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Abstract: In order to achieve non-destructive analysis of shelf life, soluble solid content (SSC) and pH of Golden Delicious
apples, the spectral information of six different shelf life (postharvest 0, 7, 14, 21, 28 and 35 d) of apple was collected by
hyperspectral imaging system (400~1000 nm) and near-infrared spectroscopy (800~2500 nm), respectively. The
spectroscopy data was pro-processed by savitzky-golay (SGS), savitzky-golay first derivative (1D), standard normal variate
(SNV), and area normalize (Normalize), competitive adaptive reweighted sampling aglorithm (CARS) and uninformative
variable elimination (UVE) were used to extract characteristic wavelengths, and the shelf-life classification models were
established by back propagation neural network (BP) and least squares support vector machine (LS-SVM). In order to
predict SSC and pH of apple, gray level cooccurrence matrix (GLCM) was used to extract 8 texture features from the
hyperspectral images of apple. Feature variables were extracted from the spectral data of pre-processed hyperspectral
images, spectral and texture fusion data of hyperspectral images, and near-infrared spectral data by CARS, and predictive
models were established by partial least squares regression (PLSR) and LS-SVM. The results showed that both NIR and
hyperspectral imaging techniques could determine the shelf life of Golden Delicious apples. The optimal model was
established by 1D+UVE+BP based on hyperspectral images, and the accuracy rate was 100%. The quantitative prediction
models for SSC were established using a 1D+CARS+PLSR approach based on near-infrared spectroscopy, which
demonstrated the most effective predictive performance. The correlation coefficient of the prediction set (R) and the root
mean square error of prediction set (RMSEP) values were found to be 0.9323 and 0.4036, respectively. The
SNV+CARS+LS-SVM model, utilizing near-infrared spectroscopy, demonstrated the most effective predictive
performance, with R, and RMSEP values of 0.8749 and 0.0417, respectively. The findings of this research offer valuable
technical support and a foundational basis for the non-destructive testing of Golden Delicious apples.
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Table 1 Results of the shelf-life discrimination model
of Golden Delicious apples based on all bands
- AR R LT AR
LTSI < . S i ¢ C 2 S,

ik ok S T O i B

(%) (%) (%) (%)

None 222 100 100 1903 86.19  73.10
SGS 222100 100 1903 9098  62.18
1D 222100 100 1903 7492  38.65
SNV BP 222 100 100 1903 6028  33.61
Normalize 222 100 99.15 1903  87.60  58.82
None 222 85.63 6890 1903 100  67.22
SGS 222 8338 68.06 1903 100  73.94
1D 222 100 9579 1903 100  12.60
SNy LSSVM 955 9943 8319 1903 100 53.78
Normalize 222 98.02 81.51 1903 100  65.56

F| 100%. FT @GS EMREHE R 1D+LS-SVM 45
AT FI BIAER N 95.79%. FITLLAMNGIEH] 5]
FERUZERFA LY, ik R B s FI R Ry, e
PTLTHMGIEEHD SGSHLS-SVM. H IS U457, a5
SRy 73.94% ., TEFETF RIS RIAIRIH, 1D TANEE
A e AR T AL B 7 X, BP AR AU K B BE A T LS-
SVM #ERI, X Tl e T 1D WisbEEENEHE =ik
SrEEA, H BP AR PERIG R, A B0 1 2545
Mo FEFEF LA RN HIELRI P, SGS Ny £ AL
70, H LS-SVM #1151 Pk BE L F BP AL H
X AT RRAE X T AS S I EE SGS 1 L MR As R B
i, LS-SVM WYHEZR RIS RE 1L T BP. miGig &l
155G B R (400~1000 nm) A7 114 34 B8 BUA |
P TATLTA GRS (800~2500 nm ) AR, 33X A fE2 R
AS[R) BB 4 e S H A MIAE A A5 P R 5 e AR A T A
it (400~1000 nm % Bz 5 2 {0 A ¢ PR 8 5, 800~
2500 nm B 5 PHER S BTAHDCHER S ) o B e
FE RS CREECR 1Y 1 D+BP BB L TR 4T 4G
Y SGS+LS-SVM AR R T 42 43 S5 45 SR 1) VR VA 6 ¥
WE 2 s . BT EDGIEEGOLIE SR 1D+BP
R N e S o A O o (e S b TR A W4 o o - B 20}
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Fig.2 Confusion matrix plot of the classification results of the prediction set
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2.1.22 FRAEBE KR E T R 2 0T A, SR A

CARS. UVE PR AE G577k, X £t 1D Tikb 3
PR 4 B e T RGO GRS B R T ase L i AR e I A

BAyHIch 12 F1 148 4~ TGS E I K 09 4
TEESPE SR ARSI ISR A R B Al n R, H S 4

P RARARLR B 25 I To 3 25 57 . UL PR A Ty

B AR OGS Y BN AR Ay M T 0k 1 FH T 43 28

FXAZEP, HAGE T CARS J5 4R+ LI B
BEr=AEARG I 285 IR . PP AR B e 6 v O isE 1

A B OGRS K 709, 669, 500, 487, 484,

P2 SETRAEAR A 4 e B A R R 2

Table 2 Results of shelf-life discrimination model of Golden
Delicious apples based on characteristic wavelength

Ul SIS

TALRE RIS T

3| S 1D ;n:ﬂ"
L€ S Frk Jik AR (%) (%)
CARS Bp 12 99.43  99.15
. UVE 148 100 100
R
“’%{ﬁ]{% 1D CARS 12 96.61  95.79
LS-SVM
UVE 148 100  97.47
CARS ap 157 8281  60.50
UVE 51 47.88  39.49
ELAMERE  SGS CARS 157  91.83  69.74
LS-SVM
UVE 51 4197  31.09
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Fig.3 Characteristic wavelength selection diagram
TE: (a) PRI EE ) AT R IR B A ], (b) Bk
T SGS Tikk B i) 42 i BOIL LU /MG B 19 UVE Sk 45 5
A&l o

481,479, 473, 471, 468, 466, 426 nm, U] 3(a) It
IR AP TEFEIN .

FTF SGS TALEE i 4= I BEIT 21 A6 1S £ s 1Y
UVE Sk g5 1K 3(b) s, >R CARS. UVE
PR AR e 35 7 vk, Xt 28id SGS FALBE T LI 4G
TSR T 8 L1 AP B3 50 o 157 #0051 4
HLF VT 21 40 St 3% 9 SGS+HUVE+BP A% B Fl SGS+
UVE+LS-SVM H5 #l £5 4=y 4 ASE A 551 45 FE BH f (9
1. M UVE ik flifs el s 82500, IR TR
PRPRS A .
2.1.2.3  FETRAE AL Y 4 ok 512 S 07 2R 1 1) i) AR 75

KA CARS. UVE PHFhAS R 75, XT4&ead 1D
TRA B 4 B s BUSGIS BdE fZead SGS i
KB AP BT AT AN IS B R A TR SR I . 26T
i 38 AR ARP AR P 43 S Ae) s 4 e S SR DR R A 1 BP i
LS-SVM FIHIFLAL, g5 AN 2 R, T EEis
K14 5 P51 1D+UVE+BP il 1D+UVE+LS-SVM 45
U ) 9] 2 TR A dey-, I AR R S HE R R A ]S B T
100% F1 97.47%. FETF LI HEIEY SGS+HCARS+
BP 1 SGS+CARS+LS-SVM 57 1] 1) 285 BL 455 4,
ML AER S B3R F] T 60.50% F 69.74% . HHED
B E AR ) S 45 S -5 e I R BCE A ) S 45 SR A
b, VAR Z2E F AN i 2, SRS & I 2 izl UEHH UVE
I CARS WIFPAE )7 0T LI gL i A A, 258 1,
G e SR DT B S S PRASERY Sy B i U5
AR 1D+UVE+BP #i%

2.2 &aEFERM SSC F pH EYIFM

2.2.1 SSC Ml pH BJMZELSR  FHT SSC. pH f645
TMEEAS BB PRSI &S RNk 3 s, 81 A4~
45l S R Y SSC A YiE B 7E 9.35~13.35°Birx Z [H],
79 N4 SESEIR Y pH VERIAE 3.76~4.18 ZJH] . FEFHE
S7 B ABERYES, KRR S FE R K 2 311 B LB RE LSy
SHUNLREEFNTINLE . R 3 718, P F8bn i e
e (= RieNSER= N b SO 2 (- RieN SR S 1 e 05
FREUERR . B AL

3 @A SSC A pH RIS 43 BT
Table 3 Descriptive statistical analysis of SSC and pH
of Golden Delicious apples

BN AL A% BME ERKRME FHIE

) PR S 61 9.35 13.35 11.3484
SSC(°Birx) o

A 20 9.4 13.15 11.2350

- PR S 59 3.76 4.18 3.9483

P lFR S 20 3.83 4.11 3.9785

222 ECIE EMSEHE I SO RSN O T REAIR
B YR e, XS BSE R AR R AT Tl 43
Br, $EHCHT 7 A~ E R (R 5TikRs 99% LI E) .
FIH GLCM {EXTHT-EAS o A7 KRS BRI
PRI, Se PR EZ R0 0 S IR 7 28 | R BTPE
XFLOREE | 285 0. 3 B EE L AR SCHE . PCI EMR
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Fig.4 Texture feature image
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SR LUEEAN W] A TRUAD BRI AR 7 PR A S SSC Tl
M s, [RAS R, FH CARS X FAbHR S 195y
FEIEHAE . ECIERE S EEAHE RS . ITLIAM GRS
FREAE = 2 B P B2 BURR fIF 48 5, #8257 PLSR Hil LS-
SVM i EIFAAINT SSC 4T

2231 FRAEP KRBT TR s aigm
1D+CARS+PLSR 4% 8 71l 2% SR 5% 47, £23:8 CARS
ARt PR, AR AR B 1903 MBSk 222 4, T
PG BRRE DA & 5 Bras, 2o 1847 nm %
K BT 9% Zhang 25 328 SSC Y IG5
i AUIFERITINEE R (R,=0.9323, RMSEP=0.4036)
L F Zhang 55 P¥ L F 55 6 % (1000~2500 nm) [
CARS-SPA(SPA B IR %5 5375 ) +PLS #E AU 45
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Fig.5 Feature wavelength distribution after NIR spectrum
screening based on 1D pretreatment

22,32 BT PGSR () 4 508 30 SR i o
A AR ARG IR L 2 G S e SR T
VP i ARG LS AN T 4 . ik b

LS-SVM A5 i T 14 §E bt PLSR A4, 3T 5
St 3% JC 7 4k 38 (None) I B 9 LS-SVM A5 U 1 5
I 4, T 4E R, Al RMSEP {H 43 5] 2y 0.6983 F
0.6779, Normalize+CARS+LS-SVM A5 #1U ' G %55 47,
o £ R, FIl RMSEP {E.73 %1 4 0.6823 F1 0.6757.
XATHESE T LS-SVM JEAELR AR AL, HE T 47 L
BOCIEREHIE S SSC Z I ALK FR .

F4 ST RSN ESERANEVEEIEY) & R
y iUl S
Table 4 Results of non-destructive detection of soluble solid
content in Golden Delicious apples based on hyperspectrum

FikhHi+ o PlEzRS eSS
siEp O R e T R RMSEP

P

None 222 0.8110 0.5554 0.5497 1.2614
None+CARS 16 0.6816 0.6869 0.5422 0.9187
SGS+CARS 16 0.7288 0.6823 0.6260 0.8245

1D+CARS 7 0.7017 0.6791  0.5879 0.8907
SNV+CARS PLSR 12 0.7308 0.6657 0.5604 0.8337
Normalize+CARS 23 0.7862 0.6195 0.5620 0.8265

None 222 0.7811 0.6167 0.6983 0.6779
None+CARS 16 0.6399 0.8236 0.4309 0.5522
SGS+CARS 16 0.6187 0.8187 0.5757 0.6029

ID+CARS 7 0.6715 0.7277 0.6391 0.7399

SNV+CARS  FSSYM 1 07011 06758 0.6762 0.7855

Normalize+CARS 23 0.6903 0.7197 0.6823 0.6757

2.2.3.3 HTEDGEEIRDGIE S SO RGBT
PR AT PR AR S i OISR s
ARSI BAT 1] PR —30E, X Eaigmh A4
PRI TIH— b (Normalize ) AL FRPYY, FeF@h-GHFIE Y
4 SENER SSC o Tl 45 SR an sk 5 fras, ik -
LS-SVM FBRITRIIPERESL T PLSR #5474, Normalize+
SGS+CARS+LS-SVM ARG R fe ff, THEE LY
R 6 Fros, WU R, A1 RMSEP {853 5]
0.7248 F1 0.7090. -G HHRAEBIAILE RS B
{GEAREETAALL, RSB EEBSCRARIE . BEIATE S
BEE R T, SORRHERE TR ARUE B, H
IXEE(E B SIS T SSC B R AH DGR
%5 WTECHERRHG TS A BRI SR
ATV DR Y & s To R IS
Table 5 Non-destructive testing results of soluble solid content

of Golden Delicious apples based on spectral and texture fusion
data of hyperspectral images

kb3 L s S EIES
AL PR )7 1 Jrik "R, RMSEC R, RMSEP
Normalize 278 0.8132 0.5511 0.5094 1.0300
Normalize+CARS 22 0.7340 0.6491 0.5467 0.8623
Normalize+SGS+CARS 22 0.8448 0.5184 0.4527 1.0105
Normalize+1D+CARS  FPLSR 4 07313 0.6659 0.5472 0.8459
Normalize+SNV+CARS 10 0.7256 0.6416 0.5113 0.9910
Normalize 278 0.9930 0.1158 0.5517 0.7894
Normalize+CARS 22 07711 0.6284 0.5855 0.7692
Normalize+SGS+CARS 22 07568 0.6112 0.7248 0.7090
Normalize+1D+CARS LS-SVM 4 6831 0.7629 0.6501 0.5332
Normalize+SNV+CARS 10 0.6722 0.7007 0.6163 0.8430
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Fig.6 Normalizet+SGS+CARS+LS-SVM model
prediction set results

2.2.3.4 FLTITLIAMNGIE I & e R TR E T
TrEICHIRIMIELR  JLFIT LM G A SR n]
EVEEIEY) S RIS SR AN 6 PR, @ik
SRR R AL SR L, AR KR T AR 4 R
Beffic CARS+1D+PLSR BIRIPERE L =, FIMIAE L, R
wnpE 7 R, AL R Al RMSEP {H43 5124 0.9323
F10.4036, X1 e H Tl m s EdE 6
T T VFZTICRAF R, BRI T AR g kS BE
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Table 6 Non-destructive testing results of soluble solid
content of Golden Delicious apples based
on near-infrared

B IR i
SEERFOE 0 % TR RMSEC R, RMSEP
None 1903 0.9990 04285 0.1030 1.1032
None+CARS 7309920 0.1210 09097 0.4262
SGS+CARS 7309896 0.1425 08785 04751
ID+CARS 222 09975 00669 09323 0.4036
SNVHCARS  PESR s 00851 01597 0.8511 0.5860
Normalize+CARS 84 09920 0.1220 0.9060 0.4291
None 1903 0.9903 0.1297 0.1438 1.0325
None+CARS 7309314 03779 08166 0.4261
SGS+CARS 73 09242 03739 07775 0.6144
ID+CARS 222 09998 0.0176 0.8380 0.5867
SNV+CARS  PSSYM 5 09842 01819 0.8959 03571
Normalize -CARS 84 09639 02696 0.8761 0.4086
135;
R=09323
13.0F RMSEP=0.4036 oo
2 123
= 120}
= st
g s
E 1ot
105}
100}

e P —————
9.0 9.510.010.511.011.512.012.513.0 13.5 14.0
M B
K7 1D+CARS+PLSR HEARITINAELE R
Fig.7 1D+CARS+PLSR model prediction set results

ZE P ATIR, T @GSN LS-SVM A5 75 (1) T
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SVM JEAELMARAY, AHEE T LM 455807 PLSR, fiE
AP HIRL S BER T I E A4 R . B TIRL M Gig
FSEFTTIM ARAECR LY i Yiis EUGES ey, 3X T e PR i
LIAMNERFYEBINE &8£S SSC MG E. 54
P AH b, ARPAE IR R SR AR TR SR 5, 3K T BB
A FE A A B S BRSO 5
i MG EE T AL 45 SR AH LY, il BRI AL,
Ui SRR HE T T 3 50A %05 8., A R TR
F SSC Ay
2.2.4 &b pH JCH ALY Sk PEEAS W]
TOAL FRANEASL 5 T A e S0 pH T A4 520, [R]Hsk
TRIEARRY, B CARS X THAGEHUR AU YEIE4RE . &t
TR S5 SRR B A . LT AN G RRE — 28
PR E P K, £ 57 PLSR A1 LS-SVM A Filr [1] = 451
HIXF pH JEA T .
2241 FRAEBERIEBCGPr  FE TR0
SNV-+CARS+LS-SVM #51 #U i U] 45 5 & 47, &84k
CARS ZE T L £ J5 , @ BIAF S ¥ 1903 482N
39 4>, T e 5 B AR AE B A AT an B 8 i,
965 nm KTt Dong 25 A T35 pH G
AL . ASHIF T T 25 2R (R ,=0.8749, RMSEP=
0.0417)5 Dong %P 3 53 (900~1700 nm) 1
SPA+LS-SVM £ R 45 2 (R =0.882, RMSEP=0.057)
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Fig.8 Feature wavelength distribution after NIR spectrum
screening based on SNV pretreatment

2.2.4.2 BT EDCHEEMSE IR A R pH JoiiR:
MIBLRY LTSRS 4 R pH JeHikin 24
Nz 7 Fr/”n o SNV+CARS+LS-SVM A5 B Pk i %
by, WEMAE R, FiI RMSEP {E535124 0.4027 Fi1 0.0835.
SNV+CARS+PLSR #5& Y V' fig g5 4, T 48 R AN
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Table 7 Non-destructive testing results of pH
of Golden Delicious apples based on hyperspectral

RO IETITLAMYETEFR pH TR I ZE 5
Table 9 Non-destructive testing results of pH
of Golden Delicious apples based on near-infrared

BULHE s i Ul S pURIES A i+ SN UlIER S IS
FRERFETE 0 R RMSEC R, RMSEP SRESFETE 0 R RMSEC R, RMSEP
None 222 0.4122 0.0819 0.1009 0.1006 None 1903 0.8994 0.0387 0.1327 0.1165
None+CARS 6 0.2980 0.0865 0.0683 0.1023 None+CARS 64 09790 0.0185 0.8239 0.0603
SGS+CARS 6 0.2946 0.0871 —0.0672 0.0999 SGS+CARS 64  0.9655 0.0248 0.8287 0.0498
1D+CARS 0.1717 0.0864 —0.2897 0.1105 ID+CARS 255 0.9521 0.0270 0.5580 0.0860
SNV+CARS PLSR 23 0.4886 0.0806 0.3037 0.0882 SNV+CARS PLSR 39 0.9656 0.0237 0.8132 0.0600
Normalize+CARS 4 0.2752 0.0809 0.0866 0.1120 Normalize+CARS 56  0.9911 0.0125 0.8489 0.0493
None 222 0.6806 0.0653  0.2589 0.0943 None 1903  0.9450 0.0214 0.4752 0.0811
None+CARS 6 0.2578 0.0862  0.0655 0.0994 None+CARS 64  0.8170 0.0541 0.4995 0.0730
SGS+CARS 6 0.2218 0.0913  0.1172 0.0864 SGS+CARS 64  0.8203 0.0546 0.3870 0.0738
1D+CARS 0.0780 0.0858  0.0648 0.1075 1D+CARS 255 0.9998 0.0015 0.4439 0.0762
SNV+CARS LS-SVM 23 0.4768 0.0806 0.4027 0.0835 SNV+CARS LS-SVM 39 0.9536 0.0280 0.8749 0.0417
Normalize+CARS 4 0.3688 0.0841 0.2218 0.0935 Normalize+CARS 56 09171 0.0381 0.7068 0.0564
2.2.4.3 LT EDGIE EMR YOGS 5 SO RS 2R Y
PRI N A — R,=0.8749 N
SEAER pH GRS T il A 85 E i 4 4051 RMSRP=0.0417
SPEAR pH oA 45 SR 4n5% 8 JUr7R, Normalize+1D+ 400l . 7
CARS+LS-SVM £ &I ¥ {8 5 4, 70 U 48 R, A1 = 7
— S S IIA F B ,’/
RMSEP {84351 0.3119 1 0.0918. il & % 1l & 39
=3 ° .
S5 5SS ER TN SE AR L, fl-G Es AR R) =390t o
2 (BRI ZE AN . X T REH THEA SRSt ‘
W22, (HAM2ER AR, Xl N
T, SO S T 50 17 . fEL s )
3.80 3.85 390 395 4.00 4.05 4.10

SEERAEA Y pH BYAH SRR/ DS, B T #85rJo

[= Pranyel

8 AETRIG B GIEEAR pH JCRik 4
Table 8 Non-destructive testing results of pH
of Golden Delicious apples based on fusion data

B+ e VISR H g
T T ok Ve R, RMSEP
Normalize 278 0.4155 0.0848 0.1150 0.0932
Normalize+CARS 303726 0.0821 0.1093 1.1027
Normalize+SGS+CARS 303931 0.0795 0.1972 0.1053
Normalize+1D+CARS PLSR 14 05404 0.0793 0.0732 0.0990
Normalize+SNV+CARS 27 0.5091 0.0801 0.1364 0.1025
Normalize 278 0.9734 0.0136 —0.4667 0.1239
Normalize+CARS 303226 0.0804 0.1029 0.1040
Normalize+SGS+CARS 303957 0.0845 0.1251 0.0901
Normalize+1D+CARS LS-SVM 14 05329 0.0764 03119 0.0918
Normalize+SNV+CARS 27 0.5040 0.0774 0.0466 0.0962

2.2.4.4 FTIELAMEREN A ENESR pH JCHAS AR
A FETF I LAY A el SE 0 pH JCHAG I 435 SR 4n
29N UK SRR AR A, A L, SR
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Wk 4z P A PLSR AL Y Fi Ul 52 R, A1 RMSEP {H
S350CA 0.1327 A1 0.1165, FET L4 /Mg iy
HY LS-SVM A5 7 15 Ul 45 R A1 RMSEP {H 53 %1
0.4752 F10.0811,

25 L TIR, BT U L1 A MG AR T AR A
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Fig.9 Prediction results of SNV+CARS+LS-SVM model
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