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(Hilbert-Huang transform) J7ZHF 78 T¥8iEH H-0.1 MPa FVEE WA~ F RGN AL 2 bl iR AL e H
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S, MSE RIS AR BT . @il 50 R £ B8R MDA (malondialdehyde) FIH4R 52 & AL I LL A
Ft, KIL MSE (¥R B [a) ] DAVE gy 40 05 32 ol 1 8 08 74 R R S B RR BEIRIAR 28, O (B BIOR/INTT DI S oKt
R RNEIE I RN R B MARE, KIEBEIE R F R R AL AR R S HUN AL, A R RER FOK

S A D RERAS BEAT S AEAL AN TC B e o
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FRURFAE T, U qa] 43 TSR TE P FR - A E A 30 30 AR e
BOGE— MRS WEFURIL, BRI B AL B
FRIBBEHLARAL, AT A R SRR E S, R,
I ATRER B EAS 3 B A R e FL AR B T RE
N B FEAT I — AT 1%

HHT (Hilbert-Huang transform, HHT) & PA#A /R1A
REAR R B A R — PR B S A BT, AR AR
PSS R BE N R AEL ARG S, 15 2HER Y
W LB R0, R RE SR AL B B L. B HHT
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SR HA REE R X

B E R Y E BN AT Sy —, T
B RGN A T S A B Wi AR 2 G BB IE e, B
FUAREPIB I WA 0 J S BA Wk L. FET I, A
L UAE KA R, BIEH 2 (polyethylene glycol,
PEG) ¥ KRG SBiE e, 5T HHT (1)
T Fr AL BN bRl (R IE S HUR R, T T BE
Joip e R ORI R B R B PR AR A . RIE, G
it 5M A AP 8 (malondialdehyde, MDA) FlH4¢ %
T EABNIIRT LT, R AL B I bR 1
TESHE B AR REIRS Z M X R &R, Nk
BB B N I AR S %

1 MRHERSESXE

1.1 MRhEESER

TR MM E AR T FIE15 . Pk BUR 1
AN EH R KRR F 500 ki, FHZREKVERR AR 2
K, LL0.2% HeCl, 1438/ FF LAZRTR/KIG Ve, 50U E AR
ey, i & 281K S, 8 & AN PRX-1000A
BB N AR (BN RNEBR R EIRAFD H, 7
TR 28°C. JRIE 45%~50%M3REE FIRi. fHE2F. Fit
HZE R PRk R 2 — B A 300 RIS AE BB IR, &
RIMNERAZRK, FFLEFEK. EXKE=RFE
M J5 22 R B FR R K oo SREUK AT 3 BREK%h
Wi, ZISCERITIE, e FRRE R N NI51E % 8-0.1 MPa
1] PEG-6000 ¥, 7 mlfEBEMNESS 0. 1. 2. 3 F14d
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R0 B2 I P R T LA o
1.2 ERMAFBACENRRE

ZHRCHR[4, S1MI T VR AERE S j R TH AL, R
LEAE N BL4A20S AEPINLRE RIS RS, Z RGBS =
BHPT (>10"Q). wmLEHHI L (>120 dB) AU MR
(<1 uV). RERLRE S, KERKEY, ZRg0
CAHERf (PR SEAE I P AL S 5 o DI AR
FH# Ambu A F A FAH P-00-S 7Y EE F R R AE Ag/AgCl
O EHEMN, ZHEACRABRESSHEE, SR TE, R
WS, BEA/N. BRSHEBEER 14 mm. R A
HLRR AT AR B, R FEAE 20~45CYu Py AR LI,
R AE R 0~50 Hz SEX N 15 5 e shiE &/~ T
0.5%, FFBEMKFEEGSY, MEBEMAESH, BE
KIBN B il hr 5598 N LSRRG T48 . — W R&EH
WG F FKH B ST RALE, 5 — A R A HARI
T KM AR B, FEARIEEE 15 cm, S35 HAE
SR EEERER RS E NS L RS E N
KREAE N 2 kHz, JFRE 50 Hz TAMH . PRENRE N
28°C, BN 45%~50%, JEIRSRE N 5000 Ix. 43 HI1E
BB 0. 1. 2. 3 814 d I SRAE R A AR & o
AL B S 5 o
1.3 MDA FIM4RE & EHINIE

16 B SRAE R R AL B B M5 S R, R E
VR 3 A ) A AR AR AR [ 57 B i FR MDA AT
GREE. HERSENMNESECH13], MDA &%
I 22 SR [14]. BRI E W 3 NEE, BCFME,
Gt .

2 EIM R BACKEhARRE DA

2.1 HHT 53

HHT 77 B 4525 B3 7 i (empirical mode
decomposition, EMD) FI7 /RIAKFAH 2 M. EMD
IR E T B SR, HIEFRE 5 0 A IR
MRS, AR KL IMF (intrinsic mode
function) o JIr43fifk tH R 1) & ARAERLAS 73 5 3 il 2 SR A5 5
TEAN R B [B) R BVRREAS 5o SR I X 43 i HE R (1) 2% AR AIE
BLZS IMF BEAT A AR AL 4, 19 2015 S IR A8 1 s 30 7 A1,
B ZR AR R

NT R SRSIR, Wu SR T HE A2
2547 f# (ensemble empirical mode decomposition, EEMD),
R I 72 JF AR 15 5 FR N AS [R]RURE ) 1 e 75 R i A
REE, Yeh FUINRAIE. St i
SHIMANERERE, BT EMD 3R J7 1, IHERE
FfE T R AR R B R, FR ILAMNME & & 0B 77 il

(complementary ensemble empirical mode decomposition,

CEEMD) .

23t CEEMD 7, JRAGME 5 x(¢) AT R AL A
SR A

x(t)zzn:cl-(t)+rn(t) QD)
i=1

XA (1) N IMF 7355 1, (6) IR EHL
K AR BN HEEAD IMF 23 5 NI /R (AR AL e, H)
B ES

s.(1) = ¢;(0) + jH[c; ()] = a,(1)e’%® (2)
A s () M RIS 5, Hle,d) 1255 £ IMF 53-8 e (1)
A AR, a () MRS S IR EE, 0,02 N5
SN T

H(w,t)=Re Z a; (1)e’% D =Re Z a; (t)ejjw"(t)dt (3D
i=l i=1

At Re FoRIUSEHS, n o IMF AL o()R1S5H
S . JEIFIR (3) i, A5 SHAIREE a0 RIBHER o)
ERE N REL,  Ho, )37 IR BRI I8 4377,
T2 Il ARG

A (3) & LHIBFRIE h(w)

(@) = jf: H(w,t)dt (4

AF H(w, )N IRAARRE . B PRSI T 8 —AMRE
Foxf SR (BURRe M) , RIETENMES T
HIEs NS S ERAM R A BIRIE (Biaes) R
TtEOL, TEANRYAERE b W A I8 30 R REAE
2.2 HBREFHES
T E ARG bR RIE, S ECCERMAIH (S5
RIEBRHIE SR € 7, R OO BRIERAESHn T
2.2.1 A% FE (spectral edge frequency, SEF)
SPARLE 0 Hz BNZAZAE 15 S IRE 5 B A 115

S RIEIER 95%, BN Hz, HEGH 7550 AR
2.2.2 ESIE (spectral center frequency, SCF)
SCF HJit5 AN
/>
2. [P(1)-1]
SCF=L —— (5)
2. P(f)
f=h

K, fAESHIE, PSR S IRE, £ A%

JESEEl. SCF 43t 15 SHRE ISR /A H D

2.2.3 i FRiE%% (marginal spectrum entropy, MSE)
MSE {58 XN

MSE' = —f“ p()In p(i) (6)
i=1

A p(i) = h(i)/ Y| h(i) » FanH i IS RN E L
MR BIEIE 0 XS R A

MSE = MSE"/In N @
X N RN AG) BIFFIKE . MSE &30 BRit oA 52 24P
B, WPRIEEEA, MSE B/, RRESTAAEHE
MR i, BN R, AbriESFIH, MSE B
K, RETIIEIRFREE R,
2.2.4 IR R BAEE

) A2 B SRR B, A 2 B s B AL
(action potential, AP) , AP il fy B4y 3 Kk A48 1k,
BRI A5 A A E R N, R, ARAE AP RO HERL
AT A A 4 T 38 e S P R BORE P o BH T A B i R
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RUEFRIET AP, HRHELFRRE AR 0T LAS 2] AP [IWRE A
HAnzR, BB FERIBCR, AFANME4 AP IR/
Fr 2257, FHAKHE B RN FEASRE S Bt AP % PR35 s B 1) R,
WRRERE, N T WHBRMEZES, & UEERA R Ba% 0 7:
Jfar+0.01
P(f)
0 _ =00t (%)

Y P(f)
f=0

CAWERIR AP XS BT RM I RIBESE . X, £y, 2k
VR PR WAL P 0 I RIS, PO IR f FAAE 5 TR A

3 HERE5S

3.1 EKM R ALK EhAIRTE R

BRI RAE RIS EME 0 (CKD. 1. 2. 3 A1 4 d
i ) RGP B B AL SIS 5 2 BT 200 s, 45
WK 1 Fos. HE 1A, TR R AL SR
WEBEIS RS 4K, PRIEDE ) (R EEE 500~1000 uV 7247,
HA AP RABENL AR, X RRRAE 5 58 A 4R 8 ) 45 3
a8,

> >

QY R

5 o <3
22 610 EE O
= B 1220 g —730

b 2
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i ] Measurement time/s

0
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B 1 E2R&ET R CARNE T 60 BEH
Fig.1 Time domain waveform of potential
fluctuations in maize seedling leaves

3.2 EARMBBEAEENOFRERET

5T HHT 3R FH Matlab 4 527 0] LLTFE HE 1R
RLBE B 3D A5 R AR RRIRAE G AL bR, B 2 A T A2
FiE X EZE (CKO KM A7 9% 3 3D A R 1A%E
ME{EL D A PR . P 2b W) L, KM R TH AL B
BRGNS, AL SR EEARLE 0.5 Hz LA
Mo KHIBZHHE SEF ME L2 SEF & &R brik
HI M ARERAE , XA ZH ) SEF AT SCF 43914 0.486 #10.142 Hz.

K [FRE 759207 LATHBE H 308 i ik 72 A KoK I
R FALE B A PRt ARk, a5 R WK 3, B3 &l
Frit(X) SEF F1 SCF W 4. H11& 4 7] W, fEJFURIBIEMN
85 K B 3R TH AL P Bl PRSI SEF RFE, TEMMNE

1 dMAEFE, fEHHE 2 d JEHRFEE R, SCF i
Y5 SEF Zftl. HHTiubrign) SEF 45t T HLAL 3 S A 11
SyATTEH, SEF /N B bRl o A i TR, &
B 240 V5 B SZ ARG s T SCF AMUR BE 5 1 s il 2%
FER AT oL, RIS 4y B HECRIE 5 i A,
B AT DA S BRAEAS [6] S5 A - AN T BR 1% R B L. Bk
BK, BEEZEWIEMIEAT, g i AL B AR AR
Iy R ECBBRARER R, AV PR IZ T 2 2 7 A, 4
DIfeREE %= .
W& Amplitude/uV
250

[
ou

& Amplitude/pV
=

a. 3D A /RAARFIR(EE

14 000 a. 3D Hilbert amplitude spectrum
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b. Marginal spectrum

B2 xR E K K WAk 3 4 A RAGNE AR A TR ik
Fig.2 Hilbert amplitude spectrum and marginal spectrum of
potential fluctuations in maize seedling leaves of control group
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Fig.4 Changes of SEF(spectral edge frequency) and SCF

(spectral center frequency)of potential fluctuations marginal
spectrum in maize seedling leaves under osmotic stress

3.3 ERGEM FBACENAFREEIT K

A BRRERS MSE Sl T4 bRtk (& AR . FRATIAERT
FR R, KM R HEAE S MSE 515 S H KA 8,
N T e RS IR B R B AE S S, W R RER
Bt A5, VLA 10 Bt — [ e r K 1E
S A EE—BAS SR MSE, JERE 10 Bfs 5
MSE (1)~ 3{E FbRAE i 22 o [ 2 543 71 B 40, 80+ 120,
160+ 200 1240 s. B 5 NAEMp AR R, 2 bRukE
SPEE bR S S Ak, I 5 WL, BE
FHE SR KA, MSE ARG K, FIRAREZ Suse
BHRN . RIS, MEHRN KN 160~240 s B, MSE 1)
BB TRE, FNREZRN 0.01~0.02 Z0H. Hit
AL, HAERS KN 200 s ), MSE fHHE 45 R 2R .

0.50, ——0d

e 1d £ 008

0481 _, 24 g 0.07
0461 —~—3d £ 0.06
£ 042 é 0.04
0.40 & 0.03
038 4 0.02
o3 ~— ﬁij 0.01
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b. $3ERTK Data length/s
b. MSE #{EHIRHER I
FARmHC AL
b. Changes of MES mean value's
standard deviations with data length

B 5 REMARTE T AREE (MSE)
B BATAE £ AT Ko R
Fig.5 Changes of marginal spectrum entropy(MSE)
mean value and their standard deviations with data
length under different stress time

UKo 200 s B9 T KR BLA7 93015 5 1) MSE 4
g5, {0 MSE B i AR b e R it 2k, w6 B
e ME 6 AT, TEBEMEFME 1 K, FRMHHHE
LA MSE FFEa3 N, 7EMMNEJE 28 2 K MSE {34
hniks SR, B FOKM AL BN B AR K. A
B J5 55 2 RIFAf, MSE 287 nl¥%, RUEMNE 2 K5,
ORI B BT 9 B0 1R 52 A B T B 0 )N
3.4 TNEHALRBUIEH O T

B 7 SNBENE S ERG I A B B R R 2L
O EMAR . W7 EBoR, fEBIEMIE 1 d B EhE AL R

a. BRI Data length/s

a. MSE B{EFESER AT AL
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Fig.6 Changes of marginal spectrum entropy with stress time
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Fig.7 Changes of action potential sensitive index Q to

corn seedling leaves with stress time

3.5 MDA FIMHLRREEMT

MDA EdifflfEfg it EM IR EBEEN =Yz —, Hids
AL SRR, Rk, Eﬁ%?@ﬁ%ﬁn*
MDA 5 5 2 FE P 41 M R 52 4580 |l 6 0 i I 3 R R
WU, @it MDA 25 I AT DA T AR A AR A A et A
FERE, HEW R RS2 BAFERE PR M4 Rl
AT S E R EEY R, K EE—ERE b
THEDFE TR T, RRAEEYI B ThRe A A KR
PLERCE R BRAR R, 5@ il N oK MDA Al
%%%@%%ﬁ%wgsﬁﬁomESﬂﬂ,E@E%
EJEHEE 1R, g MDA & &l R, Eiass
2 KUUG, MDA & sBERE— M E AT HagRs

SRR R R 0

Sensitive index of action potential

BAEMMEEEE 1 REE, ERENE, £ 3
R LA 4EFFEARAR I K
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Fig.8 Changes of chlorophyll content and malondialdehyde
content of corn seedling leaves with stress time
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M 1 A, YR AL S PRI R B AR
TR AR, X R B AL B 10 2 24 M A A i Bl
IAREL . BR1M, T A ELASE 9 B PRI P R e ik 25 HL 15 B
BRI MR T WM. — S8R 95 SR LT Fourier 25 #H)
551} Fourier Z8#t (short-term Fourier transform, STFT)
NS e (Wavelet) 73 B HATREAFAES224, {H2, Fourier
A JUE AL IR RE S, ARG S K
SPE AN A S F s /N AR 4 T S i /N R
K, BT B /NI 2 AR R [R] ) Adh B 4 BR1520,
HHT J7i%f## T Fourier A8 ¥ % F P a5 5 e A2 (5
S, EATR A A e A R I R,
ol 5 L 3 7 ) B AR 38 Ak A3 AT R, R e A A
B35 A JE R A T v B o

A SCIEH HHT J7iEN B 1 R AR SE Badtk AT b, 15
B TR F fAL IR B L b it R R (LA 2), i
Brith (e S R 4l N AR B B A2 RN & 7%
Iz . T R B I Sl (R AT 45 4 5 B 1 B s A
A0 A 2 Ta) AR G, Hff A AT 45 46 o 7 2 4
SE BIAE AR, R, I BRi AORRAE R A8 b Sz bR b
BT e 4T 1 T BEIR S S HL AR B

N T e T BRI BR U R AE S AR, AL
THE T ILFR G R E S5 SEF. SCF Ml MSE. |18 2 7]
A, OIEE AR K AL B SEF A SCF 43514
0.486 FH 0.142 Hz, 8 T KM 4 fo s vi A7 (1 A8 40 129
oes, HAURAGE 0.5 Hz LAY (BT SEF) , Hr, k£
$s T isn 5| L iR H A AR b R AT AE 0.14 Hz PR (AP
SCF) o ST Fh B 15 iz 5 | 2 1A B i (1) B2 2% 1k
AR MSE K Bk . WATET PRI, KM
R AL S MSE 5 REMGE S KA, HE, MUE
S KN 160~240 s I5F, MSE HI%E TRz (LK 5),
A WK 200 s B [ B B3 BhE 5 5 b2 #r 2 4%
FERIARAL S TSI FE T, ASCHIRA 200 s BHK IR
EESHAT T

AWFFRI, (EBEME 1 d i, PRiEN SEF Al
SCF WA NI, 7255 2 RIS Fral o, 5 daE R O
Bl 4) o XMILRRN, BB e 4 f A8
TR RSN R 5, Ai T REIRE Z B mi; pEE
U BT, ARIIRRIRESHE KR MRS
MBS R T AR RER S R W . H2, BiE
R, BiEMEITEE MSE — B K, HRIPHEY 2 K
WA TR (LK 6) , RMUEBEEIIHE, ]
BT R A REIRAS S22 T 52w, 40 B A 3 B
(IS ABEENSEIN T, 52 A% B A48 I ik 4 B X V3 52 By
RN N . AUEHERY, FREESESHEDR R
FEHE AP, AP AR SR UM, 5 R AN A S Al AR B
RAARAI AT AP fE G B i, 8RS R
HLAL P B A A8 . T 7 IS R R, FERA 1 d i
SEHAL R BHREL O BB TR, WAIEH T Shi 4
MOXHEIE a4 T R F A B B 2T 1 d BUJE MSE
Mgk N, 75 2d WA B IR TR &M AP

1Az S A7 VP (variation potentials) FE:[AI{FE FH )45 3,
UM FESE R B it S e = A4 VPP, VP 2
MSE /. fE&1E1HE 2 d J5, MSE 2ILHA W~ fE
PRI A A 35 D) 2 B 248 o 3% 50 ) 5 4% PR R BRI, 4 i
PEA D) RER AR

S A 2 1T A o e 5 N A i SR DAY, & bl 4
TR & A X, ASCEPHEF T hiad it £
KABRRAH RO 1 B MDA SR 25 & = (14810 . BF A
RIL, BiEMIE | d B MDA &0l R, MRS
DUV b T, AR AR AR A A b 3 B G I 2 i S
KA T B NER N, X 5ahERA R B O Hik
BV LI ()2 — 801, B T7E 2 d BT MDA
KB TR K, TSR R S RS, R W
Y BT U 52 3 e BN, SRR A A, A
HIRIFTTRE AR TR, MSE k3] T & KMEH. X,
M AL BN A FA R R R O I R/NAT BUE oK
I 40 T V2028 1A S N R RS R RR RS, T MISE 3 3] )
g A B[] A DAAE R I 4 B X 22 i 1 9 1 A BE
P S B B2 AR
5 & it

1) #:F HHT (Hilbert-Huang transform) 77743 2/
TR H R AL B )L bR i AR, IR AR
TR Fr AR AL B AR 73 AR E 0.5 Hz BLIA,
RZHE iz s BB AR 0.14 Hz [t
AT, R FAL IR B R 4 5 FE AT DAL bR MSE

(marginal spectrum entropy) KRAE, 7E{55HK4 200 s

i, MSE &F5E 1.

2) {EBIEHN-0.1 MPa FZE AT, TR H
AL S BRig I 2 4% SEF (spectral edge frequency)
FIE L% SCF (spectral center frequency) 23 H SGIK
NEBGIN RN A A RS, ShE A R BRSO AR
52 Mk, MSE NI SEE I~ A&,
T BRI )AL R B AE B AP Caction potential) 145 53 H
{7 VP (variation potentials) F&[FI{F F 145 3 o

3) EBEMIET, TKH SR SENENS
AERA R BEEE O ERIGINE —31, HaRERSEN
/N5 MSE BN — 201, O RN BUME R K
I 40 T V202 128 S N R B FOBR S, MSE R UEAE IS
[F) R RAAE g ety 40 B x5 02 a1 R 75 R o B e
PRLBE AR 3

TRIEVZE I8 T T KB B M Fr v AL a2 s 1S R A1
¥ SEF. SCF. Q {8/l MSE {254k, £ Al fext LK
AR D REARAS AT Lt . FEAC A TC ks, AT
PE VS AR 20 A S B TR e ARG TEE i 1 g
FEREFNPEM o

(& £ X ®M
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Changes and significance of marginal spectrum on maize leaves
potential fluctuations under osmotic stress

Liu Kai®, Xi Gang®, He Ruirui, Yu Ningmei?
(1. Department of Applied Physics, Institute of Science, Xi’an University of Technology, Xi’an 710054, China;
2. School of Automation and Information Engineering, Xi’an University of Technology, Xi’an 710048, China)

Abstract: Leaf potential fluctuation comes from the changes of membrane potential in leaf cells, it caused by ion transporting
across cell membranes and related to electrical coupling between cells. Understanding the life information behind leaf potential
fluctuation is of great significance in study plant signal transduction, stress resistance evaluation, ecological and environmental
monitoring, growth regulation, precision agriculture and many other fields. However, the leaf potential fluctuation of plant
shows a very complex and non-stationary property. This complexity of the leaf potential fluctuation is the characteristic of life
activities, but it brings great difficulties to analyze the information from the leaf potential fluctuation. Traditional signal
analysis methods based Fourier Transform are only suitable for linear non-stationary signal processing. Different signal length
leads to different results. Wavelet transform needs to pre-selected wavelet basis function, different wavelet basis will produce
different results. Hilbert-Huang transform used in this paper is a new signal analysis method, this method avoids the defects of
traditional methods that using stationary signal to compose non-stationary signals. Since Hilbert-Huang transform has higher
resolution in both frequency domain and time domain, it is a more adaptive time-frequency localization analysis method. Thus,
the interpretation about the potential fluctuation of plant leaves based on Hilbert-Huang transform can be more accurate. In this
paper, the maize seedlings were treated by polyethylene glycol (PEG) solution of -0.1MPa to form osmotic stress, the leaf
potential fluctuation in maize leaves was acquired after osmotic stress 0, 1, 2,3 and 4 days, the Hilbert-Huang transform was
used to analyze the variation rule of the leaf potential fluctuation. After made the Hilbert-Huang transform of the leaf potential
fluctuation signal of maize seedlings under different stress days, respectively, Hilbert spectrum and marginal spectrum of the
leaf potential fluctuation signal was obtained. The marginal spectrum characteristic parameters such as spectral edge frequency
(SEF), spectral center frequency (SCF), marginal spectrum entropy (MSE) and action potential sensitive index (Q) were
calculated. While acquiring the leaf potential fluctuation signal, malondialdehyde (MDA) content and chlorophyll content in
maize leaves under osmotic stress were also measured and analyzed. The results showed that the marginal spectrum of the leaf
potential fluctuation on maize seedling leaves was continuous spectrum which frequency distributed in 0.5Hz or less. The SEF
and SCF of the marginal spectrum showed a trend of increase first, thenit decreased and increased again along with osmotic
stress days. The trend of action potential sensitive index Q was opposite to that of the SEF and SCF. The study also found that
the changes of the MSE about the leaf potential fluctuation on maize seedling leaves was increased first and decreased
afterwards with stress time. By comparing the changes of the parameters about marginal spectrum of the leaf potential
fluctuation on maize seedling leaves during osmotic stress and changes of physiological indices MDA and chlorophyll content,
we found that the MSE peak time could be used as sign of self-regulation and adaptive responses limits of leaf cells under
osmotic stress, the Q value could be used as a sensitivity standard of maize leaf cells responsiveness to osmotic stress.
According to the changes of the marginal spectrum characteristic parameters of leaves potential fluctuations in maize seedling
under osmotic stress, it was possible to realize real time, in-situ and nondestructive evaluation (NDE) of maize seedling leaf
cells functional status.

Keywords: crops; osmosis; stresses; maize; potential fluctuations; marginal spectrum; Hilbert-Huang transform



