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PIME 2R F e B Bh 4t 8% (Stacked Auto Encoder,
SAE) $HUA [F]TA8CE I 8] XK i 5 MR Rl & RfAE, ST
K FEHEEH (Support Vector Regression, SVR) Tl
R, SER IR E AR RAELAN . TRESD KA
SR EVE . ARG ER ARG 5 5
— F B BRSO RAE 8 57 e 2 3 8] ) (Partial
Least Squares Regression, PLSR) T4, SZBLXS = R)
HR LR g 7 B A B T o 5 IR R A A e 42 N 4%
(Convolutional Neural Network, CNN) #5744k K [
BT RFAE SIS KK i BT ) o iksn il o B 3 s ' i
BRI FAEA SRR, TUREE S, RSN RS
JEUE L, R E A BB TGS B . SAE B AR E
IRIZMZEEH,  fESEEL S N SRR e SR I, (AR
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R o X T RERKBIEFEA, K SAE EHIG N T30k
AESREUN I 0. R 2 SRR YU R ), 4 SAE
P HERE LK EE A B BB AR 2 I 2%, S T AR A g
%% (Convolutional Auto Encoder, CAE) HEEU =itk B4 B
FHOE, BEIRTSF S M IhoR . AT R m 1o 5 BB IR
FERFIE o SXMURFAE S HL T 2 fiff th Ze M 77 15 SR IURFAIE B
JIA Y SAE TH UM B 1955 7] .
E AT CNN 7EALAS LA TR R DA 520, B RpfiE
37 CNN TN AR B 5 45 Gip L s 7 =] TN 4 SVR
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ATCRHA] CNN W G ERHE 5 BMGRHE A -1 Fil A 5 Ak
I SL AT, SEIU A A SEULLL R . AL
LA AP E A SRR, B A
i PR SRS il o A A TN 4 BEBAR SCHE

1 MRS

1.1 HAH&ES54E
RIS IREAR SR RIER M K2 = . 20
CUAE] 7 AR, BEEA 24 h HifR. REUS
JREA 3 kg 0BT PIREA I G B Ja 1 g B 5 45 4 4 21,
FH AR 08 5% A, 25 80U [a] C B s I st ie = . et s
FEADIAE 10 3R 10 emx10 emx1 em (x5 x /&) 37
R, SRIGIEED RS TI 2 emx2 ecmx1 ecm HISL K,
it 240 MEAR. BHTHESET 4 CHEEBEEH K
B 0~5d, BRI 40 MEAEA mOGIG S0 = 31T
FiEEUERES A E RS ENE. FFXANF A R
PIHZAS N 7 v 6 3& M, (B AN A SR s A, 7%
PR STHTIOGIE G EEE T
1.2 BaERNE
AU RF L EASEMNESH Krzywick ™5

FHCEEVE, 13 HFE A S AE o F B AR S g 5 25 mL
RN 22 (0.04 mol/L, pH N 6.8) 1BE, AR5 H
A13E 8511 10 000 r/min 345 30 s. BN E 4 “CHE
BERF R 1 h J5ECH . BL 4 500 r/min &0 20 min f&
UE B B GIAE 525, 545, 565 Al
572 nm I E SERBOCBEAR o WO B AR T AR E L4 2R
H. A4 EA. SEILEAMRSRES H, H5HE
AR

Py = 0.369R, +1.140R, —0.941R, +0.015 (1)

Py = 0.882R —1.267R, +0.809R, —0.361  (2)

Py = -2.514R, +0.777R, +0.800R, +1.098 ~ (3)

KA R Ry Ry 572 5 525 nm. 565 5 525 nm.
545 5 525 nm OB HAE o Poeons S9N EVLLLE A &
DE (%), Poxg NAGWIAE AN RS E (%),
Puyievy AR ERULLL R FUARG R 30 (%) TR A4
i PO LAL B AR T 2 2 B AR i S5 an 8 1 B

— B E LA E A DeoMb
—A— AP E HOxyMb
40 1% EELHILE (A MetMb
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Fig.1 Change curve of relative quality score of pork myoglobin

1 ATAL, 7R 0~5 d R0 B N R SEVLAL & A
X BT BRSNS, E AL AR AR X i & B0
B, AL E SR E O TR B BEYA
ST () RE G, A B R PRI R A 4 A B 28 B T I o
1.3 SXEEGRE

b EURREAE RAL L K ¥ A 55 B
e EUR AL B SL 58 = AT, mOGHE R R GRS 4
2 PR B 2 48 2 B = i BUE A (HyperSpec ®
VNIR-A, Headwall Photonics Inc). HIZEHIFE. K&
SIS S i UG E N m G R R Gz O,
HIFGH LN EIE AL B8 (Charge Coupled Device, CDD).
RO WATLLAM G O E El 400~1 000 nm,
JGIE R AL R 0.74 nm, JGHEIEIERL 810, Jailk /iR 2~
3nm).

el 280k 3OBIE 4fEmlEs SEEA 6 RIITE THdEL 8.
TS

1.Spectrometer 2.Lens 3.Light source 4.Controller 5.Sample 6.Mobile
platform 7.Data cable 8.Computer

B2 sttt iarssh

Fig.2 Schematic diagram of hyperspectral hardware system

EEIE RGIFHLT 30 min, RAEIRSHEIREEE .
R TFEiER 8T &, it Hyperspec #4-F & % B #;
YIERBEIEN 5 mm/s. JYIHBRIE LGRS/ 0 A
BP0} G UGG BRI, R N R A AR T B B
TERY, B LR AT DAIRAAL IE S5 1 ST SRE R

_ Ri 'Rd
i R -R,
Kb ROBARGHIER RIS R, R, N 100%505T
R T AERREEE, RN 0% &M T4 R
tbrE BIUR, R N IE G DG SR 58 BE
1.4 JEIEFHETAALIE

iR ENVIS.3 8, SRR M FEARRBOGEIX K, I
THRZ DX A JE AR 311 28 SO A i R e . St
240 MFEA, TAFEACREE 5N, FLAE 1200 6056 A
FEAFEA S G 4R R 800, Yol (s B iEMs A
1200 47 800 41)o FH T A A HE FE 5 I 3R 58 5 B0 1 4L
WP mZE, NTHBREE S R EOGIE S FER, RGP
W (Savitzky-Golay, SG) XG55 2, Kl 3 LT
SEFRHT G HERERFE AR, ST 3a. 3b KL Zid SG
TRAL R G il h 4 T e =y, Bl .
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1.5 SXiEEGERER
FERTERANPEKA KBNS, it 800 TREME, AHAD
PR B GAE BRI, AT EIG S BRI i,
1 3 543 i (Principal Component Analysis, PCA)
XT e O wlE AR B R AT R 4R CFE AR 1k B AE R D -
BxHxW, M B Jyei B, B =800, H N4
)% &, H=50 pixels, W N _4EEE I &E, W=50
pixels) , #EHU7 2 DTBRE K £ B B 1. {8/ ENVIS.3
B R m e BAR L 2V & 5 TR R E 1oy BUA
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a. Original spectral curve of pork sample
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b. Spectral curve of pork sample after data preprocessing
B3 #ueHAZHLEnA
Fig.3 Hyperspectral curve of the whole sample of pork

BT 3 AN F R EG R T DTEk L E) 90.62%. FH A5
— W TTHRE N 88.50%, RikfGHEERE, EHIH—
F R G T GG BARE. B — i BUE R
45— 0 16 pixelx16 pixel, FHEFA—4imE, TiREG
AL 768 MEER 5.
1.6 ENEHmILE

Hinton 2P M2 H 5 4wi0 5% (Autoencoder, AE) T
FEIEFEEL, Chen 25PN A AE SR JBEHEZ ML SAE
T Bt SR 2R B . CAE N SAE Bttt
Lty et s 77 e B A S B RIS, et S E B
5 B IR BERFESREL . B A gmiD 28 R CNN BLAFR B 1%
BRI L e, iU SAE R E B0 IS H0si s B
K, ek A5 S M0 G SR S A R, SR R
PR, SR ARLSEAE 4 iR, SR
ifidas . MRRDZRPIEE S, idas S MERE S 2
R, SN FEEAT MY, $EEUA R R, PR
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B AR ZEE NI A R iR 0 L(0) HiT R ARRG 45 R 5 sk
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Fig.4 Schematic diagram of convolutional encoder network
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HURFIE &, HBEAAER A (8) Fis:
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B R IBAYZ A2 X 3 N BHE 4 e g, N FR R
i NE, BRIGSEEE, RERHrestt, &
BeAAN (9) fiR:

BG)=, max_ {g/(0)] (9
KF g ORTEIENE i MEERESE  MHETT

8; w RMALIXIRSE L P (DR [ +1 JZ AT



290

Fk TREZAR Chttp://www.tcsae.org)

2021 4

fHo VPl R ES RN 2R 5 T FR R B, 8 e
FAL R NI 7 iR 2 FI W B AU SRR AL
1.8 PLSR 5 SVR [El)3=E!

PLSR £ E W70 2 o2kt B A o A S5 40
R, ECHEE BAFAE 2 B O 264 T i L R A A A,
ZAAE T ERE AT ES Hin &R EZR S
RS FOMAS B, Rk H s o A i — M 2 u Gt oy
DIWRr

SVR Y BEAA A PRAEA S B AR Lt 1), % &
JIEEIE A R . R E RS RS R BRI
2 () B SR B v AR AR 2 0], SR T v 4 s ) b 2
YL R EOR SEILZ M [ 5, AR PLSR. SVR 5 CNN
ARG SR A AR UL B e I ], @i kb 3 A
B e BB BT AR Z IR BRI AL .
1.9 REFAE

RS HRAE RS (R 255 U BT R 1 S ZEEE A PC
Intel(R) Core(TM) i5-4200H CPU @ 2.80GHz 2.79 GHz.
PAE R4 0N windows10. 13 Keras IR EZIHELE, K H
python3.7 {E N ZRFEE F

07 025
06
3 £ 020
g 05 >
3 £ 015
% 04 e
e i
M 03 o 0.10
I
= 02 &
= £ 005
0.1

400%1 16@400%1

16@200%1
AQO L@ @l
128(@50* 10HaDV”
64@100+1 128@ 64@10*164@10*129?@2*1 i
- —» y 64@ 64@1 " 164*1
Input. ConvPool Conv Pool ¢qn/¢ é »é %4 an;nﬁe?;ﬂdm

Pool Conv Pool Conv Pool Cony Pool Fl

7E: Conv fREBFURIE. Pool ARSI, a@b*c: a AHILTEE, MIBHUL
NG b ARIE R, EREHEHE. o ARIBTE, AURIMASIREAN L.
Note: Conv stands for convolution operation. Pool stands for pooling operation.
a@pb*c: a is the width of the rectangle, that is, the number of convolution kernels.
b is the height of the rectangle, representing the data length. c is the width of the
rectangle, representing the number of input data samples.

B 'S CNN R 4R
Fig.5 CNN network prediction model
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B 6b FITan, T AR L8 I AR 2% A4 I 6 15 S B 6c
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a. Original spectral information of sample

PR IEREAE T 41 Deep feature sequence
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b. Feature extraction information
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c. Spectral reconstruction information
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Fig.6

B ASRITBCE B T R PIREAS, SE3R953 1 200 MREAR
8 CIIZREE 900 />, TRIMLE 300 4> , 43 A% 4t B
5 GTB IR FERFIE S . CNN IR . 800 A4 B AT
fEFEREARS N 1200%800 (A7), IRFEFTERFIE I 77 i
FERERE N 1200x640 T2 B SR E R RHE LA
HEAMES 2 CNN TR PPN 25 gk 1 Fios.

F 1 ETHIBHER CNN EE TN LR
Table 1 CNN model prediction results based on spectral features
LB LI T &%
M) All bands Convolutional Auto Encoder
Group 7
R RMSEC R} RMSEP R’ RMSEC R, RMSEP
oy
Ejﬂigﬂéll 0.8729 0.0643 0.8551 0.0744 0.9367 0.027 6 0.923 8 0.033 4
Aol 0.9000 0.8316 0.8862 0.9779 0.9256 0.5879 0.9203 0.6197
igg 0.8947 0.8533 0.8618 1.1744 0.9380 0.597 7 0.9092 0.809 1

T R AMBEEVGE REL RMSEC AINREL I IRIRZE, R AT R
SEZ %, RMSEP ATMNESTRIRE. T,

Note: R? is the determination coefficient of the test set, RMSEC is the root mean
square error of the test set, R?is the determination coefficient of the prediction set,

and RMSEP is the root mean square error of the prediction set. The same below.

Extraction of spectral depth features

FHEE 1 01, CNN TR 6] AL 3 f5 429 B e e itk
R, DL DeoMb & FMINE], HR2 ¥ 0.872 9,
RMSEC 4 0.064 3, R; 9 0.8551, RMSEP 4 0.074 4.
He R W BOGE S BEER R, A KEITNRE
P, THEXCIEE S REYE, IR ERHERE R

B AIEE BTG AL IS, b
TEREAERE 800 P43 64, JET 64 MGILAE BIRFERFAE
fHES. CNN [EIEMA, H R4 0923 8, RMSEP iy
0.0334, MHELT AL EE, BIEEAiERE. 4
REW, B ARG TGS SR RS EL,
FEARGIE R e, RS A RS FE
2.2 BBBEEEEBRERS S

I ENVIS.3 8BS B FERE AR 2R — 3 sy BB
Wi 7a, ¥ —E 8o BREHY 768 4851 M &= W& 7b
B, #5ImEEN CAE BN, $-HCE BT R TR
FEREAE AN P e, TR PERRAE 205k 5 A4 s, PS5 S i 7d
Fine XHRIMAR CAE EREEGE RS FGE B2
il REAEE, v DS SRR g g3 v H 15 motik
TR G IR B RFIE SR EL .
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73 S 4 BB RFAIE 5 TR L
IZREES TR SR 73 75

BAZ R, 4EFEH 768 BF3 64,
B ARE R ST CNN iy,

Y51 (& Feature value

150157 . 35 T4 OB R 5 VR PR FAE AR ST CNN L
LU B P4 25 IR 2 TR

N

o9 =
oo O

5 fF g Feature value
LoD —~——
— RN RO 100D O N

HFAF{f Feature value
cocoooo

JEUG PG e 41

Original image data sequence

b. EG AR P51

b. Image data sequence

a. LT EIEB

a. First principal component image
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Reconstructed image data sequence

d. WBEMFS

d. Image reconstruction sequence
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PRERE 41
Deep feature sequence
. WEERIBREF

c. Depth image feature sequence

B 7 BERREAFIERIR

Fig.7 Image de

R2 ETESISHEA CNN #EBI TN 24 8

Table 2 CNN model prediction results based on image features

EREBAEE EECNEE TR

A1 Full image information Convolutional Auto Encoder

Group
R® RMSEC R> RMSEP R> RMSEC R: RMSEP

Y
Hﬁﬂm 0.7374 0.1149 0.7250 0.1467 0.8370 0.0824 0.7721 0.1058
ARG (=]
ff A
s 0.7925 14790 0.7615 16741 0.8433 12285 08287 13027
AR S|
R 07919 19145 0.7439 22763 08878 1.0743 0.8254 1.5667
s O K . . ) X ) .

B 2 193], X T8—F o mobi B 43RG
&5, LL OxyMb J9fiil, R? 5 0.792 5, RMSEC A 1.479 0,
R2°40.761 5, RMSEP A 1.674 1, HERIFRMI R4 2,
JERLET 768 4E5A EASKFEIRI, A& KELRE
B &1k CAE IRERHMER UG, BB BRI L 768
BE3 64 4, TMELAL R A 0.843 3, RMSEC 4 1.228 5,
R2°40.828 7, RMSEP A 1.302 7, 54 & (5 B AR X
PRI, e TUR B B RFAE @B RO IR T, (B TR0 RG B
A BRI K

pth feature extraction

2.3 ETREEENBERERSHH

SR8 RN G T, Kbk E RS EBER
BATHAR E RS, 800 4EMEIHE B S 768 4K 3 sy
FEEHRTSE) 1 568 45, JHM AR CAE fRINAEL&
WREEHRHIE, PEABIRERR 5 2.0 W5 it —2%
EEE T ot i B AE B TS LA &R B B A AL
P, 1T PLSR. SVR 5 CNN #E8 [1 JLLT 28 1% Ehikage,
IERBLAE R IR 3.

M3 3 49 BT EIE Al A RRAE L TR ) R, )
KT 0.85, IR0 45 KA UESE T-fb 5 IR FERFIE CNNL PLSR.
SVR TR AL WLLL R 1 & B T & Bk . xb bl 3 AV
B, PAT DeoMb &9, CNN [HIHERE R N
0.964 5, RMSEP 4 0.015 8; PLSR TRIEL ) R} Ay
0.867 3, RMSEP 2y 0.069 2;: SVR Tl %4 R} 4y 0.881 9,
RMSEP Jy 0.063 7; AR e RE R #E T 1
WP [A] AR DA 2 RGBT, CNN B i 5 A 4
VERRHIHCHE EE PLSR. SVR B 47 1R ZR I RFE o Tl ELR
PERFAE T LT 26 (1 & 3 5 AR N, ML T2k
ALY T 5 A

x3 ETRMEEEREMNER

Table 3  Fusion information modeling results

15 BRHIZ 4% CNN ffdge/h —3fe 8] PLSR SRR R SVR
Group R} RMSEC R} RMSEP R? RMSEC R} RMSEP R} RMSEC R} RMSEP
AWML ER 09769 00130 09645 0.0158 0.8710  0.0649  0.8673 0.069 2 0.8944  0.0565 0.8819 0.0637
AHMLOEAR 09783 01739 09732 0.226 6 09050 0.7339  0.8557 1.068 2 09187 0.6215 0.907 2 0.7215
HEAEA 09626 03176 09585 0.3816 08681 1.1753  0.8583 13759 09094 08060  0.8608 1.176 6
G553 1. 2.3 BAAFFRMER CNN B TR HE . EE T iR AE 5 PG R AE . L 4R Vs R B Tl 4 v

PL MetMb ], JTF6TE R B RFIE CNN BB RS
40.909 2, RMSEP 4 0.809 1; T EUZIRERE CNN
[l AR IL R2 A 0.825 4, RMSEP A 1.566 7; J:Tal&
15 BRFERAIE CNN [EIAREAUE R? 4 0.958 5, RMSEP 4
0.381 6. XfHL 3 MRAIACR, TRl &R R B AR

5.42%- 16.12%. %45 H 3 B -k G5 REAE R A0 Hh e
Mt A B S A ., TR A R AE S [ A A
R 1 THURS B

HEF UL g R IR BOG SRR IERS, REXIRE
HTERSE R, SRENDGIEE B 5 RERIOLBE M G
KT RAR, SEHEERCEREE ZR, LitEER



292 My TFESHR (http://www.tcsae.org)

2021 4

ERFAE AN AL o JE L BEUREAS T 1 o3 B 1) B RURFAE

KIRANAN A o FE A REA DL E R R B S A
SUBLARRFAL, BRI L W28 BRI RFIE SR CRE /1, $2 L
PRI JZ RS IR o R BB ARRAIE 55 06 TR A 0 i FiE 3
BCE I A AR AR . Rt P IR R R SR,
RFEHLEERL 50 MREA KR TS, LS H S E T
ME S S E AN 8 P, TR RE KRB KT
0.85, HE—PIR TR B AT ELT 1 T AE

38
- R*=0.880 0
$37F RMSE=02165
] 2
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a. AN EE (DeoMb) HiAE
a. DeoMDb scatter plot

24r R*=09156 38 R=0.9455
§ nk RMSE=0.797 7 o o\\o w6l RMSE=0.640 0 o.:
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b. OxyMb scatter plot c. MetMb scatter plot
B8 Mirka a2 TnEL & nE
Fig.8 Predicted and measured values of myoglobin content

3 &

KRRV 4 CHIFENAE 0~5 d X5 5 A& A
EOGIE DG 5 EBE R, KB E RIDESRGEE
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Non-destructive detection of pork myoglobin content based on
hyperspectral technology

Wang Lishu, Hu Jinyao, Fang Junlong™, Chen Xi, Li Chuang
(School of Electricity and Information, Northeast Agricultural University, Harbin 150030)

Abstract: Hyperspectral imaging system can widely be expected to acquire a set of sample images within certain spectral
bands in each pixel at the same time. In this study, rapid detection was proposed for the myoglobin content in pork samples
using spectral images and deep learning. The pork was placed under the cold storage conditions at 4°C, where a total of
250 pork samples were settled at different times (0-5 d). A hyperspectral imager was used to collect the pork hyperspectral
images (400 to 1 000 nm). ENVIS5.3 software was also selected to determine the region of interest (ROI) in the hyperspectral
images, thereby extracting the full-band average spectrum and principal component image of ROI. Subsequently, a
Savitzky-Golay (SG) filter was used to denoise the spectral information for the curve smoothness and spectral resolution. A
convolutional auto encoder (CAE) was utilized to extract spectral depth features. A prediction model was finally established
for the content of deoxymyolglobin (DeoMb), oxymyoglobin (OxyMb), and metmyoglobin (MetMb) in the pork samples. The
results showed that the determination coefficients of test datasets were 0.923 8, 0.920 3, and 0.909 2, and the root mean square
errors (RMSE) were 0.033 4, 0.619 7, and 0.809 1, respectively. Furthermore, the image information of adjacent wavelengths
was highly correlated against the image extraction and storage. Principal Component Analysis (PCA) was utilized to reduce
the dimension of hyperspectral images for better storage and processing. As such, the images under all bands were linearly
combined to form a principal component image in the ENVIS5.3 software. The first three principal component images
represented 90.62% of the original hyperspectral image, where the contribution rate of the first principal component was
88.50%, indicating the most information. Therefore, the first principal component image was selected for the subsequent image
extraction. The first principal component image was unified to the size of 16x16 pixels, and then converted into a
768-dimensional column vector for the extraction of image depth features using a convolutional encoder. DeoM, OxyMb, and
MetMb content prediction models were established using image depth features, in which the determination coefficients of test
datasets were 0.772 1, 0.828 7, and 0.825 4, while the RMSE of prediction were 0.105 8, 1.302 7, and 1.566 7. The spectral
and image features were fused at the data level, and then the fusion data was input into the CAE to extract the deep fusion
features. The DeoMb, OxyMb, and MetMb content prediction models were also established using the fusion depth features.
The determination coefficients of test datasets were 0.964 5, 0.973 2, and 0.958 5, while the RMSE of prediction were 0.015 §,
0.226 6, and 0.381 6. Obviously, the determination coefficients of the test dataset were improved, while the RMSE were
reduced, compared with the individual image and spectrum information. Partial least square regression (PLSR) and support
vector machine regression (SVR) prediction models were also established to further verify the relationship between the
graph-spectrum fusion feature and pork myoglobin. It was found that the determination coefficients of the test dataset were
greater than 0.85. Consequently, the convolutional autoencoder can be expected to extract the deep fusion features of image
and spectral information. Moreover, the fusion features can better reflect the internal and external information of pork. The
CNN regression model using the fusion features can also be used to improve the prediction accuracy. This finding can provide
a new better way to detect the myoglobin content in pork using hyperspectral imaging.

Keywords: nondestructive detection; spectral feature; hyperspectral image; convolutional neural network; convolutional
autoencoder
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