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L HL [ (electrocardiogram, ECG) 12 Wi .Cx JIE 2 9 1Y 7 k% b o, 225K A5 250 1 B W 7 1 o 1 M o 4 ECG
55, £ 53 f# (empirical mode decomposition, EMD) J5 ¥k H @ ECG {75, #:01R & M i R X
SrEIRAN UL 5 B, 3 E # ECG (55 R BEREAR, HOy oA BA 338 i A . A8 SO e TR
Ay Y948 s B —Fh el ) EMD Jr ik —— B 3 (E AR X 43 ## (integral mean mode decomposition, IMMD)
J5 i, 28 5000 A5 30 F R RS RE AR A9 52 4% R B L IGUE, IMMD 7 5t EMD B B AL Z 0 BER M e 11, g
HRME AR S. R, BT ECG 55 W A O3 P BARE 1 3 F & ECG 55 Ik A X i,
HA ISy 30 S, Rk, J5 s B 3 R M. 800k, B2 O ik 47 6] ECG 55 55 ECG 5 %5
FR AR OC ZR B0 s 31 AL T A8 Jr B 4 ik U5 vk 33 B0 T Haar /N AR I 125 42 40 T8 Mg S i =03 i s
5 45 BIOET EMD J5 1. A OC R B A 0.8904, 724 0.0071, R E H il

A L, WL, LK, UM MR

PACS: 87.85.Ng, 87.57.nf, 87.57.cm

> HL & (electrocardiogram, ECG) it 5% ) J&
OHEAEFEH S 255, ECG Kt —f#tilit ECG
P, QRS, T FRHEHIETE | B i (IR 512 Wi 45 Fl
OB, 1N P EOERER, HARIE = 0.25 mV
FIWT A AR K P, R EWAEER > 0.21 s 776D
FALE TR . I, ECG fF SRk H, tn]
AEFEUL ARG IRIZ. SR, ECG 55 &MLk
PEARFRREE S, W RS TG . RS — i
FEWIZE: 50 Hz (TE—2E[E %R 60 Hz) HLIEZ TH
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FhAE L MR 5 Ab 30 7 32 0 F T IH B S i e 75 )
# ECG 157, (HA R i ik A fEfE Bl s, J A M
JEAA NWGEE. Horh ) [ N I8 U i A A bR 4
WP A S {5 S 0 A SRAE S (singular value
decomposition, SVD)I" /N B{E 2 B9 dr ) B{E
I /NE AR EAR, SO R B T E A, JFH
I (AN B 3 1 M P 7P P i 8y 101,

28 5 15 X 3 f# (empirical mode decomposi-
tion, EMD) J&—F 7 1 i H ZHE IR 3l i AR L A5
APk M AT LAy iR SVD RN IR s =
0 A SR, A T A R AR BT S 1) B 2R A
B3R R ECG {5 5 J J i 58 1S 2R,
EMD S N # @ ECG {55 AFE M) 1) bRt
BiZ5 43 (intrinsic mode function, IMF) 2 [A] 1)
B S, FEECGE 5 HAEANEM. L0548
il 53 % (ensemble empirical mode decompo-
sition, EEMD) M LA & 78 43 #5543 i (variational
mode decomposition, VMD)!! & 4% 2% fif 455 2 11
&, IFC T ECG {55 11 M 0 e 16171, 4K,
FeAgE X, X —4 ECG {5 %, EEMD #7722
TS 2 R AT e 5 3 1)l B W 7 ot RT3
VMD [AIFERR 2R S 2 Ui F e B A3 1 o i 2
B OTAFSA MR Rt S SR, TR, PR R
AT BiE N BAEAEHN. 2) fg ECG 7%
KA 5 T TAEE R ) 180 RN EA
i HYE. SR IMF (AR - YME . 2% 580t
RO B B (AR IMEF, [ (3 T2 s i 20

AR IS0 (extremum field mean mode
decomposition, EMMD) P! J&—Fh kit ) EMD J
. EMMD % i 145 #4 {5 % B (integral mean
value theorem, IMVT) R {5 5 #{H, REWSHY 55 7>
{55871, {H EMMD H3E 55 5 A7 AE 1 50t
[B]RE. >4 T EMD N — L S Ed ECG 17
SUE B, (R EOR IR By v B A E
P, AR —FhEE ECG A S#H L. vk
T SEHE EMMD, {48 IMVT {8 7 ot i
BN AL S T X5 F EMMD, 48 3¢
PRl ) EMMD FO BV A(ERE 0 (integral
mean mode decomposition, IMMD). Z:5u Uk Al L)
KB, IMMD [t EMD HA AR 250 BER i fiE
1, HH T AR Z i IMF Z R ATRS. H
WK, O FL I Bl O LA AR A BRI 52 A 3k A % 0 —
ASEEO SR, ik, ECG 55 2303 &

IR 3, H IMF i[RI RE 80 0 o 47 ] 40
FRAE. A SCR FL sh 4 38R AR E R 58 T ECG
H9 I IME, U007 245 & ECG 5 5 M Hi A
T, HARUEEE ECG 15577 k1 [ & I S F .
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1"/% xi(t) (ti St< ti+1vi = 1’25"' y 0 — 1)?‘71%‘
F o (O)AH B IGAARL 2 () B 2 (tin) Z 0] 1Y Jm) 738
IMVT KA S R 2 (t) AR

tit1

> @), (1)

1
tit1 — ¢

m(t) [ E TRk st = bt BT (1) #ok
TR SRR MBS, =R S A BB
ML m(1).
JEARIE PR AL (proto mode function, PMF)?2
1y
PMF() = a(t) — m(t). )
IR AR — K BME I 1 1Y, PMF 1224 PMF,.
PMF, fER—AHi{5 5, R E R HE LR &
(k= 2,3, )k, 153 PMF,. *4 PMF, i 274
i 455 Lk D) (11):

T T
sD=Y" [|PMFk_1(t)7PMFk(t)|2] / > [PMFE (1))
=0 t=0

<0.2—0.3, (3)

G V15 11, PMF, Bl 2l IMF1L. K43 i i (6) =
1(t) — IMF1AERHE S, R FlR A o 215 2
IMF2. [FJBE, A f3HA IMF 40 KR4y ot r(t).

& R TR 4B AN, EMMD J7 v H AR AR B4 )
FRYIME my(t) F1 omy () AR 38 22 1810 A
tip1 AFME, B

m(tiv1) = h(t:)mi(t) + h(tiv1)misi(t),  (4)

Hor,

h(tl _ 1+1 z’ h(ti+1) _ 1+2 z+1.
tita — t; tita — t;

IR, m(ty) BEHFBE AR B J2 my(¢) 1 my (2) BT
AR B ER. JF HIESE0E I, 5 S8 %
TG 3 P 2 AN, B2l BUE 5 i ar
fif. PR, IMMD J5 AR F R B8 E 28 = IRk 4%
TR (A M £
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512, HME R 0, FF 224 1A E 307 R A SR AR AR
S EN T 4518 EMD 220 F /N AR #: Mallat 55
L BT -AEEMEEF QM4 (3=
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P, DABCUEEA 5 2 A 1 e

IMMD 43 fiff B~ 2 7 MR PR A, 153 20
10 4~ IMF. XA FEAHH R B 4L IMF SR 73448 5L
IR 5 LA 1(a). IMF1 A 2YS T—4> 8
UE AR, HAy IMF S5 F— 4 S m ey, H
Je— IMF S550H7 8 U 25 O MR 24 2 i — IMF
SER0HT I R U A% O R 2/3. IMMD 7k 4y
i e 0T AR 7S AR TR B AR A, HAEA =Rt

B IMF1 4), J5— IMF 25300 18 38 I a8 e
Vi BE R ECEHT— IMF /% 2/3, Bt LSR5 18 38 3
A EAE QMR I, IMFs TR 74 B

---- EMDIJIMF1
---- EMDIMF2
---- EMDHIMF3
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L EE /B
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---- EMDIMF6
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---- EMDKIMFS8
—— IMMDHIMF2
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—— IMMDJIMF7
—— IMMDf#IMF8
—— IMMDIIMF9
—— IMMDHIIMF10

YR /B

1073 1072 107! 10° 10!
IH— i

K1 IMMD Fl EMD J5 3 73 w5 57 WP B0 S8 2008 e 1
MR (a) IMMD (SE4k) 1 EMD (HE4R) (# IMF 43 i 1)
T F G (b) T (5) X, IMMD (3248) fl EMD (5
£0) 1) IMF 738 (1) - 2 D) A48 P4 5

Fig. 1. Equivalent filter banks of IMMD and EMD decom-
posing Gauss white noises: (a) Averaged power spectra of
IMFs from IMMD (solid curves) and EMD (dotted curves);
(b) collapse and coincidence of the average power spectrum
of IMFs from IMMD (solid curves) and EMD (dotted
curves) based on Eq. (5).

AR 23]

Sk (f) = S(p" 7F f), (5)
Hor S (f) 2255 KA IMF 9 Zh 338 (Se(f) &5
EA IMF B IR, & >k > 2; p =W, X F
IMMD, p =3/2, XF EMD, p=2. %F (5) 2%t
SRR A, BT A IME i 235 4
FEEG N KN, XTF EMD, 47 38 4R S
B ARMTN Sy, TR SRR L 22, 28 ek
2%, T EE Y p (H2h 2.0120. X IMMD, 4%
SCHE T R A O T RO R B B A R
AT EMD, WESEH0 0 I8 I 25 41 1 -2 %
TEAREILZE R AN 1(b) 7R,

IMMD 43 fiff e Hr 11 e 7 S5 20 i g 2 4 AT =
SR, SEREIER M T EMD (1), DRSS
AR E Q MR T EMD, ik, HA
U2 BRI HTRE 1. B ik 5000 A 25 87 11 e
FREA B SR R P TR SR Ak, ARSI LT
KEBIEIL, KBIEFS38]: #H EMD, IMMD EA
A1) 257 BER AT RE F1, 7T LA S 2% A IMF
sri 2 RS

2.3 ILEhIEERAEIR B IMF

ECG ff %Rt AR OIS S E S, BA
OB IR R, e IMF 4306 5 900 20 S50
0% (heart rate, HR) H#{E.

fE—> IMF 3] ik R 120

IMF = a(t) cos(¢(1)), (6)
Horo(t)y IMF 85 % 8 4, a(t) 2 IMF ik 15 4
il 2l JE A RRAE 3 2 PO AU E I F IMF 434
1) J&T ECG 155 1K IMF, .0 8h R aE/EH
T a(t). BLrT, IMF 205 Fa 2% A 0 3 i A
TP, A4 AR v e R IR 1 X 7 A % 45 T HR.
2) BT ECG {55 =By IMF, L sh R R VE
TS @(t). BLit, IMF JAT JE 0 sl 0 1 il 4
P, i v s R R AE X A HR W5 (B
WO 1—31%). MR PE IMF /i A RER I [k
P B JE R

2.4 IMMD B ROSHBEHERAER S =
BE ECG A%

£
AR
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2) R & —~ IMF () Bk oh Rk 25k
SRIEERT AT HR, W IMF 352518 ECG
5545 it;

3) XA PR 2 AR BN G ECG 554 & 1)
IMF, R H BE—A~ IMF TR i v e K (e X
N AR AT HR B ES, W IMF Wil 518 ECG
EREDiN 8

4) R EAFAE N ECG {7542 IMF
FHE ECG (55

3 SEIINIE

3.1 105 ECG 52 126 521§

PEHR MIT-BIH (03K 5 £ b 105 ECG.
JE 7R B0 b BWOFD MA B 27 s fma i,
T 105 ECG 55, RN 360 Hz, KK
4 3.6 x 10°, HR Z5F 1.4 Hz, (& 2 s, vl 0L,
Ji 105 ECG {55 WM e 1o Yo fie FE A%, AR
IR S ) R AT

IMMD 43 &1 105 ECG {55155 IMF 435

Fe HADEZKANIE] 3 7, X R an &l 4 iR . IMF1
FIIMEF2 K A2 (AT, W B o s A%
S5 1.4 Hz, DNIEEEA 2 BUH G 30 R AR
IMF (R 2 (B DL 2.3 47), B 50 MA B

2
N 105 ECGfi5 (a)
OJML\*L‘MWJ“L’\MJM
1 e e
1.0

—— BWfEE (b)
0.5F

0/’\\\

S 05 L R

§ Lo — e ©

g o5
0

_05 PRSI S S & LA
2
i —— &1105 ECG (d)
0.

_1-

-2

=}
—
N
w
~
o b
o
'
o
©
—
S

i) /s

2 FRRAMFSWIE  (a) 105 ECC55; (b) BW {5
5 (c) MA {55 (d) &M 105 ECG {55

Fig. 2. Waveform of signals used in experiment: (a) No. 105
ECG signal; (b) BW signal; (c) MA signal; (d) the noisy
No. 105 ECG signal.
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Fig. 3. IMF envelopes (red curves) and IMFs (blue curves) of noisy No. 105 ECG signal.

038702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 3 (2021) 038702
2 5
1
0 0
0.02 0.02
0.01 0.01
0 0 =
. 0.02 . . 0.04
IN ‘N ‘N
T 0.01 T T 0.02
s B3 B3
’.”‘.E 0 mE mE 0
S 0.02 S S 002
= 0.01 = = 0.01
® ® ®
0 0
4 0.10
2 0.05
0 0
0.10 0.010
0.05 0.005
0 L i 0 ik 0 (
101 100 10! 102 101! 100 10t 102 10-1 100 10! 102
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Fig. 4. Power spectra of envelopes of IMFs (red curves) and of IMFs (blue curves) of noisy No. 105 ECG signal.

P IMF3— 8 f 4% B Aattel v e {1 5t s o5
Xof o7 451 R S 0 % 1.4 Ha, £580 080 R B AF 7
FH IMF (28— Rl IMFO—12 f 85k, & i
It 1 AR AR AR A TR 3, 3, 2, 1A, iR
HIh ECG {5 518k o i, 7560 3l B I RREAE H
IMF Y55 — Rl IMF13—r %A £ 0 35
WIREEVE A IMF PR, S8 — A28 AR e
P LA R P AR MA M AR 4, BW e
gy, IMMD J7 i o s Z0W LA K 105 ECG 17
SR AT HME. 2 b0 3y E R R
IMF3—12 2 ECG 5541 &, IMF1 il IMF2 A&
AR RS | IMF 13— A IR ATIE

N T B TR RE S, A SO ik AR
AR H H VMD /MBI (B . EEMD LA EMD
FHA 105 ECG 155 #EA Xt b, A X A A vk H
#1105 ECG {55 W& 5 frs. HE 5 af b, #Hfh
T ER AR A S 4 T BW MRS . T MA MRS 9
WUEEE, TR EH ECG (5 5 R e b i
MA MER oM BRI Harr /NEERERI(E 7%, EMD
ik E R ECG 75 WA i ™ H, Hk /& EEMD.

S2prrf, EEMD XF &1 105 ECG {55 i 2 ik i
SR Z A RSO, 3302 il Bl e 75 Y BEATL
PRSI B3 5540, VMD Jrik R e R Ao (i
e HLLEASCHR vk ™, lan, 18] 5(b) HEE 10
A R P IRIEIE(E IR 14.5%, AR 3.2%.

RHE# ECG 55 ECG R 5 MM X RE R
RN EMER R, {51 (signal-to-noise ratio,
SNR) K752 (mean square error, MSE) % &
ARG T, ATk E A 105 ECG R % R,
SNR, MSE (g an 3 1 . ol UL, & i 5 ik iy
R Fil SNR {fifie K, MSE ffifi/)h, 105 ECG 15
SFIHMERE T BRAR.

3.2 47 5l&ME ECG 553218

R T 2D ISR T VR A R DL S sk
& FHME, PR HC MIT-BIH (O 2k % 80 8 b H Ay
ECG 5% (0L ECC 155 X2 L% 2),
S35 E i BW Fl MA WS F R 47 45 1 ECG
55 (B2 232 5), IRAH EiR T
JrikE g 47 fil ECG 7.
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g
[e]
o
f
|
|
!
b b

e
5 6 7 é !‘) 10
HE) /s

B 5 JH 105 ECCG 5% (0 BL) Sh R EREREN 105 ECG (55 (L0654  (a) AXH¥E; (b) VMD; (c) Haar /N 4k

BI{H; (d) EMMD; (e) EMD

Fig. 5. Original No. 105 ECG signal (blue dotted curves) and the No. 105 ECG signals (red solid curves) reconstructed by 5 meth-
ods: (a) The proposed method; (b) VMD; (c) Haar wavelet with soft threshold; (d) EEMD; (e) EMD.

# 1 HMITEEE 105 ECG (F 5 MR- E R (H
Table 1.  Characteristic values of No. 105 ECG sig-

nals reconstructed by 5 methods.

ATk R SNR/dB MSE/mV?
AT 0.9577 10.7740 0.0076
VMD 0.9572 10.6602 0.0078
Haar 0.9434 9.0070 0.0114
EEMD 0.9204 8.1126 0.0140
EMD 0.7638 3.6982 0.0388

2 FLESRARES ECG 55X L0 ALk H R
Table 2.  Type of arrhythmia corresponding to

some ECG signals used in the experiment.

IS eS| ECGEI|Z
Bt A 100, 232
P IE(E I
| 102, 104, 107, 21
L 02, 104, 107, 217
LB el 201, 203, 210, 219, 221
LR A 230
e R A% S pH 109, 111, 214
AL T B 118, 124, 207, 212, 231, 232
119, 200, 203, 207, 208, 210,
e 214, 221, 233

HFRZHR ECG [F 5 A A —& =ik
AR AR R R P E R SNR, AN MSE {8 F4 VE A
B, Pk, (SR A OC R B R X AP Ik #E 17X b
VAl R H RO B 5 4 47 B ECG 555
J ECG {5 % BIASC R B IR Ean & 6 pros. o,
AR A 3149 RAEAET VMD, 33 il R A
ftF Haar /N, 42 ] R G T EEMD, 45 5] R
{HHEF EMD.

KA EH 47 4 BECG {5 5 MM & &
B RAEMGIT SR EME 7w, SFYME K& T %
DL 3. 38 3 v, ARSCHE T Rt I AH OC R B E
B, T AR TN A, A7 AT, A S H
O VR B A T AR DU O k. A SRR R
# ECG 5 5®ohfasE M, Hkh VMD, Haar
/NI, EEMD, EMD.

%3 FHOTEEHE 474 BCG (550 R (191

1577 %

Table 3. Means and variances of R values of
47 ECG signals reconstructed by 5 methods.

A ¥ifia FE
ARSI 0.8904 0.0071
VMD 0.8826 0.0081
Haar 0.8804 0.0058
EEMD 0.8222 0.0166
EMD 0.7100 0.0143

4 it 5 &d

HH LA PR A K 4 (EMD, EEMD
M), RS IMMD 75928 IMVT R
{E, FLAT A% I BB A S A, BRIk, IMF A2 M
155 v Bl v B b B B R B . 28 5000 A 155 7 11 IR
FEARI SRR DL ST RE, IMMD J5 ik BA H
EMD, EEMD ([i] EMD J7 ¥ —#£, EEMD EA5
6 Q AT IR AR Rk ) T AR 1Y) 22 43 B oy il

FEURES, AT LA SR IME Z B RS
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Fig. 6. Histogram of R values of 47 ECG signals reconstructed by 5 methods.
L 55 ECG A5 S AL V- ¥ {E 2l 0.8904, T 25K
e 8 N 0.0071, FLA7 31 BB AL T VMD, 33 B4
osf L1 T OO FE AR T Haar /N, 42 B4R (DL T EEMD,
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I .d AL EAT B AR,
oal ; ATk, EGE B BECG {55 IMF 2
sl . SRS R, 250 HR. HR AT LU i 7™ %
P fy RR LIRS, (SR eBL. S2h7 I,
AR VMD P NN 1—1.7 Hz (60100 YK /min). fF
KA RIFH ECG 7%, H IMF 4 .45 A5
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Fig. 7. Five box-plots of R values of 47 ECG signals recon-
structed by 5 methods.
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Abstract

Electrocardiogram (ECG) diagnosis is based on the waveform, duration and amplitude of characteristic
wave, which are required to have a high accuracy for ECG signal reconstruction. As an effective nonlinear signal
processing method, empirical mode decomposition (EMD) has been widely used for diagnosing and
reconstructing the ECG signal, but there are two problems arising here. One is the mode mixing, and the other
is that the mode components used in reconstruction are identified by experience. Therefore, the method of
reconstruction is not adaptive and universal, and reconstructed ECG signal loses accuracy. Firstly, we propose
an improved EMD method, which is called integral mean mode decomposition (IMMD). The analysis of 5000
samples of Gaussian white noise shows that IMMD has better multi-resolution analysis ability than EMD, and
it can effectively alleviate mode mixing consequently. Secondly, based on the inherent physical characteristics of
ECG signal, cardiac cycle or heart rate (HR), it has practical physical significance to identify the mode
components used in ECG signal reconstruction. The cardiac cycle feature acts as the intrinsic mode function
(IMF) component through two modes. 1) For the low-order IMF that belongs to the ECG signal, the cardiac
cycle feature acts as the amplitude modulation. The envelope of the IMF component has the characteristics of
the cardiac cycle, and the frequency corresponding to the maximum amplitude in the spectrum of the envelope
is equal to HR. 2) For the high-order IMF that belongs to the ECG signal, the cardiac cycle feature acts as
frequency modulation. Those IMF components have the harmonic characteristics of periodic heartbeats, and the
maximum amplitude in the spectrum corresponds to an integral multiple of HR (usually 1—3 times). The noise
attributed to IMF component cannot show the above two cardiac cycle characteristics. Thus the proposed
method is adaptive and universal. The 47 ECG signals with baseline drift and muscle artifact noise are tested.
The results show that the proposed method is more effective than the variational mode decomposition (VMD),
Haar wavelet with soft threshold, ensemble empirical mode decomposition (EEMD) and EMD. Among the 47
correlation coefficients between reconstructed and original ECG signals, the proposed method has 31 better than
VMD, 33 better than Haar wavelet, 42 better than EEMD and 45 better than EMD. The mean of 47 correlation
coefficients from the proposed method is 0.8904, and the variance is 0.0071, which shows that the proposed

method has good performance and stability.

Keywords: electrocardiogram, reconstruction, heart rate, integral mean mode decomposition
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