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Open boundaries in a cellular automata model for synchronized flow: Effects of nonmonotonicity

Rui Jiang and Qing-Song Wu
School of Engineering Science, University of Science and Technology of China, Hefei 230026, People’s Republic of China
(Received 15 April 2003; published 29 August 2003

In this paper, we have discussed the traffic situations arising from the open boundary corf@B@)sof
a cellular automata model that can reproduce the synchronized flow. The model is different from the slow-to-
start (STS model in that the upper branch of the fundamental diagram in the periodic boundary conditions
(PBC) is not monotonous but has an extremum. The phase diagram and the fundamental diagram of the model
in the OBC are investigated. The results are compared with those of the STS model and those in the PBC. The
current in the OBC as well as the density profiles in the different phases is also investigated.
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I. INTRODUCTION finite system. Moreover, a striped structure in the high den-
sity phase is observed.

In the past few decades, traffic problems have attracted Very recently, the authors presented a new CA model
the interest of a community of physicigts—3]. Traffic flow, ~ Which can describe the synchronized flow quite satisfactorily
a kind of many-body systems of strongly interacting ve-[19]. This model also exhibits the metastable states and the
hicles, shows various complex behaviors. To understand th@ysteresis in the PBC. Nevertheless, different from the STS
behavior of traffic flow, various traffic flow models have model, the upper branch of the fundamental diagram of the
been proposed and studied, including car-following models€W model is not monotonous but has an extremum. There-
cellular automaton(CA) models, gas-kinetic models, and fore, it is interesting to analyze what additional effects can be
hydrodynamic model4—12]. Compared with other dynami- observed due to the nonmonotonicity in the OBC.

cal spproaches, CA models are conceptually simper ang, TS Paber = organized s oo, e | he moce
can be easily implemented on computers for numerica y ’ ) '

investigations he numerical simulations are carried out and the results are
: . . compared with that of STS models. The conclusions are
The most simple CA model for traffic flow is the rule-184 P

CA named by Wolfranj13]. In 1992, Nagel and Schrecken- given in Sec. V.
berg proposed the well-known Nagel-Schreckenb@i®)
model[5]. As an extension of rule-184 CA, velocitie$, a1y
>1 are allowed in the NS model. The NS model can repro- For the sake of the completeness, we will now briefly
duce some basic phenomena encountered in real trafficecall the new model proposed by the authors. The model is
However, it cannot explain all experimental results. There-defined by modifing the brake light rule and the STS rule of
fore, several improved versions of the NS model were prothe comfortable drivinglCD) model presented by Knospe
posed, such as the slow-to-st€®TS models[6], etc. et al. [20], thus it is referred to as modified CIMCD)

The CA models for traffic flow were extensively studied model. The parallel update rules of the MCD model are as
within periodic boundary condition€®BC). However, open  follows. o o
boundaries are relevant for many realistic situations in traf- (1) Determination of the randomization parameper
fic. Recent researches point out that for models with a unique _
flow-density relation, a%henomenological theory can be ge— P=P@n(1).bn:2(1).th L.
veloped to predict the phase diagram in the case of open (2) Acceleration:
boundary condition$OBC) [14], which is similar to the one
of the asymmetric simple exclusion procé4SEP.! if [bhy1(t)=0 or t,=tg],

D_u_e to the introduction of the STS rules, the_STS models 54 [v,(t)>0], then vn(t+ 1) =min@ () + 2,0 ma)
exhibit the metastable states and the hysteresis in the PBC, )
Thus, the phase diagram of these models in the OBC cannéiS€ if (vn(t)=0), then vp(t+1)=min(s(t) + 1vmay
be predicted by the phenomenological theory. Recently, thiglse va(t+1)=v,(t).
issue has been studig¢d7,18, and it is shown that there
exist the high flow states in a certain parameter regime for (3) Braking rule:

va(t+1)=min(ds" v, (t+1)).

1. MODEL AND OPEN BOUNDARY CONDITIONS

*Corresponding author. Email address: gswu@ustc.edu.cn
!Cheybanyet al. [15] and Huang16] found large deviations in
the phase diagram of the NS model in the OBC in comparison to if [N;,{)<p], then v,(t+1)=maxv,(t+1)—1,0).
the ASEP, which is due to the special boundary conditions used, as
pointed out by Barloviet al. [17]. (5) The determination ob,(t+1):

(4) Randomization and braking:
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if [un(t+1)<vn(t)], thenby(t+1)=1 os{ T T T T T T T a7 free flow -
if [oa(t+1)>0vn(1)], then by(t+1)=0 © MC
. 0.4 . ~ SF -
if [v,(t+1)=0v,(1)], then by(t+1)=b,(t). % ) . "o, o congested:
inati : D 03 P
(6) The determination ofg; ,: S - finite sizo! o phase |
. L : :
if v,(t+1)=0, then tg =t n+1 S o, ieffect i
if va(t+1)>0, then tg,=0. 3,.] kc1 kc2 ]
(7) Car motion: ] / / )
— 0.0 T E T T T E T T T T T
Xn(tH 1) =Xn(1) +op(t+1). 00 01 02 03 04 05 08 07 08 09 10
Here x, and v, are the position and velocity of vehicke density
(here vehiclen+1 precedes vehicle), d, is the gap of the
vehicle n, b, is the status of the brake ligibn(off)—b, FIG. 1. The fundamental diagram of the MCD model in both

=1(0)]. The two times t,=d,/v,(t) and t; PBC(solid line) and OBC(scatter points The peak of the line is a
=min(v,(t),h), whereh determines the range of interaction finite size effect.
with the brake light, are introduced to compare the titpe
needed to reach the position of the leading vehicle with a The open boundary conditions are applied as follows. We
velocity-dependent interaction horizonts. d¢''=d,  assume that the leftmost gell on the roaq corresponds to
+MaxQani—sarery0) i the effective distance, wherg,p; =1, and the entrance section of the road incluglgg, cells.
=min(dy. 1,041 IS the expected velocity of the preceding In one time step, when the update of the cars on the road is
vehicle in the next time step ari, e, controls the effec- completed, we check the position of the last car on the road,
tiveness of the anticipatiom;,nq is a random number be- Which is denoted asjas;. If Xjast>vmax, & car with velocity
tween 0 and 1t , denotes the time when the carstops.  Umax IS injected with probabilitye at the cell mifixas
The randomization parametpris defined as ~Umax:Umaxl-
The right boundary is realized by five cells linked to the
pp if b,,1=1 and t,<ts end of the system. The leading car with the positiqn is
; _ removed ifx.o¢>L (L denotes the position of the rightmost
P@(1).bya(t).th t) =] Po if va=0 and tsn=tc cell on the lﬁg;ﬁ ar(1d the foIIowingp car becomes tghe new

leading car. Then a random numhef, () is generated: if

We note that in the modeli) the acceleration capacity of N.f’anﬂ()z'g’ then the new leading car moves without any
a stopped car is assumed to be 1 and that of a moving car tgndrance; otherwise the new leading car moves as if the
2; (ii) the brake light is switched on if the speed decreasesz®/ISL+1, ... L +5 are occupied by a stopped car.
and after it is switched on, the brake light will not switch off

pq inall other cases.

unless the car begins to accelerdti¢) only when the car has Il. PHASE DIAGRAM AND CURRENT
stopped for a certain timé, does the driver become less . . . : . .
sensitive. In this section, the numerical simulations are carried out

The fundamental diagram of the model in the PBC isand the phase diagram and the current in the OBC are ana-

shown in Fig. 1, where the parameter values &re 10,

Umax=20, pg=0.1, pp=0.94, py=0.5, h=6, dgarery=7.

Each cell corresponds to 1.5 m and a vehicle has a length ¢
five cells. One time step corresponds to 1 s. The system siz. 08+
is L=10000. The density can be divided into three different
regimes. When the density is lok€k;;), no jams appear. 08 J
When density is highK>k.,), the system is characterized | congested phase || (SF). B
by the phase separation. Between the two denditiggnd . 2

1.0 T T T T T

congested phase |

kep, the system is metastable: the homogeneous traffic will 41 free 1/, 8,
evolve into the synchronized flow; in contrast, if we start 1 flow ! /
from a megajam, the phase separation occurs. 02- 4
J a, \ MC

Note the difference of flux between R¢L9] and this paper. In e o1 o2 03 o4 05 o8 o7 o ap 10
Ref. [19], the densityk=1 corresponds to one vehicle/five cells. o
Thus, the value of the flux in this paper is 0.2 times that in
Ref.[19]. FIG. 2. The phase diagram of the MCD model in the OBC.
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FIG. 3. The space-time plots of the model in the OBC. The cars are moving from the left to the right, and the vertical diupcison
(increasing time. The vertical direction corresponds to 20000 time step&jr(f) while it is 1000 time steps in other plot&) «
=0.38=0.2; (b) «=0.58=0.55; (c) «=0.58=0.6; (d) «=0.5,8=0.5; () «=0.28=0.7; (f) «=0.58=0.7; (g) «=0.6,3=0.25; and
(h) «=0.6,3=0.1.

lyzed. The parameters are the same as in Sec. Il. In Fig. 2Zijized flow. The jams propagate upstream, and downstream of
the phase diagram is plotted, which consists of four regionst the free flow occurs. A3 increases, the jams are more
In the free flow phase, the system is jam-figag. 3a)]. easily self-organized. Consequently, the region of synchro-
Hence the current is determined by the inflow parameter nized flow in the space-time plot shrinksig. 3(c)]. Wheng

In the plot of current vs bulk densiifig. 1), the data of free decreases, the self-organization of the jams is more difficult.
flow phase collapse into the monotonous increasing part oAs a result, the region of synchronized flow expands
the upper branch of the fundamental diagram. [Fig. 3d)].

In the congested phase |, the system is a coexistence of When g is quite large, the synchronized flow can only be
jams, free flow, and synchronized fldwig. 3(b)]. Due to the  maintained near the right boundary and the space-time plot
hindrance of the right boundary, the synchronized flow oc-n the bulk is characterized by the striped structure, i.e., jams
curs upstream of the boundary. Since the synchronized flowlternating with free flow regiongigs. 3e) and 3f)]. For
is not stable, the jams are self-organized from the synchrothe case, when the jam arrives near the left boundary and is
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Finally, if 8<B; anda> a4, the maximum currentMC)
phase is observelFig. 3(h)]. In the MC phase, the flow is
not restricted by the boundaries but rather by the maxiumum
] possible bulk flow of the given model. In the plot of current
i vs bulk density, the data of MC phase collapse into a point.

] Now one can see that the lower branch of the fundamental
. diagram in the PBC is classified into two ranges. The large
1 density range can be generated in the OBC while the small
] density range cannot be generated. This means not all the
] possible bulk states are generated by the chosen open bound-
ary conditions. This phenomenon is also reproduced and ex-
plained in the work of Namazét al. [22], where the car-
| following model is used.
] We compare our phase diagram with that of VDR model
(see Fig. 8 in Ref[17]). It can be seen that our phase dia-
gram is quite different: the MC phase appears but the JO
phase disappears. Moreover, the congested phases of the
MCD model(including congested phase | and SF phase
quite different from those of the VDR modéhcluding jams
I and Il) despite the similarity at largg8. These differences
are obviously caused by the nonmonotonicity of the MCD
model.
- We would like to mention the implications of our results
for real traffic. That is, for a road section, if there is no
i hindrance at the downstream efidge, 3=0), then the jam
will never occur. Thus, in order to prevent the appearance of
jams, particular attention should be paid to the downstream
end of the road section rather than to the entrance. From the
viewpoint of whole road networks, a hindrance at the down-
stream end of each section corresponds to a bottleneck, so
particular attention should be paid to reducing bottlenecks.
. Next we investigate the current in the OBC. In Fig. 4, we
————— 7 show the dependence of the currenbn the parametera
e 02 o4 = s 10 andg. In Fig. 4a), B is fixed and the curves af againsta

B are plotted. One can see that in the free flow phase, the

current increases with the increase @fwhile it remains

FIG. 4. The dependence of the currenbn the parameters  constant in other phases. In Figib} « is fixed and the

and 8. curves ofg againstB are plotted. One can see that in the free
flow phase and in the MC phase, the current remains con-

exposed to the entrance flux, two subcases can be classifiggfant while it decreases with the increase @fin other
when a< a~0.38, the width of the jam decreases in aver-phases.
age because the inflow is smaller than the outflow of a jam

[Fig. 3©]; when a>a., the width increases in average

[Fig. 3(f)]. These two subcases are similar to the phases of

jams I and Il in the VDR model, one kind of the STS models, |n this section we focus on the density profiles. Since a
except near the right boundafyee Fig. 8 in Ref[17]). vehicle has a length of five cells, the density is defined as the

In the plot of current vs bulk density, the data of con- average density in every five cells.
gested phase I collapse into the lower branch of the funda- |n the free flow phase, whem is relatively large, the
mental diagram wheg is large, and they connect the upper profile is flat in the bul{Figs. 5a) and §b)]. Near the left
branch and the lower branch of the fundamental diagrangnd, a fluctuation is observédThe fluctuation is smeared
when g is small. out due to the randomization. We dendtes the distance

When B, <8< ,, one can have the congested phase Il.within which the density reaches the asymptotic valuecAs
For the case, the synchronized flow is stable and no jam will
appear Fig. 3(g)]. Thus, it is named synchronized flo\BF)
phase. The SF phase corresponds to the synchronized flowithe study on density profile in OBC starts from the ASEP. Later
pattern as observed by Kernjg2l], where no wide moving it is extended to traffic flow models with,,,>1. The density
jams emerge. In the plot of current vs bulk density, the datajefined in this study is somewhat different from the classical den-
of SF phase collapse into the monotonous decreasing part eity: it denotes the cell occupation. Thus, an oscillated profile in
the upper branch of the fundamental diagram. Fig. 5 does not imply an inhomogeneous traffic.

current (vehicles/s)

current (vehicles/s)

IV. DENSITY PROFILE
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FIG. 5. The density profiles in the free flow phaé®.gives the details ofa) near the left boundary and) gives the details of insek
in (d). B=0. In(a) «a=0.4, (b) =0.3, (c) «=0.2, and(d) «=0.1.
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FIG. 7. The density profiles in the congested phase=.0.4;
FIG. 6. The density profiles in the free flow phase near the rightg=0.8,0.7,0.6,0.5,0.4,0.32 from top to bottom.
boundary witha fixed at 0.3.
The density profile in the congested phase | is different
m those in the congested phase in NS and VDR models
[Figs. 5a)-5(c)]. The oscillating profile finally occupies the [15,16], where only. flat profile exists in the b.u_Ik. This is
: caused by the coexistence of the three phases: jam, free flow,
whole systeniFig. 5d). and synchronized flow in MCD model
Near the left end and in the bulk, the densities are inde- . . : ' .
In the SF phase, there is no jam and the profile remains

pendent off3, the influence of can only be observed near flat in the bulk(Fig. 8). An increase of the density always

the right end. In Fig. 6, we show the density profiles near the__.
right end witha fixed at 0.3. It can be seen that f=0, exists at the end of the system. Whgndecreases, the flat

the densities decay near the right end. With the increase %oﬂle in the bulk assumes a lower value and the increase of

B, the decay becomes weaker and an increase of the densi e density at the end of the system enhances.
' y Y The influence ofx can only be observed near the left end

at the end of the system occur8£0.2). Wheng is larger, . ) )
the decay vanishes and the densities increase monotonicalf) both congested pha_lse | and SF pha_ég. 9. With the
. crease of3, the region affected by first expands and
as one approaches the right em®=0.3). oo .
. X then shrinks: it reaches the widest@#=0.5. Moreover, the
Our results are different from that in R¢f.6], where the . . : :
fluctuation of the density profile near the left end also exists

densities always increase smoothly up to thelsitel and a . . .
sudden drop 0); density is observe}(/j opn the lastsitbis is ™M the congested phase | and SF phase. With the increase of
«, the fluctuation becomes weaker.

due to the fact that the right boundary condition used in Ref.”’ In the MC phase. the simulations show that the profile is
[16] is different. In Ref[16], the right boundary is fulfilled P o o P
a monotonous decreasing function in the bulk, which does

by sitting a stationary car at the sitet- 1 and vehicles are . .
removed with a given probability provided the last site isnOt depend om and 3 (Fig. 10. The influence ofx(f5) can

occupied. As a result, a vehicle needs to decelerate when
approaching the right boundary even if the removal probabil- |
ity is 1.

In the congested phase |, whgnis large, a flat profile is -
observed in the bulk, which corresponds to the striped struc- 044
ture. However, since the synchronized flow is maintained .
near the right boundary, the density increases monotonicall;z, 0_3_L
as one approaches the right efidg. 7, 3=0.8). As g de- ]
creases, the region of synchronized flow expands. As a reqCJ
sult, the flat profile in the bulk shrinksB=0.7). Wheng o
=0.6, the flat profile disappears.

If one continues decreasirn®), the profile gradually tends 0.1
to flatness again. In addition, we note that an increase of the
density at the end of the system occurs and enhances withth o ' . . . . . i . . .
decrease 0pB. 0 2000 4000 6000 8000 10000

X

decreases, the bulk density as well as the maximum value ?f
. > . ro
the amplitude of the oscillation decreases, buhcreases

L

“Note that each cell corresponds to 7.5 m and a vehicle has a FIG. 8. The density profiles in the SF phase=0.6, 8
length of one cell in Ref{16] =0.3,0.25,0.2 from top to bottom.
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X FIG. 10. The density profiles in the MC phase.(& «=1.0,

the solid line, dotted line, and dashed line correspondpto
=0,0.1,0.15. In(b) B=0; the solid line, dashed line, and dotted
©) line correspond tax=1.0,0.8,0.5. The inset gives the details near
07 the right boundary irfa) and left boundary ir(b).

1 only be observed near the leftight) end. For3=0, the
density decays near the right boundary. With the increase of
B, the decay becomes weaker and an increase of the density
at the end of the system occurs and enhafE&s 10a)].

This is similar to that in the free flow phase. At the left
boundary, the fluctuation of the density profile still exists and

it weakens with the increase ef[Fig. 1Qb)]. This is similar

to that in the congested phases.

0.6+

V. CONCLUSIONS

0.4—_ L

In this paper, we have discussed the traffic situations of

Py I R SIS PRI | the MCD model in the OBC. This model exhibits the meta-
0 2500 5000 7500 10000 stable states and the hysteresis in the PBC. Nevertheless,
X different from the STS model, the upper branch of the fun-

damental diagram of the model is not monotonous but has an

FIG. 9. (a, b The density profiles in the congested phase | andeéxtremum.
(c) in SF phase. Ifa) B=0.7, (b) B=0.5, and(c) =0.25. The The phase diagram of the model in the OBC is investi-
inset gives the details near the left boundary. gated, which consists of four phases. The typical space-time
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plots of the four phases are given. Compared with that of the The density profiles in the OBC are also investigated. It is
VDR model, the new phase MC appears but the phase Jéhown that in different phases, the profile is qualitatively
disappears. Apart from this, the congested phases of thgifferent. We find that except near the boundaries, the profile
MCD model are quite different from those of the VDR js flat in the free flow phasévhen « is not small and SF
model. phase but is monotonically decreasing in MC phase. In the
The fundamental diagram in the OBC is studied and comfree flow, the oscillating profile may occupy the whole sys-
pared with that in the PBC. It is shown that the data ofigm if o is small. In the congested phase I, the profile may

different phases collapse into different parts of the fundangt pe flat in the bulk due to the coexistence of jams, free
mental diagram. We find that the branched fundamental diafiow, and synchronized flow.

gram in the PBC turns into a nonbranched one in the OBC.
The dependence of the currapbn the parameters and

B is discussed. The simulations show that whgeis given,

the current increases with the increasenoin the free flow

phase while it remains constant in other phases. On the other

hand, whene is fixed, the current remains constant in the We acknowledge the support from the National Natural

free flow phase and in the MC phase while it decreases witlscience Foundation in Chind\NSFQ with Grant No.
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the increase of3 in other phases. 10272101.
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