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Effects of quenched randomness induced by car accidents on traffic flow
in a cellular automata model
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In this paper we numerically study the impact of quenched disorder induced by car accidents on traffic flow
in the Nagel-Schreckenbei@NS) model. Car accidents occur when the necessary conditions proposed by
[Boccaraet alJ. Phys. A 30, 3329 (1997)] are satisfied. Two realistic situations of cars involved in car
accidents have been considered. Mo#lés presented to consider that the accident cars become temporarily
stuck. Our studies exhibit the “inveraeform” or the metastable state for traffic flow in the fundamental
diagram and wide-moving waves of jams in the space-time pattern. Mbideproposed to take into account
that the “wrecked” cars stay there forever and the cars behind will pass through the sites occupied by the
“wrecked” cars with a transmission rate. Four-stage transitions from a maximum flow through a sharp decrease
phase and a density-independent phase to a high-density jamming phase for traffic flow have been observed.
The density profiles and the effects of transmission rate and probability of the occurrence of car accidents in
model B are also discussed.
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I. INTRODUCTION The relations of car accidents to traffic flow and stopped cars

in the periodic system have also been studigf]. But, in
Cellular automatCA) models have been proven to be an the process of simulations, car accidents do not really occur

excellent tool for studying problems of traffic flofl—3.  \yhen the necessary conditions are simultaneously satisfied:

meg to the space-time discrete update, CA quels are €aghese dangerous situations are calculated and considered to
to implement on a computer to perform real-time S|mula-be the signal of the occurrence of accidefit3, 14

tions, and they allow the flexibility to adapt complicated fea- In many cases, the effects of quenched disorder on traffic

% the NS model have been extensively investigated. Basi-

point of view, these kinds of models, which belong to the 5y “there are two different types of quenched randomness

class of one-dimensional driven lattice gases, are of particUs nich are associated with the caiie., particles [16—2Q

lar interest. The features of driven lattice gageEG) _have and the roadi.e., sites [21-29, respectively. In a model,

far-reaching consequences, because even the stationary st(iéfch cars or sites leading to quenched randomness are usu-
I

of th? system i?’ not describeq in the framework of standar y called defects which have different properties from the
equilibrium statistical mechanidg]. Therefore, several the- rest. In the first case, corresponding to randomness in the

oretical and practical applications have improved the underbraking probability of drivers or speed limit, .., the defect

sta_lr_lgin? ofg'r:piricaall';rafﬁc ffhefTome%a'h. bl particles may have a different time-independent braking
e first CA model for traffic flow which is able to repro- .ohapility or a smaller maximal velocity. Such defects are
duce the basic phenomena encountered in real traffic systeig, |5cajized in space, in contrast to those corresponding to
9., prr]]ase transition fron(; g freely lmO\émSg Ehaie {0 & JaMg;ieyise disorder, where in a localized region certain param-
rgmgTE a|\?§' Wa;’ Fl)r_opose. oy Il\laged a}n hC rec embf})g eters of the model take different values, e.g., by imposing a
[5]. The NS model is a minimal model in the sense that aMspeed limit or increasing the deceleration probability.

further simplification of the model leads to unrealistic behav- ™, "1 paper, we present another quenched randomness

ior. In the past few years, some mutations of the NS model qqjated with car accidents. Cars involved in car accidents
have been s_uggested to describe the real trr;_\fﬁc dynamics Qi e considered as a defect and also lead to a local reduc-
a more gletaned level, suchlas the h)éstereas e;fm$he q tion of the capacity of the highway. Usually, traffic accidents
meftf?S}f‘ € 5tft¢$n a one-lane roa@6-8), synchronized ., give rise to traffic jams. But, unlike the localized defect
traffic .OW[ 10, etc. , . whose position is fixed on the road, defects of car accidents
Within the framework of the CA model, traffic accidents can happen anywhere and anytime, and even more than one
have been StUd'?d recentii1-13. With the help .Of the car accident may take place on the road at the same time,
X . 1S PreRerefore both where and when car accidents occur are ran-
posed by Boccarat al. (111, simulations of the probability o in real traffic systems. Also different from the defect
for car accidents to occur in the NS model have been 01r-ferecgarticles, whether car accidents occur or not is determined by
the dynamics of the model. According to results in Refs.
[11,15, the “wrecked” cars determined by traffic flow and
*Email address: xiangqyang@sina.com.cn stopped cars can interrupt the traffic and lead to the reduction
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of traffic flow. Owing to the nonlinear relations between traf- car accidents has been studied in the basic CA models
fic flow and car accidents, the situations are very complexX13—15, car accidents do not really happen. In the process of
and should be investigated. As far as we know, traffic jamsiumerical simulations, the above three necessary conditions
induced by accidents have not been theoretically studied urare only regarded as a dangerous situation and an indicator of
til now, because all of the CA models developed so far have car accident occurring.
been designed to avoid collisions among cars. Therefore, The extended NS model we will present is considered as
there is an open question as to how traffic accidents affedbllows. If these conditions are satisfied simultaneously, the
traffic flow. In this paper, we will adopt the conditions pro- car will hit the car ahead with the probabilip/, and then be
posed by Boccaret al. to determine whether car accidents stopped suddenly. When the car really collides with the car
happen or nof{11], and extend the NS model to take into ahead, it becomes wrecked. Usually, the accident car either
account the effects of quenched randomness associated witecomes temporarily stuck or is stopped there for a long
car accidents on traffic flow. Some features of the fundamentime, depending on the realistic situations of cars involved in
tal diagram in real traffic, such as the so-called “invexse- accidents, e.g., the extent of the damage to the accident cars,
form” and a flat plateaui.e., a density-independent flyx or the appearance of police cars. Thus, in this paper, we
have been obtained, depending on various situations of camainly consider two situations of accident cars. Model
involved in traffic accidents, describes the situation in which the accident cars stop there
The present paper is organized as follows. In Sec. Il, weaemporarily and begin to move forward freely aftErtime
present the definition of the occurrence of traffic accidentsteps, wherel means the time interval during which the
and the proposed models. The results of simulations araccident car temporarily stops. When other cars reach the
given in Sec. lll. The last section is devoted to a summary.positions occupied by accident cars, they will stop until the
accident cars ahead move forward. To keep the car density
on the road unchanged, we hypothesize in the paper that the
accident car is not deleted and is regarded as the usual one
Before we start with our considerations of car accidentsafter the time interval of temporary stay. Mode consid-
let us introduce the CA model established by Nagel ancrs that the “wrecked” car will stay there forever. In moBgl
Schreckenberg to describe single-lane highway trgfiic  the accident car can be treated as a bottleneck in the road; the
The model is defined on a one-dimensional latticeLof cars behind will pass through the site of the accident car with
sites with periodic boundary conditions. Every site cana transmission rate. Different from the bottleneck, whose
be either empty or occupied by a car with velocity pPosition is immobile, the accident cars may appear anywhere
=0,1,2,;,Vmae Let dz denote the number of empty cells and anytime, so long as the conditions for the occurrence of
in front of a car andN denote the number of cars on the road, accidents are met.
thus car density is N/L. The following steps in parallel are ~ The extended CA model has five parameters: the speed
used for all cars. The first rule is acceleration. If the speed ofimit V5, the stochastic braking probability, the car den-
a car is lower tharV,,, the speed is increased by 1; the Sity p, the time intervall of temporary stayor transmission
second rule is deceleration due to other cars. If the speed f&ter), and the probability for car collisiong’. Obviously,
higher thandg, then it is reduced tale. The third rule is  the extended model returns to the basic NS model in the case
randomization. The speed of a moving car is decreased ra®f p'=0. In the simulations, the length of a site corresponds
domly by one unit with a braking probability. The fourth  to 7.5 m on a real road, one automaton time step is 1 s, and
rule is that the car moves forward according to its new speethe velocity unit is roughly 27 km/h. It is assumed that
determined in rules 1-3. Vmax=5, which implies a maximum velocity of 135 km/h,
Because of keeping a safe distance given in the seconigst as occurs in the normal free-flow speed in real traffic.
rule of update, car accidents do not happen in the basic NBata points of the fundamental diagram are obtained by av-
model. However, in real traffic, car accidents often occureraging over 2000 time steps and 20 initial configurations
because of careless drivers who do not respect safety dignd 20 stochastic seeds for the probabitityn the system of
tances. More precisely, if the car ahead is moving, expecting =1000 after discarding transient values of 2000 time steps.
its moving at the next time step, the careless driver has 4he inhomogeneous initial configurations are obtained from
tendency to drive as fast as possible and increases safedjochastic distributions of the position and velocity of the
velocity given in the second rule of update by one unit withcars, and the homogeneous configurations correspond to the
a probabilityp’. At the next time step, it will arrive at the cases in which the velocity of the cars and the interval be-
position of the moving car ahead. If the moving car ahead i§ween the nearest cars are uniform. In this paper, we mainly
suddenly stopped, a collision between the cars happens. Letudy the effects of car accidents on the traffic flow and
x(i,t) andv(i,t) denote the position and velocity of thign  ignore the braking probability.
car at timet, respectively. The probability for car accidents
to occur is calculated according to the following three I1l. SIMULATION AND RESULTS
necessary conditions proposed by Boccaral. [11]. The
first condition is de<Vpa The second condition is A. Madel A
v(i+1,t)>0. The last condition is(i+1,t+1)=0. When In this section, we discuss how the accident cars can
those conditions are simultaneously satisfied, car accidentaove forward freely after the time interval of temporary stay.
occur with the probabilityp’. Although the probability for Let us consider the NS model witt,,,=5 in the case of

1. MODELS AND DEFINITION OF CAR ACCIDENTS
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FIG. 1. The relation of the traffic floud) to the car density in FIG. 2. The relation ofJ) to the car density in the system of
the system olL=1000 in the case of=100 andp’=0.1. Circles  L=1000 with various values of calculated from the initial inho-
correspond to the initial homogeneous configurations and squaregaogeneous configurations. The probabifity=0.1 in modelA.
correspond to the initial inhomogeneous conditions in méddlhe
metastable state in the interved <p<p, can be seen,_wher,el an inhomogeneous mixture of the jam-free region and
=0.10£0.02 angh,=0.24£0.02. The relation of the traffic flo)  pigher-density jammed regions. Obviously, these jammed re-
to the car density in the case off=10 is shown in the inset. gions lower the average traffic flow, thus the lower branch of
traffic flow corresponds to an initial inhomogeneous condi-
p=0. The probabilityp’ is set as 0.1. The fundamental dia- tion. As for the initial homogeneous conditions, below the
gram is calculated from an initial homogeneous configuracritical densityp,, there is no car accident, thus no jam exists
tion. As shown in Fig. 1, in the low-density region, where noand traffic flow will still be a linearly increasing function of
car accident happens, cars move forward freely, thereforghe density until the car density reaches the critical density
traffic flow (J) increases linearly as the car densityin- .. Thus the upper branch corresponds to an initial homoge-
creases. In the high-density region, where the occurrence ofeous condition.
car accidents delays movements of other cars behind, traffic The density interval in which the metastable state of the
flow becomes slower compared to the flow in the basic NSraffic flow occurs shrinks with the decrease of the time in-
model without car accidents. terval T of temporary stayshown in the inset of Fig.)1The
Particularly, discontinuous reduction of traffic flow at smaller the time interval of temporary stay, the smaller the
the critical densityp, is observed in Fig. 1, wherp.=1/  jams which never disappear completely due to car accidents,
(1+Vma is the critical density. Below the critical density, therefore leading to the increase of the critical dengityt
traffic flow reaches a maximum. Near the critical densitywhich a transition from the freely moving phase to the
where car accidents would occur because of careless drivefjgmmed phase takes place and the decrease of the dppsity
once one car is stopped for a while due to car accidents, that which no metastable states exist.
cars behind will rapidly pile up, leading to a sharp decrease Figure 2 shows the fundamental diagram calculated from
of the traffic flow. Thus, the “inversk-form” of the traffic  initial inhomogeneous configurations in the case of various
flow in the fundamental diagram is observed, as shown irvalues of time intervall of temporary stay. In Fig. 2, with
Fig. 1. the increase of the time intervdl of temporary stay, the
More importantly, traffic flow depends nonuniquely on jammed regions which are not smoothed out due to car ac-
car density, especially in the high-density region. As showrtidents become larger, leading to a decrease of the traffic
in Fig. 1, another curve in the fundamental diagram is obflow, as expected in the high-density region.
tained from an initial inhomogeneous configuration in the The parametep’ denotes the probability for a car acci-
case of the same parameters. In Fig. 1, traffic flow increasegent to actually happen when dangerous situations arise.
linearly with the increase of car density in the very-low- Whenp’ is small, fewer accidents occur in the system, lead-
density region. But at the densify;, which is below the ing to the small decrease of traffic flow in the region of high
critical densityp,, traffic flow begins to depart from a linear car density. In this case, due to the small fluctuation in the
increase, and even decreases with a further increase of caccurrence of car accidents, traffic flow shows a multipeak
density, wherep; represents the transition density from the function of the car density near the critical dengity(shown
freely moving phase to the jamming phase in the case of am Fig. 3). With the increase ofp’, the occurrence of car
initial inhomogeneous condition. In particular, as shown inaccidents results in a further decrease of the traffic flow.
Fig. 1, the metastable state appears not only in the lowThese numerical results are shown in Fig. 3.
density freely moving phase but also in the high-density jam- Figure 4 shows a space-time diagram in which the ex-
ming phase. tended CA model displays a moving wave of jam induced by
The metastable state in the intergak<p<p, in the fun-  accidents. If the accident cars are temporarily stuck, cars
damental diagram can be well explained as follows. Startindpehind will pile up soon. While the wrecks are removed, they
from an initial inhomogeneous configuration, the system willremain locked at a standstill because each driver is waiting
have some jams that are never smoothed out, due to tHer the car ahead to move. When the cars ahead leave, the
occurrence of car accidents. The steady state in this case ésrs still cannot accelerate instantly and must delay leaving
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FIG. 3. The relation ofJ) to the car density in the system of FIG. 5. The relation ofJ) to the car density in the system

L=1000 with various values g¥’ calculated from the initial inho- of L=1000 with various transmission ratesin the case of
mogeneous configurations. The time interVadf temporary stay is  p’=0.000 03 in modeB.
equal to 100 in modeA.

) “wrecked” cars are removed, new cars will enter the system,
for a moment because of not enough space in front of themynq can be considered as the usual ones. Thus, once car

Each departing car must delay in the same way, and thigccidents happen on the road, the cars behind will pile up,
causes the jam to “evaporate” starting from the forwardieaging to jams which will never disappear. Therefore, the
downstream enénear the wreck - main features in the system will not be changed distinctly. In
While some cars are still jammed, more cars are piling Upynother situation in which the accident cars are not deleted,
behind them at the trailing end of the jam. Even after they stagger forward at a speed slower than that of the usual
wreck is removed, more cars are still “condensing” onto theynes after delaying several time steps, the jams formed due
back of the jam. The traffic jam is like a solid object whose , the occurrence of car accidents do not disappear forever in
front end is evaporating and whose back end is growing likgne system when the car density is above the critical density
a crystal. The stoppage is creeping slowly upstream, in thg 'hecause the accident cars move only in the region where
opposite direction to the moving cars. The accident is gonéne car density is lower than the density of maximum traffic
but a moving wave of stopped cars remains behind. flow. Thus such basic phenomena as the metastable state and

As shown in Fig. 4, since car accidents delay the moveye moving wave of jams could also be observed.
ment of other cars behind, the density far downstream is

lower than the density of maximum flow. The cars can move

forward freely in the low-density region, where spontaneous B. Model B

formation of jams is highly unlikely. Therefore, the system |n this subsection, we discuss another situation of the

exhibits the phase-separated steady state consisting of a magrrecked” car. When the car driven by the careless driver

roscopic jam and a macroscopic free-flow regime, both ohits the car ahead, it will stay at the site forever. In this case,

which simultaneously coexist. the “wrecked” car can be considered as the “defect,” just as
Now we briefly discuss the hypothesis that the accident bottleneck on the road in which other cars behind pass

cars are not deleted from the system and are considered &frough the site with a transmission rate But, different

the usual ones after the time interviabf temporary stay. In from the bottleneck on the road whose position is fixed, the

real traffic, if car accidents occur, police cars may appear antlyrecked” car determined by traffic flow can anchor at po-

remove the wrecked cars. In this situation, we think that thesitions where the conditions for accidents to happen are met.

. Let us consider the effects of the transmission ratn
|

the fundamental diagram. Figure 5 shows d&p curve

’ W””’W obtained by averaging over 20 initial homogeneous configu-
/ ! rations and 20 stochastic seeds of the probability for trans-

mission rate in the system df=1000 in the case op’

// =0.0003. Four phases are recognized in Fig. 5. As expected,
/ % % / / below the critical density., no car accidents exist, therefore
. / 0

cars move forward freely, and traffic flow increases linearly
with the increase of the densigy Near p., the traffic flow
decreases sharply from the maximum traffic flow because of
the block of car accidents. Above the critical density, traffic
flow shows an approximate flat plateau in a certain interval
of the car density, as do the features of the fundamental

\

FIG. 4. A space-time diagram of modalwith p=0.16,T=50,  diagram in the NS model with a single “defect.” And in the
p’'=0.1. Each horizontal row of dots represents the instantaneou§Mit of high density, the traffic flow decreases linearly with
positions of the cars moving right while the successive rows of dot¢he increase of the car density, like that of the NS model,
represent the positions of the same cars at successive time stepsowing to lower probability for accidents to occur.
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FIG. 6. The relation of the traffic flow in the region of a flat
plateau to the transmission ratein the case ofp’=0.00003 in
modelB. Solid line is the result of expressiqm).

FIG. 8. The “wrecked” cars fractiolNa./N as a function of
transmission rate. Car densityp=0.5, andp’=0.000 03.

With the increase of transmission rate, the value of thdime during the initial time interval. As shown in Fig. 7, once
traffic flow in the flow-constant phase increases. The relatio Car accident occurs, traffic can be interrupted and the value
of (J) to r is shown in Fig. 6. By nonlinear fitting, the traffic Of traffic flow is decreased because cars behind pass through

the position occupied by the “wrecked” car with the trans-

mission rater. The decrease of the traffic flow cannot pre-
(1) vent cars from colliding with each other, and collisions be-

tween cars leads to a further decrease of traffic flow, until car

where a=0.028+0.004,0=0.62+0.02, ancc=—-0.15+0.02. accidents could not occur. As shown in Fig. 7, after nearly

This is apparently different from the effects of the bottleneck800 time steps, traffic flow fluctuates around one level be-

studied previously23]. We can also observe from Fig. 5 that C@use car accidents no longer occur. .

the width of the flat plateau is decreased with the increase of Traffic flow can result in the occurrence of car accidents;

the transmission rate conversely, car accidents can interrupt traffic and reduce traf-
Different from the bottlenecks whose positions are fixedfic flow. Can an increase of traffic flow result' in more car

from the beginning, whether the “wrecked” cars appear o@ccidents, or can the occurrence of car accidents be sup-

not is determined by traffic flow because of the nonlineaPréssed only by a decrease of traffic flow? To grasp this

relations between the occurrence of car accidents and traffuestion, we investigate the relationship between the number
flow [11,15. If car accidents occur, the “wrecked” cars can of car accidents and the transmission rat&s shown in Fig.

reduce traffic flow, but traffic flow directly related to car 8, With an increase of the transmission raféhe number of

accidents may result in the further occurrence of car acci-wrecked” cars increases linearly, reaches a maximum, and
dents, therefore the fundamental diagram and the relatiorfiécreases with a further increase rofThe rater for the
between(J) andr in our modelB are different from those in Maximum of the number of “wrecked” cars is known as the
models with bottlenecks, although the “wrecked” cars ardnost probable rate, i.e., the rate at which car accidents occur

also fixed bottlenecks. most frquently. . . .
To understand the complex relations between traffic flow According to previous results in RefL5], the probability

and car accidents, we investigate the dynamic process &f the occurrence of car accidents is directly related to traffic

flow can be approximately expressed as follows:

Jy=a+br+cr?

traffic flow. Figure 7 shows the relations of traffic flow to 0 ]
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FIG. 7. The relation of traffic flow) to timet in model B with
p=0.5,r=0.5, andp’=0.000 03, during the initial time interval.
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FIG. 9. Density profiles in modeB with p=0.5, and p’

region.
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“wrecked” cars, so that the cars can no longer pile up. There-
e -0.000003 fore, the “wrecked” cars are inclined toward congregating
—=— p'=0.00003 together, and in the free-moving region, cars move at the
maximum speed.

<J> Traffic flow is also affected by the probability for ac-
e, cidents to happen, because it directly determines how many
e eseEmussnsaeey accidents occur on the road when the conditions for the

occurrence of accidents are met. Figure 10 shows the fun-
damental diagram in the case of various valuep'ofat r
09 - . . . =0.5. As shown in Fig. 10, smaller values of the parameter
00 02 04 06 08 1.0 , : L
p p’ lead to less change of traffic flow when the car density is

above the critical density.

FIG. 10. The relation ofJ) to the car density in the system
of L=1000 with various probabilityp’ in the case ofr=0.5 in IV. CONCLUSION
model B.

In this paper, we investigated the effects of quenched ran-
flow and stopped cars. The probability for car accidents talomness associated with car accidents on traffic flow. We
occur increases with an increase of traffic flow, reaches adopt the conditions for the occurrence of car accidents pro-
maximum value, and decreases with a further increase giosed by Boccarat al[11] to determine whether car acci-
traffic flow. In modelB, an increase of transmission rate dents happen or not, and consider two realistic situations
can cause an increase of traffic flosshown in Fig. .  when car accidents occur. Modalconsiders that the acci-
Therefore, the number of “wrecked” cars increases with ardent cars have simply become temporarily stuck, and can
increase of rate due to the small value of traffic flow. And move forward freely after the time interval of temporary stay.
the number of “wrecked” cars can decrease with a furtheModel B supposes that the “wrecked "cars stand there for-
increase of rateg because of the small number of stoppedever, and other cars behind pass over the sites occupied by
cars, although traffic flow is higher. These results also givahe “wrecked” cars with the transmission ratédJsing com-
us the indication that two alternative effective means forputer simulations, we find the metastable state or the “in-
avoiding more car accidents may be adopted: the cars behingtrse\ form” of the traffic flow in the fundamental diagram
pass through the defects very slowly or very quickly. due to the delay of car accidents, which have been observed

Figure 9 shows the density profiles for different transmis-from empirical investigations. A moving wave of jams
sion rater. Different from the density profiles in the models formed in modelA has also obtained. In modd, if the
with bottleneckq1,24], where phase segregation states with“wrecked” cars are weeded out after the time interVabf
macroscopic high- and low-density regions have been identemporary stay, numerical simulations show the same
tified, the density profiles show two different phases namelyphenomena.
the free-moving phase and the jamming phase, respectively. In modelB, car accidents lead to the four-stage transitions
As shown in Fig. 9, the “wrecked” cars distribute not uni- of traffic flow, from the maximum traffic flow phase through
formly but randomly in a region where the cars pile up.the sharp decrease phase and from the flat-plateau phase to
Unlike the high-density region in models with bottlenecks,the high-density jamming phase. The density profiles show
density profiles in the jamming region exhibit the crackedtwo different phases, namely the free-moving phase and the
high-density phase. In the free-moving phase, as shown ijamming phase, respectively. The effects of the transmission
the inset in Fig. 9, car density can only be measured at theate on the traffic flow have been studied.
sites consisting of exact equal intervals, therefore cars move Unlike the localized defect whose position is fixed on the
at the maximum speed. road, whether car accidents occur or not is determined by the

In the opinion of Refs.[11,15, the production of dynamics of the model. Therefore, our results are different
“wrecked” cars is a self-adaptive process. Once a car accfrom those corresponding to models with bottlenecks.
dent occurs on the road, cars behind will pile up, and the As far as we know, traffic jams induced by car accidents
stoppage will creep upstream in the opposite direction tdave not really been studied until now, because all the mod-
traffic flow. In this case, a moving jam wave will collide with els developed so far are designed to avoid collisions among
traffic flow and lead to additional car accidents, which resultcars. In addition, experimental studies of accident jams are
in a further heaping of cars behind. The process will notimpractical. Therefore, our models provide a possible ap-
terminate until the increase in the local velocity of piling proach to describe such traffic jams actually induced by car
cannot compensate for the reduced traffic flow aroundaccidents.
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