Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025)

120501

ETFRELMEZINBERAHEE ST

B F VI

Ts4?

x5 A DY

1) (IR ERCE S RGRA¥0E, T8 266590)
2) (ALITn P SR T, LT 100094)
3) (WA RFERE, FBI 450052)

(2024 4510 H 26 AYZ#; 2025 45 4 A 7 HUEEIEHR)

S 55 S0 F TR A DR 1 L R A R AR R SRR, T OSBRI B, 45 A A A U A B ) A
A N VLA 2= > 7 ey R BRIk . JE L 92 2% 2] (probability learning on manifold, PLoM) fig
AR AR IRE . BRI ER Y BN IR REAR, B A B IVEAR A B T B B SR KEZ) PBX9502
B A 22 ) 3 T M S 06 B R AR L AR e, SR B R A R e L BRI AL, R BT A I 1
YERNIINERER . BETT, 6 FH 1) 22 70 Gauss 1% FE AR THIE RAR VI ZR AR 0y e i . 42235 1) I #E B S 2
FETINGEMAELE T . BN T, 8 i 7 B 50 00 55— A ARk {8 1T Rz A SRR 1) 2 440 3 A 150 25k o 5 PN 6
g, R, BN EEAE N Wiener i3 F2 9K 3 A9 Hamilton RS0 RIFIME, SCI0MERAE Ry AR BE 4 1 Tto-MCMC
FEHLEL A 2%, Stormer-Verlet % 28 F DAK fif B HLFE B Hamilton 782, &Jn, R SOEZS e, SEE 22 ] -
7. S5 R B, PLoM RBAE BT & Tl 2B 77 1 w5 A B A 400 75 SR 1) %85 B R X B ATL . R 2= S SR SR 2
F14) 365 TR A5 R R DA77 S5 A 48, 5 EE AR R IR AE Ze M DG R %8 B 1 B/ IN DB Bl 2 5 | A R R I 1 J 2 1 B 4
Lo 2s S SR IR S R B, I R BUAR R ORI e, S A TS RAHAE. T O vk BA S 1, et B

Ly k5% R 5E.

KB WP LA ], AR, BEPLFERL Hamilton J5Fe, /MEAS, G, A E &l

PACS: 47.40.Rs, 02.50.-t, 02.70.—¢
CSTR: 32037.14.aps.74.20241501

1 3

W R T O (103 K) . & E 0 (10 GPa),
R O (10° m/s) Pyl R 7, AE A ]
B O (10 ps) LAE T IR TGIE 4 2R o P p 22
feid#2. HAT, BASAARSE 4, F RS2 06 B )1
KEEBHL, IS Y B R RS T )
T BRI, 8 PR i R i 5 35S I B o A
T B S RSB AN ER, (R BER i ) Jgl g A

i

DOI: 10.7498/aps.74.20241501

KB AN Gy A T ERR PTAk ) B SCLEHRAE N DR T IR
mfEENL Ry, S IC R BOR S IAE . BeAh,
PR ARG . Z W ERE G PR AR (A W, S
TR R A e PRI RIS SRR R, TR IRk
P4 (quantity of interest, Qol) [4)j FAH W&
FEAZS A RR 0L 5250 /0 HFEAR S A ),
TeEARIE Qol it B AU st HReTS 21 HH g
THE, SRR CHEE. b, 505 /0 BAEA
Al WITCE: BT N T 2 IR
2 ) SRS LR 22 2 O vk, BT Y S /15

* ERARBERLS (S 12171047), EK A AR A T E TREYIM B NSAF A4 (oS U2230208), 1A
B ARFIFERES (LS ZR2021BA056) FIEIZ M 2542 (b5 CSC202308370209) ¥ B4 PR

t BIE1EE . E-mail: mathlx@163.com
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

120501-1


http://doi.org/10.7498/aps.74.20241501
https://cstr.cn/32037.14.aps.74.20241501
mailto:mathlx@163.com
mailto:mathlx@163.com
http://wulixb.iphy.ac.cn
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. 74, No. 12 (2025) 120501

B, FIRPLES 2% 2 5 1 Qol I — ey B pL3L,
SRR, WPk,

SEYR B SE ) 5 — PR AR TR A AR v
URLZE T ANIRE BE (uncertainty), 15 bR
M REALYE sh . B2 R u ik, FESEL.
FGEAE U DR BRI (T NS AR RE 5 |
2 Qol MYRIZIHRY . IEBRZRAE LI AN 2 BE FIPEMy
AN LR X Qol WSE I, RE & i 255 1 U A
B FEAZRE 69 IR /AL iy 18] R M)
GO E KT RIHESN T, LLASEEBRIRER 0], 58
] el By o0 1), S 5] 23 ERHT 90 A % (AFSOR)IT,
32 [E MY S S (NRL) IS A0 5E [F ML T 7
i P32 (American Society of Mechanical Engin-
eers, AMSE)P021 &30 TR ILRITE B T, AW E
AL (uncertainty quantification, UQ) Hi ARk
M. AR, ENAM RS BT R U UQ
W5 2220 (R ZE R R w b, B8 h e
BN E FE, X SERANE R BE S O DL R
BE, WarE i RAE m 4t (PR M) AR
25 SRR AN BT PEAL LR, R AR

B XoT v A IR AS BB S I AR, Bl fin 3
SEESIRBOT AL, HARRAE R LA = 2T 7
A KEEARLS & (O s 7 T he e B0 i e 2
A PRECR A, 24 A3 4E (support set) RHI. 73
Hb, EAEREAR SR 2 Y BB M, nfar fRAIEAE B
PIREAS ST BRI A AR 1 2 1A i P FEAILIEL? Soize
H GhanemP! F 2016 4548 H B B L (1 HE 382
>J (probability learning on manifold, PLoM) J5
%A Tto-MCMC(Markov chain Monte Carlo,
MCMC) RFEFFRIE R AT, SEIH = 2/ VARSI
BB R 7, B ATE T E R vh & B

Bl (scramjet) 27 HE5 HBEHE 28 =T REML AL 29,

I Ptk B0 S E B SR B T 207 S H
PERIEEYE. PLoM F LIRS 7E T Bk, &
MCMC J5 1, Metropolis-Hastings 55 1 ME p5 7E
T HW i B R L2 0, AT 3 A T A
Hm 4ERFETH R AR B2, Gibbs FEME R 2
TR PR AT B A Z N, T Ito-MCMC
) PLoM J7 0% 47 LA b B R, HA& s e e A
AT AT PR, IR, 4 MOMC 7 1545 21 /) SR AR
HBIRABNS T W B S GETHRHE, (RS
HPE R E B IRIE b, WA T U 0 SR LA 2544
RIBE IR T SE g AN [R] ) 21w 1 2 [ i P B 1 7

HLEE. T PLoM J7 ikl i i ATk, &I
I 48 7 B 5 48, K5 3 T Wiener 3o 72 3K 50 it #E HE
Hamilton Z 4% (1425 (B A E B4, A= %
FIFEASE RERE ML SR FEZR IR IE . Y
e B E A B rg T, ERERRE I T )
FRHLEE. Fk, 528 MCMC M b, PLoM 7t
BRAEAR. 505, 2 e/ INREAR S0 B A7 3 1
PTG YL, PLoM Jr ik Bl 30 i S e k.

ZE LTk, PLoM J7 ik % DA A, B A %1
16 7% SR A A 11 R e AR S B R MR T AR A T L
PLoM A=W =F & L FSC 3088, 2 T3 K2
F4) 2 JBE AR o S5 ) B o (MR B R, SRR T
ANEEE P2 [ Yy s T HLE, o A 3
RSB B TIAT AT R RS A SER.

2  PBX9502 5L 36 # 45 i 4b 3 Fo gy N
A LR IR

PBX9502 J& — 3k M BE PL B 1 Bl a5 g AE
24, FEH LA A R AR U N . AR
95% Y TATB 1 5% 1 Kel F 800, FRE i K%
1942 kg/m?. Los Alamos HZ 5L 5 % (LANL) r
FE 1) PBX9502 K 24 %5 B R 3 1 S 90 B008 an &1 1
JiR B4 HAp RIS N S IR 24 °C, i EA
Fil% 8—50 mm, H T PBX9502 i 4% 155 B b i
AR, AR N AR

7700

7650

7600 [

7550 F o ©

D/(m-s~1)

7500

7450 b

7400 <>| 1 1 1 1 1
1885 1886 1887 1888 1889 1890 1891 1892

p/(kgm=?)

1 PBX9502 K 24 % K A g3 ]
Fig. 1. Scatter plot of density and detonation velocity of
explosive PBX 9502.
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Fig. 2. Polarizing light microscope images of PBX-9502[*.
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Fig. 3. Eigenvalues of scaling matrix C.
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Fig. 4. Training set 1y deduced from experimental data.
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Fig. 6. The 4000 additional samples of learning set gener-
ated from PLoM.

0.7

0.6
0.5
0.4

PDF

0.3
0.2
0.1

0.6

0.4

PDF

0.2+

Hy
[l 7 PLoM i) 4000 M EA

Fig. 7. The 4000 additional samples generated from PLoM.
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Fig. 8. The 4000 samples of digital experimental data gener-

ated from PLoM.
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Fig. 9. Flow chart of PLoM.
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Fig. 10. Verification of PLoM methodology based on cylindrical helix curve: (a) Original samples; (b) generating data.

120501-6


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 12 (2025) 120501

35, @ - ’ ’ 409 (b)
= o
30 . e, 357 4
25 . * + *“ 30 -
20 PR ’**“* 254
n 15 45-‘**1*:‘ . 204
10 **I,,‘ + o+ } w
5 *'4 ’n*“j}- 15
0 - 10
5 b g
50 o
20 - . 0
10 - 30
,OTE\ o/(lo 20 54— =50
z —20‘\//10 . —40  -20 0 20 4050
30 —30720 x
B 11 FEF R IBUGE 261 PLoM H kS0 IEE  (a) AR EE; (b) 2 gk

Fig. 11. Verification of PLoM methodology based on cone helix curve: (a) Original samples; (b) generating data.
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Fig. 13. Probability density function of Qol: (a) Density; (b) detonation velocity.
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Abstract

Detonation test is affected by small experimental datasets due to high risk of implementation and the huge

cost of sample production and measurement. The major challenges of limited data consist in constructing the

probability distribution of physical quantities and application of machine learning. Probability learning on

manifold (PLoM) can generate a large number of implementations that are consistent with practical common

knowledge, while preserving potential physical mechanism these generated samples. So PLoM is viewed as an

efficient tool of tackling small samples. To begin with, experimental data are assumed to be concentrated on an
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unknown subset of Euclidean space and can be treated as the sampling of random vector to be determined.
Meanwhile, experimental problem is solved in the framework of matrix and the scaling transformation is
conducted on the datasets of PBX9502 with multi-physics attributes. Then the principal component analysis is
utilized to normalize the scaling matrix, and the normalization matrix is labeled as training sets. Moreover, the
altered multi-dimensional Gaussian kernel density estimation is utilized for estimating the probability
distribution of training set. Furthermore, diffusion map is used to discover and characterize the geometry and
structure of dataset. In other words, nonlinear manifold based on the training set is constructed through
diffusion map. Specifically, the first eigenvalue and corresponding eigenvector is related to the construction of
diffusion basis and diffusion maps. Further, It6-MCMC sampler is associated with dissipative Hamilton system
driven by Wiener process, for which the initial condition is set to be training set, and prior probability is
conceived as invariant measure. Stormer-Verlet scheme is used for solving the stochastic dissipative Hamilton
equations. Finally, additional realizations of learning dataset are fulfilled through the inversion transformation.
The result shows that random number generated from PLoM satisfies the requirements of industrial and high
fidelity simulation. The 95% confidence interval of density is included in the range calibrated by Los Alamos
National Laboratory. And the value of detonation velocity calibrated by Prof. Chengwei Sun [Sun C W, Wei Y
Z, Zhou Z K 2000 Applied Detonation Physics (Beijing: National Defense Industry Press) p224] also falls into
95% confidence interval of detonation velocity generated by PLoM. It is also deduced from the learning set that
density and detonation velocity satisfies the affine transformation. Furthermore, detonation pressure has
nonlinear relationship with density. Tiny variation of density can lead to magnificent fluctuation of detonation
pressure and detonation velocity. Detonation pressure has the largest discreetness in all the physical quantities
through the comparison of variation coefficients of learning set, which coincides with the existing research

results. The method used is universal enough and can be extended to other detonation systems.
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