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BA R P, JoH . eSO A, B & B TR B
I L K= 5 A 7 i SR G BT . Chaudhry 25570 A
FH R G5 AR 15 22748 1 3t B 40 0 S5 16 vk o000 2 R 3R i 4 42
W1, Siripatrawa %5 5% R . R /N 3 [ 13 43
75 1 (partial least squares regression, PLSR) & A T 1 2 /] 2%
(7] ) X 4R 26 /N 78 i 1) ot S5 A0 B8 B AT 1 T0ON RO H s A A
SR R O 0 B AR X 0 R e R A O SR ) A B e
HEAT I . ST T i dee /D 3R R ) 5l 43 BT (Partial least
squares discrimination analysis, PLS-DA) f# I, Taghizadeh
S50 P v S AR KT S ) 25 R 1) L A0 5 1 4 O
HEATVRAY . N7 T A O R AR AT 800 % 1 2k M A AL
Wang 55 3 K 32 57 A #6 A [ 48 25 R B 3 47 1 48 0 7
W RS A BAR R IE R 6 E B, o TR T2
Sy BINAEAL . B Rk O B A AR R TE M LS
B, BGPTSR AR T A5 A
BT JI) 6 L AR

A AR F) R IE 2050 w5 D6 15 AR B AR IR B 8. 2 IR 2%
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JEALRE [ SR RBUB R KNS AT R, TEE IR .
6 T 1 BRI AR Ry SR AR A, 6 AR Bk — 2L A7 A
i 3 107 T 60 2R %) 24 — R R 2 kL (PET) AR 5 & v (& 1)
120 & (720 DOFRBERRAEA . B AR 215 em X
16.5 cmX 6 cm, FZEAH 10 NEHAE KN 0.5 ecm BYETE /ML, LA
ARAE SR Ak 7 A7 o B o T 0 P A RORE B AR . S 43
BT LU %5 ¥4 R0 R 2 V0 45 1 T R A Bk B R . £ B 60 &
BREAbTE 4 CHREfE S X (18£2) C il FREE. Lk
Befitifr 0 dUJBSE KD, tifE 2 d, filfifF 4 d Iy, 233 B 20
BREARSL 120 A BRBEAEIEAT RGOSR AR . Hoh, AR
90 A, T A 30 4.
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Fig. 1

Kiwifruit samples

1.2 BhiEEGRE
1.2.1 Sh#ERBRAA

F ] GaiaField fE# X &6 R G CRF &%, Wi, &
ED SRR RS 5 B RS A 3 4G m I g
{X (GaiaField-VIOE) . J & 5 3k (HSIA-OL23), % I 5t &
(HSIA-LS-T-200W) | #5#E H Hx (HSIA-CT-150 X 150) . =i
28 (HSIA-TP-S) J2 3 A & 06 3% B 2R 28 31 (SpecView) Y
LA SLIEIEH Ky 400~1 000 nm, SGiG P 2.8
nm. A S84 98 30 pm, #IGMA 22°, CCD % 1 394 X
1040, JEUEXSFRAF AT . AR BE 457,
1.2.2 BB RERERE

PR B G B R A K A Z R TRDR S BLAR T R K
SRE R . RIECTERE . S TR REW AR ELER. R4
SHRCBCE Jy AAPLIE G IS R] 13 ms, Bisk HAEARMIEE 210
mm, T I BRAHALE B . O BN B S R R,
X GRS AR R G AT R AR IE . A T Sk . HA AR
AR 53 31 B A 42 PR AR 8 AR Lo T2 R L » MR B X
(DR RN,

P P

Lonice = Taark

A L AEHERER . L o8 R S OGIE R .

FIH %A ENVI4. 6 (Environment for Visualizing Images
software, Research Systems Inc. , Boulder, CO, USA) it
12 1F P 45 8% B X 8 (region of interst, ROD) fY 5 63 403 »
A5 ROT G35 52 8 101 {8
1.3 BERUE

TR A M s 3 0 P 48 B 2K R A B 1 (GY-1 Y, L
HEEZRBHEBROGAERAFD, WL ER 3.5 mm, FERE
10 mm, XL 0.5 mm « s ', BEH S ASALE BT, W
S-S {E AR A R e R RE (B . RS BE I A 58 R UG . (T ST-208B
RIF Y] R L W R B D R AT VD A, AREED A
AR, BE G 6T R 4T 55 AL (PAL-1, Atago Co, Tokyo,
Japan) 47 7] 1% 4 [ JE 9 (soluble solids content, SSC) il & ,
SR S S S B B T R ) I A

(@Y
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2.1 FRIEEBESLIE AL

DT HE— P U BRI U RS A X R DG TE AR B AR
Xt kA B T 2 0 3 il 4R 3 4T Savitzky-Golay %5 BV (G5 i
AN 2, B 2Ca) A [a) 4 S0 R AR B S 0t i il 2k . AT
VA H AN ] 5% S8 B A0 B 1 249 S 08 SO 33 o 2 1 35 A T
A7 2 d B9 HO0IE RO R s, 0 d AR, #E—22 o #r
JEIETE 650 nm BT M BN I 0 L R el 2 2N O A I U
FE . 7E 780 A1 970 nm Bif iz Hh BE A /N R W0 L 43 5 S K
O—H =20 GO 5451 i i o 1B 2 (b)) Sy AN [ ik
THRBRBEF e 2. AT U . (18E2) C &R T ARk
BRI S S R B T 4 CCHE R T OGRS R
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Fig. 2 Mean spectral curvesof kiwifruits

(a); Different shelf-life; (b): Different temperature

2.2 PCA 4 #F

E R4 40 B (principal component analysis, PCA) i 33 f&
2k FURR AL 45 S B B8 4R 1Y WAk . B A F 43 (principal
component, PO J&r A J IR 28 5 i &l & JLAS E L5
(PC)FREIE LI 7E PCA A5 rp 7= AP L [ 3 () O R R4
TR BRI AT 2 S E R4 WEI T LR . PC-L
MPC2 BT BNMEIBHIEHFEL, 3UNAFEEN BN
RERL, LTFEREES. B 3 A PC-1 B4 K, &
(PN I B i o o e B Y S - R o T el
EWRBEWMMER, (18+2) CTF MR PC-1 1550 & i =
F 4 °CF . FHRLA, AR5 28 80 B Ak 2 A 47 9 X
GyBE . AT SEBUAS [ IR BE T SR A Bk BT B2 400 04 o o 2 Pk A AT
T T B3R ST BRI BT 4R M A T AR A
2.3 $MEHE K XLIEE

Bt 2 B0 (XLl 5 v 55 45 4 B % L 0 3817 3R 8K
AT 38 326 55 W A A SR S I A A1 B S s BT RS FE B4 PC-1
PC-2 By 3 REM &L WK 4 FroR .

Bl 4Ca) R A7 R By 4 °C B BBk 1 PC-1 F1 PC-2 2
fif R, BT i RBUR F B, AT 2L & B 481, 501,
547, 665, 723, 839 11 912 nm 3X £ i K Xt A [R] 5% 22 3 4k g Ak
FERISGEFELE/EM . B 40 IEFRE Q8E2) CF Ak
1) PC-1 # PC-2 g faf ZREM 4, v LA 7 ASFRRAE B 43 5]
7£ 508, 545, 665, 672, 720, 839 1 909 nm 4k,

B3 R4/ EaE
(@) : ANFEGEHM; (b AR E

Fig. 3 Scores scatter plot of the first two PCs

(a) : Different shelf-life; (b): Different temperature

Fig. 4

E 4 ZEHH4%H PC-1F1 PC-2 HiEE
(a): 4 °C; (b): (18%2) C

Loadings plots of the PC-1 and PC-2 of PCA
(a):4°C; (b): (18£2) C
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SPA F7 0 — PR AR 5 B0 ) e PR, AR K
B AN, B KB WK I A K, FRARTE R
IE AR T 2 B AR R AR G . DL B il B M A 15
PR N &Ky 30, IS G 5O 10 B, ¥ J7 i 2
(RMSE) fiz /N, 2R SPA J7 5 36 85 W R AE P 1 5 Brow
4 °CFHEMENE K 406, 428, 520, 617, 665, 692, 723, 818,
878 M1 983 nm, (18 +£2) C THFEP K N 575, 622, 731,
756, 779, 800, 828, 865, 920 Al 983 nm.

5 SPAREEKZH
Fig. 5 Distribution of wavelengths selected by SPA

XL, SPA BiFp 5 ik e B AR AE K 2R 1 i Ho,
XL Jr g B S AE S K B 7 A 7 b R B R 4 A ik A
BEHAME . FEALE 500~900 nm 35 H H, SPA J7 kit
R RHAE B K B0CR 10 A, 43 A JE Bl 7E 400~1 000 nm, 4 C
TARE P A AE 400~600 nm {5 [H ) £ — 2. 55 H %,
M8£2) CHHRAEM KT £ ZFE 800~100 nm, /K s A
1 A O R

#£ 1 X-loadings #1 SPA & %% FE B4 1E iR €
Table 1 Characteristic wavelength selected by

X-loadingsand SPA

29 W B P /nm
. _ 481, 501, 547, 665, 723,
X-loadings 7 839, 912
4°C
. 406, 428, 520, 617, 665,
SPA 10 682, 723, 818, 878, 983
. 508, 545, 665, 672, 720,
X-loadings 7 839, 909
(18+2) C

575, 622, 731, 756, 779,

SPA 10 800, 828, 865, 920, 983

2.5 LS-SVM ¥ il #= B4

/N9 % F5 [n] 8 ML (least square-support vector ma-
chine, LS-SVND R —Fl i FI 86505 123, 75 B4 e 4 S A
BIRBOT HPERE BT . o, MR HOE £ A ) B s AU (RBEF)
BRI 23 JJ0 Sk DO A% 48 AT 3T 38 IR TE AT Ak . S T L
R Rk 5T 28 0] LS-SVM Bl B8, B Xy 5248401 0, 2 fl 4 d

BRI R A 23 T B S A 1, 2. 30 R, LAAil
BURMER 1R AER KO A . @ 5r LS-SVM B AL, Bk
BT AR I &5 R 2k 2 i .

x2 BERBANER

Table 2 Identification results for shelf life
e BAE Ak T 25 5 WA BARR
wmEE/Co Wk TE] 2 3 JE/ % R %
1 30 0 0 100
SPE 2 0 25 5 83.3 92. 2
3 0 2 28 93.3
1 30 0 0 100
4 XL 2 0 25 5 83.3 92.2
3 0 2 28 93.3
1 30 0 0 100
SPA 2 0 25 5 83.3 91.1
3 0 3 27 90
1 30 0 0 100
LK 2 0 30 0 100 100
3 0 0 30 100
1 30 0 0 100
18+2 XL 2 0 30 0 100 100
3 0 0 30 100
1 30 0 0 100
SPA 2 0 30 0 100 100
3 0 0 30 100

6 BBV A ERER S S

Fig. 6 Principal component images for Kiwifruit slice

MR 2ALIFEN, 4 CHIREF 28 XL, SPA FEE
WA = A LS-SVM AL &R 050 o o 43 31k 92.2%
92.2%, 91. 10, BUR TH N HE R B LE R, HEE 2 XM
54 RIBRIGEBEAR A R AE /R A3 e ), 3t DA T 15 Y] 2 A
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M AE IS B A IR T i A7 T DL RE R R Ak B 48, (18£2) C
BRI RR R A SRR A 2R 2 Ol 10096, CIRAI A . i
—2 530, 5 10 A SPA RHIER AR ML, XL RRAE AR 7
A AT RIS — L AL, RSB ERCR, T I R M #
BTG AL
2.6 BREREEYI A BEG S

AR RE DT R R AT PCA Zp#r, 6 2 4 'CHIAI8 £
2) CHRR BRI i PC1—PC7 g, S AT LIE d, KR
PCS A4 43 W A g e A, HoAth 32 140 4 34 i o8 8 S Wik
WAk Y) Mg B, Ho, PC2 MG K B BR Ak Bk U R 15 B Jc W)
B, 4 CTHA8LE2) CMARBEIE Y i PC2 BRAE % 18 4L 1y
SIS R AR B B IR AL . BRI A AR B — 2 e ik
T RIS AR E A I S ISR Ak BT 2 0 S50 Y T R A
2.7 BRRRENIERS T

F 3 MK 4 AT ST AR IABRBE R AE B L IR EDR Y
W, METALE N, AR BIMN T, Bk Rl
ST, XEHTREMEZ Y IZE BRI, MKk, b
it R I ) G, ARk I, T P R ) R AN
FE. 5A8x2) CHRAALL, 4 CHEBEB AT, Brkbk
MR W MEEE Y A R 18— LSRR R T 22

4y ¥ Canalysis of variance, ANOVA) X ik 4 Ak i B F0 7] 45 o
BEY & s iitr gty . % 3 b, 4 CRGRBERERE A, F>F
crit, p<<0. 05, 1B [a] b7 22 B3R Ak o 6 2 (1 47 7 W %5 1
#EH ., (18E2) CHIBMEMEEA , F>F crit, p<{0.01, FEA
Z AR AT TE W R B2 . R4, 4 C BRI B
FEAS, F<F crit, p=>0.05, 15BN [R) 53 22300 e v vl 3 1
Y ERETEEEZES, A8+ CHRIBMBEN A, F>F
crit, p<<0. 01, B[R] b7 S HIAE A ) AT 35 1 81 B 9 5 =
FFTE 5 0 3 I 25 53 o R S P2 rg XS T A A 2 1 3 3%
B, 3 AR BT 28 0 F SR Bk A 5 B 7E 0. 05 /K L P B 3%
e, 4 CTHEARZIAMEIE R EC —0.336 5, (18+£2) C
TREA Z BAH KRB N —0.526 0, REHEAAK, 3 DAIE L
HA T AR B AT [R5 B AR 0. 05 /K b AATE B 35 1k
Fest, (1842) CTFHAZE AR R 0.557 6, BIEAHK,
Hy AT DL . REREAE A AT AR R X ) 4 CRI(18£2) “CANIm] 4% 48
HABRAGAR 1) 5 AE 48 AR . T ATV M BB W & s A REVE N X 4
(18+2) “CARIFBE LB B i Bk 2 B, 45 G R B O 3%
FOEL . AT LU R A O i R A T A R AR A L AT
PERIE W) & AR R, MEZ 8RN LE 6 .

R3I FEEERBRBEREE
Table 3 Firmness of kiwifruits during shelf life
it 7 g S R RAE/ fR/ME/ -2 {E/ o .
LGS ! _ , , R E F P Fe
W/ C 1/d (kg * em ™ 2) (kg * em ) (kg * em ) Ll et
0 14. 04 8.52 11. 56 0. 34
1 2 13.92 8. 68 10. 99 0. 25 4.42 0.015 6 3.13
4 12. 98 7.84 10. 30 0. 31
0 14. 00 6. 50 10. 70 0.19
18+2 2 13. 30 6. 80 10. 14 0.14 16. 39 0. 000 0 3.13
4 14. 20 2.00 6. 97 0. 36
R4 TEBEOABRBRTAEELMEE
Table 4 SSC of kiwifruits during shelf life
filf F i )3/ °C A /d KM/ % IR/NE/ % FEIE/ % B Uil 22 F p F erit
0 12. 20 10. 54 11. 24 0. 09
4 2 12. 32 10. 44 11. 26 0. 10 0. 83 0.439 8 3.13
4 14. 66 10. 50 11.47 0. 20
0 11.62 10. 38 10. 94 0. 06
1842 2 12.78 10. 90 11. 68 0.10 15.62 0. 000 0 3.13
4 15.76 10. 58 12. 30 0.27
AR AL . R I LR B BE 5 S BRI B 1T SN R
34 L

(DR w8 AR AR 855 2zt & Uy i, X A [l £
A7 BE V) B A B AT ST S B B . 4 CC i T 20k A
XL. SPA R {E ¥ K ) =4~ LS-SVM AL % Jk 15 92. 2% .
92.20. 91. Lo B TP MERR <. (182D “C i FU o iy < 2
IRF] 10006 . AR 8 AL B BE V) i 32 i o TR AR BB R

(O BBk AL 48 A5 7R . BEE BT 8 K BiAE Bk T
PR ETE W & B W, (18 22) “C B — 35 f7 £ 1F AH ¢
P, HISE R KN 0.557 6., T B U il 0% S 000 48 < % ), 4
CHRIA8E2) “CTF ffi B (B Fl 5% 22 W1 Z M AA7E TOAR G 1 AR G
B4y —0. 335 6 Fl—0.562 0, 55 B ALK 7 3k 40 H
1o T AR B R T LA AT L DR A T A A Bk 1 e
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Hyperspectral Imaging Technique for Estimating the Shelf-Life of
Kiwifruits
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4. Biological Systems Engineering, Washington State University, Washington 99350, USA

Abstract The shelf-life of fruits and vegetables is an important factor that affects the quality, which is concerned by the con-
sumers, farmers and producers. Kiwifruit contains a variety of organic substances and amino acids, which has rich nutritional
value and is deeply loved by consumers. However, due to its own characteristics such as the color characteristics of kiwifruit, it
is difficult for consumers to make an accurate judgment on the edible degree of kiwifruit in the shelf-life by sensory evaluation.
Therefore, non-destructive testing of the shelf life of fruits and vegetables is vital for agricultural products. In this research, hy-
perspectral imaging technology with chemometric methods was employed to estimate the shelf-life of kiwifruits which were stored
in 4 C and (18£2) ‘C among 3 periods (0, 2, 4 d). The spectral data covering the range of 400~1 000 nm were collected from
720 kiwifruit samples of 3 periods at 4 ‘C and (18 £2) ‘C. Meanwhile, the firmness and solid soluble content (SSC) of ki-
wifruits were measured, and the spectral data of kiwifruit slices were collected. The mean spectra (90 kiwifruits in the training
set and 30 kiwifruits in prediction set) were extracted from each kiwifruit. Then, principal component analysis (PCA) was im-
plemented for samples stored at different temperatures. Cluster analysis was performed based on PC1, while some overlap phe-
nomenon showed in kiwi samples at 4 °C. X-loadings of principal component analysis (PCA) and successive projection algorithm
(SPA) method were applied to select the effective wavelengths, which are helpful for enhancing computer velocity. Based on X-
loadings, 7 wavelengths (481, 501, 547, 665, 723, 839, 912 nm) were selected for samples stored at 4 ‘C and 7 wavelengths
(508, 545, 665, 672, 720, 839, 909 nm) were selected for samples stored at (18+£2) “C, respectively. Similarly, for the SPA
method, 10 wavelengths (406, 428, 520, 617, 665, 682, 723, 818. 878, 983nm) were selected for samples stored at 4 °C and
10 wavelengths (575, 622, 731, 756, 779, 800, 828, 865, 920, 983 nm) were selected for samples stored at (18+2) C, re-
spectively. Thereafter, virtual levels (1, 2, 3) were assigned to the samples of 3 periods at 4 ‘C and (1842) °C, respectively.
Least square-support vector machine (LS-SVM) was used to build classification models on full spectral data, effective wave-
lengths selected based on PCA and SPA, respectively. The results showed that the accuracy of the predictions reached to
92.2%, 92.2% and 91. 1% among 3 periods at 4 °C and the accuracy of the predictions reached to 100% among 3 periods at (18
+2) °C, respectively. Also, the firmness and SSC of kiwifruits were measured and analyzed by one-way analysis of variance
(ANOVA), the results showed that there was a negative correlation between firmness and shelf-life and the correlation coeffi-
cient was —0.335 6 and —0.562 0 at 4 °C and (18+2) °C, respectively. There was a positive correlation between SSC and
shelf-life and the correlation coefficient was 0. 557 6 at (18+2) °C. The shelf-life of kiwifruits can be estimated by the firmness
index of samples stored atboth 4 ‘C and (18+£2) ‘C. While the SSC of samples stored at (1842) “C was a significant estimation
index. Further, the images of PC1—PC7 can preserve the integrity of the kiwifruit slice surface information, PC2 image can
clearly show the degree of kiwifruit slices with different shelf-life. The results of this study indicate that it is feasible to use the
hyperspectral imaging technique combined with the chemometric methods to classify the shelf-life of kiwifruits. Meanwhile, this
research realized the rapid prediction of the shelf-life of kiwifruits and provided theoretical support for the quality and classifica-
tion of fruit and vegetable shelf-life. Further. this study help forproviding technical supports for the developed instruments used

for real time estimating the shelf-life of fruits and vegetables in further study.
Keywords Kiwifruit; Shelf-life; Near-Infrared hyperspectral imaging technique; Chemometrics methods
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