10 %
0

T B

H Spectroscopy and Spectral Analysis

Vol. 40, No. 10, pp3061-3065
October, 2020

ETZRRSTBHNRAMESERERAMELLESITHAR

xS KR, £ 81T, KEMD, RE#, REXES

1. dbstBe Tk, dbs
L EARIETE KA, dbat
CPE R, 7 KR

100081
100048
030013

w N

OB L AEWEIRMN LRSS FMECR AR B T mE AR X PR R R R B
ALY 23 T A5 . BAEAE YIS RE BB W X . ATCRYBT SR . 5 W A B AE AR IR B B A A
FESe . WA, K2R (TH2 Seil =& SORAR 9 0k T A2 4 03 T RSB 3 g 2 9 A 30T Bog) iz BT » 3l ad Rk
25 G X AR HEATOEIE , X HE— 2P T AR BT 5C A M9 kLA B R . A RROHE T i BT B
FHF R 25 2 403 il B 2 e r AT e b o SR, A8 GEARCHE B ARl TALAE G A0 B bR 2 (] A7 B A A
O AR R G UM M R AR AR, Wb, B R R A9 4R U B 7 % (ensemble modeling
method) W32 1M A= o 58 A 19 56 A A 8 2 45 221 SR 2 1) £ 480 LA 7 A TG 1 U 45 2R .l B T 4R
Y 2 B RS % (EMD) 977 3%+ AT LUK 5 B 38 I 3B 20 % S — 28 97 19 74 I A5 5 e B (TMIF) RS 3t 7
TAE T MGG I . 2 T2 kG 5 AT B T 7R R D BT I 6 . 4R T . 78 X 9 B R AT E k23 BT Y
AR B AT IE B R E 2 T EMD J5 i B R 2206 15 i /) — 3R (PLS) B A ARG AR . &8 T —Fh &
PLS f) EMD Zp 47+ 3 %A [l 32 20 3 [ R 5 40 O R 2200 B8 R AT T2 BT 98 . FLAACTAT &+ JRUAR A9 O 6 2% I
HAE S E @ EMD T BAEA R B o — R AU IMEF F1— sk 22 sk 8. B . KT JLAS IME A7
PER— AR QA TFR TRIM . =, AT A IME B a5 R . 3T ROt Ed. K5, @i
PLS [\SAER, 1T Bk — 0 B W) BOE e A . BOWEE SRR W], 5 iR OB TS 2 KAt 7 i ) B 41038 19 PLS
SERMILE . HETHT YA IMF 55 2 ARG 0% i B A7 38 i 59 R (0. 996 1) Ml # /MY RMSEP (0. 019 8) . i gL AT
1. EMD-PLS i ] LATE K 4% 5 B vt 19 2035 R TR 4 900 A A 2003t 5 o 20 AT+ S92 LA O AL P T G 12

KR K% SRS R/ Ik EIH; AR
FESES: 0434.3 XERFRIZED : A DOI: 10. 3964/j. issn. 1000-0593(2020)10-3061-05

5l

Tl

AT R A WAL B AR . LR TN AR
L il S8 BRTE 5 B 22388 SR R 9 i e PR R, X
seb 25 TR R 25 T N EREANIE B R AU R X
PSR B A ML 745 ARET L-REARE T —1
Bk, X AT PRI TE S BE B B W . BT A
MUFTE R, XA A MR RIIR ) LA e R 2. i
AER s R 2E (TH2) S 3 24 SRR g Bk 58 W 93 TR0 8 )
S AT AT Beg iz v DR o R 2% O 1 X

Wi B 2019-08-16, f&iTH#HF: 2019-12-28

FRAEATHE ST . Wi —20 TR L A SCAE Y EE R A B
X, 2005 4FF1 2010 4F, Yamamoto % F FH K #h 2% T BL
Xt G2 FE R B 22 i 0 I A3 AT T B SE . 2013 4, Yu 4D
TE B 2% i BEal 2 3 4K 4343 B (PCA) F- B Ab L5 W IR TE oRi
BALD) J5 %, W B BB IR A Wt 47 TR0 5E .
275 B O 0k LI 5/ Z 38 9% (partial least squares
PLS) J& B2 i H F Kk 2% 2 41 43 o6 3% B3 2 2 o At F 5%
. BRGSO KR 2Z G AR 5 PLS A F B A, BESR
2205 25 TR A 0 S B vk S TN VR B 2 TR A — 3t . Lu
STV 5 5 PLS A T K b 2% W W0k 1% A IXC IR i B /b 3
GPLS) [ 3% - 2R L-B A B —niR it i7 7

EEWE : ALRORMBE IS 5 HOR Bk AR AH 0T H (19530012003) 6 T K AE % WL 4 T H (2012YQ140005-09-01) » [H 5K B SAFl 2% 5k

G AERL AR 4T H (11804209) W3 Bl
EER A X W, Lo, 1987 4R, JURUH TR L F s Ak
* 3 R A

e-mail: newone_kaka@163. com

e-mail: cunlin_zhang@cnu. edu. cn; phscdream(@163. com



3062 S 5 6 M

5540 &

FE VRN E 2= 14 B oR .

SR A% GERCHE R AR i FALAE G IS A H b 22 8] 2 3 B4
RERL SR A AR o, LTI RE A BRI R AR, Wik, A
A Uk B ) 4 B AR 5 7 (ensemble modeling method) Jij
B AT, A A S A A R 4L 2 A Sl AT g1 ) 4
D7 A B4 1) T 25

1998 4£, Huang™ 21 T £ 50 15 75 4 % (empirical mode
decomposition, EMD) {77 ¥ . % J7 i W LUK AR 5 A 35 )
I3 i — 41 AR AiE 4 38R #X (intrinsic mode functions. IMF),
B )2 N TS R e AL B R Y S EMD JF
[ 175 5 43 A7 o 8 7 B 2% U B G 1l T . AR, AE X
AT AT R R o, H ORI WA B BT EMD Jr i
MR 2% 0615 PLS Bl H A AR ¢ LA, AR08l 1T —F T
EMD # PLS J5ik . FT5E & 20 Bt 0 52 O (R ¥k B B IR TR &
W 0 K 2% W WO 3 o 1% O 1 BRI T B T RT LA IMF %
WO, T sr PLS [MIABERY, Lo 7 H 25 3 5 I s e ik
T PLS dEZE R,

1 SEHEpsy

1.1 #HiELE

EMD f) 2 EBAEEWE S (O — RIIARMER K
PRE(IMFs) . FA> IMF L i A2 BT A~ JE AR FRofE . (DA ATE
TXHBEDLTHEREEN BB ETREE TR (D
H Jr 8 e M R A KB RO B4, LR N o T L 1%
G505 R

F(O = Dlm ) +ry( (1

k=1

Hr o (D5 kA IMF 3t ry (0 258 22 AL

55 SO R BT HHMT -

(OFR s £ A RAE G R 3R /MAD 5

(2)f8 JH = 0B 2% Wl 4065 7 A JR) 388 dme R . 58 e /M M 7
h PR TR

) ITE AL my () 13518

DO P B 75 b (O = f () —mi ()5

GYER hy (O BHE (O3 2 IMF /Y _E b B A bR o
DL SR 3R 325 — 4 IMF 43 & 20 (05

BOXES r (D= —x (DEE FRLE, H3REH
421 IMF,

5% 22 SR (1) A5 Ay B R B RO o R B el
51k, T, (55 /(O] RLSr 1 S — 41 IMF 5% 22 o5
o X, IMF iy AR 9 R 8 2 e, OF B @& B iy IMF
X R T BARAT A A5 R o

PLS & — Bl oy nfl 3 9 22k Il 09 3k 007 L i R g
e 2l A 2 R AR, & IE 07 AR R 22 (RMSEC) 1 15 Ul
¥r i 2 (RMSEP) X LA S Bk Al . 2 — BT A A
HE R, #H/h g RMSEC fl RMSEP i, 2% 8 2 3 I\l 2 8
FLAR P AR

EMD-PLS J 3 (i B2 7 B A& 1 R . JR AR 09 KBk
RIAE S BN EMD FB. 43— & 5 IMF f1— 4~

B 25 BRE SRS TTILAS IME RHANAE S — AR fA . B fS X O
WO AT R, fe)n . o PLS B F ik — £ MY i E
T

1 “
m Sum as
o integration ‘
o
<]

Original THz » 4 m
Signal
PLS

o
o
o

o |

E 1 EMD-PLS ##RiEHE
Flowchart of EMD-PLS modeling

Absorption
spectrum
reconstruction

Fig. 1

1.2 A&
BHEMFES(L-ENERM LREAR SR HEH KR
SHIRA (LR &R TR (5 B4l 004, 1596, 26% ., 40%,
50%. 55%, 60%, 61%. 64%., 70%., 75%. 85%. 95%.,
10096, 4K J5 BF 18 B 35 50 ) JORL . JF 48 5 ¢ B A Bl il IR
o FEA T sigma-aldrich 24 W) 8] R FE )R BE 2 R
0.6 mm, H#AN 13 mm, W EHEGEEN 2, A 28
A R FE S o R85 2% B 80 % (TH2z-TDS) 2 484 K i ik

0.0201 (a)
0% 55% —— 75%
0.015 4 15% —— 60% 85%
25% — 61% 95%
% —— 64% ——— 100%
2 0.010 40% 64% 100%
3 50% 70%
°
S 0.005 A
é-
< 09
-0.005 A
-0.010 1
-0.0154, : : :
0 5 10 15
Time/ps
70 1
() — 0% 55%
60 4 15% —— 60%
25% — 61%
40% —— 64%

wn
=]

70%

N W A
SISTNS

Absorption coefficient/cm™

—_
(=}

0.5 1.0 1.5 2.0 25
Frequency/THz
B2 (a) 2849 HEBESYHERNERAEBIES;
(b) 8N EEBREEYHERNERRKES
Fig. 2 (a) 28 original temporal signals and (b) absorption

spectra of 28 original amino acids samples



% 10 )

il 2 563 i 3063

AT, i R A TS0 T ) R R L. BT A
WAE 21 CRIEAT . AAXHREDNT 420,

2 HiR5THE

K 2Ca)F(b) Ky 28 DR tE THz N B {55 & HAE 0.7~
2.5 THz P B OLiE . EITH, ZELRIE AWM =
AN Y 068 43 052 F- 0. 97, 1.9 A1 2. 08 THz, A UFE . B
LB R & 5 N 100 % [ 2 0% TR A 6 i W i 068 A i {1
BN, FrLh . LOKTR SRR WA W B AR I, = A gy

0.021 (a)
0 -————\/\/\Jv\/\m—-

-0.02

Original

IMF2
s o
So=

f

IMF4
el
%

0 5 10 15 20

x104
221 ()
2 0_,\/_\_/
T2 : . : .
0 5 10 15 20
5 %108
E710
=
0 T - - .
0 S 10 15 20
Time/ps

KAT L-RAR. AT AW MEUR LY, L-REAR %
W e o T B R S R TR . B2 7 B9 S [R] 4R 3h 48 X
IS JE 7 A T AS [ A Wi i i

WAL AR LR Y S R ik 2 D 0 D0 B il 1) I A5 5 R AT 28
o3 A . DLULEAE 5 00 i B A . HER 27 IR 5 3 3%
TEBEATAL B TR 3 I EE SR I R AE AR, B R LA AR 8
AN IMF Fil L AR 22 s 8. ARBTR . — By IMFAMED {5 5 B
AR Z IS RER . A IMF (55 A8 5 B & B #0g m im
. AT LA AR R B U I [ 4F

7 0.017 (b)
= 07
-0.01 : T T !
0 5 10 15 20
o 5T
d
E 0_() AN
-5 T T T .
0 5 10 15 20
s x104
vy G
®
& 0_,_\'/\_/\
-5 T T T .
0 5 10 15 20
5 (>}<]10'5
~
R )/\
=P i i ) i
0 5 10 15 20
= 5 %103
2 H—
[
.5 . . .
0 5 10 15 20
Time/ps

B3 L-FRESERER 0%EREMD 5#/5H IMF f1% 2 R #

Fig. 3 EMD decomposed IMFs and residual function of concentration=10% sample

AR T LEN &R R 0% R85 I 815 5 2
EMD 4 #f J5 » % —4 IMF(IMF1) ., §i# 4 IMF & i (IMF1
+IMF2), §i =4 IMF & il (IMF1+IMF2+4-IMF3) , i pg 4>
IMF & i (IMF1+ IMF2 -+ IMF3 -+ IMF4) #1557 #. 4 IMF &1
(IMF1+IMF2+IMF3+ IMF4 + IMF5) 4 J 1 W% 000G 3% . 7]
DESL, i TRBE AT, IMFL 80 %35 9] WA [H
THABW WO . b — @i, RATA%E IMFL, i
J5 > A8 PLS X F0 4 i 52 5 B b (H 2 (8] 37 7 1 43 BT A
B, kb, R Kennard-Stone 77 ¥ K £ 4 X1 43 b #21E Fil
A . SCIBURE T, 18 MREARME R IESE, IR R R0
10 ASREAE S TN 45 . X 41 THz W8 3% R 4R 5 4 fig
JEO M PLS Gt ar i 45 15 TR 1 . 5IEIE 45 RAALL . Al

®1 WMAMHESERRESUH PLS RESHMMR
Table 1 PLS calibration and prediction performance statistics

for binary mixtures

RMSEC RMSEP
/% /%
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Terahertz Spectrum Analysis for Binary Amino Acids Mixture Based on
Empirical Mode Decomposition
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Abstract L[-Phenylalanine and L-Tyrosineplay essential roles in synthesizing neurotransmitters and hormones. The two amino
acids have similar structures which lead to an obviously functional distinction between the two amino acids. Previous studies have
shown that there are remarkable differences between the two amino acids on low-frequency vibrations. Recently, terahertz
(TH2z) spectroscopy has been proven to be a useful technique on studying low-frequency dynamic of biologic molecules. Many
multivariate calibration methods have been successfully applied to quantitative analysis multi-components spectra data due to the
linear behaviors revealed by terahertz absorption spectra. However, the predictive performances of traditional calibration
techniques are sometimes unsatisfied as only a single model is built between spectra and targets to predict the unknown samples.
Thus, the ensemble modeling method with better accuracy came into being. The empirical mode decomposition (EMD) method,
firstly proposed by Dr. Huang in 1998, is used to decompose the signal into a set of intrinsic mode functions (IMF) self-adap-
tively, which is widely applied in signal and spectra processing. We proposed an empirical mode decomposition (EMD) based
partial least squares (PLS) method for terahertz spectra quantitative analysis on amino acids mixture with various concentra-
tions. The terahertz time signals were decomposed into a series of intrinsic mode functions (IMF) with different frequencies by
the EMD method. The several top IMFs (from 2 to 5) based absorption spectra were obtained for quantitative analysis by emplo-
ying PLS. The predicted results indicated that the top four IMFs based absorption spectra acquired higher R (0. 996 1) and low-
ered RMSEP (0. 019 8) compared tothe single PLS regression and theother top several IMFs’results. Thus, the successful ap-

plication with EMD-PLS method manifests the effectiveness in quantitative analysis of binary mixtures within the THz region.
Keywords Terahertz; Empirical mode decomposition; Partial least squares; Amino acids
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