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I« JERIERE RN & Z DIGH (2)
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1 BFU&IC

ik ~CTld, £TEo» 0 A THRKRIEE IR
T BRIV R IIBENT, & Db RART PV O
Bo, WEDIEMIRERIIENT, L Db H A AR
FIMRNTIC B 1 B HEARZEM: (orbital instability) % 9
NN LTz, &7, BRIEEZMEEIVIGEDN
22 DA O LI OV TRBA L. Zhich
LT, ZOHmXTREMICY ALY AT ay b OME
PHENL, ALHRRIIESCZLEZELE2, 30
HZFBNT 5, DF KOO AONKRIEF I
T2795 272 VRITOBEDEN, & bbIFEODST
# (Higuchi’s method) % AIMEERIIE S ICEH L
FAEREHNT 5, BEDT I 7 I VRITIE, HA A
R IIE5 0 HOMHEIE (self-similarity) &5, 7
F A DIPEARLEN L WS, BEELRFEDO 1 DTH 5.

2 AIMERINTF—FDOUALYAT7OY LD
BME & TR

BECITRER S DEZED L Z AT L L o1,
TEIRRINENTD 1 DL LTDT — 2T FILOEH
BHERINDLOICIE, RRIEEVPEFEEEZR > T
Wi hiE 5k, £72, JERIERERIIENT, &b
bITh A AERIIERFD 1L LT T 7/ 7K
DEHIHFRIND -DICIE, BRIESHILI—
FITHRTNIER S R0,

ChIZRLT, 2hsonifdzanE L &3 RRIE
Bo%REREE ST C LSRR AEREE LT,
SEEVY AL A7 ey b (recurrence plots, B L C RP)
PEEHENTW5, RPIE, Eckmann et al. (1987) 232
BL76 DT, 1990FERMESL C offffirm3nT
w3 (il z1F, Casdagli, 1997; K 5, 2002; Fletcher,
2000; SEFH, 2011; Hirata & Aihara, 2010; E2% 5, 2002;
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Ikeguchi et al., 1997; Ngamga et al., 2008; Romano et al.,
2004; Zbilut et al., 1998; LU - &JF, 1999; Webber &
Zbilut, 1994) .

VALV ATay + OMEERE DO THEMMED D
T, FRIUESF o(1), v(2), v(3), ..., v(N) D 2 K E D
PR

dij =[v(i) —v(5) |, (1)

WWEOWT, di 2L EWVEL DA WIRFIC 2 RILD
FERE (4, ) &2 7oy LD, d;0fER 75T
— a v A —THERLTTRTCOEHERE2 7o v

FL72DT 5, COMXTHALTwEAARY T T
SCT Tif, BEEZHVTWV 3,

Bl 20, WEHmLTOFRTA F A4 X, —FRELE
KOraP 254y 2BHBDOY AL ATay DA T
—HGERLEZDDOMB 12563 THD, B, I
THWwkeY 2T 4 v 2 B5/RIE, XAk :

z(n+1)=bxz(n)(l—z(n)), b=4. (2)
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bRAI, BT —RPNTVHEOEHROEE S S
=757 aL—2aryTRTBDTHS, BB, Th
5DRTIE, £ E=AEEAT A ctn B %,
HI& 3BREDT =9 OB EM -T2 b DTH 5.

FE3oDU ALY Z Ty FDSL, Bpon Y
AT 4 v VEBROGE, £2FLHNRT, KRB
BT 3AfoRoEaoFIc) Hymcfiofs ki
ZOHEE (HdwiE, Hu LEoxEiisg) (short
upward diagonal segments) 258(% < B oh 5. Zhi
AFAD1DODRETH 2 (Hlz1F, FH, 2011, p.
151-152; Webber & Zbilut, 1994, p. 968, Fig. 4) .

DEIW, VALY AT ay bTuYRT 4 v 7B
PlRIZHE Y BAE o AahH% Rohs o/ v
% (Hénonmap) D2z BRTA K S, =7 VB,

=
IN5,
z(n+1) = 1-—azx(n)?+yn),
yn+1) = bz(n). 3)
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K3 :ugPx74v7EED) ALy 270y b
ZIZT, a=14, b=03ThH 3, =7, FEETH

5 X/ VEBRO x- BHEEO KRS % K 4 12T
) VEHOUV ALY ATy P TR EEEo
WA 22X 0 RPTLT 50, h5—Tldk
CE/ Z7uBERTRLEDD, K5TH5B. ZRhiCH
LT, V& uitd B2ty kv ElRRIES,
B Z XK (1) YA v — TR F— 4 D
BEEVAL ATy FEESIRBTH A,
DTF=ZDIVHALVYRATay FPERK6DXS1c b,
M6 DET=ARZRL &, ¥4 v h—TOEME K
WL C, HAMEBERSEhWICHPNTHwE &8

-

&,

1000

2RICDEDTIRATH D (Hénon, 1976), KA THE bbb
Q‘ "gzjh}wmez‘ il “M‘ Ik
| il L3 i L SR I
At o b
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M - FERRITRERIUMENT (2)
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—7%, [EEF%Z 100 ESo 8 wizBanU H L
vATay MEREBER LD, KT TH5B, Wik
XTI & DiE, TOEEIIMEIEHOESTIE
IEFERESEHEE & e > T2 b DD+ —F RIS
LTEh, M70UA LA T By ME F—F 2R
BHOZNTH BT LITERLEW,

=77, YA h =T E L ICHE LT A
(equilibrium) ICINH L CTW k5B A —T TV A
LyAay FEESHBLTHAI D, T8I,
TEMRZARE T (damped linear oscillator) ORI 7 4
—Z2EIbDTH L, T I TOMBERIVIREIT X
RATEIND 2B HERTH S :

A’z dx

— +2a— +

4
dt? dt @

(a®+bH2=0, a=01b=1.
M9, WEGVRE ORI F—2 DY AL v
A7ay MEREZRY, ZoRERD EAT 3 /ES
DIFEAERFR—BLERS>TWBEY, b ThIicEES
DFEFRITIE N E T A% A v h— TR D & 5 7%
HERDPR N2 e bhs, 5, ZoREE
REHIITCEENSLS BTV BE I Ebbh b,
TSR ERIERE) - DIREI DR 2 KL L T v 3 L &
nks.

| =AY,

7RI,

-

[

KL sNRIRMEA A A (intermittent

chaos) (ff1%1, Aizawa & Kohyama, 1984; Kohyama,
1984; Manneville, 1980; Manneville & Pomeau, 1980) %
X104, T ORIE, Aizawa & Kohyama (1984, p.
847) DIEE~IV X A B (the modified Bernoulli map)
ERITRAD2RILESHBERDONT A= DI b,
B=3,C=0t L7z —RATh 5%,

z(n) + 2B - 1)(1 - 2C)z(n)® + C,
z(n) — 2B - 1)1 -2+ C)(1 —z(n))® —C. (5)

z(n+1)
z(n+1)

EIE~OV X 4 BARRRIIEE OREIE, Ricd % &
L S IRENT %Y — 2 M JE (the bursting phase)
EIRE D75 = 5 —JF (the laminar phase) 7> 5 i
DRTHD, 728, fioickhid, 5) X5 2 —
DI CHAX¥RThHWNILZMELR L BEEICE,
CDRRINE S DR 6 N tBE CER R L 7
b, fYARZ b (the f¥ spectrum) 2SEHMITE 3 &
W, KiE, 25027 ay FERT

3 AIHRKRINTF—IDT S5 ILRTOBE
ER IR

—iiz, hARDZKO»r DR (Hlz2iE, AR,
2000) D5 b, BEALEMEEME, EFELFHME L
CT7 V52907527V (fractal property), H
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K11 BIERVIABER T - DU H LA Tay b

HEMER S T oh 5, BEALEECN LT, BEZ
MEPHE O R ENWRHEE R T, b2 RESHCDH
TITH 2586, ZOREO EABESZED HLT
ZIRIERLTH, ZORBEOLEBHREEIHA SN
5. [Ffk7 C EPRERIEEDMBEIZOVTHER D
Bé, ZTOMEEAOHEMERRES WS,
HOMMER, S0 7 52 % VRKIG (fractal
dimensions) 2 & b XX 5, FARITICOW T,
INEFTICHRy Z7Z2H T v kRIE (box counting
dimension), HHBEXIT (correlation dimension), D
7k (Higuchi, 1987) 72 ESRRE I T w3, B ARIC,

A=

Ry 7 AAT v FRIGE, BERIG (capacity dimen-
sion), Z'U v FXJG (grid dimension) 7z & & & WEE
N5 ENHDB (HlZIX, Russelletal., 1980),

9, mOEHAT I 7 I NKITICOWTHENT 2
EDEDESITHD. Thbb, BHEORFOXITIZ,
Bl 2 I XEE ORI 1| RICTH b FFEIE 2 Ktk ED
KOWCIERMEE 2D, COEBENERITEE & D EHE
WERT DI, ROXS>HZBRICERT S L0,
Thbb, H5MEELIEN ZEEACT, b
& D2 B ORL T 7 DI RARRLE 2 i/ N o
BxE N L9, mFEOMICE, & oBRIEK
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HRTZ - JERRIZIRE R TUAENT (2)

20 T T —

log L(k) with base 2

o 1 2 s 4 5 6 7 8 95 10
log k with base 2
12 : OO FEIC PP AT 4 v 2 EROD
7574V

B2, 0% kN LRa T, bofak
T 23Rz =2' RETH 2, Tk
bbb, TOHED=1THbL, LihsT, 757%
WRIGIE L &%, UL, RIBOHRITIEHRDD 5K
DALH>TWRICHEbL LT, RIUHIEHIE L & 5% 0
bOPEFET 5, FLALNbDIC, a v hlifk
(Koch curve) ¥ 2 LE VA X —DX ¥ A7 v b
(Sierpinski Gasket) 72 E23H 5. HiaARIL, HIED T
S 7 IKIGIZL26, YV EVAF—DX ¥ AT
F DFERICIFLS85TH 5.

S X ICHHBEIRE S (correlation integral) (2D W TR~
%, ABYRE7 1%, Grassberger & Procassia (1983a, b) iC
k2BboT, HBERITTERD 57O ICIIHEEED % K
HRFNERS RV, HEESE, mXou%EME LT
OB DAL v(1), =1, ..., NI LT

o, ) IEF~EH A FHEEEL (Heaviside-step
function) T,

S0, HEEBESE, mRXITEH EToED %
FUCHEEE r NIC A 2B D SO DOF (DRRIR) <
b5,

RO S C™(n) A r DY 22 fEE T

C™(r) oc ¥, (8)

DR, (8) XD R — U v 7 H vim) (ZAHBIIE %
(correlation exponent) EIMEEN %, ZH kb, (8) =
DOMIADONE AT S Z Lic & b5 5Kz EE
LT, logr ZHHhic, logC™(r) ZHfftic 7v v b L7
EE, BBAT—IVOHIPH ri < r < ry Trim) 754
FLOEMIC 2> T, Z O#iFEN T H M
BoirobntEhg,

log L(k) with base 2

0 é 4;, t‘5 l;’s 1‘0 12
log k with base 2
X 13 MO TIEIC & 294 v h— THRI D
7977

(7) RoMHBEE D2 M LT, iEHE - olEs7 5k %
n 8% Z,

cr(r)=>_p, 9)
=1

ETBHLEE, (9) X
C(r) oc ralm) (10)

q

EFIET S, A v (m)iE, ¢ XROMHBEES L
ME(E2 % (Grassberger & Procassia, 1983a), Z I T,
=2 D5E, MHBEXIT LN S

MEXILS, BElo 7 5 7 2 VvRItFkk, %< 0
BIFEROEE L 20, BEIEE & 25505 5. f
ZE, o r YR T 4 v 7 ERIR E OGS
(noninvertible maps) “C (%, fHBIXRTCIZFELAE & 72 % D3,
T/ VER EOBGRINE S (dissipative maps) Tl
FIRTCIEIERER L 72 5 (F1Z1F, Sprott, 2003), B
BT, aY AT 4 v 7 BHRTEMEXTTIZL, =/ v
B TIE1.2204 036725 Z EAASNT RS,

—7, MODAHETE, bEORRINGE%E 21, o,
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v g E LT, F RS o 2 RO K ST ERT
5

$m7xm+k7$m+2k:'"7"Em+[N*Tm]k7 mzlv'“:k-

oFlZ, MBOOFETIE, s oERZZ2UTOLD
CEFET B
}h(m

{ [[”z’“]
Ln(k) =
i=1

o, (1) Ao le] Gla1E, #7 2 DEE (Gaussian
integer) TH %,

BB, bbb IEREERNRE Lz, EFE Lak
D kfICHZ¥EEE LK) 25MH T3, &L, Ihd,

N-1

| e — LTm+(i—1)k \ TRN=m] 5.
[F=] %

L(k) o k72, (12)

ol BERERIGDDT7 S 7 VTH B EMNS,
mgic, HEAXITOHA LA, (12) XKoL o
BEHLD, log kZ2MHNz, log LK) Z#tHIc 7oy b
L7z, Z0d-D7% 3 AR OEMRICE > TV,
ERIZACHLMELE D IO E RN s, ol Y
BEREIICDDT I INEERD,

B, 792%VRILDIE KRIEBSD/ ST —
ARYZ MV P(floc fOUBITD a b DEICO>ED L S
HBARDH B T LD 5T WS (Berry, 1970) ¢

D=0Gb-a)/2, 1<a<3. (13)

Berry (1979) 1%, Ex{Td D DEWIZ LD,
1. D=1 (a=3) O, W7 72 %) (marginal
fractal) T, ZEAERD LT —T,
2. D=15 (a=2) DI, 759077275
(Brownian fractal) <, | XJu7 I v v i#EE)
(Brownian motion) O,
3. D=2 (a=1) OF, #iil7 7 J 7 9L (extreme
fractal) T, %l@% = (% noise) D,
D3IFERFIL T, £/, MO (1989) & D=1
(aw>3), Mandelbrot (1977) 1Z D=2 (0<a<1) £ LT
W3,

LIk, REoWMOD7 5274 Vvkit%, DEHEX
T Dy EXT 272D Dy EERFTLT B LICT 5,
%8, ERoBERrS, 737 VRITTIRAB A
A3 ERPITERY, £z, Coyt et al. (2013) iZ,
RERAME D AN 72356, loga L(k) vs. loga kD 7" 5
7IiF kDOREGXBETIREIP R0 2 L 2HEL
Tws, S6i, e, (DVEABWERSIAALC

[EX

{=

EERMET BT, k(marn) ZTELBLE DN LS,
(ONE A e E o FHIR A % RE L 72 i, k (maa)
ETELNEDKRELID, JLzEOTHB,

X121k, E2fiTch_7z0P AT 14 v 7 EHRICD
W, HEEID TS & % logy LK) vs. logs kD275 7
ERLELDTH S, MroWPHehrkLdic, 757
i, BIFERE R TED, TORRIEETH 7 52
INVEEER AL TWw B I EBbhs, bixAaic, fE
D7 T2 Y IVRKIG Dy DIEIZ2.00035 £ 1EIX 2 &5
TWw3, &8, WERXTRLEZDRRIGEFD S
D= RRT PABFTA P AR B ELAET T b
Ko TWADT, BYAF 4 v 2 ERTIZ LR =0
LHRNB. Lo, ZIZTD Dylx Mandelbrot O
T 579 27 9V RILDMHE E—3T 5.

[ U < flikamnSCTELY BTk o4 4 X, RO
—HRAELBES TH, AREERAIELNE, T4hbb,
Z0 5D logs LK) vs. logs kD 27T 7 13 FHITIZITERR
b, DyofEd IEI, 1.99806, 1.99959 & /& b,
iE L HIZIE2TH 5,

DEIZ, AULE 2RIV A v h—TRRI
12D logy L(k) vs. logg kD75 7 %R LTcDD,
K13 Ths KroHorEEIIE, ZOHERIZE
DRE LR TIREI L TB D, DS Coyt et al
(2013) DR & —F LT B, HA v H— TRRAII,
79 79N RRR O EbD D,
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Abstract

Recurrence plot and fractal dimension analysis are introduced, both of which can beapplicable to various time
series signals. Although autocorrelations and powerspectra are valid only if they are stationary, they are well
known indicators for detecting properties of these signals in the linear time series analysis. Similarly, Lyapunov
exponents are meaningful if the time series under study is ergodic, which are frequently used to examine
whether it is chaotic in the nonlinear time series analysis. In contrast, recurrence plot and fractal dimensions
have no or few assumptions in application to time series signals. Results of the application of recurrence plot to
some artificial time series signals show that, for example, it can certainly be an indicator of chaos. Fractal
dimension analysis which is used to detect geometrical property of chaos is alsoa relatively robust method and it
is valid when it is applied to time series signalswith self-similarity. Applications of Higuchi’s method, which is
one of the methodsfor detecting fractal dimension, to two artificial time series signals show thathis method

enables us to detect fractal property of these signals when properlyapplied.

Keywords and phrases: chaos, recurrence plot, fractal dimensions, Higuchi’s method
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