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Fig. 1. Flowchart of the denoising algorithm for chaotic signals based on collaborative filtering.

2.1 FEBRSE

WEERNR, AEEHR S 5 RIAHPUEZ R
P A — A PR B R P
2
d(S,R) = M7 (1)

w

Horb, 555 |||, Baw K 268G w AT, d AL
P2 AR EE RS, 18R B N B S 5 R IR AHBLE
. R REKAL (> w), EEREANUSE
PR Jyrh 08 2R 5 HER B /N m A B B 4H
group(R), B Lhm x w ) 4 B - A7, B
group(R) € R™ . PIAK 6K ZE P UWNIE

060501-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 6 (2018) 060501

5 R 1A R A B, 18R A e A2 80, WA
AL B BRAF A ALBEAT I 5%, IR 4 B
AL E AT AR,

2.2 hEIER
T [ 4 NS 5 AR i | R AL PR 5 AR

=25,
B2, Ko AT — 4EAT e
G(R) =T {group(R)}, (2)
o, G = [giy] € R™™(G = 1,--- ,m;j =
1 w) A RBOERE, M5 T{}Rn 45
B 52 AR H Bl /N AT R S IR LR A e, AR
K 4k B EOR 2 e
SRJE, X AR ¥ RBCIAT RE AL B, /N T e s
FRME I R 58 0k KT R R BRI
BAERSTS Hr () RanE SCH
() {g, 9l > A(R), 5
0, gl <A(R),
Hr ANR) N5 Hgroup(R) 1 RI{E, HAH H X
Bk [23] $2 H A VisuShrink 77 VE#i . VisuShrink &
fEHE XN
A(R) = o+/2log(m x w), (4)
Hor o ARG5S BT & e = I bR 22, o im
R ABHEE G(R) B $e s i 22 3047 i i

&(R) = median(G(R))/0.6745. (5)
o, I T AR AT B PR S 1) 4 4
group(R) =T~ {Hr(G(R))}, (6)

2.3 BEEW

T A R, — M 5 Al 2

FIS 8 T S ISR, 5% 0 B R A BT

B AN BLUE 0 B OB S, R
T RRAHA T

2. 2

R Scgroup(R)

XX Bty

R Scgroup(R)
H 25 r(n) N4 group(R) F AL S 7E(E
5 n RUER R

Fs(n)xs r(n)

(7)

z(n) =

1, nes,

Fs) = {0, n¢sS.

3 ZEAMAEN

RS 5 W [R5 M SRk e o AU 7 IRl
5 1 B ARAEE MR, 3 A R R IME T ik 5 A2 e
WITER I, BAT R RS R LB TR RE. 1%
SAIN B EPR RS EONI T R T K R G
B KA AR, JERS BRI E T 8B
FIRCR. 2558 7 M K BLIE IS B B2 25 =
RFAIE S SRAE AT MR 75 K P R 200, D] G A SIZ o
I rh L B S HUR AW ALY, B SEL IR S
i B s i RE T HIER) B IER .

SCHR [17) b B T IR TS 5 P [ i i 25 MR 5
PR SHUNIE, 4 T AR S HUE
VO BB, R 28 S8 M R BLAE AN TR B SRR AIE S R
FEAA AR 75 P16 00 N i BUE VS A B
Tk, LRI T A SRR A E e LU IR TR e
T O 5, KRR T IZ5E M B &M E. AR
T HAR SR, HEFR S RE DL PR T SR A
B e AR VR B R 22 R N W A R 2k, H R
B e RO Oy T R — D S IR S
[ PR L MR B, PR BE N, A SCEE TR
W SRR RS 5 T R IR S R A B ik
HEN.

3.1 HIIGEE
w— K JE RN F A {z(),t = 1,
2, N}, X AT AH 2% [A) AL 45 2]
ot +(d—1)L)], (8)
Horr, d R NYERL, L OIEIRIN [a], F 5 A & X,
W) d AN S AL T EHTEA:
[2(t+ (1 = 1)L) <@t + (2 — L) < -+
<zt + (ja— L), )
It + (ja — VL) = x(t + (jiz — 1)L) K
1 OB, d% G E B R ANHES, BIX i < g B
x(t+ (jo —1)L) <a(t+ (jiz — 1)L). Bk, A E
& X, TS 3 — A5
D(h) = [j1,52, ", jal, (10)
Horh =1,2,--- k, HTdMAFEBFFS A
FhHEF T RE, FTbA k < d. Geit-EEh 21 BB 8
I REME, WA PPy, -, Py, WAKHE Shan-
non 15 B E N B FFA {z(t),t = 1,2,--- ,N} ]

X, = [x(t),z(t+ L), --

060501-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 6 (2018) 060501

ke FhAS R 55 PR A R HEB iy o)
k
Hp(d)zizpzlnpm (11)
z=1

P, =1/d'B, Hy(d)iEE KA In(d). AET
3T, P In(dl) XS HESIRSREAT A — AL AL 2, R

TN HE S d A IE 35 B TR) LAY 328 B2 i 1 51 495
BEIA R, 275 30K (20, 24] F%F d F1 L & B
iR, LG R AR S d =5, L = 144
TSR AR AR R EREA IR =R N - I N @ S
SRS d =5, L = 1.

3.2 BYHEBENIER

TREAR = I 2 2% B e ad o HE S 6 1R AT A AU
ZliE, 1ICHES SN PE, PE KR I/RET G S B
BRI E R, R MR RRHEAE 5 E R
AR VRV 552 BN 5 ey B R R T,
L 7 T v A e R v TN B AR S S
S HAEA RIS AR OL T FHEFAREEAT 73 .

Lorenz £ 4 J5 f& )y [26]

T =—axr + ay,

y=—zz+yT Y, (13)

z=uxy — bz,
LB HTE o = 10, v = 28, b = 8/3 I R Gi4b
TIRARES. R DY B ek - 85 7 v0) T 2 kA7
R, FIMEEL[0.5, 0.5, 0.5], 2B KHL0.01, BLRGUIR
BT o 774 Lorenz {RIEAE 5, HXHME 5 L=
HeEdr A, A EM L SNR N 15, 20, 25, 30,
35 dB & Lorenz (5 5. 45 5 FIAS[F] Mg
FEKE S PE MR 1 BT, b4 M S KT (1 38
I, MRS 5 10 2 % AR B B S

#1 KFEBFHE KT Lorenz IH(E 2 HOHFI R

Table 1. PE of the Lorenz’s chaotic signal at different

noise levels.

4[4 Lorenz & Lorenz JRV{5 5 SNR/dB
MEAR RS 35 30 25 20 15

PE 0.2177 0.5483 0.7189 0.8679 0.9548 0.9896

Chen R4t J5 2N 7]
T=a (y - .’L’) )
y=(c—a)x—2xz+ cy, (14)

z=uxy — bz,

MBI A o = 35, b =3, c = 280 RGi AT
TRHMCIRAS. SR DU Je b - 38 J5 155 7 R AT 3R
fift, ¥IMELEL[0.5, 0.5, 0.5], 26 KHL0.01, BLRFARZES
g o P AR Chen VRS 5, FEXHE 5 L FME
FET AR P4 SNR N 15, 20, 25, 30, 35 dB )
B Chen RITE 5. 455 A [H] e 5 /K5
S PE IR 2 Fr A, B A R K 3, e
TRTEAS 5 1 52 44 FE L AE B b3 .

® 2 AFMEH KT Chen JBIHAS S HE R
Table 2. PFE of the Chen’s chaotic signal at different noise

levels.

4li{% Chen ¥ Chen WRH{55 SNR/dB
MEMINERS 35 30 25 20 15

PE 0.2607 0.3547 0.4629 0.6241 0.7970 0.9198

SCHR [17) 45 B BE B S BUE BGE F D &R
WK L4000 oty , R W R P K § B w 1
12801 /4 40, 7 HE R m B30, HL9E w i HK
EAR/NT 100, SRT0, L5256 0T R I, TEAF
15 TR SRFE AT 2 FE 75 KPR DL R, X i8S
HHREK, WRERID KM H P =L
Wik [17] 25 H 130 PRl RE A LU 2 P 8 9t 200 R, HL G
e I S B B R A ANE BT A TS 2 N,
PRI AT 5 v i 2 gl 7 e/ U A 2 B TR, AR5
BT HEF 0 L VR TAS 5 B R R U S 8 E Bk
TRHE Iy B 2R & K = 4000, BREREBIDSK
§ = w/4, FHPEEm = 30, RAAFHGE w X}
FrRAE ST R, R EMIREE ST PE,
/N PE SR GE R A S5 R 8 e 9. 1% EE A TR
THAE 5 2(t), WERAEIEPEIRTE wope N

argmin  {Hp[a(t)]},  (15)
1/200<w<1/10

Seoh, B H [ FmoRHERIE.

Wopt =

4 FREXR S

15 SR AL SRS R AN 75 7K 5 i JiE i 2 4L
WL, N T RAEA SRR A A Rk, AR5
RFAZ TR L AR SR S SRAE AR AN 7
IKPIE DL T IE B S B B, O 7 7 oA, 10
PRI A5 5 EMELE DTN SN Rin, SN Rous.

060501-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 6 (2018) 060501

4.1 A EMESHHE

ZESI8 A AT I, TRIHAE T Wi IR YR 2 Y
BB I 1 o, DB 2 O B AT E A A
B B Ok 2. 7 R BIAS [RIVR S 5 (AR 55 FE AN (R,
DAL b et X6 AN 7] P TR A 5 22 0 AN [A) A B s, DA
Lorenz Y& 15 5 A1 Chen YR V115 5 A, A5 U
K2 .

H 2 7] %, AH X T Lorenz {5 5, Chenfg 5
(Al BT 58, B B OR 43 M T AN, IR AR 5 A
U 25 R AR NP T X R 2 M AR LA S ), X
Chen {5 5 W% UL Lorenz {5 5 5 28 B 55 . 73 )
5 Lorenz {5 5 Al Chen {5 5 i b 2= 3518 =y 7 1 12
AR EEEC 10 dB, SRFER [EH0.01, BUAF 58 L
() B B X6 1K PR 2 MR VA 5 AT R, IR
AN [E) e 55 0t B 2 RS S I HE S A, ¥ 3 R0 T 4 B
7N, BLRAE S HESRS R I 7 0 R8I B 58 i e

0.8 . . - -
a
(*)
*
0.7 1
*
¥
0.6 ",
& ¥
0.5 *
¥
3
¥
0.4 * ¥
¥
* k¢ . .
0 100 200 300 400
w

3 &WE Lorenz 55 M

RBOR, TE 2 BERFE AR R K15 00T, Lorenz
5 M1 Chen {5 5 B AL EEBHRL B 731 9 100 A1 60,
BARE BRI AL,

Lorenz

F(f)

Chen

F(f)

4 6 8 10
f/Hz

(e}
[\v]

B2  Lorenz {5 5 Chen IRVAE T4
Fig. 2. Frequency spectra of the Lorenz’s chaotic sig-

nal and Chen’s chaotic signal.

25
(b) % SNR;, =10 dB
¥ KK
| *
24 ¥ %
*
2| =
: 23F 4 %
o *x
2z,
w22t *
*
*
21f ¥ 1
k3
N . . ,
0 100 200 300 400
w

(a) RFSIERFI PE; (b) RIS 308

Fig. 3. Denoising of the noisy Lorenz’s signal: (a) The PE corresponding to different block widths; (b) the

SN Rout corresponding to different block widths.

0.45
* (a)
0.40} ]
E 3
¥
Q o *
8 0.35) o
¥
¥
¥
0.30} ¥
*oy K
0.25 s s s
0 100 200 300 400
w

4 W Chen 55 20

23 : :
(b) SNRy, = 10 dB
221 *x
¥ %
g %
<~ 21f
3 %
Z * %
n 20F
* X "
*x
191 s
* K—k—¥
18 . . .
0 100 200 300 400
w

(a) FRHFRILN PE; (b) RS 50

Fig. 4. Denoising of the noisy Chen’s signal: (a) The PE corresponding to different block widths; (b) the

SN Rout corresponding to different block widths.

060501-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 6 (2018) 060501

4.2 RERHEFME

TRV 5 P [R] 8 2 M A AR moR PR AR T
BE A5 B 47 (1) 25 D 5 R, 6 T AN [ 1) SR AT R
e 318 il R 5 ()35 B AR [F). SR ABERSF 1] ¢, 23 7311 B 0.02,
0.01, 0.0075, 0.005 /=4 Lorenz {5 5, 4 Hm E%
B A e, SRR E 10 dB, BUAS[H] 58 1
BT 73 T K AN 5] RAE A2 (1 55 WA 5 1EAT 250
B 5 N2 3 B, KA A i iy 25 M s R Bk i, e £

1.0
(‘;) g t, = 0.0200
+— ts=0.0100
AN — 5
osl A t,=0.0075
o o t,=0.0050 o
P e.A 1
oY o &% g
o VA a
& o6t 0O atie”
o V- i
RV.Ne) OAAQ*
00009 N M
* A*lﬁ
0.471 A ey
AAe& o
RN = S
0.2 : : '
0 100 200 300 400
w

5 RAEBEE TR EE ISR

K3 OANFREESR T A e R 58
Table 3. Optimal block width at different sampling fre-

quency.

ErE Lorenz (55 KBTI ¢
(SNRj, =10 dB) 0.02 0.01 0.0075 0.005
Wopt 60 100 140 160
(b) o000
26 e o006
o Aahs ADA A A %o
| X S A-A
24 £ L Aa
m ¢ * A
= X o, A
~ o S| i A
3 22 5| * .
%) q =l sl
L o T
20 B £,=00200 B
4+ t,=0.0100 S
s & t,=0.0075 Seogg
o ts=0.0050 .
0 100 200 300 400

w

(a) ANIFEERAEF X R PE; (b) AN R RFESIER ) 25 M R

Fig. 5. Effect of sampling frequency on block width: (a) The PE corresponding to different sampling

frequency; (b) the SN Rout corresponding to different sampling frequency.
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Table 4. Optimal block width at different noise levels.
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Abstract

Chaos is a seemingly random and irregular movement, happening in a deterministic system without random factors.
Chaotic theory has promising applications in various areas (e.g., communication, image encryption, geophysics, weak
signal detection). However, observed chaotic signals are often contaminated by noise. The presence of noise hinders the
chaos theory from being applied to related fields. Therefore, it is important to develop a new method of suppressing
the noise of the chaotic signals. Recently, the denoising algorithm for chaotic signals based on collaborative filtering was
proposed. Its denoising performance is better than those of the existing denoising algorithms for chaotic signals. The
denoising algorithm for chaotic signals based on collaborative filtering makes full use of the self-similar structural feature
of chaotic signals. However, in the parameter optimization issue of the denoising algorithm, the selection of the filter
parameters is affected by signal characteristic, sampling frequency and noise level. In order to improve the adaptivity
of the denoising algorithm, a criterion for selecting the optimal filter parameters is proposed based on permutation
entropy in this paper. The permutation entropy can effectively measure the complexity of time series. It has been widely
applied to physical, medical, engineering, and economic sciences. According to the difference among the permutation
entropies of chaotic signals at different noise levels, first, different filter parameters are used for denoising noisy chaotic
signals. Then, the permutation entropy of the reconstructed chaotic signal corresponding to each of filter parameters
is computed. Finally, the permutation entropies of the reconstructed chaotic signals are compared with each other,
and the filter parameter corresponding to the minimum permutation entropy is selected as an optimal filter parameter.
The selections of the filter parameters are analyzed in the cases of different signal characteristics, different sampling
frequencies and different noise levels. Simulation results show that this criterion can automatically optimize the filter
parameter efficiently in different conditions, which improves the adaptivity of the denoising algorithm for chaotic signals

based on collaborative filtering.
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