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PG, XDFTEA ) 2 PR, ReE . mitkRedi oK
s ARRD SRR AT R B SR AR B RE ST
TS HY B R B  SRA Bk .

1% 4% i) Kohn-Sham % J& 72 bR #1877 VAR HE AL 3 4L
FRTEE R RUE R M EHA R, BRE L
B T7 AT A R R AR T SRR AT AL FEORAR R A, E
THERRE AR — S8 S 04K R P T3 Rk, X — MR
IS 1) PR ME PR A T PELAG 55 28 — M D B o B A KA
RAE R R SRR TR, IREE A 2] 58
PR IR B A8 SR A R DR 12 HE L R AR 1 T R TS,
Horp BRI A 2 — R T 2 ST I R - [6]
R OB Y 44 3 T 7 DeePMD(deep potential molecular
dynamics)!'*. DeePMD#5 Y 5 F 57 — M 5T 2 40 45 1)1l 25
TR, 8 DA SE — 1 T 2 ARG P 0O R 7 i e i, 200
A L B 32 7 0 S5 5T, I T AR 2 e o i1 Ak 2R 1Y
A HE T (potential energy surface, PES). 45 il /& X Ff 3 1
TR FE A0 28 I 5% 1) 3% R HOCZE HE TR RROA AR TR 4258 — 1k
JEER 7 A B 2, A L o R 2R K T AL ) P
IR AR, T AL 2 35 s BOs B /5 55— 1k
JR PR AT A KR e, JF HAR A X 8 — B
B RURE TE BOAL A 5 >0 SR, A R B A 1L
K H AR AR .

B 5 AL 4 25 >0 3 Bk BT AR S N 3 55 K AS I AR
B, 77 A OR B A 1 R O S A A R TR 1
AFEFR, WTRARE Gt — B TR BE 2 ST HEZR B 27 20, AT
A AT T R TG 3R A 1R B0 DR T T R BOR AR T,
PRAESR, B NS C 2 IR SR Y. 44, 20224, oK
H 9% 5 81 M K 2 [ Batatia®F AUV T8 B A% 8 & w
2 W 2% (message passing neural network, MPNN)E 22 $2
T MACERE A, 3 i i Al 58 v ) DY 4 AR B AR T K
Il /D VB JE A 3 A A TR, AT 3R A BE PR R B A Y
PR HETERE /05 B, Al A7) 5 He 7 MACE-MP-0' o1
B, ZEA T 2R s R T — € Kz Ak fe
20224, Kk B 3% B /M K 2 2 1 1 B 73 K2 fIChens
NUTE T FE T = A A F B 22 9 4% [FIMIBGNet B 2,
K T 1876874 H R 5 I RT3 F -89 JT 3R 4L )
ORMA 2. 202448, Qi%e NUSIZSUE 1A k)25 ) B SR AE,
TP i T M3GNet-DIRECTHE R, i 46 1 75 7] #% 48 4 7
T RA BRI, 20234, >k B 3 H H FK bt 5+
AAFFLBE I Choudhary 55 A 191 T ALIGNNPOHE SR fifi
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FH AL A Z175000F 14 4L F1400 77 it 5 4 3547 )1 25, 32
¥ ALIGNN-FFE R, 7] DL SEHL AT 289 7t 3 41 & ik
R o HEAT R BE. 202348, K H 36 M oK 5 A0 e A
531 Deng 5 N PUF % ICHGNetf5 7 th 2 3% - P 44
28 W) 2% [ 387 3 WL 25 5 o0 35 ek HIORE AR 2 Y 7 I 25
BN T 5 F B AS B, A A5 A5 AL AT [ B R 5
MEFEE, & T BEA 0SSR o= 4k
. 20234, DeepMind A & JF & IFIGNoMefs: 141221 1
T220/7 M ER IR AR E (R A AR o381 5N
T SR A R (B iR, R RIR AL
(R A AL 91 BB AR, AEL ST o s FH B PR R 2 38 3 AR 9 2
S5V R B RS B R, 7R R SR Y — B TR Y, %A
WAEEE. B, RN A AR SR R R R

RE LR TAECERIT T 05 5 5 bR O R
FIPRZR, BRI IR — Ak 1) T A B A7 AE 5 — S8 A 5 (1 TR
MEFIB AR, 7o, IR B ok B AL I 4R R K
AR — 1 IR B, BT AU 2 AR
WA, B2 A — P L, 5 T AN R S 5005 20 2
3 LUOGE 5%, O R AN 55 0T R A KB R R
fopms. Lk, B TR RAF, BETH TIEZ KA
FEDFTHME S, R RURS B FIE FH 7R AR ik — D4 1A
T Hh ST FH I, 75 RIS B 0 D K ) HHE R, Rz R R YR
AN = A TR O, X A TR N R S 7 AR K M R 2R
— P J G ) S Ak B, R R R B B2 R
TR RS BRI RCR B, a, JR 74 R
OB T Re b vT i — 2P 5e 38, H pTF AN 01 = 2
RN R RMEA RIIRER. )1, BJEREA
PRI, 4 R R B 3 ] 5 2 T 56 22 b4 R B A S A
Wk Ji, B3 ] LA N SR BG EHE EAT I 2R, DR 2 A
it 5 i P 2 14 AR R A AN T 5 3

Bl 1 B AR #E X DeepModeling Bk & %
FAAE AL B X LA B R AT T I TBOK 5 A 2 15
H(OpenLAM: https://www.aissquare.com/openlam)!?3],
OpenLAMIi H % 57 f/EDPA%E R %1 52 1) (¥ L At b, A5
B3 i 7 57 [ SEDPARE B K TR AR A R G, AU R
FE 141 R} 2 9F 50 52 40 0 16 6 el % e, 4R sh A R B
PE AR ) 2 S U A R BE T e T AR L a1,
Zhang5F NBKE 2 K IME AL, 20224 (2 AH 4852 H T
DPA- 1241 FIDPA-21251 ] J5i 5[] 45 s HU KB A . DPA- 145
R — P L TR B S0 R R B 2 ) A RE R, B
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WIREHE B 76 & A FFIIOC20%50 4 45, b 6 & in g
B < e 0 < R A R R DT A, T LUIE T TS e A
JCER R F, 5 WO 2R 25 A o B89 07 3k ad FH SE By
(Y18 F 37 5t. DPA-212V{EDPA-1 1) Sk fils b Rp 820 33, R
M T 24555 10 25 5 0, BE 9% [A) I 8 4k AN [FIDFT2:
HOR R Y H e 2, A R TR A ) 4k o Y 2
SR, A A AS [R]85 2 5 B AT DL R 2R, TR I
DPA-245 Y [ ¥ v 45 45 75 T Il S5 B B A 2 st e 2 =)
B 2 20 53 FAE B S8 S0, AT AE AR 7ER5 58 1) 1 AT
55 b 75 S SO H i B ORI D, R DPA- 2B Y 85
N g K, AH I8 I AR Y ZE AR B D Re, T DA B AR OK R
FETH I HESRAR AL M A] R A TS bR 5T LA . ik
A, T RUBE R e Ji 1 AN T KB 5 — 1tk SR P o 5
B¥E1F NS, JR 7 5 %5 (atomic-orbital based ab-initio
computation at USTC, ABACUS) & — ZK H B % B2 B
FRAR A, [R] Iy S A ST A SR T R T i AN K
B JE TP PR EELH, IR S 7L S v A B A
JE 32 B B8 77 V5 (rt-TDDFT) 20, 244632 B i1 5 (hybrid
functional)l?’!,  Fifi Bl 35 5% 450 % B2 2R B 18 (stochastic-
DFT)28l, Jo#UIE % 2 2 pR #1182 J7 VA(OFDFT) 145 %
TG0k, T R AN [R] SR AP RA R I THEL TR SR, Rl 2,
1 BDeePK SO A5 AU B 5232, W 7S5 M P A S AE
ol A= 7= R BT 400, AN, ABACUSELSZHF 7
Kyt S HOE W 1 2 K = i1, H Al AR JE R A
P& b RFE Y DPARAY ;AR B — 1 S B

1 JBETHEZABACUSH A

1.1 ABACUS® A4

ABACUS, 1 3 4 i + 5 %, & 5 i EH #} %
AR K22 W AR 77 38 204% B BT &, B Bl AT 5
DeepModeling#t: [X & 1, % FH T U555 XK R, 35l
WANEHIEN 512 5 84 ) IF Kk, A2 1 25 TLAFE KA
TR PR E A DI REE E . Ak, ABACUSHIH
P IXAE B ETH R, A X AR T A ¢ I BORE A SR
XFFE.

TR B 1A [F) % e )
7], 150 H 7 o] Ak B 1 3 7 AR 1) 2 K0 BRI
BRI BRAR A IR AT T e R AL K 2RO R
2 R AN SRR — Fh 3 41, T ABACUSIR] B S RFF 1

BORBUE R FRUE R RS A, BB RS R AR
G, TOTR K 2 AN 2 S BRAR. FH P AT AR 4
FAR F 10 RUSE R0 BT 75 0 B SR 14 6 S [ 5k 20 kAT 0
HLUEAN, R R 2 R SR — Pl FE 2 sRAE L, i
i DL & Kohn-Sham % 72 bR #i. ABACUSF: T X
FFKohn-Sham#; &2 bR B 1R 2 A, 183 HE 2 PP FEIZ oA
FRAR, Qnid TR TR A 25 0T ) BE B R B R
BRI, & A TR RSE A BMA R I JE B0 % 7 R B
W, BLROE TR A BLUL G 2 it 25 Bz sk #ie. DA B
TP T ABACUS A 3& I 137 ¢

76 Th g )2 11, ABACUSTE Ny — 2k B 7= 19 #4 58
— P R PR, D SRS T S 2 R R T R B IR
FEEENGS S XFOFBREARD T
71 % 75 1 (DeePMD)3% 401 3k F = &y 2 = ) ¥y B R
Ff 8 FDP-GENI, - L 2% 22 3] w5 %% i & 70 7 i
(DeepH)*2), ML 4% 5 2172 R 1& 1E 5% (DeePKS) 1031,
HL#S 5 =) 5 R S5 0T DL A% A 7 7 (DeePTB) 431 25 i i1y 57
W XS R B G T AR G B iR B LE T
R TS R R R 2 R 5 DA B vE B 0% T T
(R IRL290 i 851, 8 2 H 1 R0 R R IR VR R T
FORHIE . tb4h, ABACUSIE#R AL T 2 AN H HI#1 k
BELRLER AR e O, D58 P e R R AT T2
BLAL. 0, A48 35T 30 ) % 51 A Hefei-NAMDL#|
3 75 7 1T % ffPhonopy!“S FlIShengBTE), 5 K J=)
15 1k Wannierpf %1 i1 & [Wannier90™®l, A T JE T+ R
FE B ASEMS, B T X R 4 Oy vk i Bl 1 4
Fa) M B FIPYATBIOL, v 57 32 4 #l & 0 B 45 1) 57t
[ITB2JO &5 5 A,

7 BB R B 7 1, ABACUSH 44t £ #
Ak B2 R 5 R T S HLCn BB e DCUSE [H 7= 8 20 F AL
T {11 5 55) AT T ARRDAE L 1) BB ik, BRI R
A DA SR P (R R A A 90 200, 22 A i Ty b s A )
HDCURE-T- & 2 J&, B ~0penLAMI H #2417 K&
SRR . BTk, AT R A HABACUSHY
Bl EE, Z RN Pz AR EOpenLAMII H H i) . H,
G SR A SR R,

1.2 “FHEMEA

ABACUS 3 H#4# F *F- [ 3 (plane wave, PW)EEUE
J& T #iE (numerical atomic orbital, NAO)ZE 4 % Hi 7y
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PREC AT T, A fE HPWER AR, H ¥ P(self con-
sistent field, SCF) /7 2 3K fi#Kohn-Sham 77 #2 ({1 i #£ 2 L
Fl1(a). 75 % FE iz bR B0 T a8 3 ok R 1 L A s
R TN SN S By U W T

() = " ca(Getr T, (1)

G

Forb, GRIKS ) 51 38 7 ~F TH 3% 09 3 % A B X 3L 1
RAE R, nRIRAEW T T, cu(G) Y- THI B ) TT ZR 2K
T E 3, Z vz oK B8 1 #% O Kohn-Sham 5 2 7]

R LRI WL SR AR AT B B BR AR A xT B

5%

2

el

1
§(k+G>2rsGG’ + Vis(G-G”) | ck(G?) = eakcik(G),

(@3]

K, ey WAL RE R, Vis(G-G*)& T 1 #2411 /1)
Kohn-Sham 7 24 %, £ & i 18 WL 7 A1 s 7 A1 . AF H
I Hartree# 22 # G IR T ¥, DL K& fili ik v 1 A0 1
FHELAE O A0 5 T8 L B ) 3.

SPTHI U HE 2H A 5 BV B B TS T AR R AL A
B, T AR ELIEAZ, AT AT DA fa] S 5 e R A

Table 1 Comparison of several density functional theory packages that can handle periodic boundary conditions

P R BRI SRR R ps B I
ABACUS P HE R T EUE JESA IR
VASP!32 ST PAW/ [ 3 (N4

Quantum ESPRESSO!33! ST % PAW/J #4 TR
ABINIT®S! P THI U PAW/Jif; %5 FFiR
CASTEPP SFTHIP JEEHA IR
CP2KB3) ST TR R JE S FrIR
OpenMX 13! HE IR T JEEFA iR/
SIESTAP”! BUE )R FHuE JEH FFiR
FHI-aims®®! HfE R T AT N4
WIEN2K!! 2R 1 GRS THD 38 + SR AT bl
a b
( ) ARG ( ) LATEAIHALEN
A A
4 L ; @it EPW% St
— " BE RO
| toaseie Layms e o sare| | NAORETSBT LIRS,
R s BB EAIER R
L ) L )
J J
BAKE . BAKE
RERERS BRI/ AR R ME @ﬁﬁi/f’gﬁm RERI™ XA B
BERRRS IR e BEIMRER S AR
J ¥
HERERE B EREEE
v J
— 5 — HRMSR A — 5 — RIS

1
2
v

/ AR S A /

v
/ AR S B /

Bl 1 ABACUSTEAEHI T 1 5 2 2 (a) MEE SR 1~ FUE ZE 2L (b) I VA 23 (SCRIEAR T VA IR 1

Figure 1 Self consistent field method implemented in ABACUS with the usage of plane wave basis set (a) and numerical atomic orbital basis set (b)
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W7 F 2 HR 2R G0 1 Ak O = (1) A4, AT 386 I vk 5k
FE. FLIR, PR R4 I Ag AT M 0T, o 3% T 3 RE R
ik BN T B B SE AR 5y, A 20 v 5] DA
B3 {8 B - 45 $t(fast-Fourier-transform, FFT)>R sZ 71
FH ) B B A 5 2 [R) A3 25 1) 1) A2 k. B f, V- T8 e
THEBOK, AR HIEATE K K # Kohn-Sham /7 F2£11)
FRAEAR, e rb 1 98 10 K B A8 & & K F e b ke w5 ik
A7 T P RN,

ABACUSTE V- [ ¥ 3 20 T = FF A8 A JLJE b FE vk
(conjugate gradient, CG)E¢Davidson% 1% X5 #1477 2
K 3K fifEKohn-Sham 75 F& [ RFAEAE AVRHE [F) B, 1X 2 80
PHE R 2 HORMA R b it BRI I 2 1080 . AR Gixt
FAL T7 V2 AR B Bl A R (35 K RON3) (N2 R GG
SRR O PR A R ) R G I, 2 T SEBR R TH AR R 1)
RN, BRG] DR F S A I s (0 7 2ok itk 5. — i
M5, PR EAE S 100 7 DU 1% B2 sR EE 10
THEL WRJE R ) A B R, 100 SR 1 22 /T L
BAHEE £ 5 8o R M Rk 5802 8] HeAn 07 =X, 6 2
XA RSF RN JE S A R A R 24 T ORI AL I 258
P FERIF L —.

1E 3K f#Kohn-Sham /7 #% ) 4 1iE B A1 455 4iF [ & (1)
SO = R ST R SN UG = SIS 7 N T =
iy ) g A R B R T 2 T E RS R AR T
FL 1 U R B0 SR A5 3 A SRR e AE AE 7 V5 R I B
FEE ) B OR PE, e R R R R e bk eR B0X A
# 4 i #liKohn-Sham 75 F% 5K fif (1 35 22 8], A% B 4
MOEEARE: B, R b R S e
OAE I, 7 AT (8 B AR He(FFT)#: 1, F i [A] &2
7% £ N O(N1ogN), N AV T B H0RE: 3 =, 18153
" Kleinman-Bylander (KB)3E Jaj 3k i i, 75 11 & K& 3E
Jey 3 A AR5 5 AT T ) AL A P T R 2 T oK
fif# Kohn-Sham 77 #2 (1) 41 5% 12 47 i M B 1AL 77 11, ABA-
CUSHMPIMIOpenMPW Fh F£4T 75 48, M BRGAVE FoK%
IO A B XK~ T 38 5 4 P S22 R g m iR AT A
FWFEAT S A 5.

13 HEETHEEH

E SR C b S A SR SN prik e S A ] R
A EHLALFL . AL A% G 0 T T 5 B 2 R A A 2k
LI, HE LA L R 2 B — 2 B COF T U5 B0 e

BS A (AR AU ) R G s ), S g SRR 1% S H0
Kl ZILCSAAR DL T FE A T oe &, R IXARHA
BB 2R 40 P b BRI p R 2 09 S 58 46 M BT s SR IR0 RS 2 1R
72, EATN SEBR A R PIRAR BRI L DL AR 9,
— MR RSB =B TR EL T — R RO
ST AR TR LA 7 BUE KR R, BT T
T B AR AR DA T v, X S B IR R T RS
ABACUSH 38 32 #F 56 T 08 )5 1 1L3E () Kohn-
Sham 77 F2 R . HUE IR T HU0E RETE — RS T B = Ak
Hh 7S HL U oR A, T K IR AR T SRR, T3
ek ¥om w AW F R
Gimg(v) = fir(r)Yim(F), (3)

Horpb, Lm, O R ME T BE - HONE R EUE
W5, fi R am AR EIIE, T 1735 5 Y, 16 S5 B o
HUSEBRE R AL SEPRTEERS, X — ARSI N2
AR ) R AR DA R 2 R P K R 2 T, X e A 1) By
B . AE A AR AR 2R 0 R - B8 26 M 2H 5 (linear
combination of atomic orbitals, LCAO) /7 7E 1, HL-F X B
B % S5 1 UIE BT I PR A I A e 2 A S T R
BAEM A

() = Y e e, (r - R), @)
R

() = Cnkd(r), (5)
M

KE, p ATMAENE SRR E TR BT
Fedmg), RONATRLYE F R R, ¢ NI T BB, B Y
IR REL, BT REL TR FHUE AR R IE
RS, FANK S R HIKohn-Sham 5 FE X 2 2 ) SCAAE S
i A BN A

Z H,uv,kcvn,k = &nk Z S,uv,kcvn,k7 (6)
v v

HA, Hyyx = (Bl Hlgyi) IKohn-Sham s 2 1 i [ 4 Ff
TGy S vk = (ki) A B HRE TG, b 20 SR [E R
PASCFH) 77 kAT, Bk FES WEI1(b). 4k R K
I, A5 R - i 20 W] DA SR R 2H A8 B A P 5 A
T 2 R BB 0 e A R B Ko 6 SR 1) 4 M
FEREBTSURT DLk — D4R A AR, DAL, ZEREILL
BAREZRFIIRER S, YO LrmEa s ik
A EG 1 T 9 i 2 T LR AR 4
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B8 B, TR A AR o B R Ry A ) I
O A e R, LRI TSR g AL B AH R
1R 5 =, AT 5 2 0 5 4 B I 6 A AR, e TR A
BOAN I 18] 52 2% BN O(N?). ABACUSSZBL T 78 HU1H
JE 7 BT B 21 1 55 K FIMPIAIOpenMP I 4T, v,
MPIf) F£A7 32 BEALHE: A F 2DHLAE 34 50 06 1 B gk AT
VI 9547, DA RHEAT A sURR 53348 BRI Xof 5 22 () 4 50
(AT R 7.

o O R 1 SR 0 R AR A K B SR 1 H
b, X I 0TS IR BT T E A ST E R
R, RN 2 I8 SR 1R eR U R S S e 1Y
BB PV BUE TR S R R B R, R T AE
FROH CEAR 2 AT 232 B, 1202 45k, HUE 5
THIEFA W K N — N RA S IR, 544
Gt KL RO R R 2, B 5T B A2 1) R B () 5 4
B (ri, f(r2)), Bl — R 5K mi BB PR 7R, R ok &
IR e B HUE BRI AR T G R A, BUE R T
TEAA BRI R R, (R R e o S S N S k. Bl A A
B S IR 0751931 G L A AR T AL G B 21
FEFEBE TG B AR BEAR DL ik, oy B Bl BT R
T RIFHIRTIE R, K525 2R B0, 7] € il 15—
ARIME AL

B 7 PUIE 1 A ORI AS —. — R WL 7k
72 R FH B 0 AR 7 A A Ji T 1 R B BT 55T e
ARAE A0 U7 15, Blum® NPYLLRE &8 9 #1448, I\ — b fe
i HE AN R AL E b e B 1R BR B, DA SR A R
H)E T HUE. Ozaki®E NS 31 U HE H AR 55 H 1038 oR1
BOTVE N BUA RT3 IE B B R 0, BUE R RUE R IX
LEIL PR ET 1 R T RO — IFAE B A AL

br 7 Bk 5 Re B AH ORI SR, 5 —RWAT T
F2 ) F V- THI R B30 52 225 ) A s 558 ) e G B2 B 2 AR i ) 2
AR RBUIE. 10, Sanchez-Portal 2 A 10061141 H #;
/IME i B BR L (Spillage Function)”, 41 K AT & X

N
D0 (1 = POl

n=1 Kk

S =

=z =

=~
M=

DA = POlaOIP (7)
k

n

Ht, NS5 HIREHT L (W) s R PP T B 545
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B0 225 W7 PR AL, Pt B dn i S EONK ) JR T HUE
AT % 8 R ST I RS 2 T R B4

Pic= )" 1608 s (b @®)
Hv

TEMTT R, 27 RGN E bk, TR HUE W B —
R R I8k o) (D A 0 3 P IS SR 7 PR AR 28 B 20
SEFRE AL BILTE B 0T R

BT bR PR I HE 28, ABACUSTT & 41 BA
ff1ChenF N12HZ H J5i 7 B3 mT B BR T 9% & Jnifi
IS 2 RGN — RABEKAFER K
& (dimer)5 = F f& (trimer) LA 19 B 58 47 ) n] I 4. AN
CHT, Lin%e NOUHEH, 5 IR H A eR 2028 I 5 1

1 N
§'=8+= 3 > IV~ Pl ©)
n=1 k

Al BT B R R X PR PLIE 3 40t 7 4
W, E— BRI R PRI R4 BR2RER 7 HIER 1R
IFi) RS DA S 5 50 RE B ) RE . b R T 9 R BT R R
AN JE 43 Z4(split valence/multiple-zeta) 5 B % b
(polarization)lL 18 1] % 41; [FSG15/8 #HIEL & (1)
double-zeta with polarization (DZP)5triple-zeta with
double-polarization (TZDP) # i& ®] YEABACUSE
I (https://abacus.ustc.edu.cn/pseudo/list.htm) %3k 45,

14 JES-BUER THUEE

X5 — PR BB, TR T BE OR B FE 1) S A
T AR T S5 A R 2 A S S VR I TV K R T 1A
PR 2 H80H Wtz AT & i 50O 1 A RH: BT,
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Figure 3 For silicon, a convergence test was performed using the plane-wave basis set of ABACUS in combination with four different norm-conserving
pseudopotentials. The horizontal axis represents the energy cutoff value of the plane wave (ecutwfc), and the vertical axis represents three convergence
criteria. The four norm-conserving pseudopotentials in the figure are PseduoDojo v0.3, PseduoDojo v0.5, SG15 v1.0, and SG15 v1.2. The number of
valence electrons in the pseudopotential is denoted by Z. As shown in the lower right corner of the figure, we distinguish the three convergence criteria
with different line types. The solid line represents AEkg) (unit: meV/atom), which indicates the difference between the Kohn-Sham total energy and the
total energy obtained with the maximum ecutwfc. The dash-dot line AP) (unit: kbar) represents the difference in pressure between the two correspond-
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pseudopotentials, the ecutwfc value that meets the convergence criteria is 60 Ry
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Figure 7 The shear modulus (GV, in GPa) of 53 common metallic elements predicted by using ABACUS and VASP software. (a)—(e) The predicted
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results for elements in the second, third, fourth, fifth, and sixth periods, respectively; (f) the data for the tested lanthanide elements

4038




i ik

F)RIPDOASE 3, 1+ 5 15 3| WIBVAIGV S 7] &37H139
GPa. HH N Hb, 7EVASPH 5 A, i FH /2 4 B 7 3L
12 CefE S, Hoit B BV HIGV 43 5l /& 455144 GPa.

3.2 AR bR

B ERR A A A R L 5 R R K 2 11 RS, RO AR
AN IE] B B R AE B R AR R IR ) A R
FEGE 10 43 F 21 F1 EASE UK B 28 3L 1) 137, IX 2% 3% 08
B R 2 B AR AT R B, BTN ) B L A K
A D AE TN TR o A ] 4 1) DR T 30 7 25 RN 4 R R
fig 7 TR, H R IX L 37 R X R AR
SO RFEE E I, SRR T WA RE R TE A G
FELES T 23 3N J1 22 AE TH LA B RE A 30 Hh (90 (58 42 351
R A K I WusE NBTEFDPA- 1B & T
AR A 1 38 5 T 1A] 945 BB (UniPero). 138 1 3%
BRI E7E 25 T 26F S ERAT S ALY, 2007 4 4 DA K 145
& JRICR. T % 2 R B AR EE 240k § ABACUSIH)
ol R T o B A L E AT B Sk Al FIDP-GENGR
19 = I8 & i (WPbTiO5.  SrTiOs)IDPA-1HE /. [ Ji5,
81 W S BOHE 4R AF v 2 AL, 38 1 DP-GENgY i
VY 75 44k (B 41Pb,Sr1 — xTiO3 5PbZr, Ti;_O3) fJDPA-
IR AL, 38 3 R I 2 A, DPA-145% 2 (UniPero) ] LA 4
R K 14%h & 8 J0 & R HAT R R BV AR
BB A A0 . 78 BB 2 AR U S5 ik R v, A AT i
FABACUSH 7> +2000001~CPU/ B ¥ A% A%, 3k 15
T 29200004 #4) AL 25 IR 5, N T 56 E R AL 1 o
B M, A AT R B & 5 Ay T Bh ) AR, HE
By b T 00 T LR AN [R] Bk R AL P B AR AR L
i, A S 6 ot 2 B = It [ ¥ fAPb(In; 2Nby/2)05-
Pb(Mg;/3Nb,/3)03 - PbTiO; (PIN-PMN-PT)ff %. i%
BB % h e ST AR B T ABACUS ) Hi 48 JE 1 % i JE 41
D7V A SR, 3 HABACUSHS & (0 5 280% K ig
BEAR T IR0 P RRAR

JE 132 PIDEBRIVIAJE 76 3 4 16 & 4 &
P TR [ O H R, FEBUARAE S e R, e
T SRR R P AR . Linss B8
T ABACUS™ A= ¥ %5 B 17 bR BE AR B4 A2 il 17— A 5
TDPA-1, [ [A] 197 2 3 44 1) T Il 25 B U DPA-Semi.
NGB R RS 72370 2 AR TR AR I 00 45,
2R FHABACUS ) 8U{H J5 1 9L T (NAO) FE 241 147 %5

JEZ bR AR TH L. X 19Fh 2 T AR R E T B
EVIAWE 1S, Ge, SiC, BAs, BN, AIN, AIP, AlAs, InP,
InAs, InSb, GaN, GaP, GaAs, CdTe, InTe, CdSe, ZnS,
CdS. x5 % Bz ok HS T SR 45 R BEAT L, 1R
11 BLDPA-Semiti L 75 T 1 L6 AR AR Fh A% H
HOn s A By T R A B R R T AR R i, )
T-SiC, DPA-Semilbi 1 G % #E i [X 43 AN 7] 5 ¥4 fA (43 C.
2H. 4HAMI6H)Z [A] ) fE & 2 53, J7F H 5% Bz s 3k
THREIBEENTT K R —3 WEw > Esc > Een > Eun.
IE AR, /E# AT 12K FIDPA-Semif B4 i1 5 1 2 S48 M kL
FET g, LRt — B G 0y T ) O R T R
AR BRI G 25 25 460, 38 3 of b i N 2500 A sz 56 4
¥, K15 T AR R, DL BN HIDPA-Semi i A AN
CRE LSS — 4 B K P T~ A A A B A IR
M7 A% B8 2 2 PR AR T I AT 55 O TH S RUAS, 9Bk FTLIB
EVIAG:FERGHIRE H R M T — i T A.

4 REgMREY

Al for Science45IH [ % k2 fif 1R AL S8 (oW R FE 55
TRV A B 3 3 A AN R M DA 1 R B AR T
W RE. £E9> T3 J1 2808, B THLA 2= 21 14y 130
J1HTTIEINS ARGV 2 B, AH 2 U 2R 35 ek B0 A%
AATERIS R, Teiki 2 H st ARSI oK. H AT,
E B b2 A~ BB IEAE Bt Al oo 3= A IR g — Pl as
5 o)A R R Ay BE e 0 i I i A A IR e e 3R
MR BB e R TR M RMA R X 2 —
TR, AR AT B — AN RS BT T (i R
— SR FR I GBS AT 75 MBS — P SR B A RIS R0 R A 3R
13, % vz vR B0 7 02 B R AR I SR B0 BT A
FEHIR L.

NG a2 BN ES e J B Rl I Sl =
B AFABACUS(R 7 5 )8 /1 J5 7 35 bR BOK K8 )
%OpenLAM 3E & 15 0. 20214F, ABACUSH & 1 PA
5 Bl F S AT 59 I U 4 X DeepModeling & FT ¥
G 18, BT 3 RATASH AR 8 — AR 45 g H o
6. ABACUSIH = 2 ) i /& 3 FF 25 1 1k 5l %
B J5 T 38 (0 %5 R 2 R B i 8L 3L 22 JL4E, ABA-
CUSHR A FE A FFUEACH (RS #e gE A7 POk AR, 1A 12
Sy RYER AR e BA T AR, I BRI R A

4039



M 3B B 205488 E70% 24 H

R IR R = A H R AT AN KRR, B9 8 R AT
—ANNRRA. E R E, ABACUSARILSZEL T — &
F 4 1R L 45 M BV, 3R X R fi# Kohn-Sham /7 2 25
B0 ThBEHEAT T % A MGPU/DCUS K T, 3+ 5
72 BE SCDCURE 447 & 34T 1 50 (1 IE B #% 1. ABA-
CUS [H 7= B 4 1) &6 & B3R F+ 1 7= A2 28 — M 5l 28
IR PEANY B, {8 FABACUSAH bt T+ [ B HoAth 32 7 2%
FEZ s B B TR HE B, G T
JNOpenLAMI H $& {4t 25 — P J5 Bl 25 4 () S 22 T
H. HAT, HABACUSHUE A BPIAL 2% 5 =) 35 bR B 1Y
CMATAEE. FE. SEREMDEZ NG53R
57 RIFHIZCER. fEOpenLAM T 3R 4 SH R, [ #4321
H L P BB B R A 1 @ et H & e, 7 (8 A

E RPN

N N R WD =

electronic structure calculations. J Chem Phys, 2020, 152: 194103

B A 3 1) I A AN SR T 0T S A

b %5 OpenLAMII H () A W i® A, H 3 H Y8 Bl H
AR, s 72 bR . AL R T, ABA-
CUSA= il 1) K 5 B8040 4 AR AR b 3 TR Rl ke .
5 e E I, AH DG AR, I R B 4 DA R AR D R B
42 7E Al Square™T- & (https://www.aissquare.com/)_I 3F 47
TASRIRERE A TE /3 =, MR RHR ISR S5 & 1E. B
T 81 )1 KR TR OpenLAMit %I, ABACUSHJ5 15 H
SR AR AE 2L AT L E R R RN E A, LAIE R 2
b I e A ZE R AU I ATSE Y. A, ABACUS &
SRR TF RHT ) LTSS R Bk, DL BRI AR E
FITTFEME. ABACUSTH L X XM B £ 11 FF & 3 Fi H
JURIE.

Hohenberg P, Kohn W. Inhomogeneous electron gas. Phys Rev, 1964, 136: B§64

Kohn W, Sham L. Self-consistent equations including exchange and correlation effects. Phys Rev, 1965, 140: A1133

Blaha P, Schwarz K, Tran F, et al. WIEN2k: an APW+ lo program for calculating the properties of solids. J Chem Phys, 2020, 152: 074101

Zhang Y, Suo B, Wang Z, et al. BDF: a relativistic electronic structure program package. J Chem Phys, 2020, 152: 064113

Romero A, Allan D, Amadon B, et al. ABINIT: overview and focus on selected capabilities. J Chem Phys, 2020, 152: 124102

Nakata A, Baker J, Mujahed S, et al. Large scale and linear scaling DFT with the CONQUEST code. J Chem Phys, 2020, 152: 16112

KUHne T, Iannuzzi M, Del Ben M, et al. CP2K: an electronic structure and molecular dynamics software package-Quickstep: efficient and accurate

8 Tancogne-Dejean N, Oliveira M, Andrade X, et al. Octopus, a computational framework for exploring light-driven phenomena and quantum
dynamics in extended and finite systems. J Chem Phys, 2020, 152: 124119
9 Prentice J, Aarons J, Womack J, et al. The ONETEP linear-scaling density functional theory program. J Chem Phys, 2020, 152: 174111
10 Sun Q, Zhang X, Banerjee S, et al. Recent developments in the PySCF program package. J Chem Phys, 2020, 153: 024109
11 Giannozzi P, Baseggio O, Bonfd P, et al. Quantum ESPRESSO toward the exascale. J Chem Phys, 2020, 152: 154105
12 GarciA A, Papior N, Akhtar A, et al. Siesta: recent developments and applications. J Chem Phys, 2020, 152: 204108
13 Kresse G, Joubert D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys Rev B, 1999, 59: 1758

14 Zhang L, Han J, Wang H, et al. Deep potential molecular dynamics: a scalable model with the accuracy of quantum mechanics. Phys Rev Lett,

2018, 120: 143001

15 Batatia I, Kovacs D, Simm G, et al. MACE: Higher order equivariant message passing neural networks for fast and accurate force fields. Adv

Neural Inf Proc Syst, 2022, 35: 11423-11436

16 Batatia I, Benner P, Chiang Y, et al. A foundation model for atomistic materials chemistry. 2023, arXiv: 2401.00096
17 Chen C, Ong S. A universal graph deep learning interatomic potential for the periodic table. Nat Comput Sci, 2022, 2: 718-728

18 Qi J, Ko T, Wood B, et al. Robust training of machine learning interatomic potentials with dimensionality reduction and stratified sampling. npj

Comput Mater, 2024, 10: 43

19 Choudhary K, Decost B, Major L, et al. Unified graph neural network force-field for the periodic table: solid state applications. Digital Disc, 2023,

2: 346-355

20 Choudhary K, Decost B. Atomistic line graph neural network for improved materials property predictions. npj Comput Mater, 2021, 7: 185

21 Deng B, Zhong P, Jun K, et al. CHGNet as a pretrained universal neural network potential for charge-informed atomistic modelling. Nat Mach

Intell, 2023, 5: 1031-1041

22 Merchant A, Batzner S, Schoenholz S, et al. Scaling deep learning for materials discovery. Nature, 2023, 624: 80-85

23 Zhang L, Wang H. Simulating the microscopic world: from the Schr?dinger equation to the large atomic model (in Chinese). Physics, 2024, 53:
431-441 [FRbRIGE, iR, BT M 157 R BRI T, M3, 2024, 53: 431-441]

4040



W ik

24

25

26

27

28

29

30

31

32

33

34
35

36

37

38

39

40
41

42

43
44

45
46

47

48

49

50

51

52

53

54

55

Zhang D, Bi H, Dai F, et al. Pretraining of attention-based deep learning potential model for molecular simulation. npj Comput Mater, 2024, 10: 94
Zhang D, Liu X, Zhang X, et al. DPA-2: towards a universal large atomic model for molecular and material simulation. 2023, arXiv:2312.15492
He F, Ren X, Jiang J, et al. Real-time, time-dependent density functional theory study on photoinduced isomerizations of azobenzene under a light
field. J Phys Chem Lett, 2022, 13: 427-432

Lin P, Ren X, He L. Efficient hybrid density functional calculations for large periodic systems using numerical atomic orbitals. J Chem Theory
Comput, 2020, 17: 222-239

Liu Q, Chen M. Plane-wave-based stochastic-deterministic density functional theory for extended systems. Phys Rev B, 2022, 106: 125132

Sun L, Chen M. Machine learning based nonlocal kinetic energy density functional for simple metals and alloys. Phys Rev B, 2024, 109: 115135
Chen Y, Zhang L, Wang H, et al. DeePKS-kit: a package for developing machine learning-based chemically accurate energy and density functional
models. Comput Phys Commun, 2023, 282: 108520

Li W, Ou Q, Chen Y, et al. DeePKS+ ABACUS as a bridge between expensive quantum mechanical models and machine learning potentials. J
Phys Chem A, 2022, 126: 9154-9164

Kresse G, Furthmiiller J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput Mater
Sci, 1996, 6: 15-50

Giannozzi P, Baroni S, Bonini N, et al. QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials.
J Phys Condens Matter, 2009, 21: 395502

Clark S, Segall M, Pickard C, et al. First principles methods using CASTEP. Z kristall, 2005, 220: 567-570

Hutter J, Iannuzzi M, Schiffmann F, et al. cp2k: atomistic simulations of condensed matter systems. Wiley Interdiscip Rev: Comput Mol Sci, 2014,
4: 15-25

Boker S, Neale M, Maes H, et al. OpenMx: an open source extended structural equation modeling framework. Psychometrika, 2011, 76: 306-317
Soler J, Artacho E, Gale J, et al. The SIESTA method for ab initio order-N materials simulation. J Phys Condens Matter, 2002, 14: 2745

Blum V, Gehrke R, Hanke F, et al. Ab initio molecular simulations with numeric atom-centered orbitals. Comput Phys Commun, 2009, 180:
2175-2196

Wang H, Zhang L, Han J, et al. DeePMD-kit: a deep learning package for many-body potential energy representation and molecular dynamics.
Comput Phys Commun, 2018, 228: 178-184

Zeng J, Zhang D, Lu D, et al. DeePMD-kit v2: a software package for deep potential models. J Chem Phys, 2023, 159: 054801

Zhang Y, Wang H, Chen W, et al. DP-GEN: a concurrent learning platform for the generation of reliable deep learning based potential energy
models. Comput Phys Commun, 2020, 253: 107206

LiH, Wang Z, Zou N, et al. Deep-learning density functional theory Hamiltonian for efficient ab initio electronic-structure calculation. Nat Comput
Sci, 2022, 2: 367-377

Gu Q, Zhouyin Z H, Pandey S K, et al. DeePTB: A deep learning-based tight-binding approach with abinitio accuracy. 2023, arXiv:2307.04638
Zheng Q, Chu W, Zhao C, et al. Ab initio nonadiabatic molecular dynamics investigations on the excited carriers in condensed matter systems.
Wiley Interdiscip Rev: Comput Mol Sci, 2019, 9: e1411

Wang X, Wang Z, Gao P, et al. Data-driven prediction of complex crystal structures of dense lithium. Nat Commun, 2023, 14: 2924

Li W, Carrete J, Katcho N, et al. ShengBTE: a solver of the Boltzmann transport equation for phonons. Comput Phys Commun, 2014, 185:
1747-1758

Mostofi A, Yates J, Lee Y, et al. wannier90: a tool for obtaining maximally-localised Wannier functions. Comput Phys Commun, 2008, 178:
685-699

Larsen A, Mortensen J, Blomqvist J, et al. The atomic simulation environment—a Python library for working with atoms. J Phys: Condens Matter,
2017, 29: 273002

Jin G, Pang H, Ji Y, et al. Pyatb: an efficient python package for electronic structure calculations using ab initio tight-binding model. Comput Phys
Commun, 2023, 291: 108844

He X, Helbig N, Verstraete M, et al. TB2J: A python package for computing magnetic interaction parameters. Comput Phys Commun, 2021, 264:
107938

Blum V, Gehrke R, Hanke F, et al. Ab initio molecular simulations with numeric atom-centered orbitals. Comp Phys Comm, 2009, 180: 2175-2196
Talman J. Numerical Fourier and Bessel transforms in logarithmic variables. J Comput Phys, 1978, 29: 35-48

Havu V, Blum V, Havu P, et al. Efficient O (N) integration for all-electron electronic structure calculation using numeric basis functions. J Comput
Phys, 2009, 228: 8367-8379

Sankey O, Niklewski D. Ab initio multicenter tight-binding model for molecular-dynamics simulations and other applications in covalent systems.
Phys Rev B Condens Matter, 1989, 40: 3979-3995

Porezag D, Frauenheim G G, Kohler G G, et al. Construction of tight-binding-like potentials on the basis of density-functional theory: application
to carbon. Phys Rev B, 1995, 51: 12947-12957

4041



FE B 205588 BL70E B4l

56
57
58
59
60
61

62
63

64

65
66
67
68

69
70
71
72
73
74
75

76

71

78

79

80
81

82

83

84

85

86

87
88

Horsfield A. Efficient ab initio tight binding. Phys Rev B, 1997, 56: 6594-6602

Junquera J, PazO, Sanchez-Portal D, et al. Numerical atomic orbitals for linear-scaling calculations. Phys Rev B, 2001, 64: 235111

Ozaki T. Variationally optimized atomic orbitals for large-scale electronic structures. Phys Rev B, 2003, 67: 155108

Ozaki T, Kino H. Numerical atomic basis orbitals from H to Kr. Phys Rev B, 2004, 69: 195113

Sanchez-Portal D, Artacho E, Soler J. Projection of plane-wave calculations into atomic orbitals. Solid State Commun, 1995, 95: 685-690
Séanchez-Portal D, Artacho E, Soler J. Analysis of atomic orbital basis sets from the projection of plane-wave results. J Phys: Condens Matter,
1996, 8: 3859

Chen M, Guo G, He L. Systematically improvable optimized atomic basis sets for ab initio calculations. J Phys: Condens Matter, 2010, 22: 445501
Haynes P, Payne M. Localised spherical-wave basis set for O(N) total-energy pseudopotential calculations. Comput Phys Commun, 1997, 102:
17-27

Lin P, Ren X, He L. Strategy for constructing compact numerical atomic orbital basis sets by incorporating the gradients of reference wavefunctions.
Phys Rev B, 2021, 103: 235131

Schlipf M, Gygi F. Optimization algorithm for the generation of ONCV pseudopotentials. Comput Phys Commun, 2015, 196: 36-44
Schwerdtfeger P. The pseudopotential approximation in electronic structure theory. ChemPhysChem, 2011, 12: 3143-3155

Hamann D, SchlUTer M, Chiang C. Norm-conserving pseudopotentials. Phys Rev Lett, 1979, 43: 1494

Van Setten M, Giantomassi M, Bousquet E, et al. The PseudoDojo: training and grading a 85 element optimized norm-conserving pseudopotential
table. Comput Phys Commun, 2018, 226: 39-54

Dal Corso A. Pseudopotentials periodic table: from H to Pu. Comput Mater Sci, 2014, 95: 337-350

Vanderbilt D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys Rev B, 1990, 41: 7892

Troullier N, Martins J. Efficient pseudopotentials for plane-wave calculations. Phys Rev B, 1991, 43: 1993

Rappe A, Rabe K, Kaxiras E, et al. Optimized pseudopotentials. Phys Rev B, 1990, 41: 1227

Krack M. Pseudopotentials for H to Kr optimized for gradient-corrected exchange-correlation functionals. Theor Chem Acc, 2005, 114: 145-152
Garrity K, Bennett J, Rabe K, et al. Pseudopotentials for high-throughput DFT calculations. Comput Mater Sci, 2014, 81: 446-452

Jollet F, Torrent M, Holzwarth N. Generation of projector augmented-wave atomic data: a 71 element validated table in the XML format. Comput
Phys Commun, 2014, 185: 1246-1254

Pizzi G, Cepellotti A, Sabatini R, et al. AiiDA: automated interactive infrastructure and database for computational science. Comput Mater Sci,
2016, 111: 218-230

Talirz L, Kumbhar S, Passaro E, et al. Materials Cloud, a platform for open computational science. Sci data, 2020, 7: 299

Prandini G, Marrazzo A, Castelli I E, et al. Precision and efficiency in solid-state pseudopotential calculations. npj Comput Mater, 2018, 4: 72
Lejaeghere K, Van Speybroeck V, Van Oost G, et al. Error estimates for solid-state density-functional theory predictions: an overview by means of
the ground-state elemental crystals. Crit Rev Solid State Mater Sci, 2014, 39: 1-24

Birch F. Finite elastic strain of cubic crystals. Phys Rev, 1947, 71: 809

Kresse G, FurthmULler J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys Rev B, 1996, 54:
11169

Mohr S, Ratcliff L, Genovese L, et al. Accurate and efficient linear scaling DFT calculations with universal applicability. Phys Chem Chem Phys,
2015, 17: 31360-31370

Bosoni E, Beal L, Bercx M, et al. How to verify the precision of density-functional-theory implementations via reproducible and universal work-
flows. Nat Rev Phys, 2024, 6: 45-58

Jain A, Ong S, Hautier G, et al. The materials project: a materials genome approach to accelerating materials innovation. APL Mater, 2013, 1:
011002

GraZUlis S, Chateigner D, Downs R, et al. Crystallography open database—an open-access collection of crystal structures. J Appl Crystallogr, 2009,
42: 726-729

LiZ, Wen T, Zhang Y, et al. An extendable cloud-native alloy property explorer. 2024, arXiv:2404.17330

Wu J, Yang J, Liu Y, et al. Universal interatomic potential for perovskite oxides. Phys Rev B, 2023, 108: L180104

Liu J, Zhang X, Chen T, et al. Machine-learning-based interatomic potentials for group IIB to VIA semiconductors: toward a universal model. J
Chem Theory Comput, 2024, 20: 5717-5731

4042



i ik

Summary for “FFIR % B2 B B S A ABACUS: Bh 1 KR TR R B”

Open-source density functional theory software ABACUS:
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Machine-learning-enriched interatomic potential frameworks are notable catalysts that transform the realm of compu-
tational materials science. By skillfully combining quantum mechanical accuracy with the computational efficiency of
classical empirical potentials, these methods significantly enhance the capabilities of molecular dynamics simulations and
related investigative fields. The integration of these frameworks provides researchers with the ability to analyze the com-
plex dynamics of material systems with an unprecedented combination of accuracy and speed. The increasing application
of machine learning potential function methods and the accumulating data lay a solid foundation for the construction of
a large atomic model (LAM) that comprehensively covers the elements of the periodic table, turning the vision into a
feasible reality. Within this paradigm, the open large atomic model (OpenLAM) project aims to build a high-precision,
high-efficiency pre-trained model suitable for complex material systems. The efficient and accurate interatomic potential
models can archive through further downstream fine-tuning and distillation. A key factor in this endeavor is the compre-
hensive collection of advanced training data, which relies on the accuracy provided by first-principles software. ABACUS,
a leading open-source tool in the density functional theory landscape, plays a pivotal role in advancing the OpenLAM
project. With support for plane waves and numerical atomic orbital basis sets, ABACUS enables researchers to select the
most suitable basis set for their specific research needs. Additionally, ABACUS provides an accessible pseudopotential and
numerical atomic orbital library, and enables users to conveniently select pseudopotentials and orbits. ABACUS also fos-
ters a collaborative framework for first-principles computation, creating a community-oriented research environment. And
at present, ABACUS has supported lots of algorithms that combine DFT and Al, such as DeepKS, DeepH, etc. ABACUS’s
hardware versatility, demonstrated by its successful adaptation across various platforms, significantly enhances its utility
by leveraging the computational power of diverse architectures. The successful adaptation on domestic deep computing
unit (DCU) hardware makes ABACUS be a cost-effective choice. This flexibility has been instrumental in enabling ABA-
CUS to contribute a substantial amount of density functional theory data to the OpenLAM project, covering a wide range
of material systems including alloys, semiconductors, and perovskites. The use of ABACUS for generating large amounts
of data in these fields has validated the stability and reliability of ABACUS, with the potential to unlock novel functionali-
ties and applications in modern technology. The evolution of ABACUS is closely aligned with the rapidly advancing field
of Al for Science. As artificial intelligence continues to integrate into scientific research, ABACUS is well-positioned to
incorporate emerging Al-driven methodologies and algorithms. Moving forward, ABACUS will remain a cornerstone of
the OpenLAM project and a catalyst for new discoveries, driving materials science into a new era of Al-enhanced research
and development.

density functional theory, ABACUS, machine learning potentials, large atomic model
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