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Simulation of multilane freeway traffic with detailed rules deduced
from microscopic driving behavior
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A simulation to model traffic on a multilane freeway is introduced starting from microscopic driving rules.
The model takes each individual car into account with its individual features and actual situations, so that a
distribution of parameters as well as different behaviors can easily be analyzed. Therefore, a detailed study of
certain situations, driving tactics, vehicle properties, and their influence on the global traffic flow can be
performed. The model is discussed, as are first results such as the influence of driver behavior on the funda-
mental diagram and, in addition, the dynamics of microscopic, individual quantities like separation and dif-
ference in speed between successive cars. It turns out that a hysteresis in the reaction of the driver for speeding
up and slowing down plays an important role, and effects macroscopic quantities like the shape of the funda-
mental diagram, e.g., the metastable behavior around the maximum flow and on the speed of observed jams
running backward. Furthermore, microscopic time resolved characteristics are strongly influenced, e.g., oscil-
lations in the distance and relative speed between successive cars.

PACS numbgs): 05.40-a, 47.55-t, 89.40+k

[. INTRODUCTION Our first aim is to verify the characteristics of traffic flow
as observed in real traffic situations. If the model is able to
Since our society is more and more dominated by the fregeproduce these characteristics, it is possible to study the
flow of goods, and since people are willing to commuteinfluence of certain parameters, like distribution of a variety
longer and longer distances, traffic is a very important an®f cars(e.g., more or less powerful cars and truckifferent
expensive issue in the society of today. The situation bedriver behaviorge.g., more aggressive or passive behayjors
comes even more important if one takes into account théifferent street featurege.g., number of lanes, inclinatipn
limitation of natural resources like energy and land or thefraffic signs(e.g., speed limits, prohibition of passinglriv-
problems originating from pollution. We need models for N9 ules(e.g,, to pass on both sides instead ofjoaad even
traffic flow in the future to plan an infrastructure, to control different weather conditionge.g., restricted sight due to fog,

traffic, or even to give politicians and the legislators a basér?fc:)?rcnezgi:nb'tgnt%ebrﬁ;e fSIU(ian t?hglngirr}]/insni?iltlr;;éh the
for far reaching decisions. In recent years different attempté N P P g L
designing of cars, and the enforcement of laws, as well as in

have been undertaken to develop fast and reliable algorithmgEtting up new laws

these attempts ranging fro”? minimal microscopic driving In Sec. Il we introduce the simulation concept and the
models[1-4], over car-following method$5,6], to models  ieoscopic model. Thereafter, in Sec. I, the macroscopic

based on gas kineti¢g-10. _ features of the model are discussed and compared to mea-
In the present paper we introduce a model of traffic flowgyrements(for clarity, the term “measurement” is used

which is driven by the idea to be as close as possible tenroughout the paper to refer to data taken from real traffic,

microscopic, i.e., individual, behavior. During the simula- not simulated data Eventually, some car-following data are

tion, the state variables of each car, i.e., position, speed, angtesented in Sec. IV, that provide a deeper understanding of
acceleration, are updated depending on its neighboring carghe driving behavior.

The model is, thus, car centered. Nevertheless, the computa-
tional efforts are reasonable and the speed of computation is
considerably faster than real time even if a standard personal
computer is used and 5000 cars are considered. We have The idea of our model originates from the motivation to
chosen highly congested traffic as the initial situation tobe as close as possible to tteal world. The actual state and
model the relaxation of a traffic jam. This procedure has thehe individual features of each car, the specific traffic situa-
advantage of investigating different values of the density irtion, and the behavior of the driver are taken into account
the traffic flow. As we will see, a variety of different situa- during the simulation process. As a consequence, the indi-
tions with their own characteristics can thus be observedvidual car is represented by a list of variables and parameters
There is no restriction of the initial situation, and any choicecharacterizing the state and the features, respectively, of each
is possible, even a more interesting one: a situation measur@ar and driversimply called “car” further on.
from a real traffic situation. In the case of the realization presented in this paper we
model three-lane freeway traffic. Each car indexed with
represented by its actual speef, its actual acceleration
*Electronic address: goldbach@uni-oldenburg.de a), its actual position along the strert), and its actual
"Electronic address: kittel@uni-oldenburg.de lane L) as the state variables with the features, namely,

II. MICROSCOPIC MODEL
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wheref denotes a safety factor, which is 1.8 s according to
a rule of thumb taught in German driving schools.

If d® is smaller than the safe distandg’, the car has to
react in the following manner: If there is no possibility to
move to the left lane, it has to slow down. We have chosen a
detailed braking rule to determine the deceleratioegative
a") to be sure to avoid accidents. The deceleration is de-
pendent on the distance from the car in fraft); the speed

v of the car in fronty("; the acceleration of the car in front,
! —lcacw | al”; and the speed of the car{”. If the distance from the

| car in front becomes smaller thati’, the car has to brake,
5 changeto 40 safe dist. ie., the_acceler_atloa _ be%gmes nege_atlve. If, in addltl_on,
200 slow down 49 accel. dist. the car in front is brakingd'’<0), theith car brakes with
a®T speed up i iy car V“()_) speed ° aV=a,,;,. Such a behavior is plausible because the driver
calc calculate 1 leftlane v, desired speed . . 10 (i) .
4% distance f right lane X position intensively brakes il <dg’ and he can see the brake lights

of the car in front. IfdV<d), butd® s still larger than the
FIG. 1. Flow diagram which is processed for fite car in one  stopping distance necessary to ad}u@t tov(® at amin, al)
time step. It has to be repeated for all cars during one time(&ep  jncreases linearly with decreasirdji). At a distanced®
details, see text equal to the stopping distance, the acceleratibhis set to
anmin- This rule guarantees that there are no accidents.
To be able to simulate a natural behavior of a driver, we
introduce a no-reaction factdr,=1. This denotes the fact

explained in detail below. All cars are organized in a *%that in reality a driver will never change from acceleration to
called linked list ordered with respect to their position along Aty . ing
deceleration at a precise separation from another(cfar

the street, even if they are driving on different lanes. Th . . . .
street, in the present case, is considered to be homogene%gfs'[ll_la)' Itis more likely thafc there is an mteryal of
IStances where neither acceleration nor deceleration takes

without any local features, i.e., no local inflow or outflow, a () _ . . .
constant number of lanes, no speed limit, unlimited sight, mplace @ _.0)' This |nt-erval ls(i)characterlzed (Ry the factor
Hf no reaction. If the distance™’ is less thardg’, the car

inclination, and so on. Actually, all these features can b - D () — (1)
easily incorporated within the model to simulate very speciaf€celerates; in the rangtd <d<d;’ it moves at a con-
situations and, by means of this, to solve very specific probStant speed without acceleration or decelerationdif is
lems. All changes of the cars during one time steyt (larger thand{’, with

=0.05 s) are determined before changing the state of the _ A

entire street at once; this is necessary to avoid any artifacts. d{=f.d0, 2
During all computations floating point operations are used.

The model is, thus, continuous. The entire list is updated,\q the car is driving at a speedl) smaller than its DTS, it
from the last car to the first one on the street. will accelerate 4)=a,, )
max -

At the beginning we initialize the desired traveling speed o change to the left lane is possible if the following con-
(DTS) using a Gaussian distribution with a mean value of 33455 are fulfilled: first, the distance to the car following

m/s, a standard deviation of 8 m/s, and a lower cutoff at 22after a lane change has to be larger thﬁh' second. the car

m/s (80 km/h. All cars have an increasing indéalong the ahead after a lane change has to be further apartdﬁ?an

direction of driving and have the same lengd)=s D e N .
5 m. They are pSt on a three-lane street withga period of d{"; third, if the car is driving on the rightmost lane a car

10 m. Taking into account the space needed by a car of Arving on the leftmost lane has to be further back thidh,

=5 m, this period corresponds to a spacing of 25 m for eacho avoid an accident af_ter a Ia)n.e Cha_nge of both cars to the

lane. The initial speed/!) is set to the minimum of the Center lane. The rear distandf is defined as

corresponding DTS and 40 m/s. Their individual speed , .

v is set to the DTS in case it is lower than 40 nil<l4 dV=dgexp—v/vg) +s. ©)

km/h). The speed of cars with a DTS higher than 40 m/s is

set to this value in order to avoid accidents in this highlyThe two constantsl, and v, are set to 90 m and 27 m/s,

congested initial situation. In the present paper, the maxirespectively. This is a phenomenological rule, and only takes

mum acceleration, the maximum deceleration, and the nothe velocity of theith car into account. It is based on the idea

reaction factor are chosen to be equal for all ca¥,, thatitis hard for a driver to make an estimate of the speed of

=ana=1 mig, al) =a,,=—15m/$, and f)=f_, re-  the car behind him. Instead the driver relies on the fact that if

spectively. he is driving at a high speed, the difference in speed (
Each car is updated in the following wagee Fig. L~ —v(") to an even faster driving car will be smaller and,

First, the distancei(') to the car in front is compared to its therefore, the stopping distance needed by the faster follow-

safe distanced‘s'), i.e., the distance necessary to avoid aning car will be smaller. Using this rule, accidents will arise if

accident. The safe distandéi) is defined as the speed difference to the car in rear is greater than 50 m/s,

_ _ which is very unlikely. We checked if any accidents occured
dg): fov®+s, (1) during the simulation, but we never observed one.

desired traveling speed{’, maximum acceleratiom{). ,

maximum deceleratioa!!) , and a factor of no reactioff’ ,
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Furthermore, to obey the rule to drive on the rightmost
possible lane as usual in most European countries, a lan
change to the right is checked. To be able to change lanes t
the right, it is necessary that thth car and the cars in front
(fth) and at the rearr¢h) driving on the neighboring lane
are further apart thad!" andd", respectively.

After the possibility to change lanes has been checked, thé€
actual acceleration, the actual position, and the actual speeZ,!
are calculated. This procedure is done for all cars driving ong
the street. Thereafter, the calculated values become the actu”™ 5!
ones, and the entire procedure is performed again as the ne;
time step. We have used different time increments to be sure gof
nothing depends on the size of the time step. It is possible tc
close the street to a loop to keep the average density on th 7ot
street constant. Instead we utilized transient behavior starting
with glhigh density evolving in time to scan through different 20 a0 60 s;o' 100 120 140
densities. Position x [km]

In Sec. Il we present results gained from our model un-
der a variation of different quantities. Certain values deter- FIG. 2. The average local densityis shown vs spacghorizon-
mined from the fundamental diagra@g-n diagram, withq tal) and tlr_ng(_vertlcal) _f_or a_no-react_lon factof,=1.2 in a density
the average local flow, amulthe average local densjtycan plot. The |r_1|t|al conqmon is se(_en in the__uppgr Ie_ft corner, and
be seen in connection to quantities which have been useﬁSS.S.vehlcles./km is gonstant in the initial §Ptuat|0n. After a tran-
during the simulation. As a result we observe the connectioff 1o time, regions of !ncr_eased local dens't'?s oceur, |n_th|s con-
of quantities fed into the microscopic modgé.g., no- gested trafflc_flow, region jams f_requently bunl_d up. The jams run
reaction factorf,,, and distribution of DTSP(v4)] and the bacl_<wards W|th_a certal_n velocity. Later on in the plot, Iamln_ar

n . d ... traffic flow dominates with some condensations in local density,
averaged measurés.g., density and flow at characteristic and occasionally jams occur.
positions of the fundamental diagragrined as an output of
the simulation.

T n[veh/km]

30F 4 60

40

utes, structures in the density have formed which can be seen
as contrast in thea(x,t) diagram. There is a wide region of
ll. MACROSCOPIC PHENOMENA jams with a certain inclination. The slope corresponds to a
certain speed of jams running backwards. There is mostly
Starting from the initial situation given in Sec. Il, the congested traffic flowoften called “synchronized traffic” in
average local density for one lameand the average local the literature[14,15)). From aboutx=50 km, the congested
velocity v are calculated using the model described in Sec. Itraffic flow merges into an almost laminar one with a lower

(also see Table)In andv are defined as=N/(AAx) and  average local density. In this laminar region, still jams occa-
v=1/N=.v® whereN is the number of cars on the street sionally occur. The jams first develop with a positive jam.
located \I/vithin each interval oAx=0.25 km. \=3 is the speed, then they decelerate and reach a constant negative
number of lanes, and®" is the velocity of cars indexed with Y&lue- The value for the jam speed almost equals the one

: : o : .. found in the congested region.
i. The average local density develops in time. A typical situ- . . .
ation can be observed which was also found for different The corresponding fundamental diagréffig. 3—the av-

initial conditions(e.g., for different values of initial average €rage local flowg=nv depending on density—is shown as
local densities or for different distributions of the DT$n @ density plot. For a certaim we determined the conditional
the following, we discuss the dependence of characteristiprobability densityP,(q) of the flow g. Its intensity has to
macroscopic quantities on the no-reaction fadtor It turns D€ interpreted only in the vertical lin@long the fixech). It

out that thef,, significantly influences these quantitiesich is normalized to the corresponding maximum to achieve the
as the shape of the fundamental diagram, characteristie€st contrast in the plot. Due to the fact that we determine
points of it, or the jam speed

Figure 2 exhibits the average local dengitypoth in the TABLE I. Simulation parameters.
space(horizonta) and in the time domaifvertica) as a den-
sity plot. The values of are coded in a linear gray scale Accelerationas 1mg
which ranges from white to black, connectedts 0 and to ~ Deceleratioray, —15m/g
n=66.7 vehicles/km, respectively. The no-reaction factorSpace needed for one car s 5m
was chosen to bé&,=1.2, which turned out to correspond Safety factorf 18s
best to characteristic values reported in Rdi4]. In the  No-reaction factoif, 1-2
lower white trianglen equals zero. There is no additional car Desired traveling speed, distributed(see text
put into the lanes after the initialization, and all cars have leftNumber of cars 5000
that region. The upper white triangle indicates that no car hagitial local density 100 vehicles/km
actually yet reached the corresponding region. In the uppestreet configuration freeway with three lanes
left of the plot, the initial situation can be seen. The localTime stepat 0.05 s

density is constant in spaceat timet=0. After some min-
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very low densities, the flow distribution is determined by the

T L
< 1600 p---r ... f,=12 (@) . one of the DTS. It is
= Y
(] T min.. @ _: J
e § ; _of Vd
g 1200 ’ — 'Pnﬂo(CI)— P R . (4)
3 v Probability [% . N o . .
= 800r j : &a%l_l%o[ ol For higher densities?,(q) is discussed in the Appendix. We
S L v, I o5 - 83 ] refer to the region of low density as free flow because all cars
O a0l : I 47 - 65 i are moving without any noticeable interaction. For higher
A : 30-47 " :
N, 13-30 ] average local densities (8.33  vehicles’kkm <n
: 0-13 <16.67 vehicles/km) the slope is 22 m/s, and corresponds to
" ]

¥ Tt the lowest DTS. This means that, for increasing local den-
1600 |- f=15 (b)

= A . sity, the faster cars are more and more slowed down by the
< Imax cars with a DTS at the lower end of the distributi@simi-
e 1200 | ; i lar result is reported in Ref16]). This region is called in-
';_‘ ... 9min teracting traffic flow. Consequently, the distribution density
= I : ] P(vq) plays only a minor role. In the transition region up to
O 800y the maximum flowg,,,,, at the critical densityn., the slope
"(_; v, | I &3 - 100 ] (i.e., the mean velocilyfurther decreases below the lowest
&) : M - 63 value of the DTY17]. The driving rules for the acceleration
o 400t in I 47 - 65 . . ) . ;
— e 30-47 and deceleration process begin to determine the traffic flow.
: 13-30 1 The mean spacing of cars is strongly influenced by the mean
PR R P R R 0-13, 4 . — .. .
0 10 20 30 20 50 80 70 safe (-jlstanceds. To study~th|s .|nflgen9e, we mtrodu;e an
Local density n [veh/km] effective no-reaction factof,, which indicates the dominant

driving behavior. The mean spaciry of cars can be de-
FIG. 3. Fundamental diagram for a three-lane freeway. Thescribed by

probability densityP,(q) for a givenn is plotted vs the average
local densityn. In plot (a), the no-reaction factor was chosen to d=T,d=T,(fv+s). (5)
f,=1.2, whereas irtb) it is f,=1.5. The probability is normalized
to the maximum value oP,(q) to reach a maximal contrast. The
local density is discrete due to its definition=veh/Ax (Ax . =
=0.25 km). The increasing branch is dominated by the distributiod With aNnearIy constant separatjorand it isd~ds. In con-
of DTS, whereas the decreasing branch is determined by the accdrast, if f,=f,,, then there is stop-go traffic. Deceleration and
erating distancel,=f,ds. The maximum flong,,,,, and the mini-  acceleration both are important. The cars move with widely
mum flow gy, the critical densityn;, and the slopes for free and  distributed velocities which highly fluctuate in time for each

interacting traffic flow are marked. It i§ya,=1620 vehicles/h, .5, (cf. Sec. V). Therefored is increased compared Eg

Omin= 1400 vehicles/h,n.=23 vehicles/km,v,;=33 m/s, andv, . . .
=22 mis andd,.= 1400 vehicles/h,q, = 1050 vehicles/h,n, To determinef, from the flow-density plot, we derive

=20 vehicles/kmy,=33m/s, and/,= 22 m/s for plotga) and(b), Ta(a,n). It holds that
respectively.

If T,~1, all cars move with an almost constant velocity

1 1
the local density on a certain interval and the integer number " d Tu(fyw+s)’ ©
of the cars, the local density is discrete with a spacing of
An=1.33 vehicles/km, resulting in a wavy structure of thewhich follows from Eq.(5). Using the definition of the traffic
plot. Figure 3a) was calculated using,=1.2, and Fig. ®)  flow q=nv, the effective no-reaction factdt, can, thus, be
usingf,=1.5. First we discuss phenomena which are foundestimated by
for all values off,, (and are, therefore, equal in both plots
Then we go into details which depend &p. ~ 1

Two branches can be distinguished. The increasing fn:quTsn' v
branch shows a slight curvature which can be approximated
by two lines with different slopes. We call the first part of the q andn are obtained from the measured data. fpr 1.2, it
increasing branclree traffic flow and the second oriater- is?nmax%LOS and?[{””wl.zz for gay~ 1620 vehicles/h and
acting traffic flow The decreasing branch is referred to asq . ~1400 vehicles/h, respectively, and,=23 vehicles/
congested traffic flowThe transition region between both is km. Eorf.—15 th di | a?EaX~1 o5
characterized byysteretic traffic flowFor small local den- m. Fort,= 1., the correspon |n.g values )
sities n<8.33 vehicles/km (i.e., an average distancd  and fy""~1.56 for gyay~1400 vehicles/h andjyi,~1050
>115 m between cars on a lanéhe flow is determined by Vehicles/h, respectively, ant,~20 vehicles/km.
the DTS of the individual cars. The slope gives the mean The difference of the traffic flow in the laminar and con-
velocity which is about 33 m/s and corresponds to the meagested regions is correlated to the jam spiigad Such an
value of the distributiorP(vy) of the DTS. Especially for expression can be formulated as follows: We consider a sec-
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tion in the traffic flow around the critical average local den-
sity n.. Using the continuity condition, we can formulate,

<
with g=nv, <
[
_ _ =
Amax— Amin="Nc(Vmax= Vmin) = —Nevj. (8) é
: : - S 1200}
vj is the jam speed and;~—2.57 m/s as determined from
Fig. 3(@). This value is in good agreement with the value of E [
\7,—%—2.6 m/s extracted from the slope of the high density 5
structures in Fig. 2. = 300
The declining branch of the fundamental diagram can be g’
approximated using Edq6) by 150
1 S © _\é 251
Q== ——"N— < [
fming, fs e 20f
c’ i

with the empirically determined no-reaction factof'".
Equation(9) leads to a linear dependence @bn n with a -3
negative slope. The intersection of the extrapolation of the

declining branch with the flow axis lies a,=q(n=0) é 2 \\---0--..

~1670 vehicles/h in comparison to 1680 vehicles/h obtained = 4 —=—in congested region

from the graphical analysis of Fig(&. The same estimation = ---e-=-in laminar region

for f,=1.5 givesqy=1290 vehicles/h compared to 1300 0 P EE—
vehicles/h, derived from Fig.(B). A slight curvature in the 1.0 1.2 1.4 1.6 1.8 20
declining part of Fig. 3 can be connected to the fact that the no-reaction factor fn

effective no-reaction factor is not constant for increasing FIG. 4. Dependence of the maximum flogg,a: the difference
. . axs

Forg=0, itis no=n(q=0)=1/(f7""s). The acceleration of petween the maximum and minimum flowsg; the critical density

the cars seems to play a less and less important role fqf,; and the jam speed, on the no-reaction factdt, and displayed.

increasing densities; therefore, the acceleration rule is less

often applied, the effective no-reaction facty decreases ~220 vehicles/h,n.~23 vehicles/km, and;~—10 km/h.

and should approach~1. The inflow and outflow are determined by the intersection of
In Fig. 4, dmaxs Ad=0max—Amin, Nc, andv; are plotted the extrapolated declining branch with the increasing one.

versusf,. All values are obtained from the simulations for The mean velocity at this point is given by the lowest DTS,

different no-reaction factors. Fdr,=1 no jams are found, and is 22 m/s in our case. _

while for f,>1.09 jams can clearly be observed. All quanti- [N this section we discussed the macroscopic phenomena

ties are graphically determined and have an error of abol@Pserved in the simulation in detail. We connected them to

10%. The maximum traffic flow decreases with increasingthe drl\_/lng rules and Qeduced characteristic quantltles_s_uch

f.. Therefore, the traffic flow is influenced also in the in- @S the jam speed, the inflow and outflow, etc., to the driving

creasing part of the transition region. Such a behavior can pgehavior of the cars.

understood from the discussion above. Fp 1.1, it was

not possible to identify an abrupt jump in the fundamental IV. MICROSCOPIC PHENOMENA

diagram.Aq increases with increasinfg, and seems to satu-

. . o Next we use car-following methods to look at the indi-
rate for higher values. With Eq9) it is g

vidual behavior of a car indexed withh The time series of
the individual speed of a car provides a direct access to the
A= G Qmmzi( 1 1 ) _ (10) Iocal_ behavior of t_he cars, whereas t_hg speed-disténdbe

fs car in frony relation gives the statistical portrayal of the
braking and acceleration rules. In a distance to speed differ-
The difference between the experimentally found values oénce relation a typical driving scene is caught that gives in-
Fmax andTM" increases more and more for increasing no-Sight in the driving behavior depending on the car in front.
reaction factorf,. n, decreases with increasirfg. A dis- _ _ _
cussion of the quantity has to be done in the frame of a linear ABLE !l. Comparison: simulationf(,=1.2)—measurement.
stability analysis. The dependencemf., andn, on f,, are

Zmax Fmin
fo™ fa

important for an optimal utilization of the street. The jam Simulation Measurement
speed was determined from the density plot. It rises for ingam speed 10 km/h 15 km/h
creasingf,,, shows a maximum fof,,~1.2, and decreases |nflow/outflow 1400 vehicles/h 1100-1800
afterwards.y; is connected ta\q with Eq. (8). If we com- vehicles/h
pare the values dfiax, AQ, N, andv; to those reported Average speed in the outflow 80 km/h 79-89 km/h

in Ref. [14], we find a good agreemeiisee Table Nl for | ocal density in the outflow 16.7 vehicles/km 17.7 vehicles/km
f,~1.2. The maximum flow ig},,,,~~1600 vehicles/h,Aq
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( )F|G- 5. Time series of the speed for a probe car with the DTS F|G. 6. This diagram portrays the dependence of the speed on
v{’=40.8 m/s is plotted vs time fd,=1.2. The probe car moves the distance to the car ahead fge=1.2. Therefore, it contains the
through jammed regions with stop-go traffic, and those with laminaigriving behavior. The dashed line displays the safe distance-
traffic flow. The inset shows a blow up. Below, the lane used by thﬁ\/elocity relation aép):fnv(p)_l,_s)l which is the rule for decelera-
probe car is plottedr, m, and | stand for the right, middle, and left tjon. The solid line corresponds to the acceleration distance-velocity
lang. relation for the acceleration ruled{®’=f,d®). The dotted line

represents the DTS/{f) of the probe car.

Eventually, the probability of the speed with which a car

moves is discussed in dependence of the lane it is driving orsClid line, the probe car accelerates to approach its DTS. A
We follow a probe car with a DTS ofgp):40.8 m/s. In very similar plot from a car-following measurement gained

Fig. 5, a tachogram is shown, whereas the correspondingom real traffic is shown in R_e[.19]. Sinc_e the plot repre-
' : ents congested flow and laminar flow with a mean value of

lane changes are indicated beléwm, and | referring to the ) o ; ) )
right, middle, and left lane, respectivelyStarting from the ism/s, there is almost no statistical weight at higher veloci-

initial situation where the velocity is set to 40 m/s, the probe The diff . d of th d the followi
car slows down to about 12 m/s. Velocity fluctuations evolve d N i ! ererlcr:]e Ic? stpee g i € ca{han ne ho ow!nngar,7
and increase up to=15 min. Their shape remains similar up epenaing on the distance between them, 1S shown in g. 7.

to t~65 min. Such fluctuations range from about 4 to abougrzllg;vcsilIr;t?c?:]i-:Estﬂ(\a/e;s?gﬁlcfﬁe()fednrgi/:]ng fﬁ?ﬁglzr.eg(]je:jeif-
18 m/s. Att~65 min they decrease dramatically, and the P g P

mean velocity of about 22 m/s is found which corresponds tgerence. The amplitud_es of thes_e oscillatioﬁsjéf_zo_ m a_nd
the minimurr? DTS. Neat~90 min, the probe car rr:mves Av~6 m/s) match with those in Refl13]. To distinguish

freely for a while and reaches its DTS off)=40.8 m/s. between the two cycles, they are marked with different line

: . . types and symbols. The data are taken from the same time
Such a transient behavior can be understood in the framt?r-1terval as shown in the inset of Fia. 5. The cvcles can be
work of the relaxation of the density. From an initially high ' g. o Y

density to a finally lower one, the probe car screens differengiVidEd Into six phases. In the first one, the car in front ac-
traffic Bc/:onditions )i/n time rea(’:hin IOfrom high congested traf- elerates, and after some time the probe car follows, it accel-
' : . i~ 9 19 9 erates from 21.7 to 22.3 m(sf. the first cycle in the inset of

fic flow to interacting traffic flow. In the first 65 min the car

. , ! Fig. 5), and its distance to the car in front increases!®
moves in congested traffic flow. Stop-go traffic can clearly:f 4P =54 m. The inset of Fia. 7 shows this behavior in
be identified by the large fluctuations in speed and the frea t”.IS Th . dicates th g.' tion in ti in oh "
guent lane changes. A transition takes place<ed5 min(cf. elail. The afrow indicates the direction in ime. In phase
Fig. 2). The inset is a zoom in the time domain (68 rain : : : .
<75 min), clearly displaying two stop-go events in the lami- 55} phase gbase"‘ | 2\ _
nar traffic flow. The asymmetry between slowing down and I /’ q
speeding up is caused by the difference of the rules for ac- - ST
celeration and deceleratig8].

Now we want to look at the driving behavior, portrayed in
Fig. 6 by plotting the speed versus distance of the probe car
to the car in front. The region above the horizontal dotted
line corresponding to the DTS of the probe ¢40.8 m/g
cannot be surmounted, since the rules do not allow to over-
come its DTS. The dashed and solid lines correspond to
dP=f (fovP+s) anddP=fy (P +s, respectively. In the = B 0 5 4
upper left triangular region above the dashed line, the probe ) [m/s]
car has to decelerate because its distance to the car ahead is
smaller than the safe distance. The region between the FIG. 7. Dependence of the distance on the difference of speed
dashed and solid lines is the part of no reaction where neithgsr f,=1.2. The line is a guide to the eyes. The arrow shows the
acceleration nor deceleration take place. This region iglirection of the time evolution. Six phases can be distinguished,
caused by the existence of the no-reaction factor. Below th@nhich are discussed in the text.

n
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o [4)]
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W
[¢)]

phase V T
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30 . . T show two contributions. One originates from the driving in
gg [ left lane gigl ] congested traffic. Here the probe car is driving with the same
150 gig] distribution in speed on all three lanes; therefore, this phe-

nomenon is called synchronized traffic. The second contribu-

tion to the speed distribution stems from the driving in inter-

: acting traffic. The first one is equal to that of the right lane,

| middle lane i and the second one is quite sharply peaked around 22 m/s. It
; is labeled in Fig. 5see also Ref[20]). This region corre-

sponds to laminar interacting traffic flow.

right lane

Probability density [%]

V. CONCLUSION

In the present paper we have introduced a model for mul-
tilane freeway traffic with rules which are very close to real
traffic situations. In the present paper we have restricted our
investigations to a specific traffic situation, namely, the re-

FIG. 8. Probability density of the speed for each lane &nd laxation of a high!y conges'Fed situ_ation ona three—'lane free-
=1.2. The lower mean velocities o4 m/s and~18 m/s corre- Way. We have discussed in detail the results gained for a
spond to the lower and upper limits for the velocity fluctuations in distribution of desired speed, detailed rules for braking and
the congested traffic flow. The upper mean velocity~<d®f2 m/s is  lane changes, and a no-reaction factor. The no-reaction factor
the velocity in the laminar flow region. It refers to the lowest ve- seems to play an important role. We were able to identify
locity of the DTS distribution. different types of traffic like free traffic flow, interacting traf-

fic flow, the hysteretic transition region, and congested
the car in front decelerates but the probe car stays at itssometimes called synchronizetlaffic flow. We compared
velocity until it is d(p):dgp) for the actual velocity of 22.3 macroscopic measures like the maximum flow, the critical
m/s. Therefore, the velocity difference becomes negative andensity, the jam speed, the inflow and outflow of a jam, the
the distance between them decreases. In phase I, when tlgeraged speed in the outflow of a jam, and the local density
distance is smaller than the safe distand®d'{), italso  in the outflow with findings from real traffic. The results in
decelerates, and the velocity difference vanishes. Its distang@se of a no-reaction factor of 1.2 coincide very well with the
is given byd(P)zd(sp) for the actual velocity of 16.3 m/&f. experimental data reported in the literature. The influence of
the first cycle of the inset in Fig.)5In phase 1V, the probe the distribution of desired speed and of the no-reaction factor
car shows an alternating behavior between decelerating arah the observed values of the critical density, the maximum
driving at a constant velocity. Such a behavior is more proand minimum flow, and the jam speed was discussed in de-
nounced in the second cyclalso see the inset of Fig. 5, tail. Furthermore, we investigated the microscopic behavior
second dip and originates in the application of the braking to gain more insight into the individual consequendiée
rule. In phase V, the car in front accelerates, but the probescillations in the speed difference and distance relative to
car does not follow until its distance from the car in front is the car in front, statistics of the speed, and lanes Juded
increased frondl(” to f,d® =42 m. At this point both cars pending on the quantities mentioned above. Again, our ob-
accelerate with the same value of 1 fn&arting from dif-  servations correspond with the measurements reported in the
ferent velocities. Therefore, a straight line is found in phassiterature.
VL. ) Due to the car-centered concept, it is possible to incorpo-

Phases Il and V strongly depend on the no-reaction factorate detailed and specific properties of the driving behavior,
The variation in distancad®® to the car in front in both  ¢f the car, and of the street. It is all fully determined. Al-
phases is given byAd®=(f,—1)d and Ad®=(1 though the model is very sophisticated, the time needed to
—f.)d{ for v(M=22.3 and 16.3 m/s, respectively. There- ryn the simulation is still a lot faster than real time. Hence a
fore, no oscillations can be found féy=1. They arise and forecast is possible by using a measured traffic situation as
increase for higher values 6f, in good agreement with the the initial state for the simulation, and a simulation run
results obtained from the simulation. which is faster than real time. We are convinced that the

In Fig. 8, the probability density of the velocity” of the  model is a powerful tool to investigate everyday problems in
probe car is plotted for each lane. There are two regiong affic.

which refer to the fact that the probe car drives in the con-

gested traffic and in the interacting traffic. First, let us draw

attention to the right lane. The probability density is spread AppeNDIX: CONDITIONED PROBABILITY DENSITY

out. The distribution exhibits two maxima at about 4 and 18

m/s. These two velocities mark the maximum and minimum The probability?,(q) conditioned to a fixed value af
velocity fluctuations on average in the congested regioncan be derived from the probability densi®™(v) of the
They are labeled in Fig. 5. Such a speed distribution is foundrelocity v for a given local densityn (i.e., for a certain
in the region of congested traffic flow where stop-go trafficnumberN of cars in the intervalAx). For the average local
occurs. The probability densities for the middle and left lanedlow, it is

0 5 10 15 20 25
Speed v [m/s]
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N N-1 N—-1
20 > ve Pn(q)=f dvl...f dvy_1 [T QM(vQ™
= i=1 B i=1 V_ Al) vy VN—1 =1
ATV T TAx Ax ( N-1
x| Axq— ‘21 v(i)) (A2)
i=

The probability density for the flow is, therefore, given by

the probability to find one car @™ (v(V), a seco'g]dlo?? at for N=2. ForN=1, itis

QN (v®), etc., and the last one N (Axg—=N"v() — M -

and all other possibilities to have a flagwvith N cars. This Pr(AxQ)=Q(Axq)~P(vy)- (A3)
corresponds to a summation over all velocities except the laSince Eq. (A2) consists of multiple convolution terms,
one, which assures that the exact flowis reached. The QM (v) can be evaluated fror®,(q) via a Fourier trans-
probability densityP,(q) for the flow g and a certaim is  form. Such an analysis is very interesting and will be dis-

then calculated as cussed elsewhere.
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