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Abstract: Objective To address the potential uneven distribution of active ingredients indicated by uneven color within batches of
soft material fine powder during the production process of Guizhi Fuling Capsules (GFC, HEAIRE i 5), a “cascade fault-tolerant
model” was constructed based on color difference characteristics to explore a new low-cost approach for intermediate quality control.
Methods A total of 177 samples of soft material fine powder from five batches were collected. The paeoniflorin content, determined

by HPLC, was divided into low, medium, and high grades at a ratio of 2:6:2. Based on a traditional three-class model, a cascade fault-
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tolerant quality control model was constructed by comparing 126 algorithm combinations, which involved a primary algorithm for
early warning and a secondary physical direction for correction. External validation was introduced to assess the generalization ability,
and quality control experiments were conducted based on the model results. Finally, near-infrared spectroscopy (NIRS) technology
was used for benchmarking against the upper limit of efficacy. Results Correlation analysis established paeoniflorin as the core
grading indicator, with its content showing a significant positive correlation with red-green chroma a” (r = 0.64, P < 0.001). The
analysis indicated that the accuracy of the benchmark model was only 70.34% (RSD was 12.70%), which was difficult to meet quality
control requirements. However, the cascade fault-tolerant model achieved an overall industrial accuracy of 78.62%, with significantly
enhanced robustness (RSD was 6.79%), and its external validation accuracy was 80.56%. Quality control experiments showed that the
RSD of paeoniflorin content in mixed samples decreased from 7.74% in random mixing to 2.34%, indicating a significant increase in
material uniformity, and a simultaneous reduction in total mixing process time and load. Benchmarking results with NIRS (accuracy
01 90.68%, RSD was 6.22%) indicated that the colorimeter had a high cost-performance ratio and could be used for batch screening;
NIRS was more accurate and suitable for high-precision grading. Conclusion The cascade fault-tolerant model constructed in this
study achieved the synergistic empowerment of algorithm early warning and physical correction, effectively enhancing the
discriminative robustness of low-cost optical sensors. This provides a new strategy for quality control of active ingredients in batches
of intermediates during the production process of traditional Chinese medicine in the future.

Key words: Guizhi Fuling Capsules; soft material fine powder; color difference feature; cascaded fault tolerance; intermediate product

quality control; near-infrared spectroscopy; performance benchmarking; industrial application
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Fig. 1 NIRS spectra of 177 soft material samples
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Table 1 Statistical analysis of color difference characteristics and content of each functional component
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Fig.3 Correlation heatmap of active ingredients and selected color difference indicators
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Fig. 4 Heat map of correlation between six functional

components of soft material fine powder

AR T AR, A M R A N o —
PIRARTEbR. LT, PHEBYSZ TETHAERM
i ik BRI R RV 2 . 2R b, FEZJ ST
SERTMABAR LA OL S, A IR DO & B
FR T BORT 2 N O S de s, BRI R
A SEEIAT BAt Ak S R A 5 5] .

FESLPR T, m ARE SR PO BB EL R
Bl MEHEA GRS Bl AT R @
REAGI A EE (K P D m=21612) 1%
ATUTH B B TR R B0, BRI E K.
R AR BN R —IRIERIRALR ST, ¥ 4 HIAE
BE, HHTTERAR, &7 S = R
TR G 38 ) FE RIS 2 3 4k b R (R i 4%, A A%
RSt ot B KRS, 6 2 A 7 A R o B — Bk
2.6 REEEETNEERIREMIIE
2.6.1 LG = I REEMERIAY O ARSI R 4y
JEBENLEI 7> SR, SedhE 20%E AT uESE,
REBER 411 R NNGESKIESE, 2
TREFEAR RN A1 . IR Z B R AT 25 1
TESNIRMEE T, X 21 g EZRERAT T4
T3 B I o SEER R THIR R 1 3 R RAREE b
W4T (standard scaling, SSP'). %48t (power
transformation, PTP2). Faf#4iji (robust scaling,
RSED). 3 M 7B [oab# (None). &
B> # 2K ak SR FE £ R ( synthetic minority
oversampling technique, SMOTER4). Hi&ENA K
FE&%: (adaptive synthetic sampling, ADASYNE4D) ]

Jo 2 FRIETAE NG [AHFIE Fulls 338 HRFAETH FR
(recursive feature elimination with cross-validation,
RFECVBD) ] 5 7 F Ll s S 5% (SVM., LR,
KNN. NB. RF. ANN. XGB) 414kl 126 F
T3 5o AETHDN HERG AR A 2 BT, AT FE 0
e U Hh B R AS ELAT B R IR R ) OB,
TRA R R A S m W Rl . 2558 (% 2
BN, REARZA4E PT-None-Full-LR (M4 4,
Holg Foom SORFEMERLRL . TEZA G, BREUHEmER
N 86.21%, M F1 43 ¥([FHik %] 0.86.
x2 BELEEBILIFESER @18 B)
Table 2 Comparison and selection results of color

difference benchmark models (top 8)

FERAH & HERZE /% F1 %
PT-None-Full-LR 86.21 0.86
PT-None-RFECV-LR 86.21 0.86
PT-SMOTE-Full-RF 82.76 0.83
SS-None-RFECV-KNN 82.76 0.83
SS-None-Full-SVM 82.76 0.81
SS-None-RFECV-SVM 82.76 0.81
PT-None-Full-SVM 82.76 0.81
PT-None-RFECV-SVM 82.76 0.81

RN TSR R EFE R (B 5), ALK
FEFEARSZILT 100%MFEAER, =B 5
wEETETEESEHTEMAL, TEESEEE
FEAS, AHMEER (MKEERANEETE) B
FEE RIE KR, IXONE SR T2 R T RN
B
2.6.2 fRA@MEISUE  HTEZEMNET LY o b
— AR, R SRR AR S 2 B R BEA LRI
IR . NFERRARIR E A, SRR AR R A

20
2% 4 2 0 l 16
& 12
E1d ]
E:K EaE7 0 0
¥ 8
wmEA 0 2 4 4
. . . —L o
{37/ g [

Tt &5 4%
5 BERMEEHRE (PT-None-Full-LR) HIREEM
Fig.5 Confusion matrix of optimal color difference
benchmark model (PT-None-Full-LR)
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WM ELZ AR )1, RAETZFRIEHIE
(Monte Carlo validation) HJfa{#{4364F (robustness
validation) 61, FJF 2 (AR B ALAR 7, 774 10 2
HAMFFRIEES AR, TR R 5l
fEOL (RSD), MM PPAS AR AL AE S bR T 203 s iy mf
k. REIR, FEUER R AR VI UE R I
FREMRR, ~FRRERZECN 70.34%, H RSD &
K 12.70%. I ZEBOR, HERREEBE 51.72%.
IX — G5 SR 5 AR (1 €0 2 AN T A 4 ) A B A )
dAH ELEIRIERT), $7R T (B ZEREEE = 0 S B 5
(AR, H-mia s W EES, RS ZE
HBFEABI AR T
27 FERERITRANE
2701 —TVERIAIF MR TR R
TEPEA R A, AR T ARG oy RS0,
BRI T — PP A P Y B8], g
BFEAE CAPHREAR, BIK. SIS EFEAE RN
TREREA, Seilid — i X o) G f TR R A
PR PEREA (L5 L IER R & 8D BN
TR, RN AR R A R A =
. GG B AR = B TRAT S PR N — 2%
TS ), FERN T4 8 . EfHF LT
RS SRR T, wm K/ S =R
A A g B AR R, FEAS SR B AR R
SR —, FTRIERM . RFEZ T LS,
Al RN AL =y R G B AT
BRI Bl R B R PR, A AL T i 5 b A 7= 3
5, SEIURREEMORE BT 5 A P 4 51 5

LI IRRF ISR SIRIEE TR, . mIEh
21602, SR BTG 3 Rl
FH(SS\PT.RS).3 Fh¥li4fa 4 T Bt (None. SMOTE |
ADASYN) J% 2 FFAE LFESRHS (Full. RFECV)
5 7 M RAEE (SVM. LR, KNN. NB. RF. ANN,
XGB) AT 126 FiJT % . 234 GridSearch CV
LR 2 TR E S PR — T (3R 3),
AR FAMN IR RS F1 4G HEIN T B
IR 0 DAL PANHE I . BP 5 R E — AR AR
1) P FE A A 7E A3 B S B R A e, 7E
PERETEFRARIE ATER T, MRICIEBURIEEERAR.
RHHE RIS ik, %% PT-SMOTE-RFECV-
RF 15N EE R G TR

— BRI ILAREIE 13 ANMRFIE, KON o\ b7
E*. C'. L'/(L*+a*+b"). a'(L*+a*+b"). b*/L*+

x3 BE—LMERMLFEER @18 7)
Table 3 Comparison and screening results of color

difference first-level warning model algorithms (top 8)

BRI HERR/% F1 oy ks 8
PT-SMOTE-RFECV-RF 7931 077 2 13
RS-ADASYN-Full-XGB 7586 074 2 12
SS-None-RFECV-RF 7586 070 4 14
PT-None-RFECV-RF 7586 070 4 14
RS-None-RFECV-RF 7586 070 4 14
RS-ADASYN-RFECV-RF 7586  0.70 4 14
SS-ADASYN-RFECV-RF 7241 069 3 12
RS-ADASYN-RFECV-XGB 7241  0.69 3 12

a*+b"). CHL+CHH) L™ Xa*s L'Xb*. a*Xb*,
a’/L* b RN KRB (& 6)
AL, — 2R R R I AR A U IR B e T, 7E 29
ANIGAEREAR AR TE T 12 DM TREREAR . BARTTH
2 MRS EFEAR RIS, (AT A FidE 1
(1) T B 5, IX Sl FRE AR FE 28 — 0 ) A5
RUBEAT IERf 3
2.7.2 TFINBRI R I TER E Bt — T
BRI ST, EOTRE T 14 DTUEREA (12 AT
BRERE 2 AN EAEA) JFE g, H
RO T AURER (7R 1. EFK. mEFE
AT AL 7 30 5 R Pl ik A — 20 AR AL ) B
mD HYEian OrE 2. AR
ML LETE o MIIGEM. MBI INE. =
T IR REHRI

TE AR AY 126 FhEELLIE H, 2 AR (N
SVM. LR. ANN) 7E4HT4HEEE FIEE] T 100%
(e 2 o 2 FE BIABE 2R L) () TR 1, B 28I X SS-
None-Full-LR HEA1E AT LR | WK, IREEFER
s AT 1 AMIERSRRR o AL BT T R 2 HER
R (92.86%) BAKT TR 1, DURAT 1 AMFEA. I
NOHTHIRIER (R 4), SRS ERAEA 2250906-
33, HESEI T REHETE S A 7R 2 W T
aEm T INGEPLE, RN R .
273 FRMEVEIAE  7E/MEAREBIH, RIS
HER R AR B IR M . ARFFESINT 10 IRBENLIR
AR MEPESEYS, SO PR AR & A A P2 IR B N AT
FEVE . TEMf B R RS HUET, Yo B {H (threshold)
[IE R B R R BN — P 1) T 58K RGN
v, 45 (R 5 KW, HBMEN 050 B,
GuRIVBONIR Y A RS = o 4 BIE N 0.45 B,



PER 2026£9H B57% B 18  Chinese Traditional and Herbal Drugs 2026 September Vol. 57 No. 18

* 7329 »

— 2R PT-SMOTE-RFECV-RF
WERIR: 79.31% F1 23%: 0.77

LR/ T
TR 52
J7% 1: SS-None-Full-LR
HERfIR: 100.00% F1 53%: 1.00
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Fig. 6 Confusion matrix of color difference cascade fault-

tolerant model

PERRAIRG T HE 1 AR 2 s THUER
K, FE2 K RSD BIEKE 6.45%, LI 7 ASHERE
SRR ) P4

RN AR VER (R 6), — AR fUE
T R 52 R RN 52 5 %2 55.86% (RSD A
21.34%), ¥ 2 RFEARFRTE ARG T T
TRFIHIET R AR 7R 1 OIA ¥HIAH]
T 79.66%, RSD 1N 6.60%. J5 % 2 OIA ¥{H ik F|
T 78.62%, RSD 1N 6.79%. 14 B 43 7] J5 )
(Occam’s razor), FEAETYHF AN L HH T,

x4 BEZRFIFRBIIIEE
Table 4 Detailed comparison table of color difference

secondary discrimination models

L MBI, IEMR TR LIITRLITR2 TR
s a

mggh) © sy sy B S F

72508042 2291 1473 & & EME & IEH
7250907-4  16.68 1241 f& & IEMi K& IE#
7250906-15 17.20 12,51 & IE#H K IE#
7250805-30 22.48 1484 @& m LM & IETW
7251008-27 21.85 1349 & @& IE#A = IEHE
7250907-32 18.03 12.62 Kk IEfy K  IEHA
7250805-24 2034 1422 0w  EW & 1EH
7250907-20 30.08 13.77 & & IEf & IER
7250907-19 11.75 1131 fi& & 1E# fK  IE#H
z251008-31 17.81 1296 # f& IE# MK IEH
2250906-13 24.57 14.05 & & IEWH & IER
7250805-29 24.60 14.86 & & IEf & IER
7250906-33 14.71 1330 & & IEW = R
7250906-29 15.64 11.80 & & IEf§ MK  IE#f

x5 BERERBMBEERE
Table S Detailed table for selecting robustness threshold of

color difference cascade

- HEIFY  HEL FR2FH  FER2
WEFZ%/%  RSD/%  #EH%E/%  RSD/%
0.35 78.28 6.84 75.86 10.37
0.40 7931 6.45 77.93 7.71
0.45 79.66 6.26 78.62 6.45
0.50 78.62 5.82 77.93 6.91
0.55 78.28 5.23 78.62 7.29

*6 BERRBIKEILBEMELSER
Table 6 Robustness results of optimal cascade model for

color difference

BENL —inE —2% TR 1M R HE2M HE?2
T BIR/% F1 o8 H%R/% OIA/Y% Wi%H/% OIA/%

10 37.93 031 8750 7586 87.50 79.31
20 4828 040 8750 7931  62.50 68.97
30 7241  0.60 100.00 7241 100.00 72.41
40 62.07 048 8333 7586 8333 75.86
50 5517  0.52  100.00 75.86 100.00 75.86
60 5517 043 8750 7931 100.00 79.31
70 4828 044  90.00 8621  90.00 82.76
80 4483 027 7500 7931 87.50 82.76
90 58.62 0.50 7778 8276  88.89 82.76
100 7586 0.74 100.00 89.66 100.00 86.21
T 5586 047  88.86 79.66 89.97 78.62
RSD/% 2134 2889 1010 6.60 1291  6.79
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KIFTH 20% B ML BENRE A (N=36, HHES
SRR AR L KA &) VR MR B0 AIE 45 5 A5
B, S RER (7D, LRGSR RIFHH 5]
Fafitt, H OIA i5% 80.56%.
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W 63.89% F173%: 0.70
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Fig. 7 Confusion matrix for external verification of color

difference cascade fault-tolerant model
2.82 JRIESCEC AW SEPRRIE SR A T
2 WARDIR R G 7 P PV 45 SR SR BAIE ) 36
N AR BEATE RS BT 3 4R L =k
FERBINE R 24 54 25 3 4 UK. . =X
FERIANEN A 1. 64 20 LIATZH &8RN
fabr, BRZRE. HVRSHIEASERG L
JE TR EFEARATXIEE (R 1. 85 REY], KA

®1 BERHEBIERFFITHIEILL
Table 7 Comparison of quality control before and after in

color difference cascade fault-tolerant system

it AjPH (mgrg™) it AjZiH ((mg-g™")
AT 1 17.67 FAENE 1 19.77
JRAETT 2 18.30 G 2 19.09
AT 3 18.83 BB )G 3 18.74
JRIERT 4 21.04 R G 4 18.93
A 18.96 A 19.13
RSD/% 7.74 RSD/% 2.34

FEBEHLR S A & =359(E 8 18.96 mg/g, F RSD
BIE 7.74%, RELE S04 BN, dlafk
TEAE 525 AL N SRR B s T AT U )
ORERBRGE G, REFEARSEMEAN 19.13
mg/g, H RSD B ERKE 2.34%, VRIS ER T
KIEFETFo X —XF A JEW] T 38 T 2 e
TR (10 B3 T [ P B A SFE s, B ARG
IR SEILK O A0 B AR T, R 2k
FEA R A R AL T AT AT HHT R
NTREGM TR IR, AFRGINT
11245 89 Bl A 3 ARSI TR ——NIRS £ . LA
FEBR T AN RAE M HTE ot &, X b T ARdE RS
Ax e Ar it (standard normal variate, SNV). £ JGEL
HRZIE (multiplicative scatter correction, MSC) A&
SG i —Mr 3% (Savitzky-Golay first derivative,
SG 1 B EWAEA . £H%F 1557 4t £
W, FIFAMmFENL (extra trees classifier, ET) &
HHMTRAERS G, HYEERAEE 50~80 MZOUE
B, B RO T I A KK . 383d GridSearch CV X
7 P ERESEHT ARG, W AN
IR AS AT . B RRS AR IEAT 258 2 B o0 25
G, Ho g PRI R T IIAEMR. mPOLiEEs
fESE R STk . S5 RN, DLt I
% SNV-None-RFECV-XGB #EHfi% 4 93.10%(F1 43
$0.93) (R 8). KHAWKIM G, BARILH
ER TR A B — R IERA SG 1st-
ADASYN-Full-XGB %4 89.66% (£ 9), {HIH
FEAE R IR ATE 40 ) FR 38 5B T RS HER 7 1)
A, R R A lE (B 8). TEZ AN
TZRIE 100.00%[K1 77 S, AT IFARMURIEH —
PR IR XGB, T /2i%#E SNV+SG 1st-
None-RFECV-NB £ i . HARPELE T2 %4
G RO IE 45 & — M S0, i KPR B R
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*8 ELHMEERBIRTLE AR (578 B)
Table 8 Comparison and screening results of near-infrared

benchmark models (top 8)

He HERH /% F1 3%
SNV-None-RFECV-XGB 93.10 0.93
SNV+SG 1st-ADASYN-Full-XGB 89.66 0.90
SNV+SG 1st-ADASYN-RFECV-XGB  89.66 0.90
SNV-None-RFECV-KNN 89.66 0.90
SNV-None-RFECV-RF 89.66 0.90
SNV-None-Full-RF 89.66 0.90
SNV-None-Full- XGB 89.66 0.89
SG 1st-SMOTE-RFECV-RF 89.66 0.88

®9 IAMHI—RIMERBIRILLFELER (378 B)
Table 9 Comparison and screening results of near-infrared

primary early warning models (top 8)

He HER % F1 08 IR
SG 1st-ADASYN-Full-XGB 89.66  0.90 0 14
SG 1st-SMOTE-Full-XGB 86.21 0.86 1 14
SG 1st-SMOTE-RFECV-XGB 86.21 0.86 1 14
SNV+SG Ist-None-Full-RF 86.21 0.86 1 14
SG 1st-ADASYN-RFECV-RF 86.21 0.86 0 13
SNV+SG 1st-SMOTE-RFECV-RF ~ 82.76  0.83 1 13
SG 1st-ADASYN-RFECV-XGB 82.76  0.83 0 12
Raw-None-Full-RF 79.31 0.79 2 13

BUESAAREUE By AN DU B AL B — AT
FIXFRNREAR S WA A AR, B R R i L
2% R G AR i S AR AL A XU
2.8.3 FREMEIOUF  ARfEMEIGIESS REOR, East
FE AR ()T B HERF 2R B 78.28%, 117K FH 2 Fpf A
RS OIA ¥ME A 90.69%, JEHL 7 AP+
Pl 77, LR H 458 NIRS A T2 H 142
TREUE B, TEBM AN ot 2 b A 58 H RS FE AR
e MR 78.62%[1 OIA K 6.79%
AR Z), TERMMERIE R I = Lo
3 g

AW FEKT GFC HM 4nH ik P B 3 3h O e
M MR QRS AL, BT AR -
B3 RN — JOR T S g E |
], PRE T — Pl R0 AR RRAR 1) B B 2 7 52
— AR I T 22 o P 0 25 R AAE 58 ORI AR AR ) 25
T, SR RINR LG OE of 5A5 251 B IEA
RANESTIUREHE A (o X T S5V TR [5) 4 BE 21 g 1)
BLH, HEE T 5 — B A SR AL BRI SRR AR 1) e 3R IR
K, $RAE R TOL N RIAIRIRREE, HEBh 2t

— R SG 1st-ADASYN-Full-XGB
WERAZR: 89.66% F1 73%L: 0.90

16

12

g i
e

T YA SNV+SG 1st-None-RFECV-NB
HERIZ: 100.00% F1 3% 1.00 0

I3

fixgk

FLSEAR

iK%k [
TR

B8 ELSMREXAEREUR B
Fig. 8 Confusion matrix of near-infrared cascade fault-

tolerant model

W SR E SR BT LS.

W IE LSRR o™ 1E R A% O TR AT -
FRILEEN: SEENEGSEAG, A9ASE
o, (HIERBURG S5Hlk Trd, HEatihs5£
My BT S R AT 3G s A R TR
[FI I AT 25 F e e YL 22, B B /K-F il B R L)
B2 RS G/ R &R, Bk, o{ERe%
AR Ay 2 5 RN, 456 T4
RIS, ASZE 5N OIA 1E NP TEhs, 1Z38hR
XN TAEgHErfiZ . F1 040, nTX A, 3R
B, RO s 2 A SRR . s
RN, WA v IR ) RSD
12.70%P4 % 6.79%, HnieE R E RS, fEss
B, ZARA AR RYRE Y —, [EREEATY
H& 1 RSD M 7.74%F4% % 2.34%, {EWIRIEISIFE S
FZECERN RN, BPREIR TS T, B
UOR TRAS, JEILT WA R 38 2508 70« 1M 5 NIRS
FARXE, EE A E R, Tk
1% 90.68%, & T ks FEA I B 2 R HERf 2
78.62%, EAARBIAS . R POEIH, HREE
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