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ABSTRACT

Lane changes are an important aspect of freeway. fildost lane change models are microscopic, dasgrib
whether individual vehicles/drives will change lanand hence are calibrated microscopically. Maopis
validation often is restricted to the distributiofi vehicles across lanes. To the best of our kndgde no
systematic analysis has been made of the numbanefchanges as function of the operational charatts of
the origin and target lane. This paper fills thapgby analyzing the number of lane changes agifumof
several incentives. Based on data availability, tsinple” sites are selected, i.e. as close asilplesso a
straight continuous freeway. Statistically, we fthdt on the selected sites, drivers change laneserage once
per two kilometer driven. Furthermore, analyzing thumber of lane changes (per kilometer per hosr) a
function of the density in the origin lane and e ttarget lane, we find, as expected, this inceeasth the
density in the origin lane for a fixed density irettarget lane. Surprisingly, it also increase$ wie density in
the target lane for a fixed density in the origamé. The underlying mechanism is therefore diffetkan gap
acceptance theory. The analyses presented in dpisrran be used to qualitatively verify (microscognd
macroscopic) lane change models, and to proposer ee change models.
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1 INTRODUCTION

Lane changes are important in traffic flow openasioThey cause a synchronization of spedjistijey might
reduce the capacit®(3), and they are even showed to be the cause ofbstygo waves4 5). Also accidents
are often related to lane changék However, little literature is available whichesents empirical statistical
studies on lane changing on freeways. Rarely threiptes for the requirements for a desired lanange, as
introduced by Gipps7), are disputed: (1) inability to continue at dedirspeed in current lane, (2) speed
advantage in the adjacent lane (3) a gap largegintmuchange lanes. In section 2 we will presenérsé more
recent models describing lane changing. They prxgbgsnerally a quantification of the principles.

This paper will study discretionary lane changes,not propose a new model. Instead the genertdrpat
of lane changing is studied using empirical dat& fétus on the traffic conditions which lead towamver of
lane changes. As will be shown below, several rsmopic lane change models have been proposed,samgl u
generally several dozens of parameters they caaliigated such that the individual lane changdséd can be
found. For practitioners, however, it is useful tave a general idea of the number of lane charmes,
moreover, whether the assumed explanatory varigbfesed difference, density in origin lane and gaigne)
indeed play an important role.

In the remainder of this paper, first an overvidwhe literature on lane change models and the ¢tnpla
lane changing is given. Section 3 then introdubesdata which we will use for our analysis. We wik video
data for one road stretch and microscopic dateciat by closely spaced loops for the other. Thalt®of the
analyses, presented in section 4, consist mainigeokey statistics on the number of lane changdisd light of
gap-acceptance theory: the density in origin andetalane. Additionally, the effect of speed andcexp
differences is studied and presented in sectid®edtion 5 discusses the results and links thenthter dheories
on lane changing. In particular, this section dises the parts which remain unexplained by traditigap-
acceptance models. Finally, section 6 presentsdhelusions.

2 LITERATURE OVERVIEW

In an early publication on lane change rates, B41@ dependency of overtakings and macroscopisityemas
hypothesized§). From a theoretical and microscopic point of viéMardrop derives

N :—kzg(v) m

in which N is the number of overtakings per space and tinieethe densityy(v) is the mean difference in speed.
This equation captures the demand for overtakind,does not take the restrictions in possibilitige account.

It hence does not differentiate between the deisigach lane. Another microscopic approach isewve the
microscopic requirements for a driver to change I@h

McDonald and Brackston®) were among the first to develop systematic erogibservations of lane-
changes. This was achieved by manual analysigdebvimages from a three-lane freeway. They fouat‘ihis
extremely difficult to validate the (lane changeddel over a wide range of flows and conditions” c&dly,
Knoop et al. {0) have shown the number of lane changes as funofitime road characteristics. However, that
paper lacks the lane characteristics, which areeaeplly relevant for a lane change. Microscopicaihe
characteristics of lane changes have been stustedyving for instance reasons and the duratldy); however,
the authors do not propose a model to replicateliiservations.

In the last decade, lane changes have been studieglation to proposed lane change models, and
individual lane change models have been calibratedhe best of our knowledge, the first stepsaimel change
analyses were made by Worrall and Bullég)( who proposed to estimate lane change ratesjd=ritg) lane
changes as individual, uncoupled events. This r@suolted in a macroscopic model of lane chanf8p (n the
past decade, there have been other studies omataliplane change models, starting by Sheu archiRit14),
studying conditions where an incident had takerceland other drivers had to avoid this site. Hi(lHy
presents another study where lane changes arevelsby video observations. He models, describes and
observes the microscopic interactions between #cles. Gap creation, and speed adaptation acesdied,
but also the size of the critical gap and it depewé on the relative speed. Choudhury etll) presents
another lane change model, where the desire togehkmes depends on the drivers’ state. Differewntls of
gap acceptance distinguished in this paper arerder from lower interference with other vehiclesmore
interference: normal gap acceptance, gap anticipgsimilar to {5): relative speeds are important), courtesy
merging and forced merging. This many-parameterahizcalibrated on the maximum likelihood to fittde
correct vehicle trajectory. The model is also vatiédl, using the likelihood of the trajectory (i.the lane
choice). Kesting et all{) present another model where a lane change igdalacording to the acceleration of
the lane changer, but also of the surrounding Vehi@ lane change maneuver can influence the exat&n of
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the old and the new leader. In the model, thetietiliof the others are considered as well befortopeing a
lane change, but generally valued less than onesbenefit.

Toledo et al. 18) present a model where lateral and longitudinalimly behaviour are combined. The
lane change decision depends on the possible lahgél accelerations according to the longitudimaidel.
Later, the model is extended with several pa® &nd the final “integrated model” is presentedey kalibrate
the model on the likelihood to find the trajectoayd thus use this as objective function for thiénadpation of
the parameter0).

A behavioral theory on lane choice is presenteddaganzo 21). He introduces two driver types: slugs
and rabbits. He poses that slugs only drive onsttmulder lane(s), and rabbits only on the mediae(g, as
long as these are faster than the shoulder lana(f#)e sequeld2), the effect of on-ramps is shown, as well as
how congestion sets in, all in theory. Patire ardsitly 23) validate this theory with microscopic data. On a
Japanese freeway the lane changes are studiequalitative way, and cumulative counts are usea fhieory
by DaganzoZ1) has been validated in general terms, showingtti®aslower lanes are a release valve for traffic
in the faster lanes.

There are other papers focusing on the effectrd tzhanges rather than the reason for the lanegeban
For instance, Jin2) gives a microscopic interpretation of the proaefskne changing, where vehicles take two
places (at two lanes) in the traffic stream. In(24) this is translated into a macroscopic trafficatggion. For
both, a calibration has been carried out basedherstape of the fundamental diagram, this using@saopic
guantities. Another approach for modeling the cqunsaces of lane changing is shown by Laval and Baga
(25), introducing the combination of demand and suppiyane changes by the densities in both lanks.lane
change rate can be introduced into the macroscopflic equations. This can be extended in a hybrid
representation of macroscopic and microscopic gegmms, including the time vehicles need to acek to
higher speeds after a lane chan2@.(They show the validation thereof using cumukatbounts, so similar to a
flow distribution. The same type of data is useddagsidy et al.4) to show that lane changes reduce capacity.
They state that reducing the number of lane chattgesscan improve the capacity, as is shown engliyicThe
impact of a lane change at the level of a plat@ostudied empirically, for instance by Ahn and @hs$27) or
Duret et al. 28)

As the overview of literature shows, none of thepmsed lane change models is tested on the lane
change prediction as function of macroscopic prigerusing real traffic data on freeways. Somaqipies are
postulated without a model, but generally remaitested. This is possibly due to the lack of suintiaccurate
(microscopic) data, which is available for this paprhe goal of this paper is twofold. First, itlvgive an order
of magnitude for the number of lane changes, te giactitioners an idea of typical values. Thiseievant for
instance for capacity reductions due to lane chmngsecondly, it will show the influencing factdrs lane
changing. This will show the principles of lane ©bag and the elements required in a realistic lemenge
model. The observations from the empirical analysiisbe discussed in the light of lane change tiein
section 5.

3 DATA COLLECTION AND TREATMENT

In this paper, two data sources are used. Botmdradual traffic data, in order to capture thedachanges, and
both are collected at freeways. They differ in tama and measurement type. Video-recorded trajgadata
from the A270 near Eindhoven (the Netherlandsk&dusection 3.1) and individual loop detector diaten the
M42 near Birmingham (United Kingdom) is used (seetisn 3.2).

3.1 A270 freeway near Eindhoven, the Netherlands

The A270 freeway is a urban freeway of approxinya&l00 meters. It starts and ends at traffic ligird in the
middle there is one crossing road, connected tdréeavay by one off ramp and one on ramp with 3G0im
lanes. The section is shown in figure 1la. The easith section is equipped with 55 cameras mountpdlat at
the road side. They all cover a part of the freeveeng together the whole freeway is covered bycreeras. In
real time, automatic vehicle detection algorithms in and trajectories are obtained from the irmager the
data set we have (partial) individual traffic tict@ries with high precision in space (approximatety) and time
(10 observations per second). The partial vehigiedtories in the field of view of one camera emenected to
the partial trajectories in the field of view ofthext to come to complete vehicle trajectories.

The tracking process has been validated, comp#nmgideo images with the tracks. All vehiclestie t
“open area” have been tracked (under the overpéssaduced), but there were some problems of atimge
the partial trajectories (approximately 1%). Sivee are interested in the densities and speedsdd@s not
matter. Also, we will find all lane changes sinbere is an overlap of the cameras. Furthermorefald#éferent
heights of the vehicles, there were problems idifig the exact right location of the vehicles: du¢he angle of
view, this could laterally be off for some decimsteand longitudinally for up to a meter (when davay of the
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camera). This again, is well acceptable for thgppse we want to use the data for. Figure 1 shosvsetovered
trajectories in the x-y plane, which are smoothethva moving average filter (29). The y-coordinase
calculated relative to the axis of the road. Twividg lanes are visible, as well as the off ramm déne on
ramps. The figure also shows the used lane separatsing a lane width of 3.75 meters. From thesipn of
the smoothed track of the vehicle the lane is ddtexd, using the lane separation shown in figure 1.

lanes in xy—plot

'l“>l'..‘;vu‘§4|,“5
!

‘;‘@ﬁw -?U‘.:‘;.’J T
W

12+ —— - Driving direction

0 1000 2000 3000 4000 5000 6000 7000
Distance along the roadway (m)

FIGURE 1 The layout of the A270 freeway

The first part of the section (up to 2000 metessinfluenced by the traffic light at the beginniofithe
section, and is therefore discarded. At the entheffreeway, at 6500 meters, are traffic lightsjovthave an
influence on traffic operations from 5500 meterfieTstretch between 5500 and 6500 meters is therefor
discarded as well. To avoid the influence of thepawe choose exclude also data in the section 3GEDO
meters.Consequently, two stretches remain in the skt: a stretch from 2000 to 3000 meters, upstrefathe
off ramp, and a stretch from 4500 to 5500 meteowrgtream of the on ramp. Note that there mighaibe
influence of the off and on ramps, although they still at least several hundreds of meters awayearlier
paper showed — for another road stretch — a difterén lane distribution upstream or downstreanthefon-
ramp @0).

For the analysis we use data from Monday 23 Mayl2®bm 12.00 noon to 20.00 h. This gives a
relatively quiet periods and moderately loaded spadth traffic volumes ranging from 200 to 250thirg and
densities are up to approximately 25 veh/km over lames. The average speeds vary between 90 ankii/R0
There is no congestion in the period for which dstaavailable. The fundamental diagram of the icaff
operations in the 2000-3000 m section is showigimré 2a.

To find the number of lane changes, aggregaticthatd is required. The high quality of data allowsa
proceed by the aggregation method proposed by L@t The reason for this is — in short — to have more
homogeneous traffic conditions within an aggregatiarea. Traffic characteristics move forward with
approximately free-flow speed (90 km/h) in freewfloor backwards with approximately shockwave spged
km/h). If a parallelogram now is chosen with bosdeith the above-mentioned speeds, in either ciomdifree
flow or congestion, traffic conditions are followéy the borders of the aggregation interval, ancdiés of
traffic states will not cross the borders of thegragation interval. Therefore, the intervals areremo
homogeneous. For a more detailed description, 3Be For the sake of simplicity, we approximate tlaues
for the boundaries and we do not use individualioleb as boundary for the aggregation interval. The
aggregation areas have a length of 1000 metersicesrequired by the data, see above) and 40 deaotime,
to well match the spatial component. Flogy, (density K), and speedv are computed from the total distance
driven D), the total time spenflTf and area of the aggregation intervA) (n space-time, using Edie’'823)
generalized definitions:

_T

k= A 2)
_D

a=—= (3
_b

V=T (4)
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These are applied both on individual lanes anchercbmplete roadway.

Fundamental diagram A270 Selected trajectones
600! ; ‘ : ‘ ‘ ‘ 5500, ,
50004
5000 : /
450
4000t : 4000
< + —~
= . E
E " =
< 3000 o 3
g Q
g Ea 2
2000
1000+
% 20 40 60 80 00 120 140 1002 1004  10. 06 T1008 101 1042
Density (veh/km) Time (h)
(a) Fundamental diagram (b) The trajectories in x-t plane of the vehicles in

all lanes. A parallelogram is used as
aggregation interval: in this 7,5 minute period
11 different aggregation areas are identified.
Note that there are gaps and periods with
vehicles with shorter headways, and that
borders of the integration area is well aligned
with the borders between traffic operations.

FIGURE 2 The traffic operations.

Figure 2b shows these areas as well as the wajestin the x-t plane. The combination of off raanm
on ramp is clearly visible by the lower number cdiced vehicles between 3300 and 4000 meters. $his i
partially due to a number of vehicles that leave fileeway, and other vehicles that enter the frgeviaother
part is due to the lower tracking rate of the vidsiainder the overpass with the connecting roatk fddrt is not
in the selected sections.

3.2 M42 near Birmingham, United Kingdom

The data from the A270 are limited to one day, fondnore detailed and accurate analyses, a lamgeuat of
data is better. We therefore use data collectatuesi automated data collection method in the gdetri@ctober
2008 - 30 November 2008. The data we use are thukViloop data from the M42 freeway in the UK near
Birmingham B83). The loops are placed approximately 100 meteastaand for all vehicles the passing time, the
lane, the speed and their length is recorded. dttlsree lane freeway, and at the upstream enkleofection is
the downstream end of an slip lane from an on raep,figure 3. To avoid the impact of the mergisagraich

as possible, the article will focus on sites 5-10.

On-ramp (2 1anes) Driving direction
-
> \ Shp lan Pea hour hard shoulder running
1 Shoulder 0 0 0 0 0 0

0
3 Median 0 0 00 0 000 00
4

FIGURE 3 The layout of the freeway and the detect@. The detectors are placed at
approximately 100 meter distances. Note that in th&lnited Kingdom, people drive at
the left hand side of the road. That means, left taght in this figure.
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Figure 4 shows the occupancy over time for thréessiSince the passing times and the speeds, haswvitle
lengths and the lanes, are known for each vehictaeh site, the vehicles can be re-identified frome site to
the next. If a vehicle is re-identified at the hgt downstream site at another lane, a lane cHaaxgéaken place.
The re-identification works very good in uncongdstenditions. In fact, a re-identification rate mbre than
999 out of 1000 vehicles is obtained (personal canioation B4)), but the re-identification breaks completely
in congestion. Then, the headways and speeds @ssyolver different, successive vehicles, and netifitation

is impossible. Therefore, the data used in thidysis limited to non-congested periods, here deffing speeds
of 20 m/s (72 km/h) and higher. Additionally, theeed limit of 70 mph is lowered dynamically at hidgimand
levels. The details of the system will not be pnésé here; for this paper, it suffices to state tha dynamic
speed limits are recorded and the aggregationgeeabwhich a dynamic speed limit was active aseatided.

3-8 ] = (=] / (=} m O

... . SITE10
R ma = | = I =] | (=]
113 i=xi} = |
o P A

| |
07:06:35 07:06:40

2 ma i =} - O | =]

......................................................... —
L == = | [
0r <—

| |
07:06:30 07:06:35
2 (| | | ] | (=]
1+~ = | I | =
0 h
| |
07:06:25 07:06:30

FIGURE 4 Detected vehicles over time. Since traffidrives from site 1 to site 10, vehicles
will reach the later sites later in time, and thughey “move to the right” in the figures,
since the horizontal axis denotes time. Note theuck in the middle straddling at site 9 (it
is detected at both lane 1 and 2), and then changjrnowards lane 2.

Since the vehicle is re-identified at the followisige, and it is known in which lane the vehicle h&en
driving at each of the sites, it is known whether triver has performed a lane change betweemwthaites. It
is assumed that no driver makes a lane changeHhi®tane and back to his original lane within 10€tens.

The data used does not give the trajectories vecyrately, but only on a few seconds scale and 100-
meter spatial resolution. We therefore have to @prate the trajectories, and hence the aggregatienvals
cannot be calculated accurately in the same wdkieaplatoons in the A270 dataset. For simplicitg, ehoose
rectangular aggregation intervals in space-tim@& B@ters (from site 5 to 10) in space and 1 mifutéme.
This is shown graphically in figure 5a.
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FIGURE 5 The data of the M42

After discarding the periods where re-identificatiwvas impossible, or dynamic speed limits werevacti
38,064 aggregation intervals of 1 minute and 50@2maemain for further analysis. Lane changing c®mplex
process. Gaps created by a in lane i by lane chinagelane i to lane j can be filled by changesdods lane i.
On a two-lane freeway, this would be changes franelj to lane i; on a three-lane freeway, a gap bgne
change from lane 2 to lane 3 can be filled by aclelthanging from lane 1 to lane 2. This is a peobwe
cannot overcome by choosing our lanes clever. Agrgthoblem can be made less relevant, namely theeirce
of the on-ramp. We focus on the lane changes betla® 2 and 3 to reduce this influence — and ntangla
lane changes — as much as possible. Figure 5b ghewsndamental diagram for lanes 2 and 3 combifoad
the sake of readability limited to one day of dddansity in the available periods ranges from &@oveh/km
over lanes 2 and 3 together, ans speeds are bef#Ze&xclusion criterion) and 120 km/h. The poimghe
congested part of the fundamental diagram and drthencritical point are discarded due to too I@eesds and
the lack of possibilities to re-identify the vel@sldue to a low the variation in headways and speed

4 RESULTS

This section presents the results of the lane ahanglyses for the three sections: the A270 upstdahe off
ramp (section 4.1), the A270 downstream of theawmnpr (section 4.2), and the M42 (section 4.3)

4.1 A270 upstream of off ramp

The results of the part upstream of the off rampesshown in figure 6. Figure 6a shows the numbeiané
changes (per km.h) as a function of the roadwaygitierirhis number has been normalized for the tatah of
the aggregation interval in time-space, in thisectiee area of the parallelogram. As the densityeames, the
number of lane changes increases. This is in littk Wardrop 8), equation 1, although the increase is more
linear than quadratic with the increase in density.

For aggregation intervals with similar traffic catiohs (e.g., with similar density), we may viewné
changing as a stochastic process with a givenpatameterl (that is consequently a function of the given
density, so we may writé = A(p)). The number of lane changes depend on thedraéfnditions, but in first
order, we expect them not to depend on each odtleenve expect that drivers are not changing ldrexause
someone else changes lanes; we acknowledge ttaidied in more detail, this assumption is not akdy for
instance if a slow vehicle causes multiple vehitteshange lanes. For the sake of simplicity, wsuasng this
independence, and the time between consecutivectzargges will be exponentially distributed, and nibenber
of lane changes in any given aggregation intenitllbg distributed according to a Poisson procegh vate/.
Thus the probability of events in an aggregation interval of lengt{in our case 1 minute) is given by

n
f(n):%exp(— AT) (5)
Since we have many aggregation intervals with commnaffic conditions, the counts for lane changes

for such intervals may be used to estimiagecording to equation 5. Formally, we use the Maxn Likelihood
Estimator (MLE) in whichiT is simply the expected value f§h) according to the supplied the data. However,
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the use of MLE library routines also enables tHeudation of error bars by using the Fisher infotima and the
asymptotic normality of the estimat@5). The result of a fit for one density bin is shoinrfigure 6b. Figure 6¢
shows the best fit result, and the error bars effthfor all density bins. Note that these errard are not
showing the errors of individual observations witklie poisson distribution, but they show the 95#ficence
intervals of the fit for the lane change rate

lane changes vs density 2000-3000 Result of fitting k = 15-18veh/km
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FIGURE 6 The number of lane changes
for the part upstream of the off ramp on the A270

This number of lane changes is remarkably lineateNhat the slope of the line in the number oklan
changes vs density plot (figure 6c¢) is connectethéolane changes per vehicle kilometer (figure Bc)he
vehicle speed. In1Q) it is shown that the number of lane changes tatisscally best be expressed as rate per
vehicle kilometer driven. Apart from being morediititve, it is shown to be more constant measure.follew
(10) and fit a lognormal distribution to the averaged change rate per kilometer driven, one for ekseisity
bin. On this freeway stretch drivers change onayempproximately 0.5 times per kilometer drivéigute 6d),
and that this value hardly depends on the denshis is in agreement with figure 6¢c. The line hasiagpe of
approximately 1000 [lane changes/km/h] in 20 [veti/k= 50 LC/veh/h. With a more or less constantespef
100 km/h we find 0.5 LC/(veh-km).

Microscopically, no influence of the speed on thenber of lane changes can be found (no figure due t
space restriction). Macroscopically, the effects¢haf speed difference are shown in figure 6e antshows
simply that the speeds in lane 1 are higher. Ifpfeare changing towards this lane, there is acspgain. If
people change from the lane 1 to lane 2, theresjgead reduction on average. These are not indivgheeds of
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the vehicle, but they are the average speed perftarthe aggregation interval, and hence showrttheence of
the driving conditions on the lane change. Not¢ ple@ple might anticipate on future conditions.

Now, we also show the influence of the densityhm different lanes, rather than the density fonthele
roadway, see figure 6g and h. It basically showas with the increase in density in both the origim the target
lane, the number of lane changes increases. Natentt all combinations of density in origin lanedatarget
lane occur, and hence not all bars of the figurddcbe made. The combinations of intervals for \uttizere are
measurements are combinations of density whichrp@nd thus are a result of the lane selection land
changing process. Values (and thus observatioes)aaking for many combinations with a higher dgns
lane 1 than in lane 2. This is in line with othezasured values (e.g30)) of lane distributions.

Focusing on the effect of density, we find thatimrease of lane density increases the numbernef la
changes from that lane — as was expected. Wittrehigénsity, the distance to the predecessor deseesl the
speed will slightly decrease (since we are in fte& conditions — more importantly, it will not inease with
increasing density), which both are well-acceptizinents for a desire to change lanes. However, thigh
increase of density in the target lane and a cahsknsity in the origin lane, the number of laharmes from
the origin lane to the target increases as welis Th surprising, since generally it means the dpsdower
(hence there is less speed difference to gain bypgihg lanes) and the higher density means that tre less
suitable gaps (in free flow, the speed changds bitter the density range, so the time gap scétessa linearly
with the space gap). This observation holds foe lahanges from lane 1 to lane 2 and from lane larte 1.
Section 5 will discuss some causes of this fourithbier.

Apart from the similar pattern, we see a higher henof people changing from lane 1 to lane 2 than
from lane 2 to lane 1. This is related to peoptwileg the freeway at the offramp downstream of sleistion.

4.2 A270 downstream of on ramp

The results of the part upstream of the off ramgmsshown in figure 7. Generally, the same pattdriane
changing is seen. The numbers of lane changesris ondess the same, increasing linearly from 0500 lane
changes per km per hour over a density increase @do 20 veh/km (figures 7a-c). The lane change i=a
similar, at 0.4-0.5 lane change per vehicle kilanégfigure 7d). There is a small increase and aedse over
the 0-30 veh/km density range.

The speed differences for lane changing are alsostime as upstream of the off ramp: negative for
changing towards lane 2 (figure 7e) and positivecfanging towards lane 1 (figure 7f).

lane changes vs density 4500-5500 Result of fitting k = 15-18veh/km

»
5]
8
8

changes (nr/hvkm)

0 5 10 15 20 25 30 5 10 15 25 0 5 10 15 20 25
Density (veh/km) Number of lane changes Density (veh/km)

(@ nroflane changes as (b) Fit of one density bin (c) Fit of rate per veh km
function of road density

Lane change rate fit 4500-5500 speed gain 1-2 - 4500-5500

umber of lane chan

10,
0.9 9
Eog Y gl
;i
5 8
207 £
o @
= 0.6 5 6|
2 o
g o § 5
3 5
£ 0.4 5 4
203 El 3
s 2
02

1
0.1

0 *%0 -20 20 30
0 5 10 15 20 25 30 Ga in in speed (km/h)
Density (veh/km)

Number of lane chan speed gain 2-1 - 4500-5500

16
12
8
4

0

hanges 1-2
Number of lane changes 2-1

Number of I

“Gainin speea (km/h)

(d) Nr of lane changes per veh (e) Influence of the speed (H  Influence of the speed
km difference for lane changes difference for lane changes
from lane 1 to lane 2 from lane 2 to lane 1



50percentile nr of lane changes lane 2-1 - 4500-5500 50percentile nr of lane changes lane 1-2 - 4500-5500

1200
640

480

320

>
22
(2
Pz
o<
SOS5%
S
B
<

.00
)

%y

)

Nr of lane changes (per km per h)
0
Y
Q

Nr of lane changes (per km per h)

AN
O()
Q

Q
Q

160

0
OO%% 0
0.9

¢

Dens lanel 00 Dens lane2 Dens lane2 00 Dens lanel
(veh/km/lane) (veh/km/lane) (veh/km/lane) (veh/km/lane)
(g) Lane changes from lane 2 to lane 1 (h) Lane changes from lane 1 to lane 2

FIGURE 7 The number of lane changes
observed on the M42 (loops 5 to 10)

The lane distribution can be derived from the camabons of density for which no measurements are
made as is shown in figure 7g and h. These combmsbf density are more or less the same as imdi§g and
h, meaning the same combinations of density doonotir. Whereas a close analys3®)(reveals a few base
point difference in fraction of flow per lane, thésnegligible for the analysis at hand. The lahange rates also
show the same general pattern and typical valuesddream of the on ramp as upstream of the on .r&mp
both cases, we find an increase in the numbemaf thanges as function of the density in the ofligie and in
the target lane, and an increase from 0 to 1008 ¢danges per km per h. Contrary to the sectiotregrs of
the off ramp, we find here a higher number of lahanges towards lane 1. This confirms the hypothésit the
inequality (1- > 2 and 2- > 1) is due to the rampe extra lane changes towards lane 1 here ar¢odihe on
ramp.

Congested periods, or even periods with near coiogesvere not available in this dataset. However i
the M42 dataset, there are observations up to dgpand little over capacity.

4.3 M42

Figure 8a shows the number of lane changes asidunaf the roadway density. Note that the denstyge (and
hence the scale of the x-axis) differs from theuffiggs for the A270: in this case, data on a largege of
densities is collected. Since we are studying &ne Ichanges between lane 2 and 3, the indicategitylenthe
density of these 2 lanes combined. The numbernef thanges per vehicle kilometer changes moreah#re
A270, and to higher values. This can be explainethb differences in layout. For the M42 we consicienges
between lanes 2 and 3. Trucks are mainly in larend,they do not change often. For the high dessitvhich
are not available in the A270 dataset, there a® laks lane changes, since people tend to “kesdppbsition”
in more dense traffic.

Analysing the number of lane changes as functioth@fdensities in both lanes, we first have to wars
the number of aggregation intervals in each bins Thdepicted in figure 8b. The results in termhswmber of
lane changes per bin with similar density are shawfigure 8c and 8d. As has been shown for the 0A27
freeway (see above), the influence of the rampiisdetermining the general pattern — minor. Thil lve even
less for lanes 2 and 3.

At the edges of the observed conditions where tiraber of observations is low (see figure 8b), the
median value might be fluctuating more due to sisth differences. Turning to the number of lananges, we
find a similar pattern to the A270 freeway. Thiddsoboth for the lane change rate (increasing féotn 1500
lane changes per kilometer per h) and for the digrasies (increasing with both density in the tatgeé and in
the origin lane). This site is downstream of anr@mp, so here we also observe a (slightly) hight of lane
changes from the center lane towards the medianthtam vice versa.
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FIGURE 8 Measured number of lane changes on the M42

5 DISCUSSION

At the sites studied in this paper, it is foundtttree number of lane changes increases with thsityein the
origin lane, but, contrary to most theories, alsoréases with an increase in density in the tdayet for a
constant density in the origin lane. We are awheg these effects might be site specific. In tldstisn we
discuss other, non site-specific phenomena thareiiste speed gain or gap-acceptance that playarrddne-
changing and cause these effects. This sectiomistiss the results in the light of lane changingribs, and
introduces possible explanatory behavioral elemfemntthe observed results.

First a remark should be made on the road strettflesused road stretches for which data are availab
In more urban areas, the distance between rampsvex very long, and they will most likely haveiafluence
on the number of lane changes. Not only directéyrdmps influence the lane changes (mandatorydaaeges
towards an exit, or onto the freeway), but alseothaffic will make room on the shoulder lanestmble other
traffic to enter the main roadway. In areas withger freeway stretches with less ramps, the nurob&ne
changes is therefore likely to be lower. Lane clesnzan also depend on gradients in the road, giese might
increase the speed differences between the passeaigeand the truck23). Also driving regulations will
influence the number of lane changes: keep yows laitl lead to less lane changes than keep leftfregccept
when overtaking. More heterogeneity in vehicle cogifion and driver population will also increase titumber
of lane changes. The number of lanes can havefact &fs well. For the M42 motorway we chose thedbeid
and the median lane to avoid lane changes fronomhamp to the shoulder lane. Although the lane Heen
excluded from the analysis, drivers still have tmgider the possible movements of other driversftbe
motorway. So although it is not considered in thalgsis, the shoulder lane has an influence. Bipatirvature
might have an impact on lane changing behavior too.

Then, the applied methodology might play a role. 8ieose to bin all aggregation periods in binshef t
same density in the origin and target lane. Altévedy, one might choose other variables to bindh&a. Speed
is likely to have an influence. However, an anayai the speed differences in origin and targe¢dadid not
show the incentive for the lane change. We choodbe analyze the number of lane changes as fumofithe
density since the density fluctuates more in tiellef service A-D than speed (the ranges consitlkege) and
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gap acceptance is more related to density thapaeds For other, more congested traffic conditiomg might
include the speed explicitly as independent vagiaéd well as downstream conditions (speed or g@nsi

A first explanation for the results is that the ebaeasoning explains lane changes based on thal act
and local situation. However, other lane changerntiges are possible: drivers can look ahead (dtoeess) for
a future traffic situation (e.g.36)). For instance, there might be a truck in the digdlane, or a possible
acceleration wave both further downstream, in &t fane, which make drivers in the middle lanengea
towards the fast lane, also if the speed in thedhaithne has not reduced yet (distance to the tisiskill large)
or if the speed in the fast lane has not incregs¢dwave is yet to arrive). Empirically, such ctemintuitive
results are also found bg®). They show, using microscopic observations fromriging simulator, that the
number of lane changes varies with the fluctuatibspeed, and, moreover, that drivers tend to akerif the
leading vehicle drives faster. This can possiblyenthe same origin as the results found here: rhiict
conditions at the moment of the maneuver (lane gingnor overtaking) are not the same as the traffic
conditions which drivers account for when they parf the maneuver (time to take perform the actiolook-
ahead).

Also, the number of lane changes from a lane amdards a lane are possibly not completely
independent. A lane change from one lane will leavgap in the origin lane, which might be used &s
merge into for another vehicle. More vehicles ie target lane would in first order mean that mogbisies
change out of the target lane in the first pladés Teaves room for vehicles in the origin lanehbange towards
the target lane. This theory would hold more inhieigdensity situations, where vehicles are waiforga gap
and use this as soon as it will be available.

Furthermore, the separation of density in the orighe and density in the target lane is theregosesibly
a bit artificial, since these are not equilibriuituations. In a way, the shown lane change ratgghinshow the
consequences rather than the causes of the lamgehaFor some deeper reason than the immedidfie tra
conditions the drivers choose a particular lane @tllective behavior, however, is the same. Sbeffast lane,
for some reason, is more attractive, there are people changing towards this lane, and in the tirearit gets
busier. Even if it gets busier, the reason to goetlis still valid, so people still move there.

Another theory which can explain the effects, latetl to the theory of slugs and rabbits, formuldig
Daganzo (21, 22). He states that rabbits will mtmvéhe faster lanes as long as the speeds arerhigheon-
congested conditions vehicles in the middle larerat allowed to overtake vehicles in the fast IE@ropean
driving rules, contrary to for instance US drivinges). This means that drivers wanting to go fadtave to
move towards the faster lane anyway. This will glsvae faster in the longer run, since the middie Jeby
regulation, cannot be faster. Thus, faster driveast to claim a position in the fast lane. The bughe fast lane
becomes, the more difficult it might be to obtdirstspot in the fast lane. With a game-theoretied, the more
dense the fast lane is, the higher is the wishiaionca position in that lane. That can explain viby a fixed
density in the middle lane, at increasing densityhie fast lane an increasing number of lane ctmafrgen the
middle to the fast lane is found.

A future lane change model should be able to ptekdécnumber of lane changes, but also the eqiuiibr
situation (i.e., the lane flow distribution) mustléw from a lane change model. Using lane chargja,dhis
equilibrium line can be found. In principle, onendand the number of lane changes towards a ladefram a
lane under a specific set of conditions. One cdmélen effective lateral inflow towards lane j, the sum of
the lane changes from the adjacent lane(s) mireusum of the lane changes towards the adjacer(s)aignce
these can be expressed as function of the demsigy,can find conditions for which the effectiveelal flow
towards lane j equals the effective lateral floanfrlane j. These conditions are equilibrium condisi, which
can be derived from the lane change functions. @heguilibrium conditions, in turn, should give the
equilibrium lane distribution, as can be measurgidgiinductive loop detector data. Note that theildayium
conditions can be derived from the lane change mhjoes but the equilibrium conditions do not impbné
change rates, hence a confirming a lane changelnsoalet possible using only a lane distribution.

6 CONCLUSIONS

The often assumed steps of lane changing (sloweingaehicle in the same lane, other lane is movasyer
and a gap in the adjacent lane) are not foundendtita analyzed here. The process of lane chaigimpre
complicated than these simple steps describe. Nigt does this require models which describe thiscess
better, but it also shows that the lane change feated a qualitative calibration based on the rerolf lane
changes from lane to lane, binned per conditiofgrbditting the model parameters to find a reaftmaumber
of lane changes in total.

Generally, it is found that the number of lane ad@n(measured per kilometer per hour) increasds wit
the density of the vehicles in the origin lane.@Bisingly, it also increases with the density ie target lane. On
average, lane change rates of approximately 0.4ad& change per vehicle-kilometer were founds Itinally
shown that ramps have an influence on the lanegehaate on the main road. The lane change ratbeto t
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shoulder lane is higher than towards the mediaa lgrstream of an off ramp. Similarly, the lane dwmate
towards the median lane is higher than towardsiioeilder lane(s) downstream of an on ramp. Thigénte is
observed also at distances of 500-1500 meter @pstod the upstream end of the slip lane of theraffip and
500-1500 meter downstream of the downstream etioedslip lane on ramp.
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