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Abstract: The mercury sulfide(HgS) content is the core indicator for the quality eval uation of cinna-
bar. To address the limitations of traditional determination methods, which are time-consuming, de-
structive, and inadequate for rapid quality control, this study combined X-ray diffraction (XRD)
with multiple machine learning algorithms to develop a predictive modeling system comprising partial
least squares regression(PLSR), random forest(RF), particle swarm optimization—support vector re-
gression (PSO-SVR) , long short-term memory (LSTM) , and one-dimensional convolutional neural
network (1D-CNN). Various spectral preprocessing methods and feature selection algorithms were
systematically investigated, and the shapley additive explanations (SHAP) framework was introduced
to elucidate the decision-making logic of the models. The results indicated that after applying stan-
dard normal variate (SNV) preprocessing coupled with competitive adaptive reweighted sampling

(CARS) for feature selection, the PSO-SVR and LSTM models exhibited the best overall perfor-
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mance. For the LSTM model, the coefficients of determination for the calibration and validation sets
(R%., R?) were0.992 6 and 0. 879 4, respectively, with root mean square errors(RMSE,, RMSE,)
of 0.120 5 and 0. 411 5, and a residual predictive deviation(RPD) of 2. 879 7. The PSO-SVR mod-
el achieved an R?v of 0. 865 0, an RMSEv of 0. 435 4, and an RPD of 2. 721 4. External validation
on 10 independent sample batches yielded R* values all exceeding 0. 82, confirming the models’
strong generalization ability and robustness. SHAP analysis further revealed that the diffraction inten-
sities within the 26 ranges of 24°-35" and 50°-60" were the core features driving model decisions.
Specifically, the features corresponding to key diffraction angles identified by the models, such as
27.92° and 45.59°, showed a significant positive correlation with HgS content, demonstrating a
high consistency between algorithmic decision-making and the crystal diffraction characteristics of
HgS. The integration of XRD with intelligent algorithms enables non-destructive, rapid, and accu-
rate prediction of HgS content in cinnabar, providing methodological support for the rapid quality
evaluation of mineral medicines and the construction of intelligent quality control systems.

Key words: X-ray diffraction; cinnabar; HgS; long short-term memory(LSTM) ; particle swarm
optimization—support vector regression(PSO-SVR) ; rapid detection
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Fig. 1  Flowchart of the modeling workflow for quantitative analysis of HgS in cinnabar based on XRD combined with

machine learning
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Table 1 Comparison and parameter settings of three feature selection method
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Table 2 Division of cinnabar samples

Data Number of sample Maximum/% Minimum/%
Calibration set 60 100. 94 95. 04
Validation set 30 100. 34 95. 64

Test set 10 99.52 95.33
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Fig. 5 Distribution verification of SPXY sample partitioning in the principal component space
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Table 3 Modeling results of different preprocessing methods

Calibration set Validation set
Model Preprocessing 2 > RPD
i RMSE, R, RMSE,

PLSR RAW 0.629 4 0.8514 0.5171 0.8619 1.6363
SNV 0.7453 0.7059 0.5253 0.8954 1.5750
SVR RAW 0.9951 0.098 2 0.524 6 0.8171 1.7115
SNV 0.9951 0.098 1 0.6105 0.7396 1.8910
RF RAW 0.909 0 0.4218 0. 500 4 0.8376 1. 669 6
CWT 0.909 1 0.4216 0.527 8 0.8143 1.7174
LSTM RAW 0.967 8 0.2510 0.592 4 0.756 5 1.848 6
CWT 0.7453 0.7059 0.5253 0.8954 1.5750
1D-CNN RAW 0.620 4 0.8616 0.059 1 1.149 4 1.048 6
MSC 0.7527 0. 6955 0.3306 0.969 5 1.2432
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SR BENGE, BRZAERE LT R T 28t @ A X AR RS, HHp 2530 SNV+CARS b3 )5
B PLSR., SVR. LSTM KRR IEAEM) R 3)3530. 90 UL |, BRiF4E R ¥7E0. 81 L)L |, KIEESIFE
PERESEPRZE /N, SR Rz bERE, KRB RS IEBIS

G UER] , CARS Uik 0] B0 SR 1k v BE A S OBRIE B 1, SR JE 578 RN U AR
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Fig. 6 Comprehensive performance evaluation of each model under different combinations of preprocessing and feature selection

methods
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Table 4~ Optimal prediction results of feature selection for each model

Feature Calibration set Validation set

Model Preprocessing ~olection RCZ RMSE, sz RMSE, RPD
PLSR SNV CARS 0.901 4 0.4392 0.816 4 0.5252 2.6854
SG SPA 0.7200 0.7400 0.5211 0.866 5 1.6277
CWT VIP 0.703 6 0.761 4 0.5154 0.8879 1.5884
SVR SNV CARS 0.998 8 0.048 5 0.843 6 0.468 6 2.52817
SNV SPA 0.9953 0.0923 0.6127 0.7374 1. 896 4
CWT vIP 0.924 6 0.3840 0.790 3 0.5427 2.5771
RF MSC CARS 0.9190 0.398 1 0.681 4 0. 668 9 2.090 7
CWT SPA 0.907 2 0.4216 0.546 6 0.7979 1.752 8
CWT VIP 0.902 3 0.4371 0.7216 0.6253 2.2367
LSTM SNV CARS 0.9926 0.1205 0.8794 0.4115 2.87917
CWT SPA 0.928 6 0.3738 0.6954 0. 654 1.8118
CWT VIP 0.863 9 0.5160 0.7859 0.548 3 2.1614
1D-CNN MSC CARS 0.994 1 0.107 4 0.7099 0.6383 1. 888 4
MSC SPA 0.868 5 0.507 2 0.4840 0.8512 1.4159
CWT VIP 0.933 6 0.360 4 0.6997 0.649 4 1.856 0

2.5 ARTEEMNEE T ThBEXT Lk R0
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RPD #2.6854, H&—EME=mWMEET, wEARAEEN&FE. 2T, RF5CNNERITZ
AL PERERASERAE . REFEAIAIGIFEE R 0. 721 6, RPD 412.236 7; CNNESRIBINZIRIARE IR, B
INEEE R AR 0.709 9, RPDAY 1. 888 4, FH¥ARIRFINTSEE &M AZR , Joik H TRFFEAR
HE ST . CNNIZAKEE 1152 PR A SRR I R AE T L 8 . VRV AR R TR EEZEM , CNN & B RO K
BB A TRE M R SACE L, AR 5T SR AR B 00 1], AR B ad BE L2 IR AE, S 20
Zi-TETERE H I E W2 . SVRARZER IESE B ISR S, (HIGIESE R B IE4E PRSI 0. 15,
TAAE—E I RRLA XU . LSTM A RIAE B A A5 2 v e B e s, B E 46 R° RO RPD ¥ohime i, 0 nllik 3
0.879 4F12.879 7, RMSE fKZE 0. 4115, %P4 FEORIET LSTM X 76 45 44 (@l , v %L
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Fig. 7 Scatter plots of predicted versus reference values for five models
A. PLSR model; B.SVR model; C.RF model; D.LSTM model; E. CNN model
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Table 5 Prediction results of the PSO-SVR model

Calibration set Validation set SVR parameter
Model 3 3 RPD
R, RMSE, R, RMSE, C y e
PSO-SVR 0.961 1 0.2758 0.8650 0.4354 2.7214 9.99 0.0029 0. 065
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Fig. 8 Scatter plots of calibration and validation sets for PSO-SVR(A); convergence curve of PSO(B)

2.7 REBEISMNERIGIE

T ¥4 PSO-SVR A LSTM BRI IZ ALRE Ty, M -
GUBETUM ST I 10 AR AV B S AT AN, ] ) i I
QI O R, AR & B T 5 B 246 K % A
By, AR BIREARTEAERMMIR 2 . 4 6 51 T BEAAE J/ ./ \

PSR LA EbR . SRR, PSO-SVR 5 LSTMAR £ %81 ¢

HIHIE ZHR) BT 0. 80, $J7HR % (RMSE) YL S S

F 1.0, FUIPIRIAE T FEA E ARG i) R N\
LEEHIARIELE R, TR E RN R IFIE o A
fLAE S SR EE, 0T R AR bR | IR )
SRR J7 1R 3 ; T T T T -

B TATLIAMIERS | 1 b 0 DRI AR ngﬂ@%wgﬁgmﬁ%ﬁﬁ
ARBRIER T B9 XRD AR i 2 R R 2L 177 2 Fig. 9 \ corrl)f;{ion beiween#rr:::sured and prq;dicted
B, XARTP XA — | s B e - 25 B W values of the prediction set
MRS, AR RESHBUE . SRS Bk 73
(TG, R SR T B S

6 VI BRI A T A4, 2R
Table 6  Prediction results of the prediction set for the two optimal models
Model Optimal combination RZp RMSE RPD
PSO-SVR SNV+CARS 0.8459 0.4883 2.5476
LSTM SNV+CARS 0.820 6 0.526 9 2.3610
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Fig. 11 SHAP interpretability analysis of the PSO=SVR prediction model for mercury sulfide content in cinnabar
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