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Identifying the Storage Years of Tea Leaves Using Hyperspectral Imaging

Technology Combined with Machine Learning
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Abstract: The quality and value of tea leaves are significantly influenced by their different storage years, thus establishing a rapid and
accurate method for determining storage years is crucial. To explore the feasibility of hyperspectral imaging (HSI) technology for identifying tea
storage years, this study used HSI technology in the visible (VIS) and near-infrared (NIR) regions, combined with machine learning (ML)
methods, to classify and identify tea samples from six storage years: 2009, 2012, 2015, 2018, 2021, and 2025. Spectral data were collected from
the VIS (400~1 000 nm) and NIR (1 000~2 400 nm) regions, and spectral preprocessing was performed using first-order derivative (1-st der),
second-order derivative (2-nd der), Savitzky-Golay smoothing (SGS), standard normal variable transformation (SNV), and multiplicative scatter
correction (MSC). Support vector machine classifier (SVC), random forest classifier (RFC), and K-nearest neighbor classifier (KNNC) models
were then constructed for tea storage year classification, and the optimal model was used to perform visualization analysis of the hyperspectral
images. The results showed that the MSC-RFC model performed best in the VIS region, with a classification accuracy of 97.22%. In the NIR
region, the 1-st der-RFC model demonstrated the best performance, achieving a classification accuracy of 100.00%. The study indicates that HSI
technology combined with spectral preprocessing methods and ML models shows certain feasibility for identifying tea storage years based on
the sample conditions of this study. However, the generalizability of the method across samples from multiple sources still requires further
evaluation through independent external validation.
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Fig.1 Real samples of tea leaves from different storage years
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Table 1 Division results of tea leaf sample data from different storage years
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Fig.4 Spectral preprocessing results of tea leaves from different storage years
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Fig.5 Unsupervised analysis of tea leaves from different storage years
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Table 3 Unsupervised quantitative analysis of tea leaves from different storage years
MBI ®  EAK REIENIEBL RELE

TIHKPCA 00575 1.6936 03722
STUAtSNE  -0.0686 1.688 6 03778
415k PCA 0.016 1 31979 04639
LM t-SNE - 0.0301 3976 4 0.5056

LRERE, TCMEMNTE R SRR TR CIE A 45 RAN I ENIE, Bl 2021 R0 2025 - M RENS 5 HARF
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B HIX 23, T 2009 4F. 2012 4. 2015 SEAN 2018 FEEEFHSRAEARFE L Z AMIAAAE R DI ESIM R, SH0L
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FE VIS B, AFEITRALEE TV B M RE ISR . SVC BRI GIE FAL B TR, sk H]
Raw Y SGS #bFEI, M4 Accuracy Y14 54.17%, Fl-score 374 50.98%, it BRI [RI4FA 25 AL S X 43
eI IR, 4 1-stder TALERfS, SVC BIZAUMEREIHEARF, MIIXEE Accuracy. Precision. Recall fil Fl-score 73-Jilik
1 90.28%. 90.16%. 90.28%71 89.88%, 7 1-stder AbFEA B THE58 VIS ik B b 5 sl A AH DGR ARFAE . AH
tb 2R, 2-nd der-SVC 24 B4R I1Z545E Accuracy ik £ 100%, {H I8 IFAE AR EE Accuracy 73 HI1A 15.26%F1 19.44%,
Fl-score AWM 16.93%, UiAHIZHEFAEH RIS IAEIR . X RERE N 2-nd der 7EXG5RGHE = 22 5 1 [RI
WK T VIS B B AR NEE S . BT VIS U B B s 3R I B e A B B, 2 SR SRR
DHDGHEE RN, SVC BAIR]RES I BIIZREE TP IRIAZE =, T AR RESR IR E MIAEA I A RHE o

%FF RFC A1 KNNC #i%, ZAHELENIZEE ER Accuracy YA 3] 100%, i BAAL BA B A RE 1T
SR, IR R AL IMARIY B RIFZAbae 71, BRSO IIE AL R . VIS
WELT, RFC-MSC ZH&7EilitsE &Mk, Accuracy. Precision. Recall £ Fl-score 43124 97.22%. 98.83%.
97.22%#1 97.12%; KNNC-SNV Al KNNC-MSC A& 17 S 45 4, Accuracy Fil Fl-score ¥JiAE
95.83%, IXLLZERHE, AIER SNV 5 MSC ALBERERSHE S VIS Yt 2SRRI ) AP g

& 4 VIS HIERIB A EMAIE 5 75 S BIET A E A ISR
Table 4 Modeling effects of different combinations of preprocessing and modeling methods for VIS data

WNEE Bk MK IR

ARA sk 22 —
Accuracy Accuracy Accuracy Precision Recall Fl-score

Raw 49.65 47.56 54.17 49.33 54.17 50.98
1-st der 99.04 79.17 90.28 90.16 90.28 89.88
2-ndder  100.00 15.26 19.44 17.46 19.44 16.93

SvC
SGS 49.57 47.56 54.17 49.33 54.17 50.98
SNV 59.38 58.29 60.85 66.00 60.85 57.30
MSC 59.38 58.29 60.85 66.00 60.85 57.30
Raw 100.00 80.84 87.50 89.32 87.50 86.79
1-st der 100.00 93.04 95.83 95.94 95.83 95.83
2-ndder  100.00 31.62 40.27 43.44 40.27 41.28
RFC SGS 100.00 80.84 87.50 89.10 87.50 87.18
SNV 100.00 96.87 88.88 89.28 88.88 88.86
MSC 100.00 81.25 97.22 98.83 97.22 97.12
Raw 100.00 77.04 87.50 88.22 87.50 87.68
1-st der 100.00 38.20 40.27 4554 40.27 41.95
KNNC 2-ndder  100.00 15.63 19.44 16.74 19.44 17.73

SGS 10000  77.39 87.50 8822 8750  87.68
SNV 10000 9653 95.83 9592 9583 9583
MSC 10000  96.18 95.83 9592 9583 9583
E R AL R AL A %,
78 NIR B, AR S5 FAL B T2 A 1 i R RE BRI T VIS P B, JEH2 1-st der-RFC A A7E 41
R TS TR R, IR IUEEERIIAEE Accuracy ¥4iA %] 100%, [FIE Precision. Recall il
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F1-score tH15°4 100%. 4k, SNV-KNNC 1 MSC-KNNC 4 &7EMliR4E b Accuracy. Precision. Recall £1 F1-score
BIiEF) 100%. RS REW], NIR EBLELE 18 2 53l i R N L5 8, 1-stder. SNV Al MSC
AT iR RE i — PG BOCIE R IEZE 7, SR 7y Kk g

TEARWTAFEAEA RAFAT T, MRS 72 MR, Hrb R MEEE 2 & 12 M. X T8
6 MEMEBNZ 7 IATH M, 1-st der-RFC BALAE LA IIALE BT 10006 HERIZ, RUTZBAEART 7T
FEA R RIS AT B )73 N0 2 R AR A E A A B RIUUAIRE . SR, TR NME R R e A S
FXARR, HAEG EERIET R — Witk R, BAVERVIATREZBIREAREL., HEIRZERE . AR 72 57 LA S Hds
RUTHBSRIERISEN . DRI, SRR TRE— D8 REEARUEL, IAAFE = ARINTTHEK . AR s
AR TS RIR R A il AR R L 2 bR SN SE, LR GV AR AL AE S PR F 261 T IASE T
EREIEAZ AR

SRR, AHELT VIS SHl, NIR Sl 45 & 3d 4 Pl B ML AR AL REAE AT R0 X 3 AR A A A - i o
XTI SREEAERA R B E RIS TE AR S R I ZE (R 2 s s HmT REARAE I AULE XU TS T e ik R Al
AR BT Y &, W RTY HAEAHIT TR A6 T BA BT 0 iR e

7 5 NIR KIEBURAETIE 2 S BR G A EANERER ()
Table 5 Modeling effects of different combinations of preprocessing and modeling methods for NIR data (%)

WhEE Bk MK IR
B e

Accuracy Accuracy Accuracy Precision Recall Fl1-score
Raw 79.17 78.48 80.55 82.19 80.55 80.41
1-st der 99.04 96.87 97.22 97.44 97.22 97.22
2-ndder  99.91 82.65 76.38 78.43 76.38 76.94

SvC
SGS 79.25 78.47 80.55 82.19 80.55 80.41
SNV 87.59 85.78 86.11 87.12 86.11 86.14
MSC 86.46 85.80 86.11 86.67 86.11 85.93
Raw 100.00 81.60 80.55 80.73 80.55 80.54
1-st der 100.00 100.00 100.00 100.00  100.00  100.00
2-ndder  100.00 86.82 83.33 84.62 83.33 83.51
RFC SGS 100.00 81.25 83.33 83.51 83.33 83.32
SNV 100.00 97.92 95.83 96.23 95.83 95.88
MSC 100.00 92.05 95.83 96.05 95.83 95.89
Raw 100.00 85.06 86.11 87.64 86.11 86.57
1-st der 100.00 90.28 94.44 94.84 94.44 94.43
KNNG 2-ndder  100.00 49.30 48.61 50.09 48.61 48.82

SGS 100.00 85.06 86.11 87.64 86.11 86.57
SNV 100.00 98.28 100.00 100.00 100.00  100.00
MSC 100.00 98.08 100.00 100.00 100.00  100.00

Er AP AR R A %.

MRPEASTRIR B VAR A5 T, AN U B AET0 L  Be E TIAL B v T 2R e E 2395, TR
LRSI 6 Fis. £ VIS Boh, 4 MSC ALBEJE 1) RFC BEAVRHUARLE, 1A 2 4> 2018 SEREAH R NAHAR
A 2015 4, HARSTFMPEARIIBAET 22, RUNZEBL GRS BTt X o0 A EEE AR i, JCH A 22 7
B R RREA BB RS . 7 NIR BB, 48 1-st der FiALIEA) RFC HRUFIZ: SNV FiALFE ) KNNC Y
TEMRASE_EXEAT 100% I HERTS, ST X 6 Ak 0 45 HRE L R IER 702K
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Fig.6 Confusion matrices of supervised models for tea stored for different years
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Fig.7 Analysis of the importance of VIS and NIR spectral wavelengths based on the RFC model
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Fig.8 Visualization results of hyperspectral images of tea leaves from different storage years
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< 6 NEMEEIMIGRBERE., FHTUN—BUIHE RS IR R ERE

Table 6 Pixel-level accuracy, average prediction consistency index and majority voting sample-level accuracy of different models

AEA BRESERE  FHTN—BHIRR SHREHREERE
T I, 1-st der-SVC 16.99 100.00 16.67
T )L MSC-RFC 25.32 71.36 3333
T I SNV-KNNC 2141 70.25 20.83
#£19h 1-stder-SVC 24.66 50.13 3333
#¢19) 1-st der-RFC 28.82 72.00 3333
#£r9 SNV-KNNC 15.90 97.11 16.67

E AP LRGN A%,

FREERU, BRI RERRIAEIA D BN A S, I RTRE S DSR4 aiE AR ZO6E 2 18]
RN REZERA R DXIBCFEDEE R HI SRR 2 5 RINHREE . R AR EUN S, T R 30
R I EE 25 5 52 3 Ry s 2 () S S VE M RN T 0. DRI, SR BRI e T E— B SN AP i . ZHHRREAL
L FET BRI, USRS BT SCE R CNN R, DU m sl BB G = Tl
IR E PR E R .

3 Zip
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