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Fig. 1. Structure of high-dimensional neural network. C, G,

H, and E represent coordinates of atom, basis functions,
hidden layer neurons, and energy of atom, respectively.
Subscripts, 1, 2, ---, n are the serial numbers of atoms, and

Er is the total energy of the system.
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Fig. 2. (a) Structure of a-RDX crystal; (b) structures of four usual types of RDX molecules.!'”) The white, grey, blue, and red balls

represent hydrogen, carbon, nitrogen, and oxygen atoms, respectively.
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Fig. 3. (a) Diagram of test set lowest RMSEs variation along with training iteratons of nine types hidden layer neural structures

after 400 iterations; (b) diagram of training and test sets RMSEs variation along with training iteratons of 30-30-10 hidden layer

neural structures after 1500 iterations.
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Fig. 4. (a) Correlation of machine learning binding energies with the corresponding ab initio reference energies for all structures in

the training (black skew crosses) and testing (red crosses) sets; (b) correlation of machine learning atomic forces with the corres-

ponding ab initio reference forces for all structures in the training (black skew crosses) and testing (red crosses) sets.

el FH ot A o 500 A0 95 D11 2 S A X4 i A )
15199 ™25 HEA T RE SR M PP R 52 0 AR
JLZE R G 5 — M I B SR R e an 5] 4 BT
MAE 5 RMSE FI7E 3 3 . [&] 4(a) A —MER
IS5 A RERIHLAS 2% 2] SR BT 508 L RE 1 X
NG FR A, KB iE e A AR — M R
LA 2T TR AR A, B i B i (0 B 4 ikl
DEIAT R 221N, R 4(a) TTLAE Y, BRAS 145
FaAN, 4R 22 BRI i FRAE Wt R R B O, 3%
PR BT AR Gl o A A — e D AR A5 )
A e, T ELUIZREE R A 7 R 2R W 43 A 34
AY, BB, Ui IR i e BOEAT AR T
Pl 4(b) SR8 — 1 S B35 A B v D2 0 FIAL
222 TR 52 JI R O s L R R
H oy, 2 = NITRZI], AR DA
168 MEF, MR NETZ 2, BkE—
sk B R, X B — 2SR BERLEE R T — AN
FAE—DJrm Bz g, bR =2 #. i E 4(b)
FILLE B BT A O AT A W e 2T
i HILA 32 Ik (> 200 eV/A) B9 5T, HLES
= 3] SRR B A T G Rt AR — M P AR 2
ST . ang 3 T, 55— IR B Ho AR
IR BT A5 2 (0 4 bR B A BB AT 15153 AR i 2t
58, B RS 2 Al E W EF2 1ME B, Uiz
PR BT F TR R A RDX SRR 552

hy 6 UE 3% bR RO 25 AR A 1 T KRR, %)

F oo, B, v Fl e TUFP S, VASPU2 8440,
TE 0 K BE T 43 il 76 A5 #E KR E] 6 GPa L
1 GPa MIaIfE, 7 FlRGR &4 T AT 45 810
XPH R 52 - TR, SR LA 2= >
JIT A5 (R AR EION HAS & RE A 52 1T aR, Of
HZ g, Has G aext e R mE 5 fros. v LA
th, BB 1R 22 B RIWSS K o v AHTE 1 1 2 GPa 5%
PE R 25K, M B 28 2 > 3ok BT i B 4
BRI 455 HEMK 20.1 meV /atom,
Hogy 26 FhE5H I 4a X 1R 22 24/ T 20 meV /atom.
XFFIX 28 Fizhth), 455860 MAE 4 8.8 meV /atom,
RMSE 4 10.0 meV /atom, J& 5% F1 f) MAE
0.88 eV/A, RMSE i 1.11 eV /A, Y3/ T I 45
RIS 25 G REA R 132 1 1) MAE 1 RMSE
(% 3 ra), UhE O AR e 45k, Planesd
PORE T BRI T TR R E S5/ i1t
B, PRLUE TR S sR B T B 2 R RS e 25
SRR

# 3 YGRS IR NS ST B A A

T2 1 55— HE L MAE FI RMSE

Table 3. MAE and RMSE of machine learning

binding energies and atomic forces corresponding ab

initio reference energies and forces in the training

and test sets.

Energy /meV-atom ! Force/eV-A!

MAE RMSE MAE RMSE
Training set 29.2 47.1 2.22 9.45
Test set 35.1 59.2 2.24 717
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Fig. 5. Errors of machine learning binding energies of four known RDX crystals from 1 atm to 6 GPa at 0 K.
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Energetic potential of hexogen constructed
by machine learning’
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Abstract

1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) or hexogen, a high-insensitivity explosive, the accurately
description of its energy and properties is of fundamental significance in the sense of security and application.
Based on the machine learning method, high-dimensional neural network is used to construct potential function
of RDX crystal. In order to acquire enough data in neural network learning, based on the four known crystal
phases of RDX, the structural global search is performed under different spatial groups to obtain 15199
structure databases. Here in this study, we use nearby atomic environment to build 72 different basis functions
as input neurons, in which the 72 different basis functions represent the interaction with nearby atoms for each
type of element. Among them, 90% data are randomly set as training set, and the remaining 10% data are
taken as test set. To obtain the better training effect, 9 different neural network structures carry out 2000 step
iterations at most, thereby the 30-30-10 hidden layer structure has the lower root mean square error (RMSE)
after the 1847 iterations compared with the energies from first-principles calculations. Thus, the potential
function fitted by 30-30-10 hidden layer network is chosen in subsequent calculations. This constructed
potential function can reproduce the first-principles results of test set well, with the RMSE of 59.2 meV /atom
for binding energy and 7.17 eV /A for atomic force. Especially, the RMSE of the four known RDX crystal phases
from 1 atm to 6 GPa are 10.0 meV/atom and 1.11 eV/A for binding energy and atomic force, respectively,
indicating that the potential function has a better description of the known structures. Furthermore, we also
propose four additional RDX crystal phases with lower enthalpy, which may be alternative crystal phases
undetermined in experiment. In addition, based on molecular dynamics simulation with this potential function,
the a-phase RDX crystal can stay stable for a few ps, further proving the applicability of our constructed

potential function.
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