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Abstract
problem in feature extraction. This paper presents a new dynamic feature extraction method for nonlinear dynamical

Effective feature characterization of nonlinear and non-stationary signals is an important and challenging

systems based on deterministic learning theory and Lempel-Ziv complexity (LZ complexity). The proposed method ex-
tracts features from the dynamics trajectory of nonlinear system. Through the deterministic learning theory, the unknown
system dynamics is accurately identified in a local region along the recurrent trajectories of nonlinear system. Firstly, the
LZ complexity is used to characterize the obtained dynamics trajectory. A temporal-LZ complexity (TLZC) index and a
spatio-LZ complexity (SLZC) index are constructed to quantify the complexity of the system dynamics trajectory in the
time-domain and space-domain. In addition, sensitivity analysis is conducted for the dynamics feature characterization,
which evaluates the sensitivity of system dynamic indices with respect to parameter changes from period trajectory to
chaotic trajectory. Finally, numerical simulation and experiments are carried out to demonstrate the effectiveness of the
proposed method. Compared with the state features, the advantage of using the proposed dynamic features is a better
representation of the original system by inclusion of internal dynamics information.
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Fr IR WA AE 121 B, AT SR R G M
SPRIREE REREHEEXES RARHEHER
R, R X SR AT A R A 2 S A BT

FUELSMIMERL. XFIE, 5 o ) B SR L T — ANl
BT 1.

B 2 2 > BB W] H T T AR PR T B B AR B
gy g 2R AT v B AR e R )
R R I NEPEINA Y K IE| 5 ) WAL SRV preae]
T, WU RRBNASAREE T AR £, 7
it FHFE R 46 0. e %t 7 2 ] 30 B Tl A e 1)
MR )12 RS, B R R ) A R 4L (Radial
basis function, RBF) 12/ 2 /E S 41k 5 7Y
S48, B 2 X BIR AT DO H R RN &R 48 3h AT
Jry R HET AR /IR, R R GRS A B )5
BEZE R, AISR| RGN 120, PARAAS H S
) 4311 0 7 ATk, I AR EAAETE RBF fi 2
Mg, XRhRIE T XU T RERSHIB RS
PFESN 12 4k B 7200,

AL )2 X — 3 FE AT AR 2 v R gtk
ITFRHESE ORI 4. 1) Bk dEL M R G R IR TR U
W, BT LZ 52 2RFE 2 —FhRAR R 0 52 e R =
J7 35 B Sy St =24 AR Sl LZ A 2R R -
R GBI F AT RHIE RS, LZ R e T
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BT S AT USRI R YA R S
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e, IHERGHIE ¢c(20), IR (1) BRI
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1E RBF W& WTS(¢c) w, B R HAE A
FR B85 H 1 51 34T 43

Y =W7"S(¢c) (9)

Hrp, W = [le Tt ’WN]T’ S((ZSC) = [Sl(¢4)7 T
SN(¢C)}T7 Y = [yl,-" ,yN]T (N s BE 7 A A
5) RFAELNED) I 50751

HWR, 78 LZ ZA R0 Bt b, 38t T =S
LZ 53 7% JE R Ak e Mk 3 ) 22 80 17 90 b 47 o . B
25 LZ S E R 4 TLZC fiasia) g s i
SLZC W/~ F885, R] DA B8] 3 A1 23 [a) 4, b %) ) &
GEIE AR

i IRI A 2% 8 TLZC (iR A gn R B3 %90

FR 1. AELRM = ERIT Y = [y, - -,
yn]" TEEFEY RS EIET U = (u, -,
un]". RIEEE 1.2 5 AR RRL AR L], X2
Yesh e i o ye (i) (k=1,--- N, i=1,---,
n, n = length(y,(7))) FENHr A BMRE S (5
WRAEFRIME), FEATFFHESE N Ep(d) (5 = 1,
-+, 1, 1 =length(Ey)), it B, = {0,1,--- ;1 — 1}
REFFZE. WA, @ (8) FIRFEIEFH i (7)
AR TP wk (i) (ue(i) € {Be(1), Bre(2),-- -,
Bi(D)})-

BB, 2. MENFETFH) up (i), HEIE cp(n)
PIIREE R 1, H4 P = {w(D)}, Q@ = {w(2)},
PQ = {ur(1),ur(2)} J& PQm = ui(1) (P F1 Q 1L
BT P9 we PADTEHRITY, PQ 2 P #l Q
26, PQm FR PQ MG — 74, v(PQ)
RFE PQm i A B T35 51).

BB 3. EHEAREY, 4 P = {u(l),u(2),

S up(r)} Q= {ur(r+1)} i, PO = {u(1),
up(2), - up(r) ). AR Q J&T v(PQT), BH Q
H{un(r+ 1), up(r+2)}. WRAET, WEH P Al
Q NP ={u(1),ur(2), - ,up(r+1)}, Q = Qn(r
+ 2), [AlEF, HAEAREEEM 10 cp(n) = cr(n) + 1.

PB4 BEELE2 MR 3, HE Q NG
— A

FR 5. WMNEHRT I we IH— G 2250 A
i3 TR

cr(n)
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n
log;, (n)

;H\:EF[’ k = 17 7N7 n %ﬁ*ﬁ}?ﬁu Yk EI/‘JJL/QE, lk: ZEI‘I:
5k MR E TR AL
BT EIRLYR 1~ 5, AR R G 8) 1 F By
RIS 2R TLZC 2y
TLZC = RMS(TCy,--- ,TCy) (1)

Hrp, RMS(-) 2¥%JrifE %k TLZC fHr AN
ISPk A BEXS AR e Bl T2 R G S R AT
R SLZC 2 RGBTl B v
ST 1) TR i BEUEAT VT
D] 1. RLIERGS) A7 Y 197510
SR PG T RIS, e R
3 Z.
(_ w(HD -y (r)

N
> (Wilr+1)—y;(r))?
i=kt1

L k=1

yr(r+1) —yr(r)
VAYB

yr(r+1)—yi (r)

k—1
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\ i=1

l1<k<N

k=N
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Hp,r=1,---,n—-1, k = 1,--- ,N. A =
Ef:_f(yi(r + 1) - yi(r))2v B = EﬁV:k.H(yi T+ 1) -
yi(r))*.

FB] 2. BTN SFETH Ze WIH—0E
FEMH SCy, Wi B AR T I 1A 5 R B )20 3 1
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H,m=n—1 28N SETIINKEE, L 2
kE AFFS R AL 34, HAHN W
[ %EE SLZC Ky
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1) L f9 25 A 3 14248 R g 4% ) 52 4 SLZC
MR AR et g ) 2E R G As AN 1 i 2R

e
3 BYASHHEREUS AR B 4R

M 28 LZ S0 N R GEN 8l ) 22 Pl v A
FRAERR IR, ] I BB A PP B2t T TR A 1k
AE. E AR AT DA SO AR G R — TR BB R A Al
ST RGESHE A USRI R e
TLZC =i 7% SLZC 2 RGN IR TERE,
PR ] ) H AR BRI 2s LZ S 2R R e H At
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Hrr, C Al p 5 3RS/ 3 1Bl B 2R A
RGSH, n RAGH HAMBUERE R L. A e
R IREM AL SR AT IH— L. T RS
PR BEFR AR AN S AU ] BEAE— MR X 8] N AZ AL
Jir A2 i FHUE — AR R B2 2 BE (ELX AR e i P RE AT
PR

FESE RIS, H AU R RO A PR %
ST L.

(15)

_ACp
- ApC

Hrp, AC 1 Ap 735 /@ARE PR /3 )22 Pl 5 ok
MBS HAE— A/ DX N ZEE. TR A
i HUBE R SR ARSI AN Bl ) 2 F 2 SR BE R AR Y
TR, 5 B AR A — AL RO [l I, A HL Ry
(o BRI AR R BYZEXHE. (] ROMERCR, FH R Y
PEREFR bR R GES RO AL B AR

4 HEME

BT LR BUREE T, 6 gty AR LS )
FEFG — Rossler R BES th 7 R 5L

.fifl — —Tg2 — I3

n (16)

Ty = T1 + P1T3
&5 = po + x3(z1 — p3) (17)

Hi, o = [, 20,23]" € R Zu[lEK RF0K
S, p = [plapzypﬂT %%éﬁ%{ﬁ%ﬁrﬂ%
f1($§p) = —X2—X3, fz(ﬂv;P) = T1+p123, fg(m;p) =
P2 + x3(x1 — p3) BREAZARFENS. 811 FE
KW, REMARMIE fi1(z;p), fo(xsp), f3(z;p) AT
PAB A 2 2 ) B MERf L d@BL/HER, RS WSk
[15—16].

HRAE SCHR [45], [EE S8 pr = p2 = 0.2, 421k
Z 4 ps, Rossler R4E (17) 0] A= AN R IR A
BN, FEESE ps BATEREIR 2.6 ~4.38, 2L KN
0.01, RGRF = LEAS R 43 20 A BRI (ps = 2.6
~2.8), 2 fEJHI (ps = 2.81 ~3.82), 4 5 (ps =
3.83~4.12), 8 fEJH# (ps = 4.13~4.18), ---, i&
TR (ps = 4.22~4.38). B 1 /5 T Rossler %
GUIRAS o1 BYRS A4 70 AR,

foyJr AR (17) w] PAIE I PY By Runge-Kutta
AT KA (B E N 0.01, RERRSTFHIHIK
ANECH 10%, 51 —80). RGIPRASHE AR
(20 1 2F Bl anE 2 s, A SCEBCR R (ps =
2.7), 4 f5JE (ps = 3.96) FHREMARZS (ps = 4.28)
HATXT L 7.

3.6 3.8 4 4.2
p“(

3.2 34

2.8 3

B 1 Rossler AGORES o1 WRETE 450 30 75
Fig.1 The period-doubling bifurcation diagram of the

state x1 of the Rossler system

MIE 2 ATLAE H, RGER B 1A BB AR S 3
ATEARAR— 2 T 25 LZ 52805 5% 5
LIRS PN B0 )2 BB HEAT A, HLEme) 2 %
JEARPR TLZC Wk 3 s, SR8 ts SLZC
e 4 s, B3 AlE 4 A REIRESHLT Ik
JESRRi 2k, o MBS IA BRI IR B Fabm it 2k

HE T P [ 52 2% B 1 s ) 2 2 P 7 A RE 4 st
AT URIE S M Z A, TR ARG PR X R S %
JEME AN, IR EFR REA RS
WSRIREAE. R GURSHLE A B T2 Pl a5 LZ
o (TLZC F1 SLZC) HUREE AR BT ARYE AU
JEARK (16) 135, N T X RGEARPIRSAZ (e at AT
PEANA UL EL AT, AR SCor BT T B ) ~ 2
R 2 A5 JRI ~ 4 fE R 4 R0 ~ 8 A% )
18 A Jl ] ~ IR BRSO B R A, ARk 1
JI7R. m s R GURS P AU R KL, e R
R YL 1 LB R IR R AL

%1 Rossler REMPURE REL

Table 1  The sensitivity coefficients of the Rossler system
RS m (TLZC) n2(TLZC) n:(SLZC) n2(SLZC)
period (1~2) 0.0018 0.0229 0.0247 0.0268
period (2~4) 0.0906 0.1345 0.0577 0.0925
period (4 ~38) 0.3646 0.6401 0.2980 0.5098
period (8 ~chaos) 1.4589 2.2767 0.9603 1.3192

MF 1 LA, FERHCRIZS [8) I, 3 75245
WER S FEPEREFR A TR BUL 9 52 24 BE AR,
Xof 2 SR AL I A REURR R AR RO AR R — Lk
ARG E] 2 175 AL, B 122 Bk
TLZC i SLZC 4R 1s U R % 5120 0.0229 Al
0.0268, H L FREHPLLRY TLZC M SLZC fghrig
JERJE R 50 0.0018 F1 0.0247 A Frig i, BRI
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(f) Dynamics trajectory of chaos (p,= 4.28)

I/I}zlSz —-10 -20

K2 Rossler RGHPREHUILFIZ] J7~~ B K
Fig.2 The state trajectory and dynamics trajectory of the Rossler system
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dynamics trajectory of the Rossler system
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Fig.3 The TLZC indices of state trajectory
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Fig.4 The SLZC indices of state trajectory and
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—a— State trajectory Period-8
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dynamics trajectory of the Rossler system
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Ak, RGN J12F I 0 R 7% B R AR AU R AR AR
Fe A, KRR R G 8 A5 RS AL B IR R
S, g J2ERLRE) TLZC Fl SLZC 8RR E &
¥ (2.2767, 1.3192) B K FAREHLLER) TLZC Al
SLZC #5FruUsis 2%k (1.4589, 0.9603). M _Fik%y
Bro] AR, 5 T30 07 300 1 52 2% P RRAE R 35 T
DAE SR s Bt 2R e 1) JE A R AR VIR A
W T B 25 LZ 52 2% B A ol el i 22 i) b ek
L3N T2 R G AT I AR S A, A SCAH
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WA 28ASf# (Empirical mode de-
composition, EMD) #1 Hilbert &4t xf{5%-
#1471 Hilbert-Huang A8 J5, 158|925 A
43 E . Hilbert &1 Hilbert iPrif/El. iz
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&5, B iR E.

MIE 6 1y Hilbert i[5 n] PAF HH, RGUIREHY
G (K6 (a) MIARGEERIER (& 6 (b)) BIFAL
e — 5, AT A EZAPERB. =L
iy A 0.09 Hz ~0.15 Hz Z [} 28k, ARHN 1y £ 2 4R
HFE 0.055 Hz. fHJE, X MR G sh SRR i 1
5(b) A1 Hilbert 354 6 (b), 53815 2119 R G801
e DRy AR SR A EE T AR GRS RS 70t 1
5(a) FITEIE] 6 (a), HJA VR 25—k, RIRGE N
TEB SNSRI R, X 5 R4 Hilbert 14
Brilk AR I, QA 7 BR. RGUIRS MBS Y2 bR
T AT AR WA S 7S R G Y B R O iy T B
JrAAE 0.055 Hz AOARSS 143 A1 0.1 Hz PRl i i 43
Jpr b B, BT RGOS A RIS 7 (a), &
GRS PR 7 (b) AU O o A R R
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WS M7 VRN S AR BERAE D7 V2 ANTR] 14 F ER 2
G AR LA ARF AT S 2B AT 20 . B A TR 4
H R AE S MBS 3o, AT A3 A 2R 5 5
I 335 J B AR, S0 A AR R R M i 2 A E AT
s W0 LZ IR BERFAE A 4 2 AR e M R e
WIS AR L, I EH AT DA TRIFN 25 RIS A B, X
GURS MBS R LR TII X o . PIE, 45
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PR A AN T Bl [, 191 0 e g 2 o A Wi D 55
Wiy $% A e e 2 TR A2 A S IL N IR R SRR R, &
IR E T A Bl AR TAE AR, 75 & G ik % AR
WA, B A T WL RS SR, el IR piA
PR IEIR. e SR A I 28 N LTI
S o L DR X P TR, 90 s OB e 2 2 e A

Wil & AR i R mT DA AP B, 1) R AT B 2)
TEFE R BRI BN B BE; 3) e KRBT EL 4) Madk
BB, 2B B e gk n] 2 0L S0k [46].

KT ek < ny @A, Moore Fll Greitzer M
J AL - FH - B B AR P ot s &, AR 4 E
WHHESME RS S HRRT, S h—AHifdER
PUEE R S S R PR I {53 7 #2 (Partial differential
equation, PDE), -7 it &l EA53]—A i = Fris
4> 77 #2 (Ordinary differential equation, ODE)
HH IR Moore-Greitzer A4, T fiEf: Kk # 2
FH A 543 5 R A A ) T BR 4t 4 1 S8R S R
BRBNAIG, HICBR YRR & AT 5T A R
PRSI 1) LA 2 A PR YR L @ A, #E Moore
il Greitzer #EF1 2> 17 FEEEA |, Paduano Al
Mansoux <5 F1| H B B AR J6 K FLd AR i S
—AElr ODE J& ) 25 fk Mansoux f&21.

E¢p=—-Ap+V () — T
. 1 _ (18)
Y= TNE (S¢ — (1))

Hr, ¢ = (o1, b, -, du] " RESWUE ] LR M
AN SR, o WL s, HoAh
S5 ULk [19].

% Mansoux A58 g — Ml A e 2k i R Y
HI4: ODE R4, REMS & &4k 2 FhHE VL ss
R & Bt R, I 0 AFE— @R B = A 5 A
ML & RGP LR 1 B85 5%, H R G0k
S ABERERESHUR M S/ME 2N +1 (N K
8 MIREEL) IR AL ERAS FIE R AL D FLE DA
B2 NEIMEBERRBUR RR AE 155 BT,
AATHF Y Mansoux BRS04, XTHHR
G S HAT B, HREUH REM B S
53R PERFAE .

A B 2 2 ) BIE, ] ML A e R
RIS N FE 2 G0 sh A AT W iff b AR 9
W, RN R R S8l J12E Pl AR A RBE fif
Z M 2 T X HEAT R AE, W] T AP UERE 2%
A2 A 4 10 Bh B AR A AN Bl 72 B AT B S 4
FEFRBCRINT E A, TRgid AR WSCHk [19]. S ES
PR BTAR AT G P sh T AR 8 R,

MARGEMREHIHT B (825 #% ~ 875 #%) HEAZ
JiE % R A IR B B (876 %% ~ 925 #%) I, X &
SRR A LI 8 2 0 2 ) B AR 2 19 3l 1
SO S N OVA = B/ (=0 S v W i s P 2 = M
I ZREEN, SRR KR 5 i fEs AR
21 AR R AR, RSB BORASHIE A1 )
JI2ERR R BRI A % B2 4 TLZC WK 9 fiR, =5
()42 2 B 4% SLZC WiE 10 iR,




44 %

1820 H | 1t E2 {5
0.58 025
0.56 '
0.54f 0.245} |
0.52 |
0.5 0.241 “
8] |
< 048 N ,’
= |
o< I e
0.4 »‘
042 0.23¢ |
044“ * * * ¥ * * ¥ * * i
038l o 830 840 850 860 870 880 890 900 910 920
830 840 850 ssowsg%é%g& ﬁ&eo 900 910 920 i /TR
» ‘ (a) RGURAYUL I [H E 4 TLZC
B8 RGN B HERE JER I3 oy B i) i A (a) The TLZC index of the system state trajectory
Fig.8 Time evolution of the first flow state before 0.195 ‘ '
rotating stall f
0.19 |
M 9 (a) AT 9 (b) T AT, %45 S S e |
e B e % 2 A G B sl By Be i, RGe3h 15 0.185} |
I IS At TLZC S RAIRIE S 0.1921 — |
0.1681 = 0.024, WARGLIRSHILAYLMIEEL 0.2472 Foasy |
— 0.2284 = 0.019 ZEh—u6, UM 3 Sy 2 Pl g’
N BB R R GRS A, B/ 10 () FE] 0.175¢ |
10 (b) B FR e [ A FEFa b -t A R D 45 28 g
54K 9 (a). [ 9 (b) FIE 10 (a). & 10 (b) £ 0.17;
GUIRS BB A B )l it 25 LZ &2 2402, AR A
01657830 840 850 860 870 880 890 900 910 920

SO R R B (16), RGUIRES P 3] )
BRI )52 44 TLZC $8hRM2s 814 44 % SLZC
TSN RGES B BURE RO 2, o

M KR RGRE PR AIBURE R, n. KRR GH

DAL RN RS

M 2 PRI R R AT AR L,

o 2] PSRRI R SOV URE R 2k o oo AR R AT D ot
BRI, $RHUE RGNS SRR IR SRR, HILL
TR 2% AR, 3 )25k ] DABE ek
oA G R BT BRI iR P sh T AR A AL, BEAt,
M3 52 2R BERFAE FR AR I 0] DA, FERIZE A e %
RAEIGILEN T (875 #), REGuh Iy =+ Pl i =5
SR PEFEARAT W] R A A, X5 SR [19] Ao i
] (24 AR e iy, W] AE 885 BEAG I ) XY,
MIMTISE 1A SCHE G 7 ¥R 8 AT PR AN DB

ghig

AR TS R AR LM R G B SRR X
Jrik. R E s ) BRI = LZ R, 5
BTN AR L B0 757 2R G0 A ISR s TR R ) A
ITESHFESEIL. M Rossler RGUIR P ZN Ty
SR R) S 4R )E TLZC 23l 2= )% SLZC 1

6

BI TR /56T H3L
(b) RFFJ1F PRI =R ERE TLZC
(b) The TLZC index of the system dynamics trajectory
P9 JH R e SR AR B B BeRES . 3 2Bl iy
IE S ZRE TLZC
Fig.9 The TLZC index of the system state and
dynamics trajectory before rotating stall

2 REHTRIWI AL AT AR I I A3 0 e BE R AR R B R L
Table 2 The sensitivity coefficients of the normal

system to stall precursors

ESLIEIEIL G Rz NN m 2
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