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Abstract: This study established a rapid, non-destructive approach for quantifying y-aminobutyric
acid(GABA) in cherry tomatoes by coupling near-infrared hyperspectral imaging with deep learning.
Five cultivars (n=500) from Ningxia and Shandong, China, were analyzed. The sample set was par-
titioned into calibration and prediction subsets using sample set partitioning based on joint X-Y dis-
tance (SPXY) ; spectra (900-1 700 nm) were preprocessed by detrending, and informative wave-
lengths were selected via iteratively retaining informative variable (IRIV). Four architectures—convo-
lutional neural network (CNN), recurrent convolutional neural network (RCNN) , group convolution-
al neural network (GCNN) , and parallel convolutional neural network (PCNN) —were constructed
and compared. The IRIV-based GCNN delivered the best prediction, achieving a correlation coeffi-
cient of prediction (R,) of 0. 896 and a root mean square error of prediction (RMSEP) of 3. 022 wmol/g,
outperforming the alternative models. Maps generated with the optimal model revealed pronounced
spatial heterogeneity of GABA among cultivars. Overall, integrating NIR-HSI with deep learning en-
ables efficient and accurate non-destructive detection of GABA in cherry tomatoes, supporting rapid
grading and large-scale monitoring of functional quality.
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Table 1~ Structural and training parameters of the four deep learning models used for GABA content prediction

GABA& i (}Lmol/g wet weight) =

Parameter Abbreviation CNN RCNN GCNN PCNN
Input data format IDF (1, 256, 1) (1, 256, 1) (1, 256, 1) (1, 256, 1)
Kernel size KS (1, 2) (1, 2) (1, 2) (1, 2)
Stride STR 2 2 2 2
Number of filters NF 64—64—128 32—64—128 64—32—64—128 32—32, 64—64, 128—128
Number of conv layers NCL 3 3 4 6
Pooling type Pool max max max -
Pooling size PS (1, 2) (1, 2) (1, 2) -
Pooling stride PSir 2 2 2 -
Fully connected layers FC 128—128—1 256—128—128—1 256—128—128—1 256—128—128—1
Activation function AF RelLU RelLU RelLU Rel.U
Batch normalization BN True True True True
Optimizer OPT SGD SGD SGD SGD
Initial learning rate LR 0.000 5 0.000 2 0.000 2 0.000 2
Max epochs Epoch 2500 5000 5000 5000
Mini-batch size MB 128 256 256 256

Shuffle strategy SS every_epoch every_epoch every_epoch every_epoch
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Fig. 1 Structural diagrams of convolutional neural networks(A), recurrent convolutional neural networks(B) , group convolu-
tional neural networks(C), parallel convolutional neural networks(D)
Input: input layer; Pool: pooling layer; Conv+ReLU: convolution layer with ReLU activation; Deconv/Up: transposed convolution/upsam-
pling layer; GroupConv + Shuffle: group convolution with channel shuffle; Concat: feature concatenation layer;

FC: fully connected layer; Output: output nodes
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Fig. 2 Raw near-infrared hyperspectral spectra(A) and average spectra(B) of five cherry tomato cultivars
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FEAR R A 500, $%4 0 1 ERBIRI AL IEHE (4004 ) SHNAE (1004 ) o SR SPXY i R 434 1F 7
£, FEMIRE b, W RS REARIG ) AT T S IRBEHLRI 5> 457 PLSR AR . i 2] 1, A
PERETE 5 UCRIF R4 s A ARAS N, R4 SR BB AR 2530 — P IR IE TR RS E P, 1 SPXY
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Table 2 Stability statistics of the PLSR model performance indicators under the five sample divisions of the SPXY method

Shuffle round I RMSEC/(pmol-g™) M, RMSECV/(pmol-g™") R, RMSEP/(pmol-g™") RPD

1 0. 848 4.041 0.814 4.412 0. 862 3. 406 1.97

2 0. 850 4.019 0.816 4.377 0. 865 3.322 1.99

3 0.851 4.023 0. 819 4.264 0. 866 3.294 2.00

4 0. 846 4.075 0.813 4.387 0. 858 3.565 1.95

5 0. 847 4.062 0.814 4. 443 0. 861 3.451 1. 96

} 4. 044+ 4.377+ 0. 862+ 3.408+ 1.97+
Mean+tSD 0. 848+0. 002 0. 815+0. 002

0. 024 0.07 0. 003 0.108 0.02

2.4 SEiETmALIE

RIBEARIE IS R R RS SR T, TR ANEA (M, SR MF. SG. Normalize, Baseline, SNV,
Detrending 6 Fli§ F FLAL 30 7 E 0 JE R AL B, JEFAT 7 PLSR @A LL 4L, 45 RILEK 3. BikE,
AR FE R AEPERE LAY 22 5488/, {H Detrending 7L 7E PN AE R fE, R, 0.877, RMSEP K
3.349 pmol/g, RPD>42.08, FEHH Detrending J7iLRENEAT R 5591 2L A h i Yo i il 2 52 B 2 B P
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X RER SO T I, IR IS PEREA TS . I, 25 Detrending 154 J& 224
MEP TR IS IR BE 2 ST S AL B 7 1% o
3 AFHALETT % PLSR BNET T

Table 3 PLSR model statistics of different preprocessing methods

Method PCs R, RMSEC/(pwmol-g™) R, RMSECV/(pwmol-g™") R, RMSEP/(pmol-g™)  RPD
Raw 10 0. 847 4. 064 0.814 4. 450 0. 868 3. 464 2.01

MF Smoothing 10 0. 844 4.102 0.815 4. 444 0.871 3.434 2.04
SG Smoothing 10 0. 842 4.127 0.816 4.431 0.871 3.578 2.04
Normalize 9 0. 843 4.120 0.819 4.397 0. 859 3.593 1.95
Baseline 11 0. 848 4.055 0. 808 4.517 0. 860 3.531 1.96
SNV 11 0. 844 4.108 0. 809 4.503 0. 853 3.616 1.92
Detrending 10 0. 848 4.058 0.812 4.476 0. 877 3.349 2.08
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R T AT B G S B AR A S DG, BRI AR . $ e AR R TR
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R BLME, A RBAREE SR, AINEEE NG TR, R&ENREEREMTRE RS
AT . B BEER, MERKREH 2120, §iiik il 24 MFAEN B, MR
RMSECV &/N, 3B 8 VCPA A IS A A T B d 2, 7ES50 kR, FEEEARIEN
B4, RMSECV #&ik 2 TR, IFEE27 IGE R R B /AME, EHA 104N BT 5 k30,0 121,
131, 133, 148, 152, 162, 164, 180, 212, HXFpH)SERRIEIRIIHIT 1 200~1 450 nm 5 1 500~1 550
nm X 8], [ 3C R IRIV EIERDCEE R T B im0y fe, BIrPAAR & E RIS IR, HAebritase
ERFIARMA RN, H1RA 256 Mk, 28 1 IRV Bk AR AE RN E, #H
WA TRERAS, TR 6. THRINFELEASMNIEE, WAL EARNS, AHAkS5IFR, FBTE454
PR IR, B2 T3S AMRHMER K. B 3D 4 UVE Jk i i A #1748 = ik i i #2, 1%
Rl 1~381, U8 W 2R 256 A0 L SE SREPLAS & X0, WAl 2o RIS &, o AR
SR 0, FoRHAEERIRA BEER, EP P RA KPS, 5 TREPLAS &7 ki @ i) B
fEICTH) M, &8 e T BE A AR & ORI BB OR , RO RN B, UVE Sk kit ¢
EAEBIE X ) N AL, PREE 109 M AME RS A STk Br . [ 3E 24 iVISSA BE R A #1748 &
R, B BER R0 B 1 ONGRENE) , BB, BIMIZAR S Y H K AT R ) B
K, Bk FREEERRESEMN, AFEASEBCEEAB R, SRR B r A E # e o sl )
KT, BT AR K TE, AREENN B SYOE IR A E ARG %R
31EEIERINAR B Y i /Y RMSECV, 44,673 3 wmol/g, AL 256 A AR B i e 114 AMEH
HRFHER K .

2.6 HFHERKENERERS

3T 5 PRRAE B i N PLSR B RS, IR 2R DL 4, HRn A, KOE&EY, IRIVEER=
0.849, RMSEC=4. 046 pmol/g, W&UETHABE D, LRI HBAENRIGRES . & XEUEY, RIVE A
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BZE 53R K, HIRTV BRI IESE . 38 XERAE . AT L R ] SaPE S i tl;,  HAE RMSEP L
W LU SRR S AR A IRTV S U ARIE R K .

HEESHIIL, SPPRMER IR BGER R BN I K AR AR LR . B EREREMN B it
[6]: CARS FZEAEHTE920~930 nm, 1050~1 130 nm. 1200~1 400 nm Z5 X3k, 57K 70 FUBEZE B9 S
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Fig. 3 The process of feature wavelength extraction using five algorithms: CARS(A), VCPA(B), IRIV(C),
UVE(D), andiVISSA(E)

4 AFFFER KRIRBURE Y PLSR A5

Table 4 PLSR model under different characteristic wavelengths

Algorithm  PCs R, RMSEC/(pwmol-g™") R, RMSECV/(pmol-g™") R, RMSEP/(pumol-g™") RPD
CARS 11 0. 848 4. 060 0.831 4.261 0. 882 3.203 2.12
VCPA 7 0. 822 4.353 0.813 4.459 0. 869 3.368 2.02
iVISSA 12 0. 848 4. 056 0.819 4.401 0. 857 3.585 1.94
IRIV 11 0. 849 4. 046 0.832 4.245 0. 885 3.185 2.15
UVE 10 0. 839 4. 157 0.821 4.375 0. 874 3.330 2.06

5 AR KRG i K 5 A

Table 5 Numbers and distribution of wavelengths selected by different feature wavelength extraction algorithms

Algorithm Number of selected wavelength Distribution of principal wavelengths/nm
CARS 24 920~930, 1050~1 130, 1200~1400
VCPA 10 1 200~1 450, 1500~1 550
iVISSA 114 900~1 060, 1 140~1320, 1400~1570
IRIV 35 920~940, 1 100~1 240, 1310~1 380, 1500~1 590
UVE 109 950~990, 1 100~1390, 1 450~1 600

2.7 TNEBLLE S

BT IRIV SR RFAE DA, 43 A8 4 PR BE 22 ST R, TR 25 2R WK 6. MRIGHRE IR,
GCNN FIPCNN ) R #4°40. 919, & T HA0AAY, {H PCNN ) RMSEC $4I% (3. 042 pmol/g) , BB HXF I
ARSI, AETNGE S I, GCNN A e 1) R, (0. 896) Fli fIlKi) RMSEP(3. 022 wmol/g) , #H
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HAMRTMGE S B8, PCNN BAR NG iR E 5N, H F6 AR FHZEIIL BT LR AT
RMSEP (3. 250 umol/g) B K. CNN By 4 fg (sz Table 6 Comparative analysis of different modeling
0.892, RMSEP=3.102 wmol/g) {2 % T GCNN, 4 b methods
CNN 25 BAR P, (HOERE B RS R gkl oot T T
A B I W % . RCNN %% & £ 91 & 55 (R,=0. 884, RCNN  0.863  3.966 0.884 3.234  2.14
RMSEP=3. 234 pmol/g), WIAEAINHICHIE T VNN 0010 2119 0.6 a8 2.2
B, e e R SRR KR BUG To ik A 1 A
o A, GCNNA R RPD(2.25), Bl HAAI AT SEMESR, & T RHUEEE 1 F2 € 7t

bR, GCNN 5 PONN (Pl PE e f b #23i, “h 7853 iEB] GCNN AR T PCNN, TEZ5H4 AL
S5 E R Z AT T (LR 7). 45 E, GOCNNFER — & BB P 5] N Group
Convolution 5 Channel Shuffle, 5% 256 /N Brdiil i 43 HAXAEL N 2= ) BB, P i il i EHESC B
PEAE SR, XPh TR RS TR 8 (A S50 0. 38 M, {LZY4 PCNN [ 34%) , BB 1k
LG B R, FEIRAS TN 58N 5% fa B e ) T £ 3 R, GONN BYEIE R, 4 0. 896,
MR PG TR 2. 8%, 1 PCNN Y R, H1 0. 882 P& % 0. 820, FEIRIE 7. 1%, [FHIBF, GCNN ) RMSEP
PEF PCNN, B[ 0L, GCNNZEZEUAR | P AR @ E 7 m 308 T PCNN, R EEA /b E i 4
GABA & &P Al 75K

#7 GCNN L5 PCNN ZESECR ST RE 7 7 (X%} E

Table 7 Comparative performance of GCNN and PCNN in parameter efficiency and noise resistance

. Total param-  Inference . . Baseline RMSEP/
Model Convolution strategy . Baseline R, R,(5%noise)  AR/% _
eters/M time/ms (pmol-g™")
GCNN 1x1 Conv + Group Conv(2 groups) 0.38 0.71 0. 896 0.871 -2.8 3.022
PCNN  Sequential + Parallel Conv(stride 2) 1.12 1.89 0. 882 0. 820 =7.1 3.274

inference time denotes per-sample forward-pass latency(batch size=1), excluding data loading and preprocessing
BT FREIR, ARWFREEE IRIV-GONN ARk T il GABA & A S LTSRS, HCFti ol Ak 2k
ROV 4, BOESEF PN EBURREARNGIT 12 1 HL, SRR R EBN, G 5 BGE
L3 T8

A i
=0.896 3
354 R.=09188 H=0856
‘ SEP=3.l >
RMSEC=3.119 1 pmol/g BMSBE=3.001 7 prmolle
@ 254 o 20
E I
£ 15 z
¥ £
=% =™ 10
5_
75 T T T 0 T T 1
0 10 20 30 0 10 20 30
Measured value Measured value

K4 JET IRIV-GCNN HE7 A (E AR PR (A) FHFFTN 42 PRS2 (B ) Y PR
Fig. 4 Prediction performance of the calibration set model (A) and the prediction set model (B) established by IRIV-GCNN

2.8 1BkE GABAREF L

BT IRIV-GCNN ZENT 1 PR RO e A AR A TR S s, JRSE B GABA &5 i 23 m) w] HL
b, ZRUWIE S, BISA SRR T 5 ANANESFEBEE R RGB MG, (U T4l B e /n A [ i e 2R 52
6 518 Er A2 (8 5B ST IRIV-GCNN BRI F i) GABA & &5 ) /3 Aii 8. HHIEI 5B L,
HoS ) AR IE IS L2 AE R, R 540 EAR—20, AR GABA &8 EMSHE T R#ER, W
HARE DR R RS A AR R Xy B Hoh, HLZ3RBUh k&8, RHileEsE . o4
¥2)7, Q5 Q2 23 g WE m s . O RAL”, T XRHH 5 FS88 W& “fIR{E ¥ )4y
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A AGEREE X IR B, XA SR A 28 R4 25 5 0T RE S S AP RS A R, SANFR
B GABA & =3k F 2 Zkm . O ARG RLEE, WTRE S5 SR S8 0 AR 20 I H 2 Z5 0 B DIAH G .
CAMTNEZAZECIZILG ML T IFTERPLRRYE . GABA MG it 32 BT 4 2R il 2l (GAD)
AL Z IR A Y T A S8 GAD 2P (SIGAD2 I SIGAD3 ) #iE 52 5 S 52 GABA &8 3 3%
TEAHSE™ i A PR 23 () s 20 5T & B, SIGAD3 775 i o B B4 8 4H 2R (T e iz 548 T ) vh
HARENFRRARE XK GAD 2B 2R ZER, WREE R E A E Xk GABA T R 6
N, BEHR LA G IR B9 ) GABA 65 i 1. eAh, GABA Y& R 32 B3R MMA | IR HLK
WA IRERIOAE S, TR B A B BRSNS, AT O SR A B 532 3 R A -1
2, BT E A SIEHE CABA IS K. 48 EFrR, GAD LD XA ik 25 5 . S iz 5 o 1K) S 18 R i
HILFERY I T GABATET AR SEH “h%kE . OAIR” 28] oA i B A FUEL A . X — 25 Ta) o A i
B A F LT S R R T 45 SR — 5k, 3 —HFUERH T IRIV-GCNN B BIYE GABA & & T v il A &5k 5 0T

Sk

HLZ XRHH FS88 QT2

5 AFES AP RGBS (A) BB T IRIV-GCNN LAY GABA & 2 7l v AL (B)
Fig. 5 RGB images of five cherry tomato cultivars(A), and visualization maps of predicted GABA content
based on the IRIV-GCNN model (B)

dark circular regions in the images correspond to specular reflections on the fruit surface, which distort hyperspectral signals and may reduce

model prediction accuracy; hence, these regions do not indicate the true GABA concentration
3 & it
ARSI T LL ARG AR 2 5 IR B 5 1 SEBL T B i GABA & R PRI TE AU . T IRIV
P K GONN P A (P £ R,=0. 896, RMSEP=3. 022 pwmol/g , RPD=2.25), JFREMEIEFT GABA 1Y
WP, SBR[ S R A B R SE N GABA SR RSB 225 . 7R A R D REVE S BT PR 3 2R
MUBAL ISR 0 T TC S IR AR B4R o
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