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Non-destructive testing of kiwifruit storage quality integrating
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Abstract: [Objective] To achieve real-time, non-destructive, and high-precision monitoring of multiple quality indicators of kiwifruit
during storage and to address the problems of strong destructiveness, obvious lag, and the difficulty of a single data source and model to
balance comprehensiveness and accuracy in conventional detection methods, a kiwifruit quality testing method integrating wireless sensor
network (WSN), hyperspectral imaging, and Harris hawk optimization (HHO) -optimized deep extreme learning machine (DELM) is
proposed. [ Methods] Firstly, a WSN and hyperspectral imaging collaborative acquisition system is established to obtain kiwifruit storage
environment parameters (temperature and humidity), fruit surface sensing data (firmness and skin color), and hyperspectral image data.
Secondly, the spectral data are preprocessed by the standard normal variance (SNV) combined with the first derivative, and the competitive

adaptive re-weighted sampling (CARS) algorithm is employed to extract characteristic wavelengths for feature dimensionality reduction.
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Finally, a multi-source data fusion model for kiwifruit quality testing is established by optimizing the DELM with the HHO algorithm.
[Results] The HHO-DELM model on the test dataset achieves correlation coefficients of 0.972, 0.915, 0.903, and 0.926 for soluble solids
content, firmness, acidity, and color difference (e value) in the prediction dataset, with root mean square errors (RMSEs) of 0.486 °Brix,
12.980 N/em?, 0.062, and 0.023, respectively, and residual prediction deviation (RPD)>>3.0 for all indicators. The established method
reaches the classification overall accuracy of 99.3% (Kappa=0.991), significantly outperforming DELM, partial least square regression
(PLSR), support vector machine (SVM), and random forest (RF). Under different storage conditions (cold and room temperature), the
method shows the prediction accuracy fluctuations <<2.5%, demonstrating excellent robustness. [ Conclusion] This method integrates the
real-time monitoring of WSN, the multidimensional information acquisition of hyperspectral imaging, and the high-precision prediction of
HHO-DELM, enabling non-destructive testing of multiple quality indicators of kiwifruit throughout the storage period, thus meeting
industrial requirements for rapid on-site detection and dynamic monitoring.

Keywords: kiwifruit; non-destructive quality testing; wireless sensor network; hyperspectral imaging; Harris hawk optimization; deep

extreme learning machine
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Table 1 Comparison of the results of preprocessing methods
WIRES RMSEC/°Brix SNR R,
JE A6 G 1.186 28.7 0.741
SNV 0.815 323 0.847
—Br 35 0.753 30.9 0.862
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SNV -+ B 24 0.442 34.9 0.931
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Table 2 Comparison of modeling effects between full-

band and characteristic wavelength

o ) RMSEC/ RMSEP/
BAmA A P B ) R, ) , RPD
°Brix °Brix
4% B 256 0.768  0.857  0.792  0.859 2.63
LSRN 29 0.524 0923 0.568 0918 3.28
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Table 3 Comparison of regression performance

B fibr  Hifi RMSEC R, RMSEP R, RPD
PLSR Ssc °Brix  0.752 0.863 0.778 0.865 2.68
i 3 N/em® 17.503 0.842 19.747 0.803 2.05

1% BE 0.083 0.831 0.095 0.801 2.12

2% eft 0.030 0.845 0.039 0.817 2.18

SVM Ssc °Brix  0.632 0.891 0.694 0.887 2.94
i 3 N/em® 15.327 0.867 17.954 0.829 2.23

1% BE 0.076 0.854 0.087 0.826 2.31

0,2 e fH 0.027 0.868 0.035 0.843 2.39

RF Ssc °Brix  0.576 0.907 0.618 0.905 3.21
i N/cm? 13.994 0.885 16.239 0.851 2.41

1% B 0.071 0.872 0.081 0.849 2.48

0,25 e ft 0.024 0.886 0.031 0.867 2.58

DELM Ssc °Brix  0.503 0.925 0.864 0.843 2.40
i 3 N/cm? 13.054 0.898 19.443 0.809 2.08

1% B 0.068 0.881 0.092 0.807 2.15

0,2 e fH 0.022 0.894 0.038 0.821 2.21

PSO-DELM SSC °Brix  0.438 0.939 0.592 0.913 3.34
i Jig N/em? 10.427 0.921 14.563 0.867 2.57

1% B 0.064 0.893 0.075 0.863 2.65

2% eff 0.019 0.908 0.028 0.889 2.76
GWO-DELM SSC °Brix  0.415 0.943 0.554 0.926 3.48
T 2 N/ecm?  9.918 0.927 14.067 0.882 2.73

[icd:-3 0.061 0.899 0.070 0.876 2.78

% ef 0.018 0.912 0.026 0.901 2.94

HHO-DELM SSC °Brix  0.382 0.951 0.486 0.972 3.68
il Jig N/em®*  9.094 0.935 12.980 0.915 3.12

1% B 0.057 0.906 0.062 0.903 2.91

2% eflf 0.016 0.921 0.023 0.926 3.25
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AKX HHO-DELM,

342 GrJSTEREXS L 25 R R Bk R 1 A3
fieln 4 118 8 it 75 . HHO-DELM £ %1 /) OA 3% 99.3%,
Kappa 7400 0.991, &b 35 1 T H A ASEHY 5 4L GE AL #5% 2 > A5t
B b RF PEfE e (OA 4 92.7%) , (i Ik T HHO-DELM;;
A Atk DELM B8 OA UK 89.5% , 73 S5 PR AR AL 2% .

3.5 HEEEESIHEES

3.5.1  AN[EIJR 2% TSR AP E XF Lk HHO-DELM
AR FE VA T 5 5 IR TS R T 1 T i, 5 SR =k S
TR TEVR IS AT A5 8 A I T 3R 25 U Sl 3 [ AR
/N, HoF SSC 9 RMSEP % zh <<0.014 ° Brix, fifl Jif <
0.309 N/em®, Ji2 £ <20.002 , {425 e fH<20.001, L2 B OA J%
Bl <C2.5% , U BH AR AU X I 50O B A AR A EL A R Y I
PR, R R 0B B RS T AN IRD Ve S S R R N

B 2044 | 2026 F 4 B | BR&BS5M

x4 DEESMEEXTLE

Table 4 Comparison of classification task performance

FEi 7Y OA/% Kappa 2% Ik} a] /s
PLS-DA 87.3 0.831 12.6
SVM 90.5 0.873 28.4
RF 92.7 0.902 45.7
DELM 89.5 0.859 18.3
PSO-DELM 96.8 0.957 26.5
GWO-DELM 97.5 0.967 29.8
HHO-DELM 99.3 0.991 22.7

Jo A 00 4 5 PR oK

3.5.2 MEAVSCEIPE YT A4S AR ) I 2R (] A A
B fR) L 45 50 5% 6 BT R . HHO-DELM 4 18 3)I| 5 B[] o
22.7 s, K TR DELM(18.3 s) 5 1% G bl & 25 > #L Al
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Figure 8 Confusion matrix
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Table 5 Comparison of performance indicators of models under different storage conditions

- SSC il T i T R JEE T3 22 e {H B R 43 2
W 2% AF - . -
RMSEP/°Brix R, RMSEP/(N-cm *) R, RMSEP R, RMSEP R, OA/% Kappa £ 4
e 0.472 0.975 12.671 0.918 0.060 0.907 0.022 0.929 99.7 0.995
EgT! 0.486 0.972 12.980 0.915 0.062 0.903 0.023 0.926 97.2 0.962
A 0.014 0.003 0.309 0.003 0.002 0.004 0.001 0.003 2.5 0.033

(PLSR.SVM RF), {H iz % F PSO-DELM(26.5 s) .GWO-
DELM (29.8 s) 5 CapsNet (113.5 s) ; # B B [[] (X K
9.0 ms/FEAS , T & WSN S Hif Wl 1) Bsf 1] 22 3R (0.5 s/AF:
A, TS A AR 8 PR

Fo AREIMEBETE M REXTLE

Table 6 Comparison of time performance of different

models
B Al YIgRnd el /s HEBERS ]/ (ms- #EA ")
PLS-DA 12.6 10.8
SVM 28.4 17.5
RF 45.7 23.2
DELM 18.3 7.5
PSO-DELM 26.5 8.2
GWO-DELM 29.8 8.5
HHO-DELM 22.7 9.0
3.6 HENAIE

9 B E WSN | = 63 AR (HST) & HHO fIi fk X 45 1
PERE B9 TTRK, T AR R g5 R R 7 R .

7 HRRAKRER
Table 7 Ablation test results

SSC il FET i 4y YIZRET

52 A0 i

MR, WR, ZKOA% I[H/s
WSN-+HSI+HHO-DELM 0972 0915 993 22.7
WSN+DELM 0.856  0.832  87.6 18.9
HSI-+DELM 0.894 0798 912 20.3
WSN-+HSI+DELM 0.843  0.809  89.5 18.3
WSN-+HSI+PSO-DELM 0913 0.867  96.8 26.5
WSN-+HSI+GWO-DELM  0.926  0.882  97.5 29.8

TH il 8 g L W, BT R D A 58 B AR B (WSN
HSI-+HHO-DELM ) 7& 4% Tl 4T: 45 * 35 & B te 10, H SSC il
W R,IK 0.972, B B 5100 R, 0.915, 534 BE 4325 OA ik
99.3%, Y Zr B 0]y 22.7 so A Lb i 7, AL AE A WSN-+
DELM (T & 6 1% ) mk A fili F§ HSI+DELM (J& WSN) i 5
AUPEBE W T, UEIH WSN 5 5 06 38 15 B B oA oAb
TH A B SCHRE TR R 2R A R RE D o AN TE R

fd J1I HHO )i 4k 59 15 % F (WSN+HSI+DELM) , £ %1 4:
fiE W] S8 R AG L L AR SSC TIN5 20 H T R L 2R 4,
F W HHO Sk x5 S b R B E sk, 5 5 4
Wi Fh AL 5 s (PSO.GWO) A 1., HHO-DELM £ i il K&
JE 55 SRR 3 5 A W A 2R e ) R R TR
TP B R U I A R T AR R R O LA A 2R
T
4 Hik

SIS Bk A B T A0 5 S I v A A ) S R 2%
IRPESR | B — B U A Y g PR A% 1) B0, 48 T — Rl A G
2 A IR 45 v 6T AR 5 e LSO AR A R B A BR
2 2 MR 22 V5 BN i ARG I ik o BF TR A R R Rl A
T LR AL IR W 2% PR 50 B v I LR A B R IS B e AR
P52, BE S B R A0 Bk 22 T A A T [EDE 9
O R (025 e (M R RV ) (Y RS B JC R e
RGN ey BT TR R A Ak R b B 2 2] BILAR R A [
G FAT 55 R 249 3 I O R M RE L T AH 56 R BB R ik
0.972, 43 8 MEH 23K 99.3% , HLYE A [A) W0 4% 1F T 1 B
Tp R O SRR R SR B W B T T AT A A
B AR o M 1% G AR R — IO TR B )2 AR R Y R
D5k RS A 2 VR BN Rl S R R AR R IR,
T TR ST SR, ST LA
TG 1 B — % B 5T M HE L KT 9 1A T 4R AL R N 4%
SR ER BT S 50, B SR T AR IR X O A% 1 3h A AR AR A 3
P55 LA (ks B 5T ROR LAk ST ) M
Ll A BT B 1 A 2 B0 A i e R R D ol S
5S4 R SO0 A8 1, TR TR B A PR 2 2D ML S B
B B b A R T S U 1) 8 EZ I IS AR A A LA R
B - D 32 50 B A FEOTR 35 T A A R EOR TR B 4R R, ROk
T RE Z GRS X AL ; @ Y87 AR I i
TR EENRTESRIE, FEFRTEZEL
it P ARSI AL B SRR S R 4 S R
U A5 O R T il — b A 3% R R 7 S B L P Y
N

& ik
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