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Lane-changing behavior on highways

Ding-wei Huang
Department of Physics, Chung Yuan Christian University, Chung-li, Taiwan

~Received 9 April 2002; published 28 August 2002!

We study the lane-changing behavior in multilane highway modeling by a cellular automaton. We analyze
the effects of speed limit and stochastic noise. A new parameter is introduced to allow vehicles not to change
lanes even when the environmental criteria are met. Without stochastic noise, the lane-changing rate vanishes
in the stationary states of a homogeneous highway. With stochastic noise, vehicles change lanes frequently
even when there are no slow vehicles to overtake. The lane-changing rate reflects the intrinsic fluctuations
much more than the inhomogeneity of the highway. Aggressive vehicles which change lanes at every oppor-
tunity will only keep a speed slightly larger than others.
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I. INTRODUCTION

Recently the traffic behavior on highways has attrac
much attention of physicists@1–3#. Various models had bee
proposed to characterize the traffic patterns from free flow
congestion. Most observations can be well understood wi
the single-lane models. The success of the single-lane m
els implies that the traffic patterns are mainly determined
the appropriate response of a vehicle to the motion of
preceding one. However, the real highway often consists
more than a single lane. The distinct characteristic of mu
lane traffic is the phenomenon of lane changing. Basic
there are two types of lane-changing behavior. The first
is related to the specific destination pursued by each veh
Vehicles change lane in order to continue the journey. T
kind of lane-changing behavior is often observed around
on/off ramps and the interchanges. The other type of la
changing behavior is related to overtaking a slow vehic
When passing is forbidden, a slow vehicle will easily blo
the traffic and leave a long queue behind. Then lane cha
ing provides a maneuver for a fast vehicle to pass a s
vehicle, which can be observed everywhere on the highw
The effects of slow vehicles had been the focus of previ
studies@4–7#. From one’s daily experience, changing lan
to pass the preceding vehicle is not always as promising
seems to be. Some aggressive drivers change lanes
quently but they may not drive much faster than the othe
In this paper, we focus on such unpromising lane-chang
behavior, which is understood as lane changing without o
taking or driving faster. We study the phenomenon of la
changing in a homogeneous highway system. The effect
inhomogeneity from ramps, interchanges, and the exis
slow vehicles are all excluded. The model is described in
following section. The effects of stochastic noise and sp
limit are explored separately. Discussions and some c
ments on our daily experience are presented in Sec. III.

II. MODEL

To focus on the phenomenon of lane changing, we ado
simple configuration of a two-lane highway without ramp
The periodic boundary conditions are employed. The sys
is then specified by the highway lengthL and the vehicle
numberN. As long asL is large enough to disregard the fini
1063-651X/2002/66~2!/026124~5!/$20.00 66 0261
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size effects, the vehicle densityr5N/(2L) is a good param-
eter to study the underlying dynamics. Vehicles are restric
to move in one direction only. Their behaviors are prescrib
by the following rules:~1! acceleration if the speed is les
than the speed limit, it increases by one unit;~2! braking if
the speed is larger than the headway, it reduces to the h
way; ~3! stochastic noise if the speed is not zero, it redu
by one unit stochastically;~4! forward moving, the vehicle
moves forward according to the speed determined by
preceding three rules;~5! lane changing, the vehicle change
to the other lane when the environmental criteria are f
filled, which will be specified later. Basically the first tw
rules make the vehicle drive as fast as possible, as long
keeps a safety headway and is not speeding. The third
introduces the stochastic noise, which is an important ing
dient for modeling the highway traffic. The last two rule
prescribe the motion of a vehicle along the driveway and
opportunity to change lane. Without the fifth rule, the oth
four rules are also known as the Nagel-Schreckenberg m
@8,9#. There are two parameters: the speed limitvmax and the
probability of stochastic brakingp, which are in effect the
first rule and the third rule, respectively. The real traffic on
single-lane highway can be well reproduced by sett
vmax55 andp50.5, which corresponds to a speed limit
139 km/h.

The lane-changing rules for a vehicle can be further sp
fied as follows:~a! the headway in the current lane is n
larger than the speed,~b! the headway in the target lane
larger than that in the current lane,~c! an empty site right in
the next lane is available,~d! the headway of the following
vehicle in the target lane is larger than its speed. The co
tions ~a! and ~b! are known as the incentive criteria, whic
imply that the vehicle can drive faster in the target lane. T
conditions~c! and~d! are known as the safety criteria, whic
imply that the lane changing will not cause the followin
vehicle to brake. When these criteria are satisfied, a n
stochastic probabilityq is assigned to the vehicle to chang
to the target lane. In contrast to previous works, the vehic
are not forced to change lanes even when the environme
criteria are met. A probability of (12q) is prescribed for a
vehicle to stay in the current lane.

In total, there are three parameters: speed limitvmax, sto-
chastic brakingp, and stochastic lane changingq. In the fol-
lowing, we study the lane-changing ratej defined as the
©2002 The American Physical Society24-1



e

ib
e

he
t
e

io
th

th
e-

ve
ra

hi
it

In
ne
a
e
le
x
b

an
u
th
t

th
es

ta
ai
s
it

. A
i
u

de
rs
-
n
de
om
ap

c
ct
e

f
tely
y
hifts
te

the

e of
y
osed
s.

for

DING-WEI HUANG PHYSICAL REVIEW E 66, 026124 ~2002!
average lane-changing frequency per vehicle. With naive
pectation, the ratej is proportional to the parameterq. And
one also expectsj50 at the densitiesr50 andr51, where
the lane changing becomes either motiveless or imposs
Thus the functionj(r) is expected to have a maximum at th
intermediate density. It would be interesting to clarify t
correlation between the maximum lane-changing rate and
maximum traffic flow. Also the dependence of the spe
limit vmax and the stochastic noisep will be examined.

A. vmaxÄ1

We start with the simplest case ofvmax51 and p50,
which is also known as the asymmetric simple exclus
process. At each time step, a vehicle moves forward to
next site as long as it is empty. It is interesting to observe
the lane-changing ratej vanishes in the stationary state, r
gardless of the densityr and the stochastic lane changingq.
We prepare the system to start with a configuration of
hicles randomly distributed on the highway. In the prepa
tion stage, the system is updated with rules~1!–~4!, i.e., lane
changing is forbidden. A long period is assigned to t
preparation stage to disregard the dependence of the in
configuration. Then the system is updated with rules~1!–~5!
and we record the lane-changing rate as time evolves.
tially, vehicles change lanes frequently. However, the la
changing rate drops rapidly as time evolves. In the station
state, lane changing can no longer be observed. Such a r
is interesting. On the one hand, the two lanes are decoup
Vehicles stay in their current lanes. The distribution is e
actly the same as in a single-lane highway, which can
correctly described by the mean-field theory@10#. On the
other hand, the two lanes are strongly correlated. By l
changing, vehicles adjust their relative positions to disco
age further lane changing. Thus after a transition period,
lane changing becomes impossible. We also notice that
initial lane-changing rate can be correctly described by
mean-field theory of a single-lane highway, which impli
that the two lanes are uncorrelated initially.

With stochastic noise, i.e., in the case ofvmax51 andp
.0, a nonvanishing lane-changing rate in the stationary s
is observed. The typical results are shown in Fig. 1. Ag
the lane-changing rate decreases dramatically once the
tem is open to lane-changing behavior. However, a fin
lane-changing rate is still observed in the stationary state
the density increase from 0 to 1, the lane-changing rate
creases in the low density region, reaches the maxim
around a density of 0.2, and then decreases in the high
sity region. We notice that the maximum traffic flow occu
at r50.5 in the case ofvmax51. The maximum of the lane
changing rate occurs at a much smaller density. As show
Fig. 1, the mean-field theory of a single-lane system
scribes the initial lane-changing rate correctly. The drop fr
the initial rate to the stationary rate can be qualitatively c
tured by a phenomenological factor of 2p(12p), which is
motivated by the conjecture that the stationary rate refle
the stochastic noise on the highway. The factor also corre
prescribes the vanishing of the stationary rate in the cas
p50.
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The dependence of the stochastic probabilityq is shown
in Fig. 2. Basically, the ratej increases with the increase o
q. But the expected linear dependence is only approxima
valid in the stationary state. Asq increases, the stationar
rate j increases less than expected and the maximum s
slightly toward a higher density. In contrast, the initial ra
depends linearly on the parameterq exactly.

The dependence of the stochastic probabilityp is shown
in Fig. 3. As the stationary lane-changing rate vanishes in

FIG. 1. Lane-change rate as a function of density in the cas
vmax51, p50.5, andq50.5. The data of initial rate are shown b
the open circles; the data of stationary rate are shown by the cl
circles. The results of mean-field theory are shown by solid line

FIG. 2. Stationary lane-change rate as a function of density
various values ofq. The parameters arevmax51 andp50.5.
4-2
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deterministic limit, j(r)50 is expected in both the limits
p50 andp51. Thus, asp increases from 0 to 1, the station
ary rate is expected first to increase and then to decre
Such expectation is behind the phenomenological fa
2p(12p) in describing the drop from the initial rate to th
stationary rate. In contrast, the initial rate increases mo
tonically with the increase ofp.

B. vmaxÌ1

Next, we consider the effects of speed limit. The m
distinct feature ofvmax.1 is the dip in the distributionj(r),
see Fig. 4. With the two fixed points ofj50 at r50 and
r51, the distributionj(r) presents two distinct maxima
which invites the interpretation of superposing two differe
structures. In contrast, only one structure is presented in
case ofvmax51. As expected,j(r) increases with the in-
crease ofq. It is interesting to observe that the peak in t
high density region enhances much more significantly t
that in the low density region does. Thus, whenq is small,
most of the lane-changing behavior is observed in the
density region; whenq is large, the lane-changing behavi
in the high density region becomes dominant.

As vmax increases, the dip moves toward a lower dens
The peak in the low density region shrinks and that in
high density region enhances, see Fig. 5. Whenvmax is large
enough, the structure in the high density region becom
dominant over the entire density region. As the peak mo
toward the low density region, a scaling relation is observ
in the high density region. When the density is high, vehic
cannot drive at high speed, which results in scaling w
respect to the variation ofvmax. It is interesting to note tha
the scaling relation cannot be extended to the case ofvmax
51. The peak in the high density region can only be attr
uted to the effects ofvmax.1. In Fig. 6, we show yet anothe

FIG. 3. Stationary lane-change rate as a function of density
various values ofp. The parameters arevmax51 andq50.5.
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scaling relation observed in the low density region, whi
does include the case ofvmax51. When the density is very
low, the lane-changing behavior becomes motiveless.
scaling implies that the increase of speed limit will have
effect on stimulating the lane-changing behavior. Howev
we notice that such scaling is applied only to the low dens
peak and limited to the very low density region when t
speed limit is large. As the two peaks result from differe
dynamics, no scaling relation is expected to cover both
them. When the high density peak extends to the low den
region asvmax increases, the ratej(r) in the low density

r FIG. 4. Stationary lane-change rate as a function of density
various values ofq. The parameters arevmax53 andp50.1.

FIG. 5. Stationary ratej(r) in the high density region for vari-
ous values ofvmax. The parameters arep50.1 andq50.5.
4-3
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region does increase with the increase ofvmax. The observed
scaling also indicates that the distributionj(r) in the case of
vmax51 results from the same dynamics behind the low d
sity peak in the case ofvmax.1.

As p increases, the dip becomes a shoulder structure
then disappears, see Fig. 7. Basically the same as in the
of vmax51, as the stochastic noisep increases, the ratej first
increases and then decreases. However, the dip is no
stored as the parameterp approaches 1. The structure of th
two peaks is also observed in the initial lane-changing r

FIG. 6. Stationary ratej(r) in the low density region for vari-
ous values ofvmax. The parameters arep50.1 andq50.5.

FIG. 7. Stationary lane-change rate as a function of density
various values ofp. The parameters arevmax53 andq50.5.
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which is significantly larger than the stationary lan
changing rate as expected. It is interesting to note that
high density peak enhances with the increase ofp as in the
case ofvmax51. However, the behavior of the low densi
peak is quite on the contrary. In the low density region,
initial lane-changing rate decreases with the increase ofp.

III. DISCUSSIONS

In this paper, we study the lane-changing behavior
merically within a model system. Under the assumption
homogeneity, each individual vehicle behaves just like
others. As we do not introduce any slow vehicles into t
system, all the lane-changing behaviors observed are
promising. With respect to overtaking a slow vehicle, su
lane-changing behavior is not necessary. Owing to the fl
tuations in highway traffic, a vehicle will not always keep
a constant speed. The incentive criterion is then met
quently even when there is no slow vehicle ahead. Thus
lane-changing behavior reflects the intrinsic fluctuations
the highway, instead of the encounter of a slow vehicle. T
enhancement to the traffic flow is marginal. Similar resu
have been related to the psychological effects of human
ception @13#. In contrast, such human psychology has n
been included in this work. The lane-changing criteria
volve mainly the headway, both in the current lane and in
target lane. The perception of vehicular speed in the ta
lane has not been included specifically. However, as str
correlation between the speed and headway is expected
fluctuations will also result in an illusion that the vehicle
the target lane is moving faster.

We analyze the effects of the three parameters:vmax, p,
andq. The parametervmax is the speed limit subjected to a
vehicles. To model the typical highway traffic, a setting
vmax55 is appropriate. For urban traffic,vmax is expected to
have a smaller value. The parameterp measures the intrinsic
fluctuations among the vehicles. The setting for highw
traffic is aroundp50.5. For urban traffic, a much large
uniformity is expected, which leads to a smaller value ofp.
The parameterq represents the tendency to change lan
when the environmental criteria are satisfied. With naive
pectation, the lane-changing ratej(r) is proportional toq. In
this work, nonlinear effects are observed. With the incre
of q, the increase ofj(r) is less than expected.

Unrelated to the presence of slow vehicles, this unpro
ising lane-changing behavior reflects the stochastic fluc
tions in the traffic. Thus,j(r)50 is observed in the deter
ministic limit p50. As p increase from 0, the stochast
fluctuations enhance and the lane-changing rate enhance
cordingly. Asp approaches 1, the stochastic fluctuations
minish and the lane-changing rate reduces as well. A spe
feature is observed in the cases ofp;0 andvmax.1: a dip
in the distributionj(r), where the lane-changing behavior
scarcely observed. As the lane-changing behavior is unpr
ising, the location of the dip presents the most desirable s
ation on the highway. A large uniformity is observed amo
the vehicles (p;0), and all the vehicles drive at high spee
(vmax.1). The unnecessary lane-changing behavior is
duced effectively. The corresponding examples on the
r
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LANE-CHANGING BEHAVIOR ON HIGHWAYS PHYSICAL REVIEW E66, 026124 ~2002!
highway can be the synchronized traffic state observed
cently @11,12#. Besides, reducing the unnecessary la
changing behavior will provide a much safer driving con
tion, as many traffic accidents occur while the vehic
changes lanes. However, the lane-changing behavior
comes necessary in some other situations, e.g., near the
merge, or where specific destinations are assigned to di
ent lanes. Then the location of the dip will present a ve
difficult situation for the drivers and should be avoided by
means.

Finally we would like to comment on our daily exper
ence of highway traffic. For most drivers, the lane-chang
behavior provides a maneuver to overtake a slow vehi
Afraid of being blocked by slow vehicles, some aggress
drivers expect to be able to drive faster by exerting la
changing behavior much more frequently than others. Ho
ever, the naive expectation is only an illusion. In the follo
ing simulation, one of the vehicles is designated as

FIG. 8. Stationary lane-change rate as a function of density
different kinds of driving. For normal vehicles, the parameters
vmax55, p50.5, andq50.1; for the aggressive vehicle, they a
vmax5`, p50.5, andq51.
e
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aggressive one, who secures every opportunity to cha
lanes whenever the incentive and safety criteria are both
filled, i.e., the parameterq is set to 1 for the aggressiv
vehicle; for other vehicles, a value ofq50.1 is applied. Fur-
thermore, the speed limit for the aggressive vehicle is lift
for other vehicles, a value ofvmax55 is applied. The sto-
chastic noise of the aggressive vehicle is expected to be
same as the others. A setting ofp50.5 is then applied to all
vehicles. As expected by a factor of 10, the aggressive
hicle changes lanes much more frequently than others do
Fig. 8. However, the average speed of the aggressive veh
is basically the same as other vehicles, see Fig. 9. Even w
the vehicles are scarce on the highway, the aggressive
hicle can only keep a speed slightly larger than others.
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r
e FIG. 9. Average speed as a function of density for differe
kinds of driving. The parameters for normal and aggressive vehi
are the same as in Fig. 8.
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