© 2021 Chinese Chemical Society & SIOC, CAS

2The first column is the accuracy of model reconstruction, the second column
is the reconstruction accuracy of the model after removing the filled charac-
ters, and the third to fifth columns are the loss values of LogP, QED and SAS

T P R AR, 8 F] NLP 7R3
HHPR R I, RARTT DO BB ) NLP AHOCH AR
MR, RERFM TR, EEiT AT
Gomez-Bombarelli Z52I{)3EF VAE Wi [a) 17 7 P 2%
A, R TransformerS4# #: )5 GRU bk, A8
AJ DA G 2 3] B 7R R O &R

i b, OB KE R UUE H, ML 1E
BT B M T B ML T BRI T AR G iR TE
FEIAI A, TERIR . 2RSSR 6. 1]
PLE E, ERK—BE N, ML B3 RAa N Tk
THER IR, B4 AT R HAMEE 2 10 AT
7.

4HBh A1 Kl (Supporting Information) 2£% AT {03 T
BASE64 Jhith [ Sz 50 ARG AN A4 vl i LR i A2 3R 45.
https://github.com/PPlemon/vae_pro
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