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(fuzzy entropy, FuzzyEn) &%, &M Ok 5 4LIR £
WFST E A& ZE 114 MSampEn kIt A Sl it
ISR S Je 152 o B0 49 1) 24, (HIX LRI G4
A58 P v 07 A1 R ES A DA AR SF g e B, R R
T 0 I, S AR B OGN T B, TS B Y
WAL 5% T AN T 3l G b 57 B R Gk Bl B E KA
WRZE IR FE, e L oe A R (R RS 0) M
2, AT RE 2 BT 1R R B 38 O, AT 32 i s S i
BN T 1, R R s 30 23 A bR B0k AR IR G e pR 4L
TEAFAE AN RE 56 4 I Wl 52 B ) BRI A0 B SR g ok 3R
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JE RN AR (1) A1 308 0k R e 30 35 2%,
BV 308 o R R 6) T 41 R AT S R AR, T A 9T
E S o 3K A 7 2P S 3 AR BEAT R A I
TCVE Il R R A S BRI K, B RAE A < I A0
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JUSAERAE |, Huang 25 7] $2 1) 28 56 45825 0 fid
(empirical mode decomposition, EMD) & — Ff' 52 4=
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Amoud % 18] JF EMD £ R AL 1 T AL
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hy BEAl € X2 AR BRI (multivariate fuzzy en-
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HH S, AR A [ 5E A 1.

2) x> r 4 [N B ZIEAE T RGN
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B

Hik, A SCER Y PEME RIMER, IRk (1) U
R 1) ek EOE 2Ok BEARASOR SR J& J& oR 24 (ideal fuzzy
membership function, IFMF).
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A X FOR MRS, W Ve X Hx>0,
JA(x) € [0,1], FR A(x) A1 X F s s 1 ok 5, OF
Fren (2) 2UHh Ik 1 8 OB 4 P PO S e
e

AQ) 1 (0<x<r) @
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CUAT SCHRIF T AIE SE B A8 8 FuzzyEn [¥] r {H A
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H 5 FuzzyEn [FIAE SR8 B2 2R 25 IFMF), B G HUAS
A r B0 R 50 45 R 1) s e &L/, IS4 5T PEMF
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LT & SCHER Y HRY 2347, 1% 218 CUE IR
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25 R ) AT I A 28 P R AT YA T B AR BR B A 1 4
S, O UE BRI URBSC 4 AT 5K IE A2 AR X B A BR AR AL
(F) 35BN 3 R 5E R, HRV A& 1 X PR Uik e
S FNEY 5 1A% S, — MR A O U W 48 1) B AR e Pk
(systolic time interval variability, SIV) Fl.Co I 7 5K [7]
AR 5774 (diastolic time interval variability, DIV), 4=
HRFFTR W] HRV =226 DIV KRB, 17 STV AR
A SR N, T AR R B o JE St i (00, B A1
F3rh RS, HRY JPHIA G HA 1/ f 4040,
ICATE T i DA A X — A R AR A, X
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BESK HRV T2 DIV KR, 84 DIV JPHIA &
W B 1/ 434, HRV Al DIV 541 2 8] 4
FAAEAE FEM AR PR A B R, IX IE S AR SCAE FH X
KT HVHEAT 53 B 0 H R

AT HRV F DIV [P AT 2 B R AR E
3T (BLR 3 HRV-DIV 8 2% ), #8597 HRV Al
DIV (1 AEZk PEAZ T 5 20 AR O JIF T it 1 7%
FEME. A, A5 min O HLEE (ECG) AilfH]
Ak 1 5 min Bk (PW) A HRV A
DIV J¥41, B AR d kiR n ™. ¥ %, X ECG
T PW B HEAT TRAR B, A FIBAR VL L% -4k ECG
HfR) R P B 127), JE LA R P2 A6 [ PW
o /MBI KA 53 590 Ay O ML 4 3SR (B A @)
HUE S M 31 26 1 E 5 2 (BRid o b), AT I b Al
SRR a S22 06 PW [ 2245 16 5 KA kO
WL 4 0 2% 1 21 (B B &7 7R TR 4R B 21, ARl ¢
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) MR BEAT 2 M. v SRR S AR SO 3 Wy
R SR —Be A Bk e i 2 AR Z
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Abstract

Multiscale multivariate sample entropy can test the multivariate complexity, which is accepted as a kind of reflection of nonlinear
dynamical interactions in multichannel data. It is however relatively unstable due to the rigid ranking scheme used in comparison
among different patterns. It is not applicable to the nonlinear and non-stationary data because the multiscale framework used is in
fact handled by moving average succeeded by down-sampling, which actually has a premise of stationary data. We substitute a fuzzy
membership function for the original rigid one and compare the performances of different kinds of fuzzy membership functions.
In addition, we employ the multivariate empirical mode decomposition (MEMD) to capture different scales. Results show that the
substitution of fuzzy membership function brings in significant stability. It is much more obvious by using the introduced physical
fuzzy membership function (PFMF). Also MEMD could capture scales more robustly. In conclusion, the introduced PFMF- and
MEMD-based MMFE perform best. Final analysis on the interactions between heart rate variability (HRV) and heart diastolic time
interval variability (DIV) validates it. In addition, the results show that the multivariate complexity between HRV and DIV decreases
in aging or heart failure group but in a distinctly different decreasing manner—it deceased at low scales with aging, indicating a loss
of short-range correlation but both at low and high scales with heart failure, which shows the losses of both short- and long-range

correlations. Studies in noninvasive detection of cardiovascular diseases should benefit from the above conclusions.

Keywords: multivariate complexity, multiscale multivariate fuzzy entropy, physical fuzzy membership function,
multivariate empirical mode decomposition
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