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Abstract: To develop a calibration model for rapid, accurate and nondestructive determination of bamboo shoots
firmness with Phyllostachys violascens by using near infrared spectroscopy (NIRS) technology. The diffuse re-
flectance spectra of bamboo shoot were obtained in the wavelength range from 800 to 2 632 nm. Different in-
formative variable selection methods were first calculated with the full spectra being pretreated using a standard
normal variate (SNV) transformation. Analyses with backward interval partial least squares (biPLS), synergy
interval partial least squares (siPLS), genetic algorithm (GA), successive projections algorithm (SPA), Monte
Carlo uninformative variable elimination (MCUVE), and competitive adaptive reweighed sampling (CARS)
were compared. Then CARS and SPA were used on the spectrum to select wavelengths in proper order. The
performance of the models were tested using a correlation coefficient for cross-validation of calibration (r,,),
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root mean square error for cross-validation of calibration (RMSECV), the correlation coefficient of prediction
(r,), and the root mean square error of prediction (RMSEP). Results showed that BiPLS combined with CARS
and SPA obtained a total of 25 wavelengths or only 1.6% of the full wavelengths. The r,, RMSECV, r,, RMSEP
by biPLS-CARS-SPA were 0.984, 0.300 N -cm™, 0.926, 0.625 N -cm~, respectively. The good performance
demonstrated that NIR spectroscopy coupled with the biPLS-CARS-SPA algorithm could be used successfully to
analyze bamboo shoot firmness and revealed that the biPLS-CARS-SPA algorithm was superior to other wave-
length selection methods. [Ch, 6 fig. 3 tab. 20 ref.]
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AT Phyllostachys violascens 75 & F5 , e—F M. K5, SED . SRR EREE .
B8 S AT A B PP A E AR AR, RO T PRI S R BRI IR, R HOR JE A L PR EE DL S o)
KM THARESSHEME . BHET, 75 AR 32 2R FLECE P FI B OGN & . o, BCE P
GEEWPESR . B ME2E . MU I AR REHERR I AT AR, (B Y A R, PBRAE BT, A
JES H AR, JORE I AT S e A N N T AR v g PR A I B T ZE ARG IE BOR (NIRS) PR
Pk TEH B OE AR, AERIZEN L BEE A A i BRI T AR B T I MBS . AEA T B E A
M, EPNINFEE TR ER Malus pumila™', %L Pyrus spp.""™", 3R Mangifera indica'™, F5fEbk Actinidia
chinensis ' SEHEAT THOCHEFY, X OABEFEIRME T A4, HAT, NIRS HARAEAT 5058 B2 ICH K I 77 18 1 i
TR BIANIIRE R R MR A Y BRI AE R AL R A R R R 1 £ ) B
bro SHREFEACIANIY R, LFEREY T, 5K EEML, XY eI G b iy &
WD, B, KSR 2 R . 2T 4R IR S B R, AT S M A 0 R 5 i B ST 4T AP O 1 AR
BRI VERE o G 1 XA FFOGTE HEAT AR R, DATITX A P R R AR Y R AT A A 2 B i B I 3 A TN A A 1 R
SR AR . AT R S 0] ) d5c /) —3fe vk (BIPLS) 45 & 55 4 1t B 3 WA H 1% (CARS) DL K % S 4
Sk (SPA )X 8 77 A B2 I 2L AMGIG AT A8 i b £, JF 5 — S8 WA A8 B e R 07 VA MO B EAT T I
B, PR A T AT A B A 2T AP OGS B AR SR T — Rl T T .
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1.1 MEFEAREE

AHE ST A AT 5ok BWIL A G Z T R BILX, FAEMHFRKEY ST 30 cm, EHERKTS
em, AT ESGTE RS, HIFTALERAE TR AT SF A HEAT AT FLEURE , JESRECE AR 15 mm, JEE K 10 mm
FIRE G 113 A B AT A hn S B TE 4 COkAE IR AR HT o iXIR AT, KRRl AT R A vk AR i B B T
(22 C)IEErh—Beut ], (B AR AT 54 5 5 0014 o
1.2 RiER&E

T LT AN S 6 R AR AR A Antaris 18 B o AF
e 2148 6 1E Y (Thermo Scientific Co., ZE[E ), i &
SR B BRI 2R AT 61 R A o DL K E L 800
~ 2632 nm, FHAWE 64 K, R 8 em™, Rl FE
sl BB T AR E R I B OGS SOR B B F
IR i ) A0 22 187 1E X G T SGE G AL o SR S B AR S e

1200,\b—1’ \§73‘h»’/ 51 S A1 - i ki e 4 JEL .0 1 1 1 1 1 1 1 1 1
i3 I, B 3 USRI Y GBS iZ A Y I TR T . Y

Wi, W1 AW TIlImAEA i s e 8 . 1 1200 1600 2000 2400

R s ARG R A 0 B N 19 1 I 5 R i 06 % A R L A Mam

1, 454 B TR0 T340 B7, 2R 1 000 ~ 2 500 B G PR R

nm % B N I AT S 4 7 A Figure 1 Spectra of bamboo shoots (Phyllostachys violascens )
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X I ) G R 4 A B R FH TA-XT2i Fi44{% (Stable Micro System Ltd, % &) 47 A B 4 o 0548 3k R
e HAR 2 mm AR Sk P2N, BRELINKVREE S 5 mm, BTGB R 2 mm-s™ DL 3 AN i) A
JEE S YA AR R %R A d 24 s

KSR P RAEAE IR 5 SR, SRIEHE 108 AR A v A 2 76 K] 40 Ay A GF 4 R
. BTHMENSIE SR 1 iR,

x1 BMFEENSITHRESHY

Table 1 Descriptive statistic data of bamboo shoots

B4 FEA A P2/ (N-em™) I 5 BBl (N em™) b fii 22/ (N - em™)
KEIE4E 72 4.261 2.142~8.751 1.676
it 4 36 4.266 2.188~8.433 1.682

1.4 RERELFERTESR

FATT B 2R P T DX IS 90 1< 308 % T 30k A B2 i ) PR R 49 5k 201 (07 O X 7 T G R JE A
I T 2D A G TE AR JEAT A o W S B 2 AL A IS 1) DX [ i e /) T3 (biPLS), 5 P 3 I
INBLH 1 (CARS) D) J i B2 4% 52 5k (SPA) o biPLS J2 37 78 i) B i fie /I — e i (GPLS) S oy 1= () —Fh 36
DX I (78 B B vk o O TR R BRI b A TR F X, IR A kT, R AR
D[R] B 20 G DX TR) 9 i i/ 3 IR, 9K J5 6 52 SUIRAIE Y 7 i 22 (RMSECV ) (i fie /)N ) 20 A 5
BUN Pl 2345l i) T X RVE R S — B 7 X, S BRI H 2 RF BT8R e A 4 A BRI 52
MBS UEYY 5% 25 RMSECV ff, L RMSECV (B e /N4 B 1 X [] 21 45 7F SRy S ft X T 41451, CARS 53k i
Liang S48 11, BB A R SCHEB IR b G E AR A7 AR, B f B A i — MK, TR 3
HANACRAE BN AL B 2 E A IR o TR FE ik 51T 6 B0 0 ok BOR 42 ) 28 i A LR B %, HEE AL
A, 3G T R RO AR R R, SPA LR — P RE TSR R R R R U s o 1% RE S R 16
EIBOE T, FREARARREITCRE BB RAE, IR G2 E L R B Ak, AT 42 = g
B B SRR RE™ . biPLS, CARS il SPA 53 4 J 173 551 WL SCRR[ 16-18 1

R T de /) — 3 vk (PLS ) (7 fe A6 Y, AR v [R] 7550 bk 5 SUIRAIETE 2 o B3RS 8 3 A 48 A A0 95 52
B AR O R EL o, BUMAH S R B 7y, S AR J5 1 22 RMSECV DL F0 1 )7 5% 22 RMSEP., r,, 1 7,
FEEIE 1, DA RMSECV #1l RMSEP #AI%, DA A 4 35000 GE I ARG e PR AT o b 3d 4% D 33 12 DL B de 4 A
T 7 S5 PEHr 38 7 MATLAB 2010(The Math Works, 28 ) {52 1.

2 HR5p4

21 WREFENHE

Z AT . R DL RO R AR IR AR R M52, T 0 ARG T% b IR A | 3 T e RS R 7S S5
AR o N T IH BRI SEAF PR 2R 2 M, X R D35 (none ) FEAT FIAL B . SR A 74 1F 285748 8 46
(SNV), Z#a#(detrend), —BrFH(FD), R FE(SD) A J5 0] s bR o6 9847 Ak BT 22 57, PLS
BERY, Z5 AN 2 oo Bk 2 WAL A oE IR S S B 4 AL B N7 Y PLS BRI AL, ALY 1., 1y
43 3 A JCFAL B Y 0.920, 0.895 45 5] 0.928, 0.901; RMSECV F1 RMSEP | 43 5] M\ JG T AL B it 1)
0.653 N-cm™, 0.739 Necm? 54 0.619 Necm™?, 0.718 N-cm™, B4, ZEFHT H K 7%t )19 8 20 3]

F2 ETARWHAAETELENZEMTNER

Table 2 Performance of firmness models with different preprocessing methods

AL B 7 1 RS T RMSECV/(N-cm??) r RMSEP/(N-cm??)
JE B3 I 38 (none ) 19 0.920 0.653 0.895 0.739
—¥r§%L(FD) 20 0.921 0.639 0.901 0.728
#4315 46 (detrend ) 16 0.928 0.619 0.874 0.805
— B %0(SD) 6 0.892 0.754 0.832 0.921

B IE AR AR 3 (SNV) 18 0.928 0.619 0.901 0.718
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18, 77 HL At 75T b B 5 0 A el 36 3SR R AR L X 2 B SNV Ak R AT 1) 0 59 PR AT 98B A 32 T AN - B S 114 Mg
P, AT LA AR A ) T AR AR fd v . PUL, 7E TR SCHISR A SNV AR LS 6 RE AT AT o
2.2 EHTF biPLS gyt& s &k

biPLS J5 i, T OGS X [R] B9 3 3 o AR R i SRS AR, HLA 40 i X182, Bl T3 B ) G
PR AT A B BT TP AR AR O 1557 A, SRR YO 2 B Bkl 3y 6 ~ 50 AN X, LA
RMSECV { f5e /e W 5 e 0 X [R1R 43 o 83 iH 3000, SR A g i Be k) 4o 48 A IRy, g
BRI RMSECV (B fe /o B 2 AT 68 B biPLS J7 3 i AR IE PR e B 45 2L, I v Bl S0 58 19 U B IX ) oy
Bl o U BE X ), XN A U B Bl 1 129.239~1 145.200 nm, 1 162.661~1 179.588 nm,
1 198.121~1 216.104 nm, 1 235.811~1 254.952 nm, 1 297.015~1 318.115 nm, 1 437.213~1 462.343 nm,
1 490.078~1 517.105 nm, 1 710.247~1 745.947 m, 1 825.867~1 910.636 nm, 2 290.400~2 354.892 nm,
g 5 357 MUK AR . SR PLS ik a5, K4 RMSECV S5/ Niff e S L iy IR %k 19, 1 Al iz Al
Xof I 3% 4 KO AT I, BEELAY o, r,, RMSECV 1 RMSEP 43 5 % 0.963, 0.913, 0.451 N-cm™ Fi
0.675 N-cm™, 52U BOGIEBAIAN L, biPLS BALR AR il 1 557 /b 2] 1 357 4>, FEARIENG
IR IE7 IR A i
2.3 % F biPLS-CARS py4& 8! — &k &k

A biPLS A SRR T K 5 AT AR R T O H(E S, B TRIERIPERE . SRR, biPLS
VER — RO A8 & KRR 7, TEAGERI XY, AR A8 i 2Z [ A A DG M . R CARS %)
biPLS 4bBEJ5 19 357 At A8 g T AR v B, (&1 3 R T HARM B R . o Bl 3a S AR AL
Bl R AE B ) A8 Al R B, i e A% e BB SR A DR 3 T eb PR RS s e, AR L SR 2 B
3b 2y 10 72 L EE if 1% RMSECV (178 {3, 76 1 ~ 132 YCRFE R, RMSECV 52 B8 3 i %
RGBT 5 5T ORI JC O i A8 B, 133 YCRMEERL LIS RMSECV JF4G 63, WA RERIBR 1 84T
SRR R A D A O BR8] Be WS R FORBEE RAEREOG N, A 6 AR A 1] H R B S Ak
7 bR e RMSECV X)W R AR R . B2, CARS IEBESE 1 29 4Otk As & o Ak 26 4% A48
TS ST PLS RO, [Tk 14, BRI 1, r,, RMSECV #l RMSEP 434 % 0983, 0.926, 0.306 N-
cm™ 1 0.628 N-cm™, biPLS-CARS 58 B ] 42 5 B0 o 42 U B A8 f 40 1.863% , (HABLRY (1 PERE AN 1L 4>
BB T3
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Figure 2 Optimal spectral region selected by biPLS Figure 3 Plot of CARS for variable selection

2.4 E-TF biPLS-CARS-SPA gyt 8! = gk

Zead biPLS-CARS B e #8 )5, AR DN EONRPBUN Y 1 557 iy 29 4>, KT, Stk 2 a
PE— LR 23 6] o SPA R ) i BOE T, FHRE A RIRREITCRE R It &t/ i B B 415
AT RLDR A AT AL R R, 4R A A S AR BE

K 4 2517 SPA J5 ik AN s @ RMSCEV {28k 500 . I 4 ] IR . A8 i
ABON A IE] 23 4~ iF, RMSCEV (B R R . SR80 25 i, RMSCEV {if/b o FIH T ik
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25 AN AL p B o PLS SR, BERIAY I RO 14, RLIESRRY r,, RMSCEV 735175 0.984, 0.300
N-em?, KGR r,, RMSEP 730 0.926, 0.625 N-cm™, A5 AR Tt ) (i i1 0 52 00 8 i 22 (] 9 I ]
WniE S R o 5biPLS-CARS J5 ik AHEL , B BRI P AN B 1 4 4>, HAEER AP RE A A
7t

N

o

\O
1

_ o omEk
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B4 SPA A&+ %3/ %2%5 RMSECV #9xF KB 5 biPLS-CARS-SPA-PLS #& A ¢4 52 il 4 F=
K F TR A o HE S
Figure 4 RMSECV versus number of variables in SPA Figure 5 Reference measurement versus predicted values by

biPLS-CARS-SPA-PLS

25 HBRERSSH

oy 1 1t W] biPLS-CARS-SPA 75 3k 15 7 A7 5 8 18 30 21 S0 56 335 e 00 45 8 1 A 75 i 9 (I k% biPLS-
CARS-SPA Jy i it @ 155 8 3 5] 5 2H 45 X 8] i e /N — 3 vk (siPLS) 10, gt i 3k (GA)™, SR RIK {5 B
AZ B BRIE (MCUVE) ™, CARS, SPA 4575 i Bl sl 241 5 VR AT I e i B kA7 LU, PRI & SR Ik 3
fliase W3 ATLIE . M T siPLS, GA, MCUVE, CARS, SPA 577351 i sl & /EF, biPLS-
CARS-SPA J5 1 st W8 i o 26 Bk die /b, B R0 1) TN ey, B R PR BOR B i o

®3 ETAREERERAERERETENEREMIBN LR

Table 3 Performance of model based on different spectra variable selection

jE8 RS T AR EEL T RMSECV/(N-cm™) Ty RMSEP/(N-cm™)
PLS 18 1 557 0.928 0.619 0.901 0.718
biPLS 19 357 0.963 0.451 0.913 0.675
siPLS12-4 * 20 519 0.929 0.604 0.873 0.810
CARS-PLS 15 36 0.941 0.530 0.902 0.716
SPA-PLS 18 70 0.905 0.708 0.822 0.945
MCUVE 19 146 0.961 0.471 0.912 0.681
GA-PLS 16 199 0.935 0.584 0.882 0.781
biPLS -GA-PLS 14 94 0.959 0.469 0.920 0.649
biPLS -CARS-PLS 14 29 0.983 0.306 0.926 0.628
biPLS -SPA-PLS 16 70 0.942 0.557 0.871 0.815
biPLS -CARS-SPA-PLS 14 25 0.984 0.300 0.926 0.625
biPLS -MCUVE 17 121 0.955 0.498 0.901 0.721

YL s * FIR siPLS12-4 K Al Bkl 4y 12 A IXH], 4 A IXREFT LA .

B 6 2t T AT B R G T LA R SO A b O ik e R AR B A i D0 o B SCHR (20 14RGE A SR S A
JEA RIYI R EEJRRI . AR | R YERS, KLY R E REM £ 24 C—H, O—H DI K& C=
O, MK 6 Hal IE R . 4T AT 20635 X A 1 2O A7 T 1 190 nm, 1 450 nm 1 1 940 nm Fff
AT, XS iU T B K IO S 2L o Herp 1190 nm [FE D5 O—H & B i, 1450 nm [}
o O—H 4 4R 3h 1 — Z A5 AU i, 1 940 nm BFm R O—H {8 45 IR 3l 9 — At i ficie oy 21
JIE AT A R o AR SR R X AR, K R (G5 90% ), JKAE T £L A0 X Y i U i 5 1R
JBE . EF 4k R A T R, 3k BRI BT R A T R AT SR AR A (AR T
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Figure 6  Selection of variables distribution of different variable selection methods

FE 5L T biPLS 553 A 0 i A B ik BE Rk 2 v, 43 00 R A BiPLS, siPLS, GA, CARS, MCUVE %
AT SNV AL B () 85 AT 6 i g AT AR Rk i, b 5 R AR B A K X R A —E A R,
1, biPLS, GA, CARS, MCUVE #7:¥#%# 7 1 100~1 200 nm, 1 420~1 500 nm, 1 720~1 780 nm,
1 805~1 940 nm, 2 290~2 360 nm i [l N A LA Z AR S . AER SR AR e, 1152 nm FfF i o 2R
JBE e B (—CHa) i 45 91 2l 0 — GRS BRIty , 1 440 nm FfF 3 2 C—H i 45 4% 2l 19— Z0R% 5 W Wic iy
1 450 nm ik O—H 44 8l (1) — A5 A7, 1 490 nm Fff 3 4 £F 48 R o O—H {1 45 41 ) 1) — G s i 1
W, 1 780 nm Bif 3T N £F 4 R b C—H 45 4k 2 19— GRS AR ISCHT . 2 280 nm BT Sk SR R 3 (—
CHy) {45 41 2y S 28 T2 R 2 i & S0, 1 820 nm FfFE M 4R 4E 5 v O—H 4 dkzh . C—=0 i i sl iy
— AR T, 2 336 nm S EF 4 C—H Y 45 % 2h S AR T8 R sl i 41 G SR ey, 2 352 nm B
Y ZF v C—H M gadic sl i) A R 2 I R ik BB T AT AR 4 A A O 1 g B 4 A
JEH AT e A i, LT R A MERE IO T aobis AL . SR, SPA FIEERE T 2K
s (TR FOIE e m S R ), HARIUR e 28 o 1T siPLS Jy ik AR B 5 3 (—CH) A i
Byt A, HAEAI RS2 . CARS, UVE 1 GA S5 $5 148 AN B2 /D F biPLS, (A i F i1 2 5k
A E R T 5 TR SR A A DG ) AR AR i, BRI U BT R AR (4 R R AT AR AT R 357 ARk
B[ biPLS 5%

J&F biPLS-CARS 5 i xR gE 47 Wk ik . i1 T biPLS J5 i 4E h—Fh X AS e 07 v, 76 X I
N AR &R I Z T R AT — € AU AE PR o R CARS, SPA, MCUVE, GA 5335%) biPLS 4b 3 ) 5t 1% i
TR R FE, CARS Jyikik #Rmy8 4iumb, U 29 4>, 1fii SPA, MCUVE F1 GA J5 ik £ 1 428 &
BB T 70 4>, SCHEAR Y 0k DL AR AR U K S 2 8] B S AH OG5 80 MCUVE, SPA J7 74 T @ 155 L 11y
PERE L 2GSRI A PR RE IR 22 . BAR GA Frat BRI bE e &t , {UWE AR T CARS ik pra i mi vk, 2
Jt F S B K (94 )1 & F CARS 751 (29 4>) . CARS J7 kAR B T e 2 1Y -5 55 177 600 2 46 D0 K 5 4 72
L, ORORRRE R T IO AR R, HAETAIERE AT

7 3 F biPLS-CARS-SPA [ #%1 3 Yk faifb it B efr, SR SPA J5 ik 4f biPLS-CARS &b ¥ J5 (14 25 i/ —
AT AR R, AR NN 29 N 25 A4S, ik AR R R A A AN A 6 TR o ML 6 Hhnl L F]
biPLS-CARS-SPA Jiy 16 ¢ £ Ao 8l 42 i 87 7r 80 J3 A DG 40y o e i 1 BB AT W WSOy, FLORE T 17 /K 19 5 Wz Wl
B 1190 nm, 1940 nm, 38/ T 7K 23 XF 75 A7 S5 A 32 A W A5 7R (19 %2 ) . biPLS-CARS-SPA #5578 iy ] A%
AU TRAS Y 1.605% , MIBI r,, r, 5 A GRS R 4R 25 5.957%, 2.762%, RMSECV L) 2 RMSEP
Iy AR T 51.543%, 13.002%. hiPLS 5 CARS D) K SPA 75 £ W5 7 i 4S5, FWI7E R L4
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ST TR AT S B AN, A A A SPA T2 A 4 B BOGTE AZ BEBEAT biPLS 15 CARS p4 & i
Heff, IRARFEBAICRAR, NI BRI,

3 i

I FE A AT LTI 1% T AR PR A 0 75 77 58 B0 B8 B8 O 0T Jie T BN A AR T 5T o FERE R AL ad R v
PG 1o 1) i d5c /N — 3F€ 05 45 & 50 4 Ik A AN ER 125 45 8 2 480 53 125 (BiPLS-CARS-SPA ) X 77 477 2 Aifl B it 41
SRS BEAT R AR DG T DX ICRARAE B A RE I . 2R R . AR AL T kA EE . biPLS-CARS-SPA
JIE R WA B, SO RE A AR A T A B AR, T EL PR B B R AL BRI TR 2 Y R
W, FAT PRI P BER AR L o biPLS-CARS-SPA AU 37 Bt FIAS /AR08 25, T80 14, BRI 1.,
r,, RMSECV FI RMSEP 43 %14 0.984, 0.926, 0.300 1 0.625 N-cm™, #9542 B [ AR B 70008 7
Fhew, BAMREMEHNE.
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