MEHE

Ay
)42 7Hphase space) < W$ £23 4TS ¥
t} 2 9% (phase portrait) 2 B AR F
(lyapunov exponents) &3 7 A2dHY F&
223 ¢ g 28u, A F3HE

g

b A7t gk o] A4S, 33
NTERYH A8 Azys ZHo=
(qualitative) FAKZF $14=E A+ (recon-
struction) sMokst stk A7 wjEE 5T A=
A FAHo] Packard 5ol 9siA A2 AL=HU
oV FA Jbg Wol AREHIY UE WHOE
A Ruelle7t A)¢¥sta Takens7t $H3 A1 A
Atime delay) & o4 Folth? o ‘A4
W (method of delays)'® Hol ¥¢3HA Uow,
Whitney$] 8 o] (embedding theorem)ell 2
3 ol2AogE ol AWAZHdelay time)E
AT RS Ay T & 9o Iy
AR ZEHA EAME THse A AL"
29 (dimension) &  FAFsE  #i @2+ (embedding
dimension) & F3k= A A AAAZHdelay

o
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time) S T3 Zo] W% FoT £ dE ¥
W o ZME SVD(singular value decomposition)
olgate] YALE A T & F Utk £ &
FoME o FriA WS Hlw §4E, T8
el &)X ojmd ue] ©f &FHA of

& o] o|ToiTh

Q

=2

[13
=2

2. X]|¥¥(Method of Delays)

TakensE X @& 3 (delay coordinates) & ©1&
] A2 i 94F7Hpseudo phase
space) oA QAEE A 3T F UFS 58
FAnt? = 129 AAE A5 «(HEFEH 9
o] AHAZHT)E olgst] Al A" A=
= gea 22 /A HEE Jepd g ok

oD =o(d,o(t+ T),,o(t+(n—1T) (1)

A7V, “nzam+TolH, Tme A AzGe Y
Ae] Aol o P AL ANTL
AQIE tEe A2Re el mehd AREZ
gene AR A9E gy 5 Utk o
ga sjgol2e el AF Yy Fael 1 4
Foe bgel skl ZWE T A
FoH FAGNE 4 Aol T3 ¥4H
Zolg Ase GER, EE A% w9
£ A o)A CAALET A4S Aol
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£ 39uT RS 239 el wYsel et
webd, A4 2 SRAAE HA AN
3 22 0gAde) ool n§ Fosh

EE Tk ) ZA,

2.1 AN X|HAIZE MY

B oAM= dAlE 53l Takens® AGHo
ojgA AHEEE=A] dEstY, o|EFHoEE F&
812 k2 A Aol AAlole W FATFS B
ozt A, o 7o) 13 AY vENFAL

s

Z gdHe IARE Al29E 2HI
X=y
y=-0'x (2)
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A 9 Az" s

x=sin(wt), y=wcos(wr) (3)
0]__]_ U‘}ﬂ-k] _r‘}\l-E.— x—_x;-b}‘ _g.i ?A % 2
2 F7 Mgsoe] 3 4 don B B

& vendd, &

x_ Y_
R =sin*(wr) + cos*(wr) =1 )

o] Atk wElN, JAEE 17 dsiME AE
W x9 yb BF skt vhek 49k SAE
F e Af, A9 NAAZE TE AHES A
AHE o] &3l ANTE A FAY F Utk 9
A9 oA} YAFE7H pseudo phase space)2 e}
e Aedes oed 2

x=sin(or), y=sin(wr+p) (5)
A7) g= wrow_, A9 A& o2 olge
T Wee T 4 A0 &

x, = xcos(ax) + ysin(¢x)
¥, = ycos(e) — xsin(cx) (6)

mebd, 4 (5)E tew) 2ol mEE & U

x, = sin(@t)cos() + sin(@r + ¢)sin( )
y, = sin(@t + ¢ )cos(or) — sin(@r)sin(cx) (N

A7\A, olA

]
e o

g9, x,, v, FFEYNAN BHIE A T
e 2e B $HALE Uehd 4 sl

a=rAZ T 9 A

"

2 2
X, Y -

[ole] [rele]

F, AGAZHT)E g0l HAHAZSH, T
=tan(¢/2)7} BT A Al osir 214
SASA AT Ho 2§ deg Ued
ot 28 ol o)iEel Asolw, dAl I
Ade AT, F ¢l w2 BRlY B
Fol Wi g 4 itk A A=
¢l2=nrd ZF HAX=E 7—‘1’8 Fges e
A gk olgd S A7t ofitiEE,
¢/27t wnoll 7ML FEol wol 4 Asddle
Mz e 4 A doh 2o A9
S *31@"2 AEAAN7 AsiME AQATEe

r* il

9o] w9 ZeaTT & & Utk
AGAE AR YA THET 2E A
A A ¢ zEser Btk AAE, T e
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A2, "T7F vi¢ & A% 53] 7122 Al2H
FAE Fgol Hel 49 Nzd AL AT
JAEE FZE AHdEte A

A2 g Aok o] T HAfel sy o
7o) Jehlo] A= Duffing equation ©]-&
3 o5 I™¥1(b)9 2-81(d) o 4 Jerf ALk

B

X =X,
x, =—0.4x, + x,(1— x7) +0.4cost (10)

AMAZ, T} 4135
A% A F4E HEs

0.5

X (t+T)
(=]

Jd 1 AFHEE AT XID), x1t+T) {a)
() T=12sec, (d) T = 40sec
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OEA "ok o449 48 ASEL vy, A
gt AAZEE ol gdte] AFAH dAEE 1
g 1)l Yeplgion ol fde gix (2
¥ 1a)) s W FAEE ¢
e dA9 A9 AAAZE W Fo3e ¢
T U
A (2)9 e F HlE(x yE HME JLFTL
& F Uk F AYHoE EYHo F i
W AgA(cross-correlation) AE ‘0’0l Atk
2hA, 2] ()l Tl WAAAA S 0'0)
EE QAT A s A4 5 9
o} oolgg gL wie FEASA AR ET 3l
2
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+
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g
o
Lo
2

T

oy, Axdel Be FoE 281 ok 7

Wo| A3 Y WWOZM, Fraser S A

x(H+T)
=3




Ego] HEE AHAZHE AHst
= oue Agdsty o ASEW, (0%
x(t+ THE FAHES 221 FF7H] A+ (9
9] A1 auto-correlation) Zol  AWMA 0&
AvkE AEAZE T'E A9 4 Sty Ty
ANABATFE oAl =YAd(general inde-
pendency) € YERIXE= REEE FISAHR
(mutual information)®] WA F4%k(local
minimum) ¢ 7= ‘T2 Mdas 248 Asts)

Itk F Wgo ATARE v o] A9
et

IS, @ =H(Q)+H(S)—H(S, Q (1
o 7]A, S={sl 9., 5y}, @={ay, a5, ,ay}Ol2
Z_}'Z}Oﬂ EHﬁ]— Q]’ {PS(Sl) PS(Sz) PS(SN)},
{Pq(ql),Pq(qz),---,Pq(qN)}O]‘:} T3, HSS

HQE s @l 3 AEZYE Vehdth &

N
H(S) = —Z,Ps(sf Ylog,P,(s,) 12)

ola, H(S, Qv ZAYNEZI(joint entropy) &
& Yehl 2 dth

N
H(S, Q)=—ZZP (s;.9,)log, P, (5,.9;) 13)
i=l j=1

Weld, B w4yl 9ds] £G4 A9 [S.Q)
=0,H(S,Q =H(S)+ H(Qe°I™, ¥ ¥F7t X
ASdle KS.Q=H(S)=H(Q=H(S, Q7 dt.
o] ML Al & Aol AMRHI ot £
AAE g3 722 ol f2 thE Asivt sith

9 g ALg Ao M*‘%M e
So] ¢ EHFAN = ¢ 1718 & A
7] wEolth 4o = %%’4%# (D, WH7F =
Hol HZYMME  Plx,y) = P()P(y»7t Hojok
oy 97 P(x), P(y), P(x,y)e 24 FEEE

pEAE

50 2F FEVEFFE duidch 4 (1003

2e NAY AzFolA JUESES AR 5

qolx RHEL 44 ¢ 5 A =T 4 ()%
A

7o HY N2He Aol °
A 7FAANE AA A2 FHNA BHE A
2 EZFolx gtk dE 59, 4 (2)¢ sl
= g3 ol ekl 4 9o,

x= y(O) ——sin(wt) + x(0) cos(wt)

y= y(O) cos(ot) — x(0)wsin(ar) (14)

o] AoflM, W xe
3]

6}01 *szé HE o]
Aol Ao & USE Eo
(10)4 Duffing equation® tTHx<]
Lorenz equationol tigt o] JREE IH
2(a) 9+ 2(b)ell 2+ Jep ATt

B
L
2
re
>
r\l
x

dx dy
—~=16(y-x), —=x(4592-72),
= (y=x) ” ( )
dz
4
dr s (15)

& Fraser7} A¢HE algorithm(5)el <3t
AN A3ARE 9 2009 2(d) o Z2 v
gt o] IHEZRREH FHF AAAZHT)S
Z}z} 54 sec(Duffing  equation) 9+ 0.09 sec
(Lorenz equation)d& & 4 13, ol& ol&st
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Ueplidth 2"olA As
HAHAA DA G & B
Attt G EZXA, Duffing equation® 2-$¢ A4
AAEE 99 A=y 72t ¢A

=
BHE
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A oids &
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Mutual Information (I)
A=) £ A

—_

~

%
o}
s
of
oE].

o

A FEHA HAME A AHE]
A

Mutual Information (T)
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02 08 1
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Time delay (T)

a3 2(a) Aefel /4= (Duffing equation), (b) ¥ a2l $l A =(Lorenz equation), (c) &
E(Lorenz equation), (e) TFME A
£ (Duffing equation), () MFME A Z(Lorenz equation)

M5 (Duffing equation), (d) A
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2.2 Z A D& (Embedding Dimension) MH

A AT AYD(m) e ZEE AS Ay
A )& s IA dFstd QA= A7d &
F Atk 23U wme A, ATAAR =R
BEH 228 o8 AERES AA9dE T4 ©E
F otk dE B4 4199 A7AY H*P‘%ﬂ
AN FE SRR EE 7] TP AR
e Ao wers, dee 9 P%ioﬂ
- sk HL YPALE P A w$
T8tk JHE gel AR e WHoEM
3329 (correlation dimension, DC)E ©
Zol gtk AT LS 1Y ELH
Bz A g wmalA pegrel #Ev) o o
& °‘°11er] % HAa A9 PAYeE AL
gcr” 2 9ol 781849 TEE F oy ot
g go] kY 28] Lichert5& AL
718183 el FNES TSty HAMEds F
A AANTE FAl 3t e AckEe
Y o e dEER waRE gane
71818kA 9l Boko ngrs T 97) HH—rOH !
A AL oM EAEL gloy AR
A e 878

o FJ

3. SVD(Singular Value Decomposition)

< AGEE AFAsE ¥ SVD
(Singular Value Decomposition) & AFEs}= Hf
He ARt o] wHe gyTEs A7
Asks A Yolx % Aol
sttt B doMe o HolMet e o F AMRE)
o, SVDE °] &3 o] &4 ¢ 7 AL
Hol A & 3&S vehllza) ity SVDE ol &
gl Al Takens®] uwl@ o]Eo] 1 7]2E
T Jer 71E3 o2 ue #oh

5 dlolE, {vli=1,2, N2
{reRr"i=1,2, N} FA3A »

Broomhead
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2 2ol o

2 1% o
i l—n

[ ER
[e]
S
-

MEAE

ARALS e e 2

L S
trajectory matrix) = 78T 4 Atk

AHPB( X,

X, V, oV, eV,

X_ X; — V2 V3 n4+l
XL Ve Vi 7 Vivena (16)
AZIM, N=Np(n—Doltt o A{PFL 1 2

A7y 28] WYALE AL AAAZEe] WEH
749 oAb gAbEE "k o @dhel] tisiA
SVDE 3%,

X=52¢CT (17

7t "o, A7 sE XXTY N TREE YE,

Ce XX wn ZHWEH dZ 3= THH
(singular value) (o, 0y, =, 0,) & 7F2 nxn U]
Ztggojry ag OA FEahd o 2tk
XC=83 (18)
M, g8 xCce AF4Y¥E XxE 7)A(basis)
FZ o) B Z2E 4T & 3o, ol
col 7+ €& Ed" A Wk ey o

= 1 21F Yeath edrld Ol ok g
A, “w'<n'o] Rank(S) = Rank(C)7} ¥,
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1% 3(a)°l Duffing equation® 9A=E U FEE 59 ZU)dY B A7) wEe] Ak

ehlligies, O 3(b)t o8 A4S dAEgdd  F FHAN Xco S 2HI B 4 deH A
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AAE PE S wE AFSE XCE ALY AL UEA AR vz 9 B35 Fe ARe] IF
Aesty 1 o)lfrE, ‘xc=SdA & #8 xc FHoZ Arle FFHA A HS AW B

Nommalised Singular Values
(=]
=

-2 -1.5 -1 -0.5 0 0.5 1 L5 2 0 02 0.4 0.6 08 1
X Normalised Index (i)

(a) (b)

< o &

a2 3 SVDE ol85t0] MTAHE AME (@) el {4
(singular values), (c) ¥3 XCE ol835l6{ MFHE
W XCE O|85t0f MPAHE HAMET

i I-n

24842 a8 2EHRl 213 U M4 $, 2005
ZASHE



th SVDE o]&3 Wyol o aAdAYE BRL
o, T3 CAAY L Aol wEA HH A
o] AAo] BT Hol ALEE AUE A+A
g & e JdAE Tt VEplIn v,
SVDE AHgdle A%, Ho 7hdsiy 474 A&
g 5 AS UrEhH"*E}

agu, oA o] F 7EA] Wl tigh M=
o] AdA e B2 =Ho] A&
o} SVDol olgt v ] B =F
A2 o GFEe] HiHI Aiﬁr, £ AzE
AA=E AT °‘°H
R AAZF §]/\ uﬂgz}
o] /Ho]
o ¢
-}

-[0

3

%“%401 FeHQ ZRoIA o BTl

R rshr

32
2

(1) Packard, N. H., Crutchfield, J. P., Farmer,
J. D. and Shaw, R. S., 1980, “Geometry from a
Time Series.” Physical Review Letters, Vol. 45,
No. 9, pp. 712~716.

(2) Takens, F. 1981,
Attractors in Turbulence,” Lecture Notes in
Mathematics, 898, pp. 365~381.

(3) Whitney, H., 1936, “Differential Mani-
folds”, Annals of Mathmatics, Vol. 37, No. 3, pp.
645~680.

(4) Saver, T. Yorke, J. A. and Casdagli, M.,
1991, “Embedology,” Journal of Statistical
Physics, Vol. 65, No. 3/4, pp. 579~616.

“Detecting Strange

(5) Fraser, A. M. and Swinney, H. L., 1986,
“Independent Coordinates for Strange Attractors
from Mutual Information,” Physical Review A,
Vol. 33, No. 2, pp. 1134~1140.

(6) Brown., R., Bryant, P. and Abarbanel, H.
D. I, 1991,
of a Dynamical System from an Observed Time
Series,” Physical Review A, Vol. 43, No. 6, pp.
2787 ~2806.

(7) Grassberger,

“Computing the Lyapunov Spectrum

P. and Procaccia, 1, 1983,
“Measuring The  Strangeness of  Strange
Attractors,” Physica D, Vol. 9, pp. 189~208.

(8) Liebert, W. Pawelzik, K. and Schuster,
H G, 1991, “Optimal Embeddings of Chaotic
Attractors from Topological Considerations,”
Europhysics Letters, Vol. 14, No. 6, pp. 521 ~526.

(9) Kennel, M. B., Brown, R. and Abarbanel,
H. D. 1, 1892, “Determining Embedding Dimen-
sion for Phase-space Reconstruction Using a
Geometrical Construction,” Physical Review A,
Vol. 45, No. 6, pp. 3403~3411.

(10) Buzug, Th., Reimers, T. and Pfister, G.,
1990, “Optimal Strange
Attractors from Purely Geometrical Arguments,”
Europhysics Letters, Vol. 13, No. 7, pp. 605~610.

(11) Broomhead, D. S. and King, G. P., 1986,
“Extracting Qualitative Dynamics from Experi-
mental Data,” Physica D, Vol. 20, pp. 217 ~236.

(12) King, G. P., Jones, R. and Broomhead,
D. S.. 1987, “Phase Portraits from a Time Series
: A Singular System Approach,” Nuclear Physics
B (Proc. Suppl.). Vol. 2, pp, 379~390.

Reconstruction  of

YRASHERE B 213 My $, 2003 + 24T



