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ABSTRACT

In this study, Lyapunov exponents and cellular automaton (CA) are applied
to examine whether the short-term traffic flows on urban streets display
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stochastic or chaotic phenomena. Empirical tests were conducted out of five, ten
and fifteen minutes’ traffic flow rates that are observed from some selected
roadways in Taipei. We found strong evidence of nonlinear dependence in the
short-term traffic flow dynamics and that chaotic time series model can
successfully explain such nonlinear structures. In comparison with the
conventional integrated autoregressive-moving average model (ARIMA), we
also found that the chaos time series model obviously outperforms on the
prediction accuracy of such short-term traffic flow dynamics.

Key Words: Short-term traffic flow, Deterministic chaos, Stochastic, Cellular
automaton
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HERE (embedding dimension) m o JEEFRAHALEIRL] T 2 F 2 HIE LR TS IR B R R
SO 0 IRE R A AT P A RIRE - H E PeAHRH & (autocorrelation function, ACF) &
H‘f’ﬁ(ﬁﬁ’ﬁg T8 Ry RBRIEEIAIRA (decorrelation time) % -

R R AMERE m o — i AR ER G 2% 15 K T M A B B B . FH B £R ¥ (correlation
coefficient) HR AKERE m #@lE - HUHRHTRE R = T . m (B R iR AHERE 5 ERITEHIFT
T R BT E R IR EAE BE PO E » SO DU MR AKERE my, 22D +1 BFRADE
& > H D B RO P .

52 BEAHERREA

RS AR R PP IR SR E A B - — BRI B B F R %1 (single-variable time
series) HEMEAHZEM] » DUSERTEERIDE MERR] - R TEMI el » DIgESK H R A SGR
RE (state) [HIMYRKERENLR - BRBALOT -

1. EEREAHZE R
TS IRFT] 325 [ x; i F— (R B e Rt s A - B

x.eR, i=12-- N Q)

1

FIFHAEBEF [ (delay-time method) IR FEF 12 Ho—BEERE x, R A m HEFAZE[E R™
FRg—EE X, BRI (6) Fogk B0

Xi=(x Xi_po s Xi_guen)€ R”, i=1+(m=-D7, 2+(m-17,---, N 6)

Hep s 1 ZEERFR (delay time) ;
m R AHEEE (embedding dimension) °

DU A ZAEFHZE R R B (m = 3) > 40k 11 (b) Atz - G oy — 8 37 ATl R Ry e e
SRS » HERTwE (m — 1) (BB S IBATRE L - #5Z > AlEE m EAN R R
] > 7. m A AS I » 0 SR HE RS AL £t — T = 2T~ vt = (m— 1)1
T m EZE b SEIEARERE R SR

2. FEHIE TR
VLI R Py A2 B A BT R e AR R - 28 R PR =G -
Ak 12 Ffiogs o fE = HEARZ2 R b S8 R TR - B R H RGBT (current
observation) X, ELHARAHYTHMNE X, 7 » MEARHIEIARY BBV X, HYALES (neighbors) »
&R G B T R - Az R e — fepif s, (R ARHED) AR IS - B
X or o REFE RIS R T Wik X, BB S RERF M L (R FFEERIR (relationship) »
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KL - ATAREERRER - S35 E LEARBE/EARZ= ] RS B A R AR AL E —E IRk - FELUEHE
(track) JT{UASEGIRS IS - P X7 -

(a)
y(©)

>V WYN Wiy

t

Y(O=(y(1), y(t- 1), y(t-21)) Z(T) e BT 1)

Y(ED=(y(t+1), y((t+1)-), y((t+1)-21))

t
A b

Z(T)

t-2t

11 BREFFIRAR=#EZERTEE

12 MEEERRFHFEETEE
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WEEEF =+ —% H-H REAF+=£5A

DU St F i pE AR 3800 B0 « 5 m #ERSAHZZR > AlfkaT X, BaErERrek
SETELET TR - p RRRI I ILES - thEtE X, Bl X, , & IRV EERBACRAN (7) Fir
N AHRE KB @ NEEGA] » BRI —THEIF (predictor) AL F KEI® - 7R - B2
NCiE d BEZ 0 F (X)) g pom e TR Xy, ZAH » 202 () RS -

Xy, =0(X,) (7

Xt+p ZF(Xt)d,p,m,‘r,n

m—1 m—1 m—1

=fo+ D Sk Xk + > Sk Xi—keXi—kyr o0 F > Sawkyhy X—keXikyr Xk (8)
k=0 ky=k, ky=ky_,
k=0 :
ky =k,
k=0

fRi X, BERs R oo Ry BN ZE R TR ARE (X7, > h=1, 2, -, n) SCBEAF (F£
fi NSO A) > Hon 8l Xp, K Xg L, ZEEE%DEI’J Rilps# FRIRTARSR I 5T

CIRGFITITG - 081 SR £ Furts R EAHA  BIR X A T B
AIE 9) Kft -
X=Af )

X=(xr,+paxrz+pa"‘axrn+p)

f = (fO’fl-Oﬂ T fl(m—l)’ f2-0~0’ B fd(m—l)(m—l)--~(m—1))

A T mx PO sacabian S + S5 ARATSE (10) B

m:d.
2 d
Loxp X o Xpene XL X—(mene
2 d
A= 1 X, Xr—r 7 Xn—m-hr X1, " XT—(m-Dr (10)
1 2 d
xTn xTn_T e xTn—(m—l)T xTn .o xTn_(m_l)T nX(erd)!

mld!

A HAET (KR o) MHZERRAGT RS L fE A
X R (1+ 1) FHZEHATRS Z H &

n * FHZE AP R

d: ZHBEH

[ dBEZIKF(X,) g om0 LFREE
DR - F PUEaR EbE s

Hﬂlﬂl

P ¢ B SR AN B B Qe - B AL

A-LH

—234—



SRR AL RN

PRI/ NEIRH B T2 FIARZE R TP TR ERE © BLAb > B 1SS WRRE R -
A FARERIFE (RIARZE R AR 2 (80 E K HATE (AIEREA & f AR ) -
Bz 5 (11)

S (m+d)!
m!d!

K (9) FrakiZ fFARA 8) » BISERGI RN F (X)) g pm, 1 L

(11

—r
I\

i
fid

e 7T

6.1 BHEEMES

AMFEREG LT ULRE] 90.2.12~90.2.21 3#HEH (FEHEER 0:05 E4E
24:00) ZToriEsGE R 2,880 R - MR E RIS OF > AL 1,440 2 960 F-
or$E Ry S AGE L BIESHEL R SOMARES (AR - STEESZ 150 ~ RAEPUEE KA
W o STHSEEEE L) R RORERES LB (MR LW - = RREVINAT) =B B 5 B R RAUE -
INEER R BRI LB IR RS R - SN RUSE ~ BB ~ 31 B
B e R R A B o A ARV IR Py A m R THIIR S - IR THIIYE
TfERE

DOt AL/ N Fuor sl R Bl - e ACF #f v ZIEJEANE 13 fizs - #GERR
BT AR ]2 Ry 310 08 o FRRY m SRAANE] 45— Eﬁmﬁ(ﬁ?ﬁ‘%mﬁﬂ‘ﬁﬁ ' iR
AWTFESTES m AERBUEIE AT > B8 MR AKEREAI Ty 5 - AtE] 14 Az

A A .
A /N 7\
A [\ /N
A L\ [\

200 RO0 600 800 100§ 1200 1400 1600 18R0 2000 2200 24002600 2800 3000 320§ 3400 3600 3800

o N \_/ N/
NS ~ ~

EI FAHRA R EL (ACF)

-0.4
-0.6
-0.8

FESERFE (J78#)

13 MMitBEASEREEZEFHAERERE dtm @ /)E)
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EHIUER Btk BB REAF=FA

B2 T B (prediction step) p AYSEHT > FHIUME BB E I < AHRA (R3S DU e 565
RABBIHE R » LRy BRI RE 1 2 o Ry oRBECHERE - ARWFZEHS p 38 Fy 1= BEAD
Bilgw LACH RS2 (> 1) TPk 5 L Bugis b - B Ena sl S e -
PREARFTER W TEMSSCR AR A I L — B2 WU T (RIS P — P 28
HEF (X)) gt pet, m=s, 1=310, n=6 25T o (BT - STIARKER F iR — RS20 R IE
RRUETEI o KR AETHIGERE D > A2 g — P ERS x; AN R AR, - RE ATER
B SERREF SR a R IR B -

0.85
0.84
0.83
0.82

0.81 /'\-\.
08 _a—

0.79

0.78 -/

0.77

0.76
0.75 :

EIREN 8

HARERE

14 XMALERASERBERAMEZHBEST (LR - NE)

6.2 BFALIER Lyapunov 15204258

DOt AL R AGE R B > A0 1S Rl FLTiop ~ i ke 10
AGEEEMUIFTFY - AEFREEBEANE - #E5  EARFRRE (s -+
B et TioreE) BITEDL N > BRI Bl (EAR AR - CERIR R IEAS AR - FrLUAT R
VRS LEIRAIE - IR nl o BT IRV ESES) - At - gLy i K L i M3 KA
BRI 0 BREIRIERFE -

6.3 TFRAIEESIZLEE

1. R ] P8 AR AT B T

AWFZERIFIRTILH L3Sl BB RS EREIA A 25+ H B E R ex-post TH
I L - DU G THIIRE S - 25 ARITEEE MR (E B I E L AR R B 1
Fi7s o 3EREIE - B ERREERTE 0.6 DLE > FRoREMRR I FURRSCR BT -

—236—



SRR AL RN

=
B

/N (FFLA S D

400
350
300
250
200
150
100
50
0

W

0

RIE] 90.2.12 0:05

AN (o AGE R

300

250

200

150

100

50

0

400
Ak (&)

600

800 1000
RR[E] 90.2.21 24:00

o

W

0

RIE] 90.2.12 0:05

1
<

PN

/NE (g

250

200

150

100

50

0

A (&

1000

1500
RR[E] 90.2.21 24:00

0 500
R 90.2.12 0:05

1000 1500

‘R (5D

2000 2500 3000

R[E 90.2.21 24:00

15 MMItBARREREZREESFEFFIBHBELE dtm - hE)
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st FER F=+=% F2H RBEAL+=FA

*1 RBEBHEREARI ex post FAER ZBRAR R

% 24 SRR LS RA7ER MR
H M At ! B[] P[] A FE[A
KE 0.626 0.607 0.264 0.610 0.355 0.264
Falax: |
S JINER 0.816 0.834 0.698 0.748 0.852 0.856
A E =
MR 0.475 0.188 0.855 0.821 0.716 0.624
KE 0.761 0.791 0.448 0.702 0.534 0.298
o
B JINER 0.901 0.882 0.817 0.833 0.920 0.909
RiEE
B 0.649 0.277 0.923 0.904 0.811 0.802
- K 0.837 0.835 0.621 0.806 0.620 0.365
@ﬁf JINER 0.930 0.913 0.874 0.877 0.941 0.932
AR
MR 0.715 0.343 0.953 0.938 0.847 0.839

B T Mok S A B PRI o REBRAR S - AW TR A8 7 4 stz © (root
mean square percent error, RMSPE) Kz AH¥ #5472 © (relative error, E) ZEHEAm s — 5 294k FE M
HERERE - Hop DUHEERE B SR - —f%imis @ EER 0 2 1 [HERRECR R - 1
AT (B 8N 0 THII GEE) s E= 1 FoRTallseR 72 » HTEIHERON A b 87
I (constant predictor) X; = x Fyft: » BB UA T HESZ o £ Bl i S FERHIERE ST AG A SR
AIF 2 BFK 3 PR o

32 B3 L THMIMERERETHALRG R ELZR 1 SRAHRI PR B FPALRE SR — 2 - DUNE R
H i rsEaEmTHMZ RMSPE By 32% 28 55% » 4538k 22%% 43% @ +H5 8k 18%

8. Y H B EERZ (root mean square percent error, RMSPE)
LT s A PR 2 R B o b > HYERv I - A AR -

l ;Ci_xi 2
HIZ(—XI_ )

Hebn BTEEAE (1=1,2,3, ..., n) 0 x; EEE > X R TEEE -

9. MEERAE (relative error, E)
IR ke (L 2 25 737 (normalized root mean square error) 1371, RS BRI 2 E
FEEARY O 25 1 ] - SRILTEHIBUFATEESE - T B (AT 0 TARICRAE © %5 E2 1 - FUR7E
RS A LR SEEMI T (constant predictor) %, = X Byfd: » TSR 2= AR AT 8252 « ARAT R |

Z:(JAC_’CI')2

RMSPE =

o _ RMSE _
oo X -0?
Hrpr x; RylERME > X RePABE > ¥ BB R PS IHE TR VM > o RBREZ AR
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iR E T AL RSN

& 35% 5 T FisGaEE L E By 0.5 2 0.7 > 538k 0.4 2 0.6 » 715345y 0.3
0.5 HAHREL E{H/RZ/ MY 1 BURTEHISCR AT rlResz bt - i bl EEEe -
DREFERF 41 (FHZ2 R AR E) T ﬁﬂ%%ﬂﬁﬂ)@kiﬁﬂ:Z]ﬁ(EJ A EE
73> BATERIERIE - 8 16 T SOMALEs —RGER -+ #sH R 3. ex post THHI{FHELE
BE . e -

’2 FE+TBERBEEMAEI ex post TR 21575 573 LEERZE (RMSPE)

i E prgz it RAETERL RMERR
HIR T Aera P A i A P[]
K - - - — - -

%g% /NEL - 0.460 0.370 0.322 0.552 -
PR - - 0.434 0.381 - -

KE - - - — - -
ig% /NEL 0.389 0.323 0.229 0.226 0.398 0.432
[ 8 - — 0.263 0.278 0.650 0.794

K - - - — - -
tﬁgi;ﬁ N 0.326 0.297 0.179 0.189 0.349 0.293
e 0.624 0.663 0.193 0.227 0.369 0.567

i T— ) REISEREROEER 0 Z{H > i RMSPE flE2H -

K3 E+TBERBEEAEI ex post THRZ HHEERE (B)
FREZ SR ALR RS, RAESRE
S Aere FAlE] Ha Y[ HA Py[a]
KE 0.909 0.938 1.258 0.865 1.134 1.102
A
E%% JINEE 0.591 0.570 0.755 0.704 0.528 0.541
SCIE B
HEER 1.011 1.282 0.539 0.613 0.765 0.844
KE 0.742 0.665 1.052 0.746 0.977 1.104
S\ L
;E%E JNEE. 0.452 0.500 0.591 0.569 0.394 0.426
placN=CR
B E 0.881 1.201 0.418 0.457 0.625 0.622
KE 0.630 0.586 0.856 0.609 0.920 1.027
N
+£57 i JINEE. 0.392 0.447 0.494 0.489 0.339 0.370
XLE
B E 0.833 1.122 0.352 0.376 0.565 0.566
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THHME
BZE

300

250

IE 00

150 — FHEEE

-------- BEE

IINEEAGE

100

00:00 06:00 12:00 18:00 00:00
FRFRE

mmﬂ 40

—
------ B

12:00 18:00 00:00
FF ]

16 XHILBRFEAETERBECEEEMTFAELR (tm - +28)

2. ARIMA f& g2 v7 Bl P

AWTFEHER SCA-UTS kgt 25 Bt < sl s[5 1] fE ARIMA B0 HZ2 0 (o,
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SRR AL RN

d, q) ZRSEAER 4 Fior o 3R S B > 1o BiAcE s TIPSR S A HAL S AN
B /NE IR B TSR - A2 — L5 0500 MR 252 - (HRH TR AN &
AN S RSN > AL B S BT [ RIS R IEVIBIAZ 5L » ML > BR TAHERRZEAR 1
ZIGDUAN > FLA TGS R G AR AEIRAE 0.9 Ay -

&4 ARIMA 28 (p.d,q) ZBE

BB SO RA: 75 AR
LRl At F 1] D P[] LD P[]
.| K= (4,1,5) 3.,1,5) (3,14 (3,14 2,1,3) 2,1,3)
%gi% JINEL (0,1,1) (3,14 (3,14 (3,1,3) (1,1,4) (2,1,3)
XA (0,1,1) (0,1,1) 2,1,3) 3,1,5) (5,1,6) (0,1,1)
e | RE (6,1,7) (5,1,6) (2,1,3) 2,1,3) (7,1,8) (1,1,2)
;%i_% /INEL (8,1,9) (5,1,10) (5,1,10) (7,1,9) (9,1,10) (9,1,9)
e (0,1,1) (7,1,8) (9,1,10) @,1,7) (5,17 (0,1,1)
KE# (7,1,9) 3.,1,5) (3,14 (6,1,7) (4,1,5) (0,1,1)
E%%ﬁ JINEL (9,1,9) (8,1,8) (3,17 (5,17 (5,1,9) (4,1,8)
. XA (3,14 (1,1,2) (5.1,8) 2,1,6) 2,1,5) (0,1,1)

£S5 FHTHREE ARIMA IR ex post FHRAIZHBEERE (E)

BB SCRILES RAP5#S AR S
R I51A AL P[] A PaIE] I P51
K 1.345 1.352 1.182 1.157 1.097 1.003
%gg /INEL 1.310 1.359 1.102 1.193 1312 1.430
e 0.991 1.082 1.348 1.300 1.270 1.286
.| K= 1.409 1.497 1.258 1.359 0.975 0.999
igi% JINEL 0.880 0.873 1.617 0.969 0.969 0.907
XA 0.995 1.191 0.991 0.973 0.956 1.387
| RE 1.019 1.423 1.314 0.991 1.003 1.000
7%5%@ JNEL 1.217 0.923 1.205 1.032 0.910 0.931
e 1.110 1.264 0.956 0.963 0.957 1.417

3. THHRS R L

Foste—2 ke (FHZEHR) e ARIMA B FHIIGETT - L DISOMALER S+
H B/ N -4 35 5 R B> KR £ ex post TS SRE B % (L ) R LL e A
17 -
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Wt ER F=+=—% F=-¥ RBEAT+=—F~A

300
250
200 - LA I —
— tHZEM
| ANV 5 —— ARIMA
150 e
------- BE

100

12:00 18:00 00:00
5

17 REREFY] (HZEEE) R - ARIMA B TEAMERBREZ LEEE

17 Bk (RHZEiE) < IR RIKAE S IR sl (LA ENET T8 > B

EARIEHRES] - ARIMA RN BABEVEY (moving average) ZHFH - RIS TEH]
ERRERRFIIZRIES () 1705 - WAEAT R AR g 7L LR TR

DA PR FERHIYERE RS > AEANFRIRFRINE R > /NE B FHRS R 2 - AR
FILE 0.3 2 0.7 i > BURTHHISCR RAFAIG nl #2532 B - ARIMA BRI N B TS
Rt - HHABRRGE RE 0.9 7oy HRFNEEBY )N (Foriscm ) Hyaine iz -
AREFESIATRUREMR A THHIRE ST ARIMA 56 - HAERSAE TR RN EAGE
THRERME, > LAl IE ATBRRE AN Se BT AT B BRI S e 1 -

t &

AR R RS LA BAEIR - ERVNCHEY 5T %ﬁﬁllﬁﬁﬂﬁjéi‘ﬁ
Bl ERENTSE » T i W E B AT 1A B L B L 5 BRI R - ASCEEAINTHR
HRIFRFY IR BRI ~ o e+ I EsOE R YRR E T BIR 1HK%LEP75
J7 o BAEANERFE R 2 AGE R R 3 M L BT FL AR AR B a3 A B s
R 0 > 35 LERE R T o BRI A S L R RN R 1 -

AWFEHE— S FIH— O EEE (CA) LI TARIRE A AR R - PRETH
W GNtD) FRIANORZ LRz (LB » #EDL et 2 A ERE TR RS - HAHR

10. ASAEEAE S —Fam s T A PR 22 BRI 65 22 A IR TR — DU AGE S R B B
ger > SEHSTHRE T, W DISERGERTE AR K ~ SR EAGE R I 4,500
FELR - EITEEV - MRS HAERGE R ETEN > 29 RAFRIRHERETT - BhAEER IR AT
PR AR OB B AR G MR -
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FH CA S3 AT B ATt AL 1 B FR U5 B logistic il 2 X,y = aX,(1- X)) A[F] - FH Mai
(1973) ZIIHTBEBIAE3ST<a<4 ~n— oo iy X, BERCAEL GEIAREER) - PLIRaR ] HiE
F] EL R A A DRE TR R &L

TS R RS R A R R 5 AT W BRI ERR P ERHBR TR S 51 > AR
FEF A 751 o] DU S R e R DRt PR A i > ELAE TEIIRE 0 5 i W R A2 HA B IR T P 471
ARIMA B - HERSARE TR (m i) TR R Z FIIERE (B4 1,000 S22
HWELLE) - B ARIMA #8854 (B —IRffJfh) Fres gtk B R R = i FI R

RIIEE SRR Ll CA ZpWrEdl ke < BpAE i B £R0 (X (4)) HIRHER
atrdl o B RS ANFIERFTAEE p AB) - FTESARRERR TR - I AR
ZEHIE T R EIAANFRERE EIUHERE  RAMERE ~ ZERRIRFH]) > DISeTHEiisH
HIRETT = B > $RGT BV FAE B AL rh iy H PR SR (self-organization) - it
—E AR AR SR P, REEETETEIS: - e SRR - 1ER20E
PERIEBLTRIS L AKSE - WIREAT HURAHE A ZE ZERTEIERIGH & <0 BOESRRE ~ M5B
) - BEEREESZER] (chaos control) 7% ¢ 55 = > Wl A G 1aI < EM - AN (E
W QEIERFIERIOE) 55 -
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