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Fluctuation of riding passengers induced by chaotic motions of shuttle buses
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We study the fluctuation of the number of riding passengers in a few shuttle buses that pass each other freely.
We present a dynamical model of the shuttle buses that takes into account the maximum capacity of a bus. The
dynamics of the buses is expressed in terms of a coupled nonlinear map with noise. The number of passengers
carried by a bus and the time headway between buses exhibit complex behavior with varying trips. It is found
that the behavior of the buses exhibits deterministic chaos even if there is no noise. The chaotic motion
depends on the loading parameter, the maximum capacity of a bus, the bus’s speed, and the number of buses.
When the loading parameter is larger than a threshold value, each bus carries a full load of passengers
throughout its trip. The dependence of the threstigtahsition point on both capacity and speed is clarified.

DOI: 10.1103/PhysReVvE.68.036107 PACS nun)er89.40—-a, 05.45--a, 82.40.Bj

[. INTRODUCTION headway between a bus and the bus ahead of it. The differ-
ence between the arrival times of buses varies from time to
Recently, transportation problems have attracted much atime. Fluctuations of the number of riding passengers may be
tention in the field of physicgl-5|. Traffic flow, pedestrian attributable to the variation between the time headways. It is
flow, and bus-route problems have been studied from thexpected that the capacity of the bus also has an important
points of view of statistical mechanics and nonlinear dynameeffect on the fluctuation of riding passenger numbers.
ics [6—23. Interesting dynamical phase transitions have In this paper, we present a simplified dynamical model to
been found in transportation systems. Jams are a typical sigiescribe the motions of buses taking into account the maxi-
nature of the complex behavior of traffic flow. Chaos hasmum capacity of the buses. We study the dynamical behavior
also been found in traffic floy24,25. of buses induced by the interaction between buses through
A shuttle bus system exhibits severe congestion problemge number of passengers waiting at the starting point, when
in peak traffic. The maximum rate of serving passengers ighe buses shuttle between the starting point and the destina-
achieved if each bus carries a full load of passengersion repeatedly. We investigate the number of passengers car-
throughout its trip. Furthermore, when the number of passenvied by the buses and the time headway between the buses.
gers is larger than the maximum, queuing occurs at the stariye also study the effect of the bus capacity on the motion
ing point. Queuing is similar to a jam in traffic flow. Below and the number of riding passengers.
the full load, the number of riding passengers fluctuates
greatly. In managing a shuttle bus operation, the usual crite-

rion for deciding the number of buses is that one should be Il. MODEL
able to transport everyone from starting point to destination
within some period of time for rush hour trip6—-2§. An- We consider the dynamical behavior Mfbuses shuttling

other criterion used in shuttle bus operation is that a passefpetween the starting poirforigin) and the destination. The
ger’s waiting time should not exceed some specified value.waiting passengers at the origin board a bus just arrived, then
Various models of bus route systems have been studied. lifie bus starts at the origin, moves toward the destination, all
a bus route model with many buses, it has been found that eurrently riding passengers leave the bus when the bus ar-
bunching transition between an inhomogeneous jammed arfives at the destination, and the bus returns to the origin.
a homogeneous phase occurs with increasing bus densi#/hen a bus reaches other buses, it passes them freely. If the
[17-22. In a cyclic system where the buses do not pass eachumber of waiting passengers is greater than the maximum
other, it has been shown that the buses exhibit such complesapacity of the bus, the passengers board the bus to capacity
behaviors as periodic and chaotic motidi2g]. It has also and the remaining passengers wait for the next bus. We as-
been found that a distinct chaotic motion is induced whersume that the buses keep a constant mean speed on the route.
buses pass each other freely in a system including a few We define the number of passengers boarding ibies
shuttle busef28]. However, there are few dynamical models trip m by B;(m). The parametery is the time it takes one
to estimate the dynamic behavior of shuttle buses that takpassenger to board the bus,#8;(m) is the amount of time
into account the maximum capacity of the buses. It is imporneeded to board all the passengers at the origin. The param-
tant and necessary to estimate the number of riding passeater 7 is the time it takes one passenger to leave the bus, so
gers on the buses. Fluctuation of the number of riding pas#B;(m) is the amount of time needed to leave all the pas-
sengers will be induced not only by stochastic variation insengers at the destination. The moving time of buis
passengers arriving at the starting point, but also by varyin@L/V,;, whereL is the distance between the origin and the
destination, and/; is the mean speed of busThe tour time
equals the sum of these periods. Then the arrival tiffra
*Email address: tmtnaga@ipc.shizuoka.ac.jp +1) of busi at the origin for tripm+1 is given by
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2L
LM+ =t(m)+(y+mB(m+- (@)
' 50
fori=1,2,...M. -
We defineW;(m) as the number of passengers waiting at \E/
the origin just before busarrives at the origin for tripn. It =
is expressed by 0
Wi(m)=W;,(m")—=B;,(m")+ w(t;(m)—t;,(m"))+ &(m), 50
2 3
where bud’ is the one arriving at the origin just before bus &
i and tripm, t;;(m’) is the arrival time of bus’ at the origin, 0
and B;,(m’) is the number of passengers boarding bus
New passengers arrive at the origin at rateSo u(t;(m) 900 m 950
—t;,(m’)) is the number of passengers that have arrived (a)
since the bus ahead'’] left the origin. The number of new
passengers fluctuates from time to time. We take into account
the fluctuation of new passengers. The fluctuation is repre-
sented by white noise&(m) where (&(m))=0 and 50
(&(M)&(M"))=a%5; s Smny - G WV\\/ VW
We define the maximum capacity of bussF; .« The =
passenger numbd3;(m) boarding busg for trip mis given A
by 0 ! | L
Bi(m)= min[Fi,maXvWi(m)]- ©) 50
If the number of passengers waiting at the origin is higher \§ \/\/\\/VV\/\\/\/\/W \
than the maximum capacity, the number of passengers board- ™
ing the bus is limited by the maximum capacity. The remain- 0 T ] ] T

ing passengers wait for the next bus. Dividing the actual time
by the characteristic timel2V, (V, is the reference spegd

one obtains the following equation for the dimensionless ar- (b)
rival time of busi at the origin:

900 m 950

FIG. 1. Plots of the number8;(m) andB,(m) of riding pas-

v sengers on buses 1 and 2 against trip numi&om trip m= 900 to
Ti(m+1)=T,(m)+I'B;(m)+ _0, (4 950 for the values ofl=(a) 40 and(b) 50 and no noisea=0.0,
Vi whereM =2, I'=0.01, andF na=F2 ma—=50. The dotted line in-

ith dicates the maximum capaciby, (o 2 max
wit

) ) , other buses. As a result, the number of riding passengers also
Wi(m)=W;,(m") = B;,(m") + II(Ti(m) = Ti:(m"))+ &(M)  changes from bus to bus. It is expected that the buses will

(5) exhibit a complex behavior.

and
Ill. SIMULATION RESULTS

Bi(m)=min[F; max, Wi(m)], (6)

where T,(m)=t(m)Vo/2L, T=(y+ V2L, and II use of iterates of the maf)—(6). We calculate the time

We investigate the dynamical behavior of shuttle buses by

headway between the buses and the number of riding pas-

Thus, the dynamics of the buses is described by the si
plified map (4) with Egs. (5) and (6). The map should be

sengers for various trips. We study the fluctuations of the
Mumber of riding passengers and the time headway, the ef-
fects of a speed difference and a capacity difference on bus

iterated simultaneously favl buses. The dynamical proper- behavior. and the noise effect on bus behavior
ties of the map are controlled by four parameters: the loading ' '

parametei’II, the capacityF; ., the bus speel;/V,, and

the bus numbel. When the number of prospective passen-
gers increases, the value of the loading parameter becomes We investigate the dynamical behavior for two identical
high. buses. Figure 1 shows plots of the numb&gm) and

A. Two identical buses

For a few buses, the order of the buses changes attrip B,(m) of riding passengers on buses 1 and 2 against trip

and the time headway between buses changes from trip taumberm from trip m=900 to 950 for the values ofl
trip because a bus passes other buses or is outstripped by(a) 40 and(b) 50 and no noisea=0.0, whereM=2, I'
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0 FIG. 3. (a) Plot of the numbeB;(m) of riding passengers on

' ’ ' ' bus 1 against loading parameiérfrom sufficiently large trip num-

900 m’ 950 berm=900 to 1000 wheré1 =2, I'=0.01,F; ya=F2ma=50, and
) a=0.0. (b) Plot of the time headwaypT(m) against loading pa-
rameterll.

FIG. 2. Plots of the time headwa%T(m’) and the number

B(m’) of riding passengers against arrival order from m’ of waiting passengers is proportional to the time headway for

=900 to 950 for the values d = (a) 40 andb) 50, where(a) and N0 queuing at the origin. Irfb), even if two buses arrive

(b) correspond, respectively, t@) and(b) in Fig. 1. simultaneously at the origin, the riding passenger number
does not become zero when the bus ahead carries the full

=0.01,V,;=V,=V,, andF na=F2 ma=50. The dotted line  |oad of passengers.

indicates the maximum capacityy (o 2),max 1€ numbers We study the distribution of the number of riding passen-

B,(m) and B,(m) of riding passengers cannot be greatergers and the time headway for various values of the loading

thanF (o 2) max FOr case@) of a low value of loading pa- parameter in the case of two buses without noise. Fig(ae 3

rameter, the numbers of riding passengers change irregularBhows a plot of the numbes,;(m) of riding passengers on

from zero to a value lower than the maximum capacitybus 1 against loading parameiéifrom sufficiently large trip

F1 (or2),max FOr case(b), the numbers of riding passengers number m=900 to 1000 whereM =2, I'=0.01, Fy nax

change irregularly from nonzero to the maximum capacity=F; n,=50, anda=0.0. Figure 80) shows a plot of the

F1 (or2),max The buses frequently carry a full load of passen-time headwayA T(m) against loading parametéf from suf-

gers. ficiently large trip numbem=900 to 1000 where the values

Figure 2 shows plots of the time headwAy(m’) and  of the parameters are the same as in Fig).3

the numbeB(m’) of riding passengers against arrival order  For low values of the loading parametdr both the num-

m’ from m’ =900 to 950 for the values dl =(a) 40 andb)  ber of riding passengers and the time headway take three

50 where(a) and (b) correspond, respectively, ta) and(b)  values and their distributions exhibit three peaks around

in Fig. 1 The time headway changes alternately from low tothese values. With increasing loading paramétethe local-

high values. The number of riding passengers changes simized distributions extend around the peaks and become two

larly by synchronizing with the time headway. Both time extended distributions for 298[1<47.4. When the loading

headway and number of riding passengers vary almost perparametedl is higher than 47.4, the two extended distribu-

odically with period 2. However, these quantities exhibit antions break down into three distributions again. If the loading

irregularity. When two buses arrive simultaneously at theparametetll is higher than 66.5, the time headway takes two

origin, the time headway becomes zero. As a result, thealues periodically. FOFI<66.5, the time headway exhibits

riding passenger number becomes zero because the numhmaotic motion. Thus, a dynamical transition from chaotic to
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periodic motion occurs dil ;.= 66.5.

The distribution of the number of riding passengers ex-
hibits similar behavior to that of the time headway. When the 50
loading parameter is higher thdh=44.0, the number of —_
riding passengers saturates sometimes= gy 2) max FOr \g -
47.4<11<66.5, either bus 1 or bus 2 carries a full load of M
passengers. When the loading paraméieis higher than 0 ! 1 ‘
66.5, both number8;(m) andB,(m) saturate at the maxi-
mum capacity. Afll.=66.5, the two buses are fully loaded.
Therefore, the dynamical transition from chaotic to periodic
motion atll,=66.5 is induced by fully loaded buses.

We study the probability densiti{B,) against passenger
numberB; for the values ofll=40 and 50 and no noise,
=0.0, whereM=2, I'=0.01, andF; j,5,=F2 ma=50. The 900 m 950
probability density distributions correspond, respectively, to (a)
those in Figs. (a) and Xb). ForII=40, the probability den-
sity exhibits two separate distributions. This means that the
number of riding passengers varies greatly fromB, <18
to 37<B;<44. ForlI=50, the probability density exhibits a
distribution with the three peaks. The third peak shows the
full load of passengers. Thus, the number of riding passen-
gers varies greatly in chaotic motion.

We study the mean and root mean square of the number 0 ' ' '
B1(m) of riding passengers, whetd =2, I'=0.01, Fy jax

(243

0

B2(m)

=F, max=50, anda=0.0. The mean value increases mono- 50

tonically according as the loading parameter increases and g M\/WWW\/\/
saturates at the transition poiht,=66.5. The root mean ;E/

square increases with loading parameter, reaches its highest 0

value atll=47.5, and then decreases and becomes zero at ' ' '

the transition pointll,=66.5. The valuell=47.5 at the 900 m 950
highest value of the rms corresponds to the point where one (b)

bus carries the full load of passengers and the other bus does

not. FIG. 4. Plots of the numberB;(m) andB,(m) of riding pas-

sengers on buses 1 and 2 with different speeds against trip number
m from m=900 to 950 for the values dil =(a) 30 and(b) 50 and
no noise,a=0.0, whereM=2,I'=0.01,V,;=V,, V,=2V,/3, and
We study the effect of a speed difference between twa=; a=F2 ma=50.

buses on the behavior of the number of riding passengers.
We set the mean speeds of two busesVasV, and V,
=2V,/3. Bus 2 moves more slowly than bus 1. Thus the
gynarmcal motion of pus 2 is definitely different from the Figure a) shows a plot of the numbd,(m) of riding

ehavior of bus 1. Figure 4 shows plots of the numbers . :
B,(m) and B,(m) of riding passengers on buses 1 and opassengers on bus 1 against loading paramétéom suf-

against trip numbem from m= 900 to 950 for the values of ficiently large trip numbem=900 to 1090 wherdl =2, I
IT=(a) 30 and(b) 50 and no noisea=0.0, whereM =2, =0.01,Fy ma=F2ma=50, anda_=_0.0. Figure ) shows a
I'=0.01, andFy ya=F»ma=50. The dotted line indicates PIot of the numberB,(m) of riding passengers on bus 2
the maximum Capacitf (or 2 max The Numberd,(m) and against loading parameték. Bqth numbers of r.|d|r_19 passen-
B,(m) of riding passengers cannot be greater tharf€rs on bu;e; 1 _and 2 exhpn_exten_ded distributions. T_he
F1 (or2).max FOT case(@ of a low value of the loading pa- extended distributions are definitely different from those in

rameter, the numbers of riding passengers change irregularfyig. 3. With increasing loading parameth, the full load
from zero to a value lower than the maximum capacityof bus 1 begins afl=235.6 while the full load of bus 2
Fl(or 2),max However, the behavior of the riding passengerbegins aflI=40.5. Bus 1 becomes fully loaded before bus 2.
number of bus 1 is different from that of bus 2. On average)f the loading parameter is higher thah=40.0, both buses
the riding passenger number of bus 1 is higher than that odre always not empty. When the loading parameter is higher
bus 2. For caséb), the numbers of riding passengers changethanIl.=58.3, both buses carry the full load of passengers.
irregularly from nonzero to the maximum capacity Thus, the dynamical transition from chaotic to periodic mo-
F1(or2),max The buses frequently carry the full load of pas-tion occurs atll;=58.3. The transition point is less than
sengers. On average, the riding passenger number of bus 1lik.=66.5 in Fig. 3a).

B. Effect of a speed difference

less than that of bus 2. The dynamical behavior of bus 1 is
definitely different from that of bus 2.
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FIG. 5. (a) Plot of the numbeB,(m) of riding passengers on
bus 1 against loading paramelérfrom sufficiently large trip num-
ber m=900 to 1000 whereM =2, I'=0.01, V,=V,, V,=2V,/3,

F 1 max=F2ma=50, anda=0.0. (b) Plot of the numbeB,(m) of
riding passengers on bus 2 against loading parani&ter

We study the probability densitie$(B;) and f(B,)
against passenger numbd&s andB, on buses 1 and 2 for
the values ofl=30,50 and no noiseg=0.0, for the same
values of the other parameters. Hdr=30, the probability
density of bus 1 exhibits a peak at abd&it=32, while the

probability density of bus 2 has an extended distribution over
0=B,<34. This means that the number of riding passengers

on bus 1 is higher than that of bus 2. Hbe=50, the peak at

aboutB, (or B,)=50 is due to the full load of passengers.
The probability density distribution of bus 1 is definitely
different from that of bus 2 because of the speed difference

between the buses.

We study the means and root mean squares of the num-
bersB;(m) andB,(m) of riding passengers on buses 1 and

2. Figure 6 shows plots of the mealas ,, andB, ,, and root

mean squareB; ;s and B, ;s Of riding passenger numbers

against the loading parametBrwhereM =2, I'=0.01,V,
:Vo, V2:2V0/3, Fl,max: F2,max:501 anda.:OO The mean

value increases monotonically according as the loading pa-
rameter increases. The mean value of bus 1 is higher than

that of bus 2 untillI =48.9. For 48.911<58.3, the mean
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FIG. 6. Plots of mean8, ,, and B, ,, and root mean squares
B1ms @nd B, s Of riding passenger numbers against loading pa-
rameter IT where M=2, I'=0.01, V,;=V,, V,=2Vy/3, Fynax
=F, max=50, anda=0.0.

and then decrease and become zero at the transition point
I1.=58.3.

C. Effect of a capacity difference

We study the effect of a capacity difference between buses
on the number of riding passengers. Figu(@ shows a plot
of numberB;(m) of riding passengers on bus 1 against the
loading parametell from sufficiently large trip humbem

40

Bi(m)

0 I 100

60 -

23.8 40.0 53.5
40

€
>N
[an]

100

FIG. 7. (a) Plot of numbeB,(m) of riding passengers on bus 1

value of bus 1 is less than that of bus 2. When the loadinggainst loading parametéf from sufficiently large trip numbem
parameter is higher thai = 58.3, the mean value saturates =900 to 1000 whereM =2, I'=0.01, F; 0,=50, F5 ma=25, V4
at the maximum capacity. The root mean squares increaseVv,=V,, anda=0.0. (b) Plot of the numberB,(m) of riding

with loading parameter, reach their highest valudlat 44,

passengers on bus 2 against loading paraniéter
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FIG. 8. Plots of mean8, ,, and B, ,, and root mean squares
B1ms and B, ms Of riding passenger numbers on buses 1 and 2 FIG. 10. Plots of thresholdI. against capacityrma for M
against loading parametdi where M=2, I'=0.01, F; ;,,=50, =2 (V1=V2=Vo), M=2(V,=Vy, V,=2V,/3), and M=3(V,
F o mac=25, V1=V,=V,, anda=0.0. =V,=V,) wherel’=0.01. The solid curves represent the theoret-
ical result(9). The circles indicate the simulation results.

=900 to 1000 whereM=2, I'=0.01, F; ma=50, F2 max

=25,V,=V,=V,, anda=0.0. Figure Tb) shows a plot of 1 are consistent with those of bus 2 urti=40, and both

the numbeB,(m) of riding passengers on bus 2 against themean values increase monotonically with loading parameter
loading parametdrl. Figure 8 shows plots of the meaBg,,  until II=40. The root mean square values increase with
and B, 5, and root mean squards; ;s and B, s Of riding  loading parameter, reach their highest valuélat25.8, be-
passenger numbers on buses 1 and 2 against the loadisgme zero afl =40, increase again, and become zero again
parameteil. The mean and root mean square values for bugt IT1,=53.5. When the loading parameter is higher than
I1.,=53.5, both buses carry a full load of passengers. When
the loading parameter is higher than 23.8, bus 2 begins
sometimes carrying the full load of passengers. When the
loading parameter is higher than 40.0, bus 1 begins some-
times carrying the full load of passengers. Thus, the number
of riding passengers exhibits complex behavior due to the
difference between the capacities of buses 1 and 2.

60

40

Bi(m)

20
D. Noise effects

We study the effect of noise on the bus motion. Figure
0 100 9(a) shows a plot of the numbé;(m) of riding passengers
IT against the loading parametHr from sufficiently large trip
(a) numberm= 900 to 1000 fora=10, whereM =2, I'=0.01,
andF ; ma=F2ma=50. Figure 9a) is compared to Fig. (),
with no noise. The number of riding passengers changes its
60 L L extended distribution. Figure(l9 shows plots of the mean
B, ov @nd root mean squarB, ;s of the riding passenger
\ numbers against the loading paramdieThe mean and rms
40 47.5 of the riding passenger numbers change little. Thus, the noise
Bl,rms does not affect the mean behavior of buses but has an effect
20 / on the distribution of the number of riding passengers.
Therefore, the fluctuation of riding passenger numbers is at-
tributable to the chaotic motion of buses induced by the in-
teraction between buses and passengers.

Bi,av
los]

=

2

Bi1,rms

0 II 100
) IV. ANALYTICAL RESULTS

FIG. 9. Effect of noise on the number of riding passeng@is. We study analytically the dependence of the threshold
Plot of the numbeB,(m) of riding passengers against loading pa- (transition point on the bus capacity. We consider a simple
rameterl from sufficiently large trip numbem=900 to 1000 for ~Mass balance for the riding passengers. When the loading
a=10, whereM =2, T'=0.01, andF; pa=F2ma=50. (b) Plots of ~ parameter is higher than the threshold, all buses carry a
meanB; ,,and root mean squa s of riding passenger numbers full load of passengers. So the following equation is obtained
against loading parametér. from Eq. (4):
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The number of passengers arriving at the origin over a suf-

M=2 ficiently large timeT, is given byIIT, . Below the thresh-
60 \ old, the numbefIT, of passengers is consistent with those
3 carried by all the buses. The following relationship holds:
N B)
7 5 2 . TAT) AT'>—HTL. (11)
20 |-
One obtains an approximation of riding passenger number as
0 T T
——  for II<II,,
0 II 200 (B)y=¢ M—-T1l (12

o _ Fmax for II=11.
FIG. 11. Plots of mean number of riding passengers against

loading parametell for bus numberM=2-5 whereI’=0.01,  Figure 11 shows plots of the mean number of riding passen-
Fmax=50, anda=0.0. The solid curves represent the mean-fieldgers against the loading parametdrfor bus numberM

approximation(12). The circles indicate the simulation results. =2-5 wherel'=0.01, F,,,,=50, anda=0.0. The solid
curves represent the approximatidr®). The circles indicate
Vo the simulation results. The simulation results are consistent
AT c=TFj maxt v, (7) " with the theoretical result.
whereAT,; . is the recurrence timéone periodl of busi at V. SUMMARY

the threshold. The number of passengers arriving at the ori-

gin over a sufficiently large tim, is given byIIT, . At the We have presented a dynamical model of shuttle buses

threshold, the numbei T, of passengers is consistent with that Fakes into account the interactions be_tween buses and t_he
the numb’er carried by aILI the buses. The following reIation-maXlmaII capacity of buses. The dyna}mlcs of the 'buses N
hip holds-: ' expresse_d in terms of a coupled nonlinear map with noise.
Ship holds. We studied the fluctuation of the number of riding passen-
Moo gers in a few shuttle buses that pass each other freely. We
> L Fi ma= T (8)  showed that the number of passengers carried by a bus ex-
—1AT ’ hibits a complex behavior with varying bus trips and the
behavior of the buses exhibits deterministic chaos even if
there is no noise. The fluctuation of the number of riding
passengers is attributable to deterministic chaos. We showed
that the chaotic motion depends on the loading parameter,
I, E ©) . !
1 IFi maxt Vo/Vi' the maximum capacity of the bus, the bus’s speed, and the
) , number of buses. We found that, when the loading parameter
Figure 10 shows plots of the threshdl against the capac- s higher than a threshold value, the dynamical transition
ity Fma for M=2 (V;=V,=V,), M=2(V1=Vo,V2  from chaotic to periodic motion occurs because each bus
=2Vo/3), and M=3 (V,=V,=V,) where I'=0.01. The  (ayries a full load of passengers. We clarified the dependence
§ol[d curves represent the theoretical regajt The circles  of the thresholdtransition point on the capacity and speed
indicate the simulation results. The theoretical res@it  of the buses. We presented an analytical result for a shuttle

agrees with the simulation results. bus system. We showed that the analytical result is consistent
We present the analytical result for the case where all thgith the simulation results.

buses have the same spe¢d=V, and the same capacity  The nonlinear map model of the buses is closely con-
Fi max=Fmax- The mean recurrence time is given from Eq. nected to dynamical models of elevat2g]. It is important

One obtains the threshold from Edg) and (8):

|max

(4) as to decide the capacity of the buses, the bus number, and
estimate a passenger’s waiting time in the bus operation sys-
Vo .
(AT)=T(B))+ —-. (100  tem. The model presented here will be useful for bus system
Vi design.
[1] T. Nagatani, Rep. Prog. Phy&5, 1331(2002. Herrmann, M. Schreckenberg, and D. E. WdBpringer,
[2] D. Helbing, Rev. Mod. Phys73, 1067(2001). Heidelberg, 200D
[3] D. Chowdhury, L. Santen, and A. Schadscheider, Phys. Rep.[6] K. Nagel and M. Schreckenberg, J. Phy, 2221(1992.
329 199(2000. [7] E. Ben-Naim, P. L. Krapivsky, and S. Redner, Phys. ReS0E
[4] B. S. Kerner, Netw. Spatial Ecod, 35 (200J). 822(19949.

[5] Traffic and Granular Flow '99 edited by D. Helbing, H. J.  [8] E. Tomer, L. Safonov, and S. Havlin, Phys. Rev. L8t, 382

036107-7



TAKASHI NAGATANI PHYSICAL REVIEW E 68, 036107 (2003

(2000. [17] O. J. O'Loan, M. R. Evans, and M. E. Cates, Phys. ReS8E
[9] M. Treiber, A. Hennecke, and D. Helbing, Phys. Rev6E& 1404(1998.
1805(2000. [18] D. Chowdhury and R. C. Desai, Eur. Phys. JLB 375(2000.
[10] H. K. Lee, H.-W. Lee, and D. Kim, Phys. Rev.@, 056126  [19] T. Nagatani, Phys. Rev. £3, 036116(2001).
(2002). [20] H. J. C. Huijberts, Physica 808 489 (2002.
[11] I. Lubashevsky, S. Kalenkov, and R. Mahnke, Phys. R&S5E  [21] S. A. Hill, e-print cond-mat/0206008.
036140(2002. [22] T. Nagatani, Physica 297, 260 (2001).
[12] I. Lubashevsky, R. Mahnke, P. Wagner, and S. Kalenkov, Phys[23] T. Nagatani, Phys. Rev. 66, 046103(2002.
Rev. E66, 016117(2002. _ _ [24] T. Nagatani, Phys. Rev. B0, 1535(1999.
[13] A. Kirchner and A. Schadschneider, Physica 342, 260 [25] L. A. Safonov, E. Tomer, V. V. Strygin, Y. Ashkenazy, and S.
(2002. Havlin, Chaos12, 1006(2002.

[14] K. Nishinari, D. Chowdhury, and A. Schadschneider, Phys.
Rev. E67, 036120(2002.

[15] F. Weifeng, Y. Lizhong, and F. Weicheng, Physic821, 633
(2003.

[16] S. Maniccam, Physica 821, 653 (2003.

[26] G. F. Newell, Transp. Res., Part B: Method8®, 583(1998.
[27] T. Nagatani, Physica 819, 568 (2002.

[28] T. Nagatani, Physica 823 686 (2003.

[29] T. Poschel and J. Gallas, Phys. Re\b®& 2654 (1994).

036107-8



