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Abstract: Multi-fractal detrended fluctuation analysis(MFDFA) deals with the problem that non-stationary time series
has trend items that are difficult to accurately remove. For this reason, this paper introduces empirical mode decomposition
(EMD) and adopts trend items The automatic determination method extracts the trend item, and then uses the least squares
(LS) method to refit the trend item(EMD-LS), and then proposes a new multi-fractal analysis method(EMD-LS-MFDFA),
and the binomial multi-fractal sequence(BMS) of theoretical value verifies the validity and stability of the EMD-LS-MFDFA
method, and then conducts simulation analysis. Research shows that compared with the MFDFA method, EMD-LS-MFDFA
has higher precision in removing trend, and the calculated generalized Hurst index and quality index have a smaller root
mean square error. The calculation accuracy of the second-order EMD-LS-MFDFA is 1.8 times higher than that of the first
order. The multiple scale curve is consistent with the theoretical curve by analysis of the BMS sequence of different parame-
ters, which proves that the algorithm has good stability and accurate analysis ability.

Key words: multi-fractal; detrended fluctuation analysis; non-stationary time series; empirical modal decomposi-

tion;least squares ; BMS signal

1 5|8 F T RS RRE AR RUBEA T R, R T e R R S 1

TE T A A P 1 T v A RS BT 45 B0 22 MRS B 1 o3 A LA, $e s 15 5 R T ) B 2 s 1515
TR A, R R (R S AR B FE Kantelhardt %548 19 2 S 008 2 )
IEHERT . X T IERIES , 2\ NERGARLF M sk (MFEDFA) , BG4 il 5 TS0 81, AR A skt

R FAB - 2020-11-26 5 1 [8] F 18 - 2021-05-06 5 F4T- 2 4 - B4R
FETH T B EF TRHEIH (No. GIJ170988); E R H AR B4 4 (No. 51969017); 75 5 T RE2EBE i 78 4= QB3 4 100 H (No. YJSCX202018)



2324 H, ¥

EE 2021 4F

HAR SR A R R A AR R I R, R AR D
Yang'® | Zhang X 5“4 MEDFA J5 32543 51 187 FH i i A5
SEAERG S BUS T AP 5 . MEDFA Jrik
BRE e T HABE R S R o 20X (H bR fE 5
)RS RS N P AR W A WS/ W9 R N B
FYE. i, Ao st sk AT T RS . e, 2R
PR RS S8 05 AR 2 A A T R A
ARSI . T 255 | A Z2 1005 R = 3 R BOKGE 0 30 e 24
T, Ge X ZE TR T —Fh 22 B £ 408 F a4 1A
KAYMTIT Tk IRl EAER T 5 A R

E2 B3R D7k BSOS S = A E M, BJC
FE AR AT A (AR R AT A, T EOHE BT HORS M
EAR M. b, AR SCIR I —Fh 3 F 2RSS
fife-toe /N AL 1) £ H A3 T8 2t Bk B 4y b O vk
(EMD-LS-MFDFA) , Bi5| A —F 4 X EMD f#9 #4 #4351 §
By H s AT ok AR SRR R e A AT A, O
/N TR AR LR B A B ) R B [ B G
L IR OB S5 RAE P SR TR RUEE T 19 )R
L 1) R =R (U A R0 | 2 o TR i1 v £ £ 228
TR ZEEFEY] (BMS) , I H L2 F bR 1S
B S0 B A 3, T8 S (B P4 A SC T 4
BRSO P AR et

2 MBS EAH

2.1 EMD 5&BImAZHIE

EMD & —Fl' [ 3 0 1915 55 o0 i b 315 2%, Be g i
AT R SITAR O UE SR A5 1 % Tk RE AR i
FI B R RHE KT 503 A TS ASEAE R 2R (Intrin-
sic Mode Functions, IMF)Z Fll. Horp 44 IMF 43 53 /2
DAR AN o St 3 Bl A b A A0 5 1 A
ik % AR EH 2 TR 85 B8 22 AR 25 — A s HORAE AR AT
— b H R AR R R E SR A 28 R 1P B E T e Ry
Fde/IMELE SCRALZE R 1 EHE R 2 L BT R IR S
Sx(i)(i=1,2,+,N),EMD 5t 1] /R 4

x(i) = ch(i) +r, (i) (1)

KD, n N IMF 235 ¢ (0) A8 j A IMF 43
HG=1,2,, n),r, (D) NESERAN R

TERAAE U B r, GO AVE R B AR 15 5 1Y e 2 a3
T AEAE SEBR R BT A AL A T — IR
IMF 435, 5 (0K r, (O A/ D B 28 R 3 0 4 7 A B R ik
2. I, B R AR e N e — 4 IMF 4 i,
JE AR S5 I n] BE RS T4 IMF 49 22 31 e J5 —
AN IMF A3 AT, ] it (2) 26

M(i) = Zc_,.(i) (2)

R RE TIE , 51 A EMD E #4305 80340 % dEN], 7] i
H3)FR:

>y )

Z = N
> x(0)

FHARTE UL R, Z=1 W n] 3545 TAA , (0 A8 SEBR R
it Tzl . G KED E a0, IACHELZ>0. 95 H
AR A4S T, SR A5 S A M ().

2.2 HAEMDWER/N_SFE

/N AR R —FRE R BEALE S AR S S
RASATIT A AT R0 5, B T LA T R S 4 R 75 i 2 M
B, m DA B A B 2 02U A #a 44 EMD LS
AR T LS BRI A BRI, SR 1T, PR AR IR
JEZAb JEMD T ICHE 58 2 e 5 S B8O ISR
B L N 3 a5 007 S5 1) B, LS 7E Xof i 32T 2R 5 114 SR i 3k
T R — 2 Y e B0 R, Z SR AR (S S B R
BRI, AR SO L5 A, K EMD 43 fift 3R A5 1 #
T, AT LS UG, o MriZ o e i A1

WA A E T BRI M G) N LLf R
B (i=1,2,---, N), FHH K 204804, i
A M2 T 2R .

w(i) = ibkak (4)

KD ca=ilf, b TR EL. TR b, R
NSk e LR BB (5) R -

N

E(h) =Y [x(i) - w(i)

Z{x(i) - ;bkak:|

Xt E(h) e LS SR /M, 2 (5) Fxt b,(1=0, 1,
2, KR, I H N 0,0
nglziZTZ[x(i)—;bkak}[—al]zo (6)
FRHEE(6) 51 H1 AT ZR B R A TR A 0 b, (H
HAFHAFATIA A L, ] EMD-LS 2B e 2 A5 N «
R(i)= M (i) - w(i) (7)
2.3 ETFEMD-LS # MFDFA &%
B BE AR Ao it 18] 8 R (k) (k=1,2,3, -, N) , 3
T EMD-LS () MEDFA B30 B8 U0 F
T, L AR P AR AP 51« (k) % T 348 1 SR
BEFIYG):

(3)

(5)

v(i)= Y (x(k) - 7) (8)

(&) e Frn AR AR ] 51 A I
K Y (DR 53 Ry SR DX TR] B4 1 X)) B2



% o12 M B4 HE T EMD-LS (PRI 18] 781 22 S8 2 a3l sh e i i ik 2325

Fs(k+2<s<N/4), A5 m=Nis A~F X[ (N R V()
AR BE ). A PRI m 2 B, FE N Y (0) (9 S T[]
K15y —k , RIS 2m A~ X [H]

SRIG LRI EMD-LS 3405 45 o > X ) B0 4515
R (i), THBREE o > F X H A SR i 3 55 o 1 IX
[ EE S5 R () R iR 2% .

S 2

1
F(s,0) = ;Z{Y[(” -Ds+il-RG)} (9

K9 Hr:0=1,2,, m.

s

F?(s,v) = %Z{Y[(N -(v—m))s+i]- R,,(i)}2 (10)

K (10)H co=m+1,m+2, -, 2m.
e, SCAE R 83 51w (k) 19 g B % 21 bR
IR

wa=t;§ﬁﬁuwnﬂ (i)

B, A5 PP AU AE A AL, WP sl s F () 5
SAPAERFHR AR, X (12) Fri
F,(s) o 5" (12)
F(12)F h(qg) R L Hurst 18 5%, e /N — T 2 14
B F () 5 R s T mbR A HAR . 2 h(q) B g (722
ACET, WHEF-RR B 8] 731 o (k) HAT ZF 53 TR AR
R AE Kanterhardt Z: (A1 5T, | X Hurst 854 h(q)Lﬁ
AR (@) W R WX (13) s
7(q) = gh(q) - 1 (13)
FIH Legendre ARfe v LIS B P 51 A9 A S B o F
ZH 5T (o) , W (14) I (15) Ffros

o = hig) + g8 (14)
dg
Sla)=qla-h(q)]+1 (15)

3 BMS/5S#3E
ARSCIEPE BMS 5 SR F FA KA N = 2"
ry AR A B AR )8, e 8 =C (16) M3, B .

n(i-1)
o]

Hot,n,  Fp ABJEE OZF IR £ BB n (D FREE i1
FRPRE IR T LA L. S Ep =0. 3,0, =10,
A A 1024 1) — I Z P H, A 17 .

0.03
p,=03

0.025f n_ =10 T
0.02
E0.0I 5
0.01
0.005
0

0 200 400 600 800 1000 1200

SRR
1 X ZEGET

2T AN BT AR B () SRS B p, T 51 5l
PRI B8 g B e 3K, s (1 7) s -

_ In(p,* +p,*)
=-—715

Horp ,p,=1-p, (0. 5<p,<1) )7 X Hurst ¥8 %8 h (¢) 5 £ H
SHIE AT SRR o M2 H M TEAE () AT (13) ~
(15)3k4%.

A AR TR A XS X Hurst 75 41
h(q) Jtitta4 7 (q) KL KR Z BT fa) NI 2 7R

M 2 ] DUE ), BRI 35 BT A5 A9 Hurst 458 %K
h(q)7&— 25 B g 35 KM/ R R, 7 () BR g Z A7
WA ARZRME R R L f () B — SR BE T AR o R ALY B
W i 2%, X X W) BMS 485 0 A B i) B[R] 7 51 2 A 2
SIIEREE TR, AT L B ph BMIS A5 R A A AP AR
N 1) e A S AR SO g A TR 42

(17)

1.8 10 1
0.9
1.6 5 0.8
14 o 0.7
0.6
§1A2 %5 §0'5
04
1 10
03
0.2
0.8 15
0.1
0.6 20 0 . .
-0 -8 6 -4 2 0 2 4 6 8 10 o -8 -6 -4 - 2 4 6 8 10 04 06 08 1| 12 14 16 18
q a
(@ h(q)~qMIXRE b dg)~qHIRRKA (@0 fa)~afgRRHA

E2 BMSTE5HHLISTT LR



2326 H, ¥

EE 2021 4F

4 HiESW
4.1 ERigt

WS p,=0. 3,n,, =10, K FEH 1024 1)~ £
FHMEF 5, H EMD-LS-MFDFA 1 MEDFA J5 33145 1
FEEE . A PRAIE R F I 0 A v A sl iR B AR e v,
DX ) 4K BBE s BB Ky 4~256, g I IUE R —10~10. )5 fili
LA HLIF R i 2 I R g R e S AR iR G O
MFDFA J5#: A1 EMD-LS-MFDFA 55 AU 30 2 10 2
(8L 4 B 0, B B d=1, 251 FF 43 130 A MFDFA-1,
MFDFA-2; EMD-LS-MFDFA-1F1EMD-LS-MFDFA-2.

0.2y

" —— MFDFAI
—v— MFDFA2
—s— EMD-LS-MFDFAL |

0.15%
—#— EMD-LS-MFDFA2

0.1

Ah(g)

(@) hq)S5HEMEEXRRE

4.2 EEREWESHT

Wit AN SEGER, DL IR h(g) Fl (q)
5 BMSHIR A AN 3R 1 firos , 5 B i 25 (8 5C R WA
3~ . B3 1A%, EMD-LS-MFDFA ¥ 4515 (19 45 3 L
MFDFA VE 45 B HEfE . [’ 3%, EMD-LS-MFDFA 5
FRIB AR AR 22 (I SIARXT MEDF A 32 B A5-45 L 0 R F-2%
HATE g<O B, A W] (L5 . MFDFA-1.MFDFA-2,
EMD-LS-MFDFA-1.EMD-LS-MFDFA-2 LA XS {E I g B
] S Hurst 48 5000 AR AR Ah(h, — h ) Fll g B T 48

BH0 A5 LR A (c — 7 ) 132 TR . WAk

max min

EMD-LS-MFDF A 1A Ak (q)FT1AT (g E TS

1

At(q)
(=}
W

—o— MFDFA1
—s— MFDFA2
—a— EMD-LS-MFDFAI |
—+— EMD-LS-MFDFA2

b) dq)SHEILMZEMLRE

B3 Hurst 85046 205 BSE Y 22 HC R

%1 RESHEHRSERIENA(G) M ()
MFDFA-1 MFDFA-2 EMD-LS-MFDFA-1 EMD-LS-MFDFA-2 BMS B E
K h(q) 7(q) h(q) 7(q) h(q) 7(q) h(q) 7(q) h(q) 7(q)
—10 | 1.779 —18.792 1. 836 —19.362 1. 697 —17.975 1.636 —17.356 1.637 —17.370
-9 1.767 —16. 905 1.824 —17.419 1. 687 —16. 181 1.625 —15.629 1.626 —15.633
-8 1.752 —15.020 1.809 —15.476 1.673 —14.387 1.613 —13. 904 1.612 —13.897
-7 1.734 —13.135 1.790 —13.533 1.656 —12.593 1.597 —12.181 1.595 —12.163
7 0. 702 3.913 | 0.680 3.758 | 0.681 3.768 | 0.692 3.843 | 0.657 3.598
8 0. 687 4.498 | 0.664 4.310 | 0.669 4.352 | 0.676 4.409 | 0.639 4.115
9 0.676 5.081 0.651 4.860 | 0.660 4.936 | 0.664 4.974 | 0.626 4.630
10 0. 666 5.663 | 0.641 5.410 | 0.652 5.519 | 0.654 5.538 | 0.615 5.145
2 ARSUFEMEIRERGERERENELIRE TR R g BT X Hurst 3850 S LS (E LA AR
WFDEAL | sEDpan | EMDASS [ EMDLS [ 7 T EMD-LS-MFDFA-1, 1£ ¢>0 (3543, W AR 52 . 1K1 4(b)
MFDFA-1 | MFDFA-2 i, 230 A 1) MFDFA 7% <0 B35 453 , g B B 45
Ah 1.113 1. 195 1. 046 0.982 1.022 ﬁ/ﬁ\ﬂj }%ﬁﬁﬁ@ﬁ%JE% EMD-LS—MFDA'@MFDFA?T
Ar | 24.455 | 24.773 | 23.494 | 22.894 | 22.515 BT >0 I BIREARAHE A 145 R . I’ 4(o) 7 fa)=1

[ 4 & EMD-LS-MFDFA 5 MFDFA /77£11 h(q) .7(q)
M) EE . WNEI4RT LI, 1 EMD-LS-MFDFA 51
BRI L S h 2 & B = BV S FREE = T MFD-
FA T3 . K 4(a) 2, 7E <0 1935543, EMD-LS-MFDFA-2

A £ 4) , EMD-LS-MFDA 5 MFDFA kg ) £ &
O3 55 B (% P 24 P AT, 76 o) =1 A4,
EMD-LS-MFDA-2 Fr 3515 89 £ & 43 T2 it 5 5 BLiS (E i
FEIT.



o112 M

B4 HE T EMD-LS (PRI 18] 781 22 S8 2 a3l sh e i i ik

2327

 MFDFAI 10 0 ;
1. ——MFDFA2 5 08
1.4 ——EMD-LS-MFDFA1 0 0.7
— 1.4 _ < 0.6
=5 =0.5
=9 —— MFDFAL o4l ff — MFDEAI
10 —— MFDFA2 03 —— MFDFA2
1 s —— EMD-LS-MFDFAI o —— EMD-LS-MFDFAI
- —— EMD-LS-MFDFA2 : —— EMD-LS-MFDFA2
0-8:~ EMD-LS MFDFA2 —— BMSHIE 0.1 —— BMSELE
0.6L=—BMSHiE -2 0
1086 42 02 46 810 -10-8 -6 4202 46 810 0.5 1 1.5 2
q q a
(@) qly Hurst 3550510 18 (b)  qW AR B R K () ZHEMBERILRRE

&4 RIERIZHEE T 9 EMD-LS-MFDFA 5 MFDFA J5 V£ 41 BMS {75 5 (1445 S &1

TG TARFILA G E T 1) EMD-LS-MFDFA
5 MFDFA J5 35845 210 h(¢) Fl 2 (¢) 5 BMS {55 2
ERFE AR R . IR 3 AT LIE AT LY R 2 By
) MEDFA 771 , EMD-LS-MFDFA 34 5 h (¢) Fl 7 (¢) Y
I iiR 225 N JBAE T 1 B EMD-LS-MFDFA J572
2 A9 EMD-LS-MFDFA i T8/ h(q) .z (@) Y IR ZE T
/. R RISECEE T AR RS A AR R 2= 0 T AT,
1 By EMD-LS-MFDFA 4 fEff: 24 4 1 By MEDFA J5 32217
2. 245 2 A EL 20 5. 3 4%, 2 B EMD-LS-MFDFA 27 1
Brid 1. 845 . 25 B4l 1, 2 B () EMD-LS-MFDFA J572:
QIR 2 F AT T BB S AR EE

R3 AESHEFRTE)F () FERENHFTRIRE

4.3 EEBEMESH

R BIE A SCRTE IR E M IR IR XA TR R AR
B A - AR 18] 7 8 F1 25 0 22 20 p, SR T AN AT T
S HT . X BMS 5 5 WS % p=0.3,n,,=10, 11, 12,
13, A WK BE N=2"0, 2", 22, 2" il AR P R st a8
1547 EMD-LS-MFDFA-2 77 it B FHI B h(q) .z (q) LA
K fla) , 540 5 Fios . X BMS 155 B2 % p,=0. 2,
0.25,0.3, 0.35,n,, =10, E KBy N=2"11) 4 414
SEFa bt a] ¥ 41, [A) R 8 7 EMD-LS-MFDFA-2 J7 32315
FEHNR R (q) o (@) LA fa) , Z5 AN 6 i . F2 445 H
T AN[EREAS & Ml p, {H I MFDFA-1 il EMD-LS-MFDFA-2
D7 AR B TR EUE S B (A A 3 AR R 2

EMD-LS- EMD-LS- & 5 AT B A B ARAS BT X Hurst 8 %0, T i
MFDFA-1 | MFDFA-2 " ] , NUNNEN
MFDFA-1 | MFDFA-2 ERMZEZE B EML L EET, 55 £4P
h(g) 0. 0942 0. 1280 0.0415 0. 0272 EMD-LS-MFDFA-2 FIi 1514 h(q) Fl 7 (¢) B 5 AR 1R 24 4
7(q) 0.5982 0. 8057 0.2741 0. 1479 JNT MFDFA-1, 0] A R 5 E A4S 308 3k %) A [ RE A & 1Y
1.6 5 0.8
1.4 0 04
§1,2 § -5 %\0:5 —— N=210
1 -10 =03 B
08 15 gf —— N=213
0.6 220 0
-10-8 -6 -4 -2 0 2 4 6 810 -10-8 -6 -4 -2 0 2 4 6 810 04 06 08 1 12 14 16 1.8
q q a
(@) KK Hurst $5 5 (b) AR TR 5 (© RRKE LT
[#5 EMD-LS-MFDFA-2 Zb B[R R4S £ BMS {555 19 45 5 IE]
24 T p=02
2.2 _._5120.2
2 - p=025 }
1.8 —p =025 A
- %.g —~p,=03 -
=1. —-p,=0.3 0.
<12 fgizo.ss = ,5
1 _,_p,=0.35
0.8
0.6
0.4

108 642 0 2 46 810
q

(@) AN p, A Hurst F8 44
6

25 1
10864202 46 810 05 155

(b) ARIF p, RS
R p A L5 RS EMD-LS-MFDFA-2 715345 L L 4%

(©) Al p M2 ETEHE



2328

BT

EE 2021 4F

R4 MEARHEREN) EFSREERESERENYARIRE

% B MFDFA-1 EMD-LS-MFDFA-2
# Fric h(q) 7(q) h(q) 7(q)

210 0.0942 | 0.5982 0. 0272 0. 1479

211 0.0620 | 0.3622 0. 0303 0. 1483

N 212 0.0466 | 0.2572 0. 0346 0. 1427

213 0.0676 | 0.4064 0. 0555 0.2928

0.2 0. 1803 1. 1227 0. 0661 0. 3855

0.25 0.1352 | 0.8519 0. 0340 0. 1473

P, 0.3 0.0942 | 0.5982 0.0272 0. 1479

0.35 0.0596 | 0.3830 0.0361 0.2260

I [R] 81) 2L A At R . NI 6 T LU Bl
BMS #5550 p S H0E W34, B8 0 8] 7 51 19 22 36 4
JEAEI S AT p, ZEZ /D, | L Hurst 7854 it it
TR Z EH i i S ML mEE S, K
Ui EMD-LS-MFDFA-2 J7 L5 X 2 5438 J5 41 AT K
THE I A 25 SR RN (R R 1

I A B 128 36 B} [a] 1) (Multifractal Brownian Mo-
tion, MBM) , Jf- X} Homm A 22 51 2 j#4 #4301 1 (i) = 0. 7+
0. 20+0. 05¢°+0. 0024, ¥4 38 {5 FLAG 5 4T 53 B . ey
Ul W RS B e TG SR R R R T AR R 22
(RMSE) PR Z 7 2 kG B, HoPAk R =X (18) iR

/ > (R() = 1))
RMSE = [~

N
FRAE = (18) , LA L W A 5 5 8% B A5 5 114 34
RMSE W34 5 iR, A5 5 8 h(q) .z (q) DL K f(a) 25 5
WP 7 s . 35 A%, EMD-LS-MFDFA-2 #f] Ltk MFD-
FA-1 BB 3T A — & L3, L & 7 Fir g A5 1 7
X Hurst 48 28, 0 i 48 B0OR 2 0 R 35 Mt 2k S AR AE 25
S M EMD-LS-MFDFA-2 15 &= K B % Bk $ ) , He
F(s)oes" VB RO R S THARE . ML UL, B
EMD-LS ) 3 F-Fa i 6] 77 31 22 & 43 8 2 3#0% 85 7 By
Ty B A PR MU 22 JE A0 I B R R B A A T
%5 MFDFA-1#1EMD-LS-MFDFA-2 % BB T FIRIEE

(18)

4.4 HESLH RMSE
B — 25 EMD-LS-MFDFA-2 %35 - Fa i a] )3 EMD-LS-MFDFA-2 | 0.0450 | 0.0434 | 0.0209 | 0.0355
Y ZH AL LD S AT RROR . e 4 AR £ MFDFA-1 0.0928 | 0.0767 | 0.0608 | 0.0679
15
2.6 —— MFDFA-1 10 F ~—MFDFA-1 0 é
24 —— EMD-LS-MFDFA-2 5| — EMD-LS-MFDFA-2 08
22 0 0.7
) h 0.6
= = S0.5
= 18 = }2 0.4
v 20 003 —— MFDFA-1
1.4 25 0:1 —— EMD-LS-MFDFA-2
430

12
-10-8 -6 4 -2 02 4 6 810
q

(@) Hurst#&EEILE (b)

-10-8 -6 4 -2 02 4 6 810
q

e g GEESEA

0
12 14 1.6 1.8q2 22 24 26

(o) ZHEMEBMLRE

K7 MFDFA-15 EMD-LS-MFDFA-2 b3 £ 151 X8~ MBM 15 5 (1945 5 &

5 #ig

ARSCHE T — XA R F 8 Y 2 E P
B F T )5 (EMD-LS-MFDFA ). Z88631F , % )7
AT LR

(1) BEME AR A B ) X Hurst 1550 R f 8 BRI
ZHENICIEEHWINZ E I LRI

(2) REME iR HUBS B 7 2 A6 S Tl R R B SR 4
P f@ P T MEDFA 5k 2 0045 25 5 3R
PLE T A IS . BIE BB, TSR] ok
2, $RE L M AR AR (O HERA PE Y T MEDFA 73,
{H2 By EMD-LS-MFDFA )57 BA E S B Mg, 2 1
i 1. 84% .

(3) XA [FIREAS B AN [R] 22 5430 JE M 1 e 3 b 4 7
GYMT %7 IR B R R e e SRy SIS 43 B s

Vet a AR TAHE XS % .
5% Sk

[1] KANTELHARDT J W, ZSCHIEGNER S A, KOSCIELNY-
BUNDE E, et al. Multifractal detrended fluctuation analysis of
nonstationary time series[J]. Physica A: Statistical Mechanics
and Its Applications, 2002, 316(1): 87 — 114.

[2] B, JAMG, BOAK, 45 . BRIRAG HL (55 1) 2 540 T8 L3k sl

M) KRR 224 A ARHE S TAREORR, 2008, 41
(010): 1148 — 1151.
GE lJia-yi, ZHOU Peng, et al. Multifractal castration fluctuation
analysis of sleep EEG signals[J]. Journal of Tianjin University:
Natural Science and Engineering Technology Edition, 2008, 41
(010): 1148 — 1151. (in Chinese)



o112 M

B4 HE T EMD-LS (PRI 18] 781 22 S8 2 a3l sh e i i ik 2329

[3] YANG D, ZHANG C, LIU Y. Multifractal characteristic
analysis of near-fault earthquake ground motions[J]. Soil
Dynamics & Earthquake Engineering, 2015, 72: 12 — 23.

[4] ZHANG X, ZHAO J, ZHANG X, et al. A novel hybrid com-

pound fault pattern identification method for gearbox based on

NIC, MFDFA and WOASVM]J]. Journal of Mechanical

Science and Technology, 2019, 33(3): 1097 — 1113.

ZRPE, SKIRT, 55 ZHIMERER IS A TIE IR S

TR F X LA, WD FRAE A, 2015, 64(13): 335

- 348.

[5

—

XI Cai-ping, ZHANG Shu-ning, et al. Comparison analysis of
fractal spectrum algorithm of multifractal falling trend analysis
method and moving average method[J]. Acta Physica Sinica,
2015, 64(13): 335 — 348. (in Chinese)

[6] MARTINEZ J L M, SE GOVIA-DOMINGUEZ I, QUIROS 1,
et al. A modified multifractal detrended fluctuation analysis
(MFDFA) approach for multifractal analysis of precipitation[J].
Physica A: Statistical Mechanics and Its Applications, 2021, 565.

[7] GE X, LIN A. Multiscale multifractal detrended partial cross-
correlation analysis of chinese and american stock markets[J].
Chaos Solitons & Fractals, 2021, 145(3-4): 110731.

(8] K7, Wi 2%, KM, 25 . Rl S AL PO 05
1. #7242, 2017, 45(1): 22 - 28.

ZHANG Jun, PAN Ze-xin, ZHENG Yu-xin, LI Yan. Research
on trend item extraction method of vibration signal [J]. Acta
Electronica Sinica, 2017, 45(1): 22 — 28. (in Chinese)

[9] HUANG N E, SHEN Z, LONG S R, et al. The empirical mode
decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis[J]. Proceedings of the Royal
Society A, 1998, 454(1971): 903 - 995.

[10] SUN J, SHENG H. A hybrid detrending method for fractional
Gaussian noise[J]. Physica A Statal Mechanics & Its Appli-
cations, 2011, 390(17): 2995 - 3001.

[11] B, ZERA . R AR B A 8 — B ARIEITE 1],
PR3l 5 nhif, 2006, 25(003):40 - 43.

ZHONG Youming, QIN Shuren. Research on the unified
theoretical basis of Hilbert-Huang transformation[J]. Journal
of Vibration and Shock, 2006, 25(003): 40 — 43. (in Chinese)

[12] DYBALA J, ZIMROZ R. Rolling bearing diagnosing method
based on empirical mode decomposition of machine vibration
signal[J]. Applied Acoustics, 2014, 77(3): 195 — 203.

(13] Jei, 4R, B3, 45 iR sh k(5 5 SUab 353 My
I BT ST T]. TR JI%F, 2012, 29(10): 63 - 68.
LONG Yuan, XIE Quanmin, ZHONG Mingshou, et al. Re-

search on trend item removal method in preprocessing anal-
ysis of blasting vibration test signal[J]. Engineering Me-
chanics, 2012, 29(10): 63 — 68. (in Chinese)

[14] EHE, B 9], Dkt . JET EMD Flii b — ik iy 2 Ak
HIFEWFE). AURtBL TR 224, 2015, 35(02): 118 - 122.
WANG YAN, XUE YUNCHAO, MA TIEHUA. Research on
zero drift processing method based on EMD and Least Squares
[J]. Journal of Beijing Institute of Technology, 2015, 35(02):
118 — 122. (in Chinese)

[15] TELESCA L, MATCHARASHVILI T, et al. Investigating the
dynamical features of the time distribution of the reservoir-
induced seismicity in enguri area (georgia)[J]. Natural Haz-
ards, 2015, 77(1 Supplement): 117 — 125.

[16] LAFOUTI M, GHORANNEVISS M. MF-DFA analysis of
turbulent transport measured by a multipurpose probel[J].
Chinese Physics Letters, 2015, 32(10): 80 — 83.

EEEN

T3t 53,1998 4F 6 A T E RA L )
SR B TR BE LS HL T AR A B A 5
Az EEWET SRS W S (5 S b B
E-mail:346907520@qq.com

=
R (BREEE) &, 19634 8 HETIL
&
~

VART 5 B RS B TR EB B A LA
i J=ZERIE 5 T5 ) by 7K g BLZE KRR
E-mail: 502522183@qq.com

R B 198047 H AT HIHE FH . 8L
o v B TR B B LA g A L R
WFFE 5 1) A 7K TS AR L M I 5 i B 12
E-mail: 44562685@qq.com

F B 519934 12 AL TINASE . B g & TR Bt
R AT B LA A . SRR A AU TR K F F k.
E-mail: 429083525@qq.com

AR 4, 1996 4F 6 H A= T . I g B TR BepLb
ST AR A BE LTS . RS 1) A ) RGO
E-mail: 1339518596@qq.com



