FA24 .55 o o 5 06 i o W Vol 42,No. 5,pp1490-1496
202245 A Spectroscopy and Spectral Analysis

May, 2022

RGTFEE AN EE S TRE T W &R ER N R A a0 s i

k. HELE. THE. L OF

BRORAE . AR AE SRR 7 B 5 0 E AR F by A TR O, Z8/CAIE 230601

O E OAMTH SRR L0 AW &G 5 0o RAR 7 BR . 100 A1 AR 7 R RE S A (42 ft BR &k A0 6 2508 35
PiBT, Hid A SRR EZMO MEBR . 856 A0 MR E 2 ) J5 16K & —Fh e JT i 16 F 8 105 R
SR . B, W TSR RS Rk . ORI ORI . 2RIl M AR A i E 7 R A
Pril 350~2 500 nm 8 1Y KOG . IF SO 55 TS 0 B vk AR AR R . A6 AR TR M 1 A R AF A R
N WA R 1) & it o B FH PO . 200U R IE | b v I 25 7 A 0 T o A S B 9 B0 9 T AL VA B o O g
ARG, MR T — PR B Y T R s AR AL T R 2% (S2DCRND T IS 07 R 43 4 » T2 & AR 45 (FCND | 1
B/ AT (PLSR) | 34§ ) 4 ] )5 (SVR) K BEHL AR (RE) ] T 55 S2DCRN #BAAXS b . &) s RT3
HJ ] B (SFS) | bl dek Mk (RFrog) K s % 35 35 IO 1% 4R AIF 1) o2 P 4G 320 T ) o 0 Sy 1 B Sk 19 4 T A5
T, SCEGAE SN, X A 4G R AL BE S . S2DCRN A5 T 1 B B A0 . HORE TR o 000 48 Atk BB (RE)
iK% 0.987 9, HTHIRZE (RMSEy) K 0.510 0, 5T EEH K M S2DCRN # % , RFrog-SFS % S2DCRN #2
Bt T B AR TS5 R RE=0. 967 9. RMSE,=0. 462 7, B R75 5 065 B BUS B 200 00 g 22 . EDGIS B K
BOAR R AN 100, W8 TR EE R AR I RIEREAR TSR A 2% B . A3 B F Ja S 3 4% 2 167 1h A T 25
BBEE . N — 5T S2DCRN B {1 38 JHPE g, S2DCRN B 1T £ F1 il v 46 £ B2 R0 1L TR & 1 40 47
Horp, S2DCRN it 46 A Bg 14 T 25 SR 45 4 R3=0. 950 1, RMSE, =0. 152 9, 72t 19 S2DCRN ] 52 B % 4t

RG22 Pl I 7 R A VDR 23 A

KA

HESEE: 0657.39 XaktRiIRAD: A

51 5

TR SRRk EER E. 7. BN b
REZMEFYIT. AR MERTEMOEERE .
2 AP0 b (9 18 G 5 B B 3 22 I A A sl 2 1 R
OEL ] 5% ey A0 ML A5 19 DRI, o e A 300 S ] £ P A iy o
A [e) A A i IR R 2 25 A, S AURT LA T 0 R i
f 232 I8 AT LB RE LA R L AT AR . Rt
0 SE £ B T 3t A A0 N I IR 5 X A AT B A e R R £
TREAHEEEL,

FIAT R AL A 5 P 35 A I 25 O ik 8 BL T B T B
1B, A3y B RE SR R A S T AR L R o R AR S
e 7 167 SR B T3 40 A7 9k (GC-MS) B s & il
6 b R P AR IO B0 i T X0 TS A T il
T . SOOEIE R T L E B R & . A

Y75 B H: 2021-01-06, EiT B HI: 2021-06-29

T AR ARG 7 s ORIl s 5 AR 22 0 2%
DOI: 10. 3964/j. issn. 1000-0593(2022)05-1490-07

2 min PRI HH R 0 0. 4 0 4 4B B S . BRAK SR AT 7
TLMER R (HHERAE S R PRI IS AR B 2 . R I T R
AT o ARECT BRAL A 5 M. ZLANGIE L RS 6 AR g R
T A 1B 26 7 3k T LU st BN REIRRE dh T 2E4T 0
PRI o v LA BT T 52 SRR OFF Il 5 SR L 2 R
FUZEAEHE I 45 M8, o B BE o i AT G5 2 99. 000, T i 22 A
1 306~2. 5065 0 LLANG 1S3 BT RE i I+ B i i Ak B 2
WA B AUFREE . Kwofie, Lavine 4% i i £ & 5638 £ A X
15 B A ) £ 3 23 2 e i %< 950617 i B O i HAR W R
PP | fr i ) A HL G 0 R T (AT AE R
TEBE T W L i 2R R IO ' IR FORS BE AR S 1R A, R
RO T E R W i AR AR Y e R R T R B A
2 A R S BURE A T B R . S i B K
Ve BRAE R L R A DA L T A 3 o R A o 4% 50 A
Fi o SCSTAOERE 0 7l 58 A8 AR b S i RIS R A
XS5k Tl 9 g U TR T e S AR L R® (IS 2] 0. 99, 7E T

EEWE: MEARREIESEH (32001421 . ZHAE T ABEFE 5P L THRIBUH (202004a06020032) ¥t B)

EER A HAoR. 1989 A4 ZEOY T 515 B LR be Rl 2 4%

e-mail: weng 1989@126. com < 3l THAE &



B

B ARG OGS S AU e T A BRI R £ PR A P i v o R g 7 TR 1491

P L2 R ik S R K 43 R s, L e S il i A T 0 A R
R* 4504 0. 98 1 0. 95, XK 43 (g B A A R* 43 5] K 0. 92
0. 895, I IR BRI A T R b LR O (/N R B, BE
A QL PR A, PR R RS 06 % B AR X ol g 7 R AT
ST .

FFBLER 4 3 5 ik Se 0 R A %ok i e fk . B shfk o
ME AT LA £ i b A I A i G B R L FEBE L H 43
BT F0 32 B4 53 B 45 G i di /s 3 [l 05 (PLSR) X il i 19 GC-
MS i 3 47 43 AT, S5 B XF 25 R 9l A 45 B0 ) B ok B R R
97.27%~100%0 , [ PLSR X A [|] & i A [ b 25 £ A il
1 P LT A6 B AT 4B R B v A A o T LAk B
99.0% . IRZETE 1. 3% ~2. 5% Z a1, 75 1 i W I 43 47 J5
T, A& GEHLAR 2 > P fay B, X/ NECHE L RS 56 R AR
ARk, RS B I 5 AR I X AR T e 3 5k B AT AR Y
BORE R . KA TGRS, R 2 2] 4% AT DL R B
b B ShFEBURRAE . AT R A A A M fE . T BB A
I 28 CCNIND B G 1% 43 87 17 K 208 1A 1 o 20 810 0l 38 B3040 4 Rk
Fo KT TR 1) 28 S S Fl 48 T A0 L 35 2 00 S B 2
W2, SF- 3 E 0 2 AT 35 98. 83 % Al 100 %1, Laarhoven %
FH—2E CNN XFmpy | 25 f5 . W5 29009 . ok . BORE e DL SRt
LT AN A0 BB 6 3% B0 HE AT A B, P E M R
96 %65, TR RE, K i 1E] R A0 L ERBOHE S A CNIN i, S
¥J Fl-score 2y 78. 2% , —4E CNN By 4L BH 43 H7 143 78 ¥k DL 42 3
R B ) TR B ARAE AR S . R 3RS RS o 1 e A A R L i
— A5 HL RE S FE A 12 R OGE i AF B 00 & BRIl U 1 2% 2 R
DB,

AT 5% 0 P T ) I S 23R 1 ) S T ik 4 A AT I ) 6
SEELT & A R AR R I E . AR E R (D
R P S 238 T A DN Sl e A AN B T R 4 R AT (2) 3
B AL (CEND | ZI0HUAHR IE (MSC) L 5 #E 1E 2548 548
(SNV) Kb AL (ST A 55 55 3 % o6 33 8088 1) & etk fig s (3D
Fa el — i B B 9k T 63 B9 =4 35 B ) 4% (S2DCRN) A
TR #r» IF 5 42 BLM 4 (FCND L i % /) — 7 [0l I
(PLSR), 37 # ] 4 [0l 9 (SVR) M BEHL AR AR (RE) [ %8s (4) F)
FH 5160 17 36 8 (SFS) « B d Bk (RFrog) B i 5 5 1 (GA)
PRI B A, AT B . AR S R A AT A (5)
PR S2DCRN MR A 22 fig 17 B8 43 B v A T 4

ISR

L1 R

13 A [ it 1 Kl L 13 PO [ 0 SRl L 13
Tofr AN [) ity LAY 22 JBR it L 13 Ffr AN [) ot B ) BB L 15 b AN )
Al A AE A L 15 RS [a] i B Y DR S A2 11 FOAS [ o Y
ZEALAF IS 08 T 5 NE R0 & B TlT . A aih o I 4 A3 A 20 i)
TR F . By 25 mL, ARG 372 HEA.
1.2 REHERE

JGHEE [l 350~ 2 500 nm 1 )2 5 O3 Al PSR-3500
i ¥ X b ¥ 6 i {X (Spectral Evolutions, Lawrence, MA,
USAO I &, HOGRE D BEERN 1 nm, W EFRBEME 1w,

B R AT, BEAREA R 5 A SO OR I B, AR — R
B — AL E . 100, BB Sk 3 B bR A BOE SR R
FEBS 2 om PEAT IR A, TRAR IS REAR S TORE S . FRERI
B RSS2 cm, /IS 61E S S8 IR A
ARG HLE ) 22 S N E R . FH RO o T B Bl Bk
RN, REAR MR (D

VD
Vs
D, pQO g I A B R R 5 0s (O N B v BRI
B VOO Vs QO 43 51 2 I 2t 9 7 F AR HE AR R 3028 0
HiH.

p(A) = W D)

1 RRABNEHERLERETE

Image of acquisition system of the reflectance

Fig. 1

spectroscopy on edible oils
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Fig. 5 Reflectance spectra for all kinds of oil samples (a) and mean reflectance spectra of sesame oil,

soybean oil, corn oil, sunflower oil, rapeseed oil, peanut oil and olive oil (b)
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R: 7 0.866 2, RMSE, }1.598 5; STA Z5 5%, KRG
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1.664 7,

x1 AEFLEAERE PLSR M| AP
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Table 1  Prediction results of palmitic acid content in edible
oils by PLSR after different pretreatment methods
Methods R% RMSE+ Rp RMSEp
CEN 0.944 8 0.824 1 0. 866 2 1.598 5
MSC 0. 958 2 0.769 3 0.872 5 1.525 3
SNV 0. 967 4 0.741 2 0.887 8 1.322 1
STA 0.932 6 0. 847 6 0. 853 5 1.664 7

e WAL T ik SNV 5, 445k H PLSR. RF, SVR,
FCN Fi S2DCRN X & Fl il 3 ig B2 & s #4770 #r . 3R 2
AILLAE . S2DCRN By PEfE L T PLSR. RF, SVR fl FCN,
25 B R, S2DCRN % R: 7 0.991 1, RMSE; 2 0.185 1,
R% 7 0.987 9, RMSEp 3} 0.510 0, Tiill45 5 i 4 FCN 4%
HWkz, R: 2} 0.939 3, RMSEr 4 0.925 1, R 24 0.919 3,

F2 RASNVEREXNERAMPHRERSETNLE R
Table 2 Prediction results of palmitic acid content

in edible oils after SNV denoising

RMSEr 25 0.960 7; SVR i ] 25 5 e A B AH, H R 4
0.926 0, RMSE; J 1.011 6, R} 34 0.877 7, RMSE, %
1.262 1. spMrai BRI, W= M 2% 1 3R LEL T1% g Al
#2% 3, S2DCRN PEfEdRfE. B, FIHR SR EERE
1% Bk 2k 45 R[] U3 19 4 A 45 G RT DA PR s A £ T il e
NE W & i, MLJT IR ESE AT AR,
2.3 EEREKMEESRHRIE

2 151 HE 1942 ot 1% 25 B AIG A5 2 (3 I 5 3 B 0 2 A7 0 2%
T 1 A PR A T 110 5 SR o ARRAE B IR R ALE 8 9 e 8 s D
S R AE RS, O A RRAE . A R v AR Y R
SR SFS, RFrog J¢ GA % 75 3% WG 115 Ff AE 1 B 2 K
£ RFrog 43R J5 . & M MOGIE4ELON 2 151 FFF 64, (A X}
T A b e DR e A I, IS S IA KR 2, i —
R . A3 R GA Fi SES X T % /9 64 K
HE— 0k . i 1d RFrog-GA fil RFrog-SFS B, 43 5 M 2
15T A2 G ik iy 16 f 14 AT E K, TEEE
PR EZEENRBUNETF (W3 3, HE S ATH, 724
B I il Y B OGS E 350~ 700 nm i 9 25 AR
1E 700~ 2 500 nm i B P61 98 B A& A A L. RFrog-
SFES & £ i FEAE K AL TAE 350~700 nm 5L EE A . 5
WL RFrog-GA #E# 4 AE K % B 5 RFrog-SFS ¥, H
A EEWRAAL T 1 200~2 200 nm JEHE N . 45K K],
W RFrog-SFS $E#E 1) T 2 ik K 40 B e B3 2% K 4
A3 3 ] /)N

PLSR, RF, SVR. FCN #1 S2DCRN # #I % i [ T £ Fil
PSR & A0 HT . i S2DCRN A5 B 43 A 45 B B £ .
RV TP A HE . R S2DCRN X 2 22 i K 47
fili . FIUAEZ K, EHd S2DCRN A58 3 % 74l ig & it
AT R . WK 4 AT LIFE ), 7E RFrog 4L ¥ )5, S2DCRN
#IH R} 4 0. 962 4, RMSEp 2 0. 322 1; % F RFrog-GA i
B EEPR K, S2DCRN £ X 4L R B RE=0.947 6,
RMSE; =0. 376 4; Tfi fE RFrog-SFS 4t ¥ 5, S2DCRN %f F
MR R K 0.967 9, RMSE, 3 0.462 7, 25538, &

Methods R% RMSEr Rb RMSEp B R B X T A R R R R O A ARy . H
PLSR 09674 0. 741 2 0. 8878 13221 RFrog-SFS & 1) T 22 0 1 40 H 0 LA B0 38 1 4 S 4
RF 0.989 2 0.569 4 0.899 5 1.485 2 NEVSIN N N o N N
’ 7 ’ SR BRI T B A PO 45 SR AL A T & M 22, (HE B K
SVR 0.926 0 1.011 6 0.877 7 1.262 1 N SURSN -
AALAT LI B i % B ICAR R BT b3
FCN 0.9393  0.9251  0.9193  0.9607 Tl ‘/%F’%j'ﬁ Hﬁﬁqj \,J ’T{” ﬁfmﬁﬁ& e
S2DCRN 0.991 1 0.185 1 0.987 9 0.510 0 I IR {EEEEZI—(E(J{X%%%IT;@Ib%ﬁHM
£33 TEAEEMHEERK
Table 3 Important wavelengths selected by different methods
Bk HEP KK HEP K /nm
646, 464, 414, 1647, 532, 546, 612, 580, 1 905, 554, 2 005, 551, 622, 2 006, 1 649, 535, 692, 669,
RFrc 64 458, 2 158, 547, 534, 2 399, 460, 1 212, 1 253, 481, 629, 455, 645, 543, 732, 1482, 1 900, 457, 548,
o8 1655, 632, 465, 388, 696, 439, 401, 530, 1 507, 584, 1 197, 1 638, 1653, 2351, 2 219, 1 964, 618,
2 156, 1 635, 545, 625, 456, 482, 1576, 2 186, 2 217, 560, 1 645
RFrog-GA 16 532, 534, 692, 464, 629, 551, 646, 612, 1 905, 2 005, 1 253, 2 158, 554, 439, 458, 622

RFrog-SFS 14

388, 401, 414, 439, 455, 456, 457, 458, 460, 464, 465, 481, 482, 530
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®4 EEKKEREF S2DCRN 3 &) A i A
HEBRSETNER
Table 4 Prediction results of S2DCRN on palmitic acid content
in edible oil after important wavelength selection

Sk iR R% RMSE+ Rp RMSEp
RAW 2 151 0.991 1 0.1851 0.987 9 0.510 0
RFrog 64 0.993 2 0.043 7 0.962 4 0.3221
RFrog-GA 16 0.989 6 0.067 4 0.947 6 0.376 4
RFrog-SFS 14 0.987 3 0. 090 4 0.967 9 0.462 7

2.4 T A S2DCRN EEMERAMPEERM LTRSS
S
H Lk S2DCRN KLY 43 51 B F F 4 £ F o o 78 28 188 A
War BRI 43 7 (32 5) . A3 5 A A1, S2DCRN 45 & 4 5% 3k *f
A6 AR TR T 25 R BT SRR A A 45 AR Y, Hrh R =
0.996 7, RMSE; =0.185 1, R} = 0.983 0 il RMSE, =
0.090 2, %3} RFrog-SFS A8 ¥ 2 J5 . JLik 4k R %) 14,

x5 FEEFHKEEE S2DCRN & AmbEE B
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Table 5 Prediction results based on S2DCRN for arachidic acid
and behenic acid content in edible oils after important
wavelength selection

BAH
g CEEF 4w Ry RMSEr  Rp RMSE
px
AR — 2151 0.9967 0.1851 0.9830  0.090 2
AR
RFrog-SFS 14 0.9735 0.1029  0.950 1 0.152°9
" — 2151 0.9832 0.0352 0.9662  0.0518
L1 R -
RFrog-SFS 14 0.9576 0.0569  0.9486  0.067 1
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Reflectance Spectroscopy for Accurate and Fast Analysis of Saturated
Fatty Acid of Edible Oil Using Spectroscopy-Based 2D Convolution
Regression Network

WENG Shi-zhuang* , CHU Zhao-jie, WANG Man-qin, WANG Nian
National Engineering Research Center for Agro-Ecological Big Data Analysis & Application, Anhui University, Hefei 230601,
China

Abstract The edible oil in the humandaily diet is rich in saturated fatty acids, which can provide energy and other healthy
nutrients for the human body, but excessive intake of saturated fatty acids can lead to a variety of cardiovascular diseases. In this
study, a method for analyzing the content of saturated fatty acidsin edible oils was developed by combining reflectance
spectroscopy and machine learning. Firstly, the reflectance spectra of 7 edible vegetable oils, such as rapeseed oil, soybean oil,
sunflower seed oil, corn oil, olive oil, sesame oil and peanut oil, were measured in the range of 350~2 500 nm, as well as the
contents of palmitic acid. arachidonic acid and behenic acid were obtained by GC-MS. Spectral preprocessing algorithms were
employed to eliminate the noise in spectra, including centralization, multiple scattering correction, standard normal variable
transformation and standardization. Then, a novel two-dimensional spectral convolution regression network (S2DCRN) was
constructed for fatty acids analysis, and a full convolutional network (FCN), partial least squares regression (PLSR), support
vector regression (SVR) and random forest (RF) were compared with S2DCRN. Finally, sequential forward selection (SFS),
random frog (RFrog) and genetic algorithm were used to select important wavelength spectra to re-build more simple and robust
analysis models. The results showed that the S2DCRN obtained optimal performance after pretreatment of edible oil spectra with
the determination coefficient of prediction set (R}) of 0. 987 9 and the root mean square error of prediction set (RMSEp) of
0.510 0. Based on important wavelengths selected by combination RFrog and SFS, the S2DCRN exhibited excellent performance
with R; =0. 967 9 and RMSE, =0. 462 7. Although the results based on important wavelengths obtained is slightly worse, the
number of wavelengths is less than 1% of the full spectra. It is convenient for the measurement of spectra and remarkably
reduces the complexity of the model, which is helpful for the further development of portable and simplified detection devices. In
addition, to further explore the generalization and applicability of S2DCRN, S2DCRN was used to analyze the content of
arachidonic acid and behenic acid and gain a prediction result for arachidonic acid R} =0. 950 1, RMSE, =0. 152 9. Therefore,

the proposed method accurately and rapidly analysed various fatty acids in edible vegetable oils by reflectance spectroscopy.
Keywords Edible oil; Saturated fatty acids; Reflectance spectroscopy; Convolutional neural network
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