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Spectroscopy and Spectral Analysis
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A 5 4 BT 2209

T AR HE 85 LUK A I IR I X R AR 3 2 AR TR] 25 4R
PEA (1 63 REMR A5 B 4 2% B 6. 2 BRI 4
Ao BB OGS BRI E R E & TUAR MY R,
5 o R R B T 77 28 R 4 AR B CR FURS . R G
T AE TCAR K I Y B D T 2 A 3 2 1 A . Ropodi 4507 Fl
P& GG AR 45 & PLS-DA FI LDA A JI A B % 51456 56 A
M2 RREAS, S5 RFWT, TRl @A Oy 1 2 T LU A b X 4 45
BEEA, R HR5 H] Ky 98.48% Fil 96.97% . Kamruzzaman
AR e e i AR B A P P B R SRR T
T2 b B TR O S /D AR AL (PLS) L 45 R T 45
HIKERBGEF] 0. 98, Wu SRS T 5 6 1% W00 F 45 8 4
W e R R AT AT M, (6 TG4 B AR & 1Y BR Cuninformative var-
iable elimination, UVE) fll 3% £ % 5% & (successive projections
algorithm, SPA) 4L & §fi i T fe fE I, & 71 LS-SVM
TR 5 0 4 AH 56 R Bk 0. 965, FESZBL T AF R B RS S 0 4
AL . R BESEUE SE T i G 1 A PR 4B B T AT
SR E AT DL 57 06 1% 0 21 48 1A L4540 .

ML R S R A, RN RIS N R R R
W2 LB R . R RIS GG R R R B A AT
FU B PR RIXE PR 2 RLOIL B A S X e iR B kAT BUAL B IS
ST AU B B /N 9 (partial least squares, PLS) B R & &
DAL AL, TS R OSPAL 3E 4R B Gl N E AR Ik
(competitive adaptive reweighted sampling, CARS) . B & X
|6 B /N —. 3 %= (synergy interval partial least squares, si-
PLS) FIHk G X 8] 4 fix /> — 3fe-35 4 Pk 3 & )i B A (synergy
interval partial least squares-competitive adaptive reweighted
sampling, siPLS-CARS) fifi ¥Ef¢fiF % 1, #: 57 PLS B &% =
TR, LU 24 P LB (R P A ) 4 Ak 2 2%

1 Smkay

1.1 HAR&&

SEER T AR A R RSB A, TERY . PR OROR (R
FUBE . WRKS . SEEAAROR . BHED B0 F R M e T s R
RO A B A (TG B XYW T TERRAGRAA .,

4 ALHIME T S ek 1], RILHIERC T : & 1 ke
JEEHA I AERY 100 g BFR 25 g, M 20 g0 WK S g,
TRKS 4 g, BHIMUR 5 g TG 85 g, BHE 20 mL, 7K 200 mL,
LW ER—>E T LR PrdE >R R > —
W41 T eI E R AR Oy A R A R AL . T 4 )
T VE LA 2R 1R B8 TR G AN [R) EL 810 1A JB6 R XE) 1A JBE 114 20 P L 4B 1R
P DR P B L 43 526, 1026, 1596, 20 %61 2596, A
HAFH 11 BAEA, FREEA 30 A P47, it 330 MEA,
1.2 SXEEGRE
1.2.1 BHA#ERBAL

R ECEREREWME 1 PR, HILIFREE ST
PRI 5280 2 [ F R . R GRS EE AR CCD 1%
HL (ImSpector VIOE, Spectral Imaging Ltd, Finland), 150 W
e 4F i & 4T (Fiber-Lite DC950 Illuminator, Dolan-Jenner In-
dustries Inc, America) . i 2% H 45 F# & (SC30021A, Zolix

Instruments Ltd, China), H F# il % (SC300-1A, Zolix In-
struments Ltd, China) I35 ML, #AF 8 4 F % )& Spec-
tralCube (Spectral Imaging L.td, Finland) .
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Fig. 1 Hyperspectral imaging system

1.2.2 BAERBEHEBERELFLT

TE G B SR A Z A ST H R B 30 min, DLy
HAEB AR, BERESE . CCD AR PG
[6] 55 45 ms, KGR 618X 1 628; ikl 431 ~962
nm, ¥ RE K A A 0.858 nm; MR- E B HE R
L25mes ' RENKARNIEAETHELES B, TIF
G R IR R R R R RIS B . AR B
1 = 4EROR B

1R G T B SR 2 T R B 3% S SRR 38 5 R IR F I A R T
X AR IO SR G R AT R E R . BIEA X=X (D
i

I1—B
W—B

Ko, RAKIEG &GRS T ARG GIEER: B R
Mbr e R s W o EBRbs & AR
1.3 HIEREFZE
1.3.1 &k A oh b # S 3 IR

A ENVI BT AL IE G 4 R A G i R . R
FHAR IR T H 38 AR ASAR AS ol B 200 4R 5 X200 B ER X
A A % % R X 8, (region of interest, ROD, 1% ROI N i
AAGER S OG 1S S S 0 T A A S R AR 1 O 3% K dRE
330 MAEASLAE F] 330 KOG, mAAEH] 330 X618 AYE
HEIE/TE

ZIAB AL BT E R, SR HE B R a
& JC G BRI o Sy 1 8 WU D' R MR RS AE B, R X
ST BOHE AT AL BT L SR A AL B O AR — B SR
(first derivative, 1% Der). — B} 5§ %4 (second derivative, 2™
Der) . ¥ {8 ¥ .0» /b (mean centering, MC). £ JC B 4 ¥ 1F
(multiplicative scatter correction, MSC) , £ -1 (savitzky-
golay, SG). ¥ # IE 75 2% & 7% # (standard normal variate
transformation, SNVT) . il 13 % b A [] 7 b B Ty 32 JU7 4t 7 A
TP AR s 3 B o T Ak B 1 R AT I S e A B
1.3.2 sk feik K b it

T E BB R E R, BFEIIRGER . A TR SRR

R = (D
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HOR ARG B % TUAL B0 1) 06 335 0 AT R AE B ) O 3 . R
LA FE 15 (SPA) L 58 v 1k B & i B NAL S 1% (CARS) |
I A X )i i 7 = T 1 (siPLS) F K A X 8] 4t i /N — T 3% 4
P & BT 0L (siPLS-CARS) U Fi 7 35 4§ AE 3 K J7 %
SPA JH 3 B ) 4 22 (B35 1] 45 i K/ s DU 1] 3
T KR R R DK I G T B R 0 B e AR BRI ok 1T
SPA AJ LAf# A8 5 2 [A] 2L 2R M b Mk . AR KRR B L vl 20 A% 1y
A H . CARS J# 3 5207 R 2 SR AT B AL Al SBORE 1E 4 19 — 8 0+
Ay PLS BERL, 5 0 U R AT I8 4 1 09 3R 8K 4 X
AL T 46 %05 B eR 21 Cexponentially decreasing func-
tion, EDF) 2 B 4 X (H 5 /N 19 P A< A% o s Tol A3 19 748 o DAL
[ 51 2 A 2 %0 {BLAE S AR SR T B 35 7 T INACR A (adaptive
reweighted sampling, ARS)#t 57 PLS # #1344 RMSECV,
24 RMSECV g /)y B X 7 742 4 B Oy 38 % 19 FF AR P 1 . siPLS
Sel R B A T A F XAl ARG T T A T RE Y
DX ) 2 5 A 70 v 33 438 1 A G R 40 K L RMSECV A die /N 1Y
DRIV A o i — R A5k 0 77 3 R A X IR 7 3600, A 5 48 1
1Y siPLS-CARS J2 Bt f] siPLS Fil CARS #E47 I 1K 0 1% 19 — Fh
J5 ks e R siPLS B i 4 X ). R T CARS M
FE D[] H i S5 R AE K o e Je R AN [R) i K B 36 T 3 R B AL
T A R OR AT R .

1.3.3 HBELEZTANMEA
i g PLS BRI TN A= LB R & . PLS BEfE 58
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Fig. 2 Raw (a) and average (b) spectra of beef

meatball samples adulterated with pork

SR IUBUR A ALUE B A DA i 2R PR Y (A R, FE DG TS AR
P )2 . PLS BB BN RO B T4l 18 AR O AR IE 4R
5 R B (correlation coefficient of calibration, R¢) . il 4E
HH K R B (correlation coefficient of prediction, Rp). 38 X %
IEH) J5 MR % 22 (root mean square error of cross validation,
RMSECWV) F1 T # J5 #R 1% 22 (root mean square error of pre-
diction, RMSEP), R #l Rp i3k 1, RMSECV il RMSEP
AEAEIE O I, AEHY A T RO B GE

2 #iR5THe

2.1 RiEFAE

B 2 Ca) AN 3Ca) 3331 DAy 45 A5 TR ROXG TR 1 2 T LA AR
S G 6T L, T 2Ch) R 3Ch) Sy 3 1oy - 3 56 1 B (35 5 A
s AL o WFREDEEE R LUE . A BB E R
PIREA L1 it 208 F i, (5 2 5F 28471 2200, 45 Rk
Ko BATERBO . A4 W ALANE G 3 A YRR AR P 203 1E
710 nm AR AT, X BB S O H B I =25 icf
K B RREAOLIETE 710 nm 4 S R B A A
FEABI . R FAREL T A . X9 5 48 1A I 22 00 3K
MGG S B HonT AR SRR AR MO BRI i i 2
T, JOIAE I A IR MO fh 2k b EAT XA L 2
A Bt b 7 DA S B 45 M8 0

0.351
(a)

0.301
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)
[
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Fig. 3 Raw (a) and average (b) spectra of beef

meatball samples adulterated with chicken
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2.2 HAATBBREASEMMNERE T
2.2.1 A kB PLS#R

A ) T4k B 7 9 A B 0 63 DL RE AL 43 41 B O 204
180 &M W BB GIE A 2/3 R4 AR IESE . 1/3 X 43 0 Him
4. H PCA ik nr 15 A~ 1E N BB i fy A #2571 PLS
B S TN B USSR 1 iR, WTLLE
J6it% 22 MSC i Ab B 8 57 Y A5 0 F00 A0 2R B A, 2 R4
¥k 15 BF, BRI Re M Ry 43 %% 0.951 5 H1 0.948 1,
RMSECV il RMSEP 43 %24 0. 026 9 1 0. 026 1,

1 ETARBLAEAFENFAAT
BEASEPLS HAMNER

Table 1 Predictive results of PLS model of pork content adul-

terated in beef meatballs based on different pre-pro-

cessing methods

WA J7: PCs Re RMSECV Rp RMSEP
1% Der 10 0.9463  0.0287  0.9301  0.029 3
27 Der 15 0.881 8 0.041 9 0. 877 4 0.038 8

MC 11 0.936 5 0.031 6 0.928 7 0.028 8
MSC 15  0.9515 0.0269 0.9481  0.0261
SG 12 0.9411  0.0292 0.9249  0.0318
SNVT 14 0.948 7 0.026 2 0.944 6 0.030 5

2.2.2 BRI KRt

LW BOGIE B R B TURME S % E T R AE SR K
DA ALBERL | SR TR BIRE . 43 Ik AT SPA, CARS, si-PLS
Fl siPLS-CARS PUf 5 ik i A AE I K. 2. 2. 1 EA LB A
VAL A o A T A T i Ak BT vk O MISCL ORE O 1% B8
AT MSC 4b ¥ 5 #E A7 R AE I 4 9 3

(1) SPA fifi 3% 7 A 9 1<

BEE PR AE D K B JE 1~ 25, AR¥E Y 7 iRk 22
(RMSEC) £ K L5 R WA 4 iR . B 4(a) fl(b) 43
SR RESE 728 4k & 35l fie 2 0 16 (9 R AR < BAR AL .
B 4B . MR BE N T mE] 13 i, HIriRE
(root mean square error, RMSE) 1B Bk T RE, Bl S #
FRE. RELEHET 13 D8R ¥ K (431,05, 442.63,
476.73, 502. 69, 522. 89, 555. 88, 742. 60, 786.19, 864. 10,
878.14, 903.59, 927.31 F1 948.39 nm), & 4 I B Y
2.10% » FRAE WA LA E i 4(h) B 7R

(2) CARS i e Fr ik P &

CARS it P py i B AN 18 5 iR . SRR B B R
100 3k, B 5Ca) Ky 8w D HOBE R AR IR B A8 Ak 3, BB %
FEREIG I, e 9 K HE B Wb . e RS 8. K
5(b) 2y RMSECV B RAEIRBUZ L. —IF iR RMSECV 22
MU/, P — L TR AR R AR R P E R . WS RM-
SECV r#h bEJb, — e 3eAR i Bk, I 5C0) R RFE IR
Bl 44 1, RMSECV g/, A SRR E T 51 SRR B K,
M B 8. 25%

0.08 7 Final number of selected variables: 25 (RMSE = 0.027547)
(a)

0.07 1
0.06 1

0.05 1

RMSE

0.04 1

0.03 1

0.02
0 S 10 1S 20 25

Number of variables included in the model
0.30

(®)

0.251

0.201

Reflectance

0.151

First calibration object
O Selected variables

400 500 600 700 800 900 1000
Wavelength/nm

4 SPA iR ER
Fig. 4 Wavelengths selection results by SPA

Number of
sampled

variables
)
(=]
I T—)
(/A
®
=

0 10 20 30 40 50 60 70 80 90 100
Number of sampling runs

RMSECV
cococo

10 20 30 40 50 60 70 80 9 100
Number of sampling runs

Regression
coefficients
path
W
[=1=F=)
P e e ——

10 20 30 40 50 60 70 8 90 100
Number of sampling runs

B 5 CARS &K i2
Fig. 5 Screening process of wavelengths by CARS

(3) siPLS fifi v i K

AL RS (4 2635 432 10~ 25 A~ F X JA] . 43 53] e
42, 3F4ADFXME, P RMSECV fi /)& Ak 1 45 4E 7 X
FAH5 . B 6 BoR TR BBeE 7 X H A E . NPT LA
. My 14 N FXEL BREH 1. 3, 7, 13 FX
[, RMSECV g/, BEASF XA & 45 A, Bk
Gk 180 MMFAEME K, & W B 29.13%.,

(4) siPLS-CARS i ¥ 45 4E % K

siPLS-CARS 3@ ¢ ¢ ] siPLS F1 CARS 5% 3R AE I 1 119
WHE . B SIPLS i 8 i 75 U5 K X RV 3 B di . #847 CARS
PR IRE, S5 RME 7 . WEIHR R LIRS, 2R A R
o B, G 32 MARAEN A, A B 5. 18%.,
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Selected intervals [1 3 7 13]

used in the calculations]

Response, raw data [mscmean is

0.0 M
450 500 550 600 650 700 750 800 850 900 950
Wavelength/nm

B 6 siPLSEFERETFXMHE

Optimum subinterval combinations selected by siPLS

0 10 20 30 40 S0 60 70 8 90 100
Number of sampling runs

0 10 20 30 40 50 60 70 8 9 100
Number of sampling runs

1004

-100
0 10 20 30 40 50 60 70 80 90 100
Number of sampling runs

7 siPLS J§ CARS % iR K3 12
Fig. 7 Screening process of wavelengths by CARS after siPLS

Regression
coefficients path
(=]

.

2.2.3 HAER KT PLSEAZR

N T A0 0 0 1 0 9k g PLS AR 45 SR AN ZE 2 PR . Al
DI . CARS 6 Ik K Je 7 37 A B 20 T00 00 46k S e 4, A Y
1 Re A1 Rp 4% 5 0.981 4 F1 0.972 1, RMSECV #1 RM-
SEP 43513 0. 016 3 1 0. 020 3, SPA 4K # K Hu s b T 4%
A 1 B3 i (RS AR ) 00000 2600 SR AS A 4 30 B T T 2R . si-
PLS 7 $E#¢ 4E X [R] 5 52 BUAE B2 WA 15 B8 71 X2 R Oy BT 4
WU S B 1 S Y . A SB B AR B Z 1R AT 8 23 AF A8 = B A O
P, siPLS-CARS # [t T siPLS AN XA 25 Hh 45 W T 0 1 i
Hoiw, T EARE TALEITIN A RE B AH LT CARS ff ik K
H/b, (HREEE ISR . CARS il K 57 3k J5 b

®2 ETARFERKBETEZHEAASR
BHSERN PLSEEMNER

B, ATRLUEW] CARS B I B Br o G A8 &7 . siPLS-CARS
A A — BT (%) R AU D K T 396 9 T AR T 22 S o 7 A v )
HS e
2.3 SAAFBBHASERMNERET
2.3.1 4B T PLSEALZR

FERAL B G  a BE PLS @4 vkl 2.2, 1, g5
IR BYRNGTETMGERBELTBERNGR, X2
RN XS P 54 Ny 22 0K, 22 1% Der T Ak B S 7 B4 70 5
KR B i, 2 B 14 F, BV Re F1 Rp 43 BN
0. 9861 Fil 0. 9807, RMSECV HI RMSEP 4} 5| 0.014 3 flI
0.016 5,

3 ETAARLEAFENFAAPEBRE
WHEE PLS WA TN &R

Table 3  Predictive results of PLS model of chicken content

adulterated in beef meatballs based on different pre-

processing methods

WAL ¥ 7k PCs Re RMSECV Rp RMSEP
1% Der 14 0.9861 0.0143 0.9807  0.0165
2nd Der 11 0.9743  0.0194 0.9828  0.0157

MC 15 0.9828 0.0155  0.9762  0.019 4
MSC 14 0.9765 0.0190  0.9862  0.013 3
SG 12 0.9726  0.0201 0.9641  0.0220
SNVT 15 0.9840 0.0149 0.9753  0.0206

2.3.2 AR K4k

FIR SPA ffi #& T 15 A~ 4 fiF I K& (439. 32, 448. 43,
461.72, 467.55, 473. 39, 493. 46, 504. 37, 591. 63, 622. 44,
695. 72, 704.38, 726.08, 768.74, 922.04 I 952.78 nm) .,
b B 2.43% . CARS ik T 61 MAFAE K. b7 &l
Bl 9.87% . siPLS $e B M X M A h . 45 2600 h
AT, BAH 7. 8, 11, 12 PUAF X ), 3 180 A4~ %¢
TR K. 5 2B 29.13% ., siPLS-CARS fifi#k T 28 4~ 4§
TR K, MBI 4.53%,
2.3.3 4F4EMR KT PLSHEAZR

ARV AIE P < 0 6 7 vk 9 PLS BE I ZE Sz 4 iR, 5
BRI 45 B 26 L, CARS 5 36 i K J5 £ 7 9 A5 B 15 )
ORI B L B R Re F Re 43 B R 0,990 2 AN

R4 FRFFEREKFIETZHFAALFR
BAEER PLS REFMER

Table 2 Predictive results of PLS model of pork content adul- Table 4 Predictive results of PLS model of chicken content
terated in beef meatballs based on different character- adulterated in beef meatballs based on different char-
istic wavelengths screening methods acteristic wavelengths screening methods

Y fﬁiifz {fﬁg Rc  RMSECV  Rp RMSEP A ggg; ﬁﬁg Re  RMSECV Ry RMSEP
SPA 13 0.914 5 0.033 6 0.906 2 0.038 6 SPA 15 0.9456 0.027 8 0.937 3 0.0300
PLS CARS 51 0.9814 0.016 3 0.972 1 0.020 3 PLS CARS 61 0.990 2 0.0123 0.987 8 0.0126
siPLS 180 0.943 2 0.027 7 0.9069 0.037 2 siPLS 180 0.9809 0.0152 0.9696 0.0218

siPLS-CARS 32 0.963 1 0.0233 0.9418 0.029 6

siPLS-CARS 28 0.9823 0.016 0 0.972 3 0.020 3
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0.987 8, RMSECV #il RMSEP 43 %] & 0.012 3 #1 0.012 6,
X R M CARS 7125 A AL = 6 15 45 BRI+ RE 98 0 4F M 2% BR
ToRAZ R R THBEBI R AR B . T 45 & PLS BERL A 5
FrAS I o A [a] 30 4 0 328 5 3 0 2 PR AL P B A I i T
ESBEREREAMN .

3 45 i
R P 5 96 388 1 A7 20 LR 0% P RO Y R T B 9 .

Se K AN R A B0 7 19 37 A I BEF PLS AR I L 845 1
R AETAL By . SRS AN IR J5 325 0ff 10 4R A 90 IS 4t 7. PLS

SNVT Ak #1751 oo 4= R A8 48 PO RIS Y PLS T 462 7 i
FEF A B 7 8243 31 MSC 1 19 Der, (2)7E SPA, CARS, si-
PLS Al siPLS-CARS DU B R AE P 4 5 18 7 ik v, 2R LB
PR AN P PLS F A58 A f 4% 7 1 ¥ CARS, 435 i T 51
61 AFHIEB K . BER, B PLS TN AL Re Fl R 43
Bk 0.981 4 1 0.972 1, RMSECV Hl RMSEP 4 % 3k
0.016 371 0.020 3, &g P PLS B EIE R. 1 Rp 43 514
0. 990 2 1 0. 987 8, RMSECV Hil RMSEP 4351} 0. 012 3 I
0.012 6, 5% Py T AL A ORI AT FR B . DR R AR
FH i B AR L AR FT DA SE B A R LB A RN Y A T
A Ay R T 45 K 2F 1A AL 1B AR AL 2 S

m g R EE, (1) FE 1% Der, 2° Der, MC, MSC, SG #i
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Detecting Adulterated Beef Meatball Using Hyperspectral Imaging
Technology

SUN Zong-bao, WANG Tian-zhen, LI Jun-kui, ZOU Xiao-bo* , LIANG Li-ming, LIU Xiao-yu
School of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, China

Abstract Beef meatball is a deep-processed meat product with a unique taste. In the market, some unscrupulous traders cashed
in on mixing beef with cheap meat such as pork and chicken to make meatballs. The traditional methods of meat adulteration de-
tection are time-consuming and costly. Hyperspectral imaging technique has the advantages of fast, non-destructive and low cost
on meat test. Therefore, the detection of beef meatballs adulterated with pork and chicken was carried out by hyperspectral ima-
ging technique in this study. Adulterated meat was added to the beef meatballs at a level of 0, 5%, 10%, 15%, 20% and 25%
of the quality of raw meat respectively. All meatballs hyperspectral data were collected while their spectral data were extracted.
The spectral data were pretreated by six methods, first derivative (1** Der), second derivative (2" Der), mean centering (MC),
multiplicative scatter correction (MSC), Savitzky-Golay (SG), standard normal variate transformation (SNVT), which estab-

lished the Partial least squares model of adulteration content at the full-wave band and obtained the optimum pretreatment meth-
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od by comparison. After the optimum pre-processing method, the characteristic wavelengths were screened by successive projec-
tions algorithm (SPA), competitive adaptive reweighted sampling (CARS) , synergy interval partial least squares (siPLS), syn-
ergy interval partial least squares-competitive adaptive reweighted sampling (siPLS-CARS), for the purpose of comparing, the
prediction effects of models were evaluated on different screening wavelengths methods. The results suggested that the best pre-
processing methods of PLS prediction model for beef meatballs adulterated with pork and chicken were MSC and 1* Der. 13, 51
and 32 characteristic wavelengths of adulterated pork spectra were screened by SPA, CARS and siPLS-CARS, respectively. The
characteristic subinterval combinations were screened by siPLS; the full-wave band was divided into 14 subintervals, which was
then combined with the 1st, 3rd, 7th, and 13th subintervals to establish PLS prediction models. The prediction model of adul-
terated pork content by CARS wavelength screening method had the best effect, with the Rc and Rp at 0. 981 4 and 0. 972 1 re-
spectively, while RMSECV and RMSEP at 0. 016 3 and 0. 020 3 respectively. 15, 61 and 28 characteristic wavelengths of adul-
terated chicken spectra were screened by SPA, CARS and siPLS-CARS, respectively. The full spectrum was divided into 15
subintervals by siPLS, combined with the 7th, 8th, 11th, and 12th subintervals to establish PLS prediction models. Analogous-
ly, the prediction model of adulterated chicken content by CARS wavelength screening method had the best effect as well, with
R¢ and Rp at 0. 990 2 and 0. 987 8 respectively, and RMSECV and RMSEP at 0. 012 3 and 0. 012 6 respectively. In this study.
compared with siPLS, siPLS-CARS not only reduced the number of characteristic wavelengths but also improved the accuracy of
the model prediction. Compared with CARS, it screened for fewer wavelengths, but with slightly lower accuracy. Compared
with adulterated pork, the prediction model of adulterated chicken was better on the whole. The research results suggested that
hyperspectral imaging technique can realize the content prediction of adulterated pork and chicken in beef meatballs, which pro-

vides a theoretical basis for rapid detection of beef meatball adulteration.

Keywords Hyperspectral imaging; Beef meatball adulteration; Characteristic wavelength; Partial least squares
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