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ABSTRACT

We propose a new lane change model that can bgrabeel with a car-following model to form

a complete microscopic driver model. The aim of thedel is to better resemble traffic at a
macroscopic level, especially regarding the amadfittaffic volume per lane, the traffic speeds
at different lanes and the onset of congestion. Mhdel takes a new approach where different
lane change incentives are combined to determiaeeachange desire. Included incentives are
to follow a route, to gain speed and to keep rigiassification of lane changes is based on
behavior which depends on the level of lane chalegire. The integration with a car-following
model is achieved by influencing car-following beioa for relaxation and synchronization, i.e.
following vehicles in adjacent lanes. Other impnments of our model are trade-offs between
different lane change incentives and the use atipation speed for the speed gain incentive.
Although all these effects are captured, the ldr@ge model has only 7 parameters. The model
has been calibrated and validated using loop dwtedata, showing a very accurate
representation of lane distribution and the ongebaogestion.
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INTRODUCTION

Microscopic simulation is often used to evaluate #ffects of traffic measures and new
technologies. The strength of microscopic simutaii® the high level of detail and accuracy.
This however generally comes at the expense ofgh humber of parameters. This makes
calibration a cumbersome and difficult process. mvBcopic traffic models generally have two
main components, a longitudinal (or car-followimgddel and a lateral (or lane change) model.
In some cases the lane change model uses the licavihg model which constitutes an
integrated model.

Much research has been performed into car-followegplting in many car-following
models such as Gipps [1], Wiedemann [2], the odtiwebocity model (OVM) [3], Tampere [4]
and the Intelligent Driver Model (IDM) [5]. Lane ahge models have received less attention,
especially the aspect of mandatory lane changesnBtance, Kesting et al. [6] and Laval et al.
[7] only look at speed as an incentive to change.l&ipps [8] was one of the first to formulate
a model for lane changes that was intended to tegriated with a car-following model. Many
lane change models since then make a distinctitwvela® mandatory and discretionary lane
changes. A problem with these models is that tiere trade-off between them. Toledo et al.
[9] recognized this and formulated a lane changdehwith incentives combined.

For most lane change models it holds that gap-aacee is either a simple function of
distance and speed difference, or is based on -follaving model to determine resulting
deceleration. The first class of gap-acceptanceetsdiils to include car-following dynamics
while for the latter class it is assumed that deweccept smaller gaps through a larger acceptable
deceleration. However, in reality, drivers will nilgsapply small decelerations and will accept
smaller time headways for some time, as is showpirgsally for merging traffic [10]. This
phenomenon is known as relaxation [11]-[13].

Another important aspect of lane changing is lamnge preparation, sometimes referred
to as the tactical stage [6], in which drivers nagapt their speed, align with a gap and in which
another driver may create a gap. We will refeihis lane change preparation as synchronization,
as drivers synchronize with an adjacent lane. Qtilg literature is available describing models
for synchronization and relaxation [14]-[17].

In regard of this brief overview of lane change meisdthere is a need for a new lane
change model. The main goal is the achievementgofba resemblance with reality at lane-level
regarding the amount of traffic on each lane (ldiséribution) and the speed driven on each lane
(lane speed). The model should be applicable foiows road layouts and various levels of
traffic density. To achieve this, multiple lane nga incentives need to be included. A secondary
but still important goal is to resemble traffic @dynics including the onset and progression of
congestion. For this we include relaxation and Bymgization into our model. A final
requirement is that it should be possible to catdrthe model. For this the complexity and
number of parameters should be limited. To our Kedge, there is no lane change model that
fulfills these requirements.

In this paper, we introduce the Lane change Modt#l Relaxation and Synchronization
(LMRS) that includes both mentioned phenomena. Wkdmcuss the integration with a car-
following model using an adapted version of thelligent Driver Model (IDM) [5]. LMRS can
be used with any car-following model that calcudatehicle acceleration. In this paper we
assume some parameters to be part of the car-fojpwnodel, but this is not a strict
requirement. The integration with the car-followingpdel is twofold. First, the car-following
model is used for gap-acceptance, where differeatays apply due to relaxation. Second,
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synchronization triggers car-following to vehiclasadjacent lanes as lane change preparation.

Most lane change models classify lane changes byrdélason for which they are
performed, e.g. mandatory, discretionary, courtetsy [18]. We classify lane changes by the
way in which they are prepared and performed. Wetltia a lane change process and different
processes are performed for different levels ofrdedlote that in the remainder of this paper
‘desire’ refers to lane change desire and ‘procexfsrs to lane change process. Throughout this
paper we will drop subscripts where possible fersbhke of readability. We will also drayp {or
time dependent quantities where possible; a reattite is not included in the model.

This paper is structured as follows. First, theelaihange desire and accompanying
processes are explained. The next section willogéb on the determination of lane change
incentives. The integration with a car-following d&b is discussed in the next section, followed
with a section about calibration and validatiomdfiy the conclusions are given.

LANE CHANGE DESIRE AND PROCESS

This section will introduce the main mechanism MRS which is structured around lane
change desire. Before explaining our model we shdist of frequent symbols throughout this
paper.

acceleration as determined by car-following model

lane change desire

net distance headway

net time headway

pertaining specific, current and target lane eespely

speed

distance

whether laneltange is applicable (1) or not (0) fospecific incentiv

~ 40 a <

b x <

The desire to change from lanéo lanej that arises from the different incentives is caomebi
into a single desire.

d’ =d +6) fd! +dp) 1)

We have a desire to follow a routé)( to gain speedd{ and to keep rightd;), where the
subscriptb stands for bias to a particular side. The latwer &re included wittt, which is the
level at which voluntary (discretionary) incentivese included. In the next section it is
explained how these guantities are determined.r®ésimeaningful between -1 and 1 where
negative values indicate that a lane change igesired (i.e. to stay or to change in the other
direction). Values outside of the meaningful rantgey exist as incentives are added.

The total desire determines the behavior of drivéisssification of lane changes is
based on this behavior. We distinguish: Free LananGes (FLC), Synchronized Lane Changes
(SLC) and Cooperative Lane Changes (CLC). To thiswee split the desire range into four sub-
ranges using three thresholds relating to the gsEs

O0<d. <d. <d <1

free sync coop (2)
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Desire as calculated with equation (1) falls witlnparticular range with an accompanying
process. Figure 1 gives an overview of the vanmatiblane change behaviour between processes.
For little desire, no lane change will be perform&dr a somewhat larger desire, FLC is
performed requiring no preparation whatsoever. W€ &nd CLC a potential lane changer is
willing to synchronize speed with the target lafbis is achieved by following a vehicle in that
lane. Concurrently this will align the vehicle wighgap (if there is a gap); this is thus a simple
gap-searching model. In CLC, the potential followell additionally start to create a gap by
following the potential lane changer. This behavimualso called synchronization and may be
triggered for several reasons such as the usaurshandicator or the lateral in-lane position. An
important reason is however the synchronizatiothefpotential lane changer itself. From this
behaviour a driver may deduce that an adjacentclelwants to change lane. Throughout this
paper we assume that drivers are able to note wh#th lane change desire of another driver is
smaller or larger thade,. Empirical evidence that drivers are willing t@ate a gap, at least at
an on-ramp, can be found in [10] where no mergelgiale is overtaken by multiple vehicles.

dfree dwnc dcoop
Synchronization no E no E yes i yes
Gap-creation no i no i no i yes
A : ) :
Deceleration : E :
NolLC { FLC | SLC ! CLC
Lane change desird)( i
A
- . N
Follow route Gain speed Keep right

FIGURE 1 Overview of LMRS. Lane change desire is based on three incentives. Lane
change behavior, including the accepted headway and deceleration for a lane change,
varies depending on theleve of lane change desire.

Besides the synchronization there are also desperdiant differences in the accepted headway
and deceleration that would arise if a lane chaisgmitiated. For higher desire drivers are
willing to accept smaller headways and to deceterabre. Note however that the maximum
deceleration will be smaller in our model than imsnexisting lane change models such as
MOBIL [6] where a value of 4 mfss used, which is rather high. This is achievedatigwing

for relaxation and synchronization.

Desire to change both left and right is determiriddo the possibility (gap-acceptance)
to both sides is assessed. The lane change witiestigiesire will be performed if possible and
desired @ > die). If the lane change is not possible, lane chaprgparation (SLC and CLC)
may be performed.
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LANE CHANGE INCENTIVES
This section will elaborate on the quantities ofi&ipn (1) in detail. In this paper we assume
asymmetric traffic rules, where drivers have togkeght and may only overtake on the left.
Consequently a speed advantage is only considerdetleft lane and in certain circumstances
there may be a bias to the right. In our model wi mot explicitly prevent vehicles from
overtaking on the right, as this often happen®ality despite the prohibition. Note however that
a speed advantage is not actively considered imighe lane. Our model can be easily adapted
for symmetric or left-hand traffic rules.

Several parameters will be introduced in this #r@next section. For an overview of all
parameters the reader is referred to table 1 oa pag

Anticipation Speed

The voluntary incentives as described in the follmsub-sections use anticipation speed. This
section will first elaborate on how this quantity determined using the following quantity
definitions:

Anticipation speed, or the considered speed atea la

Vi, The speed limit

V, Maximum vehicle speed

Desired speed

Vg The actual speed of an (adjacent) leader

Vs The considered speed of an @mint) leader given the headv
X,  Anticipation distance

0  Speed limit adherence factor

The anticipation speed is intended to represenwhich extent drivers take account of

downstream vehicles. The further away the vehig/ehe less influence the vehicle has. The
slower a vehicle is, the more it may reduce théguation speed. The anticipation spagd on

a lane is a function ofiim, Vimax @NdVieag Wherevieq IS considered for several leading vehicles
(potentially) on the assessed lane. The quantifigeindvmax are combined into a desired speed
for lanek as:

Vi =min(I TV, Vi) 3)

This expression includes a level of adhereficeith regard to the speed limit. Fér> 1 this
results in speeding and fox 1 this results in the opposite.

The speed of any leading vehialg,s, may be of influence on the anticipation speed.
Clearly, a slow leader lowers the anticipation shétowever, if this leader is very far away, the

vehicle is not considered at all. We hayg, (s=0) =V,.q Where the vehicle is fully considered
and v, (s: xo) =V, Where the vehicle is completely ignored. We usedhticipation distance

Xo Which is also a parameter for the route incentigedescribed in a next sub-section. For
intermediate headways we interpolate linearly gjvin
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Viead = (1_EJ Wieag + % Wies 4)

The anticipated speed on lakes given by:

Ve, = min v, min(¥,)) 5)

where all leading vehicles from the 84t are taken into account. This set is lane depenralzcht
entails vehicles with a headway shorter thgnThe setMy by definition entails all vehicles on
lanek, all vehicles on lan&-1 (left) with d“** > deop and all vehicles on lanker1 (right) with
d<rik> deoop- Vehicles withd®! > deoop If k=1 (i being the current arjdbeing the considered lane)
are however never considered. In other words; eltlicles on, or potentially on, a certain lane
are considered for the anticipation speed on #ra¢.|\WWhen assessing the anticipation speed on
an adjacent lane, potential lane changers froncihent lane are excluded. This exclusion is put
in place to prevent situations where large spedfitrdnces between lanes are persistently
maintained as drivers anticipate a slow speed erfiaster lane due to other slow vehicles with a
desire towards that lane.

Speed I ncentive

We assume that drivers may desire to change lareder to increase their speed. We also
assume that drivers are particularly anticipativieew assessing the speed on a lane, i.e. if
possible flying takeovers are performed where needpis actually lost. Hence, to assess the
desire we use the anticipation speed. Regardingpked incentive the following assumptions

are made:

» Afull desire is experienced for a speed gaingh

* Desire is linearly related to speed gain

» Drivers ignore a possible speed gain towards tite tane at high speed& > Vcrit)
» Desire to change lane is reduced while accelerating

For the latter assumption we introdugg, as a reduction factor on desire. It is defined as:

oy, =270 ©)

wherea is the maximum acceleration from the car-followimgpdel. We also havas which
defines whether a lane change is possible and edldss = 1) or not As = 0). Desire from the
speed incentive is now defined as:
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Vi_tl _Viant ii-1 _
ii-1 Again = , Ag =1
ds - Vgajn
0, AYT=0
min(v;;tl -V, O) N _
i+l _ i
agajn ’ As =1 andvant > Vcrit (7)
Vgain
dil = i1
s Vant ~ Vant i+l _ i
agajn = - ) As =1 andvant < Vcrit
Vgain
0, A =0

wherei-1 andi+1 are the left and right adjacent lanes respdgti\ote that a speelbss is
always considered towards the right lane to benoal with other incentives.

As the speed incentive is based on anticipatioedpeis also based on adjacent vehicles
that haved > deqp. In case these vehicles lower the anticipatioredpa driver may be triggered
to perform a courtesy lane change. These are laareges that are performed to create a gap for
another vehicle.

Route I ncentive

If the current lane will not allow a route to bdldaved, lane change desire arises. This may be
because the lane ends or because the lane wilinttrmnother direction. For these situations we
make the following assumptions:

* Atrelatively high speeds, the remaining time pquired lane change determines desire.
This is different from existing models such as Gigp] and the lane change model in
FOSIM [19] where desire is based on distance. Begarts at a remaining time tgfper
lane change.

» At relatively low speeds, the remaining distancednees dominant in determining
desire. Desire starts at a remaining distanog pér lane change.

» Desire increases linearly towards full desire fecre@asing time or distance.

» Desire from the route incentive exists even ifldree change is (currently) not possible.

The latter assumption may trigger synchronisatipstneam of an actual merge location, which
is common practice at merge locations. In ordeddtermine desire for the route incentive we
definex* as the remaining distandg’ = x*/v as the remaining time given current speehdn,*

as the number of required lane changes, all farkabesire is now determined as:

k k
Xt % @®
0

N, ~ n<0

df = max( 1-
r r

which defines the desire teave lanek. To derive the desire to either the left or ritdrie we

compare the desire on the target and current latige desire to leave the target lane is smaller

than the desire to leave the current lane, we husalésire to leave the current lane. The other

way around we use the negative value of the désileave the target lane, i.e. the lane change is
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undesired with the amount to leave the target [&h&s is defined as:

d, Al=1landd >d/
. 10, Al=1andd =d’
d’ = i i = i i ©)
-d', A =1andd, <d
-, Al=0

whereA; = 1 indicates that the route can still be follovegdthe target lane.

Keep-right Incentive

A simple incentive in accordance with the ‘keephtid possible’ traffic rule that is implemented
in many models is a constant bias to the right,laneh as for example in MOBIL [6]. Indeed
drivers will be inclined to change to the right. wiver, the phrase ‘if possible’ is stretched if
drivers are forced to drive somewhat slower thagirtdesired speed. In fact, the slugs and
rabbits theory of Daganzo [20] predicts more tcatin the left lane for typical percentages of
slow traffic. However, if there is no slow trafion the right lane for some considerable distance,
a driver would at some point change right. Here,onlyy need to compensate the lane change
thresholddie Whenever a vehicle anticipates an unhindered spedie right lane.

Another influence on right-keeping behaviour is @vdstream turn. Drivers are not
willing to change right if that lane will turn inta wrong direction, even in light traffic
conditions. If a driver is within the region defthbyty, it will experience a slight negative desire
to change right. In that case we assume that dridemot obey the traffic rule. In short, drivers
will obey the keep-right rule only if the situati@m the right lane is not worse with respect to
speed and route. This is expressed as:

d/'™"=0
di,i+1 = dfree’ Vlaz'? :Vdes a'nddri’i+12 c (10)
® 0, otherwise

Consideration of I ncentives

Depending on the urgency of mandatory lane chardyesgrs may (partially) ignore voluntary
lane change incentives. We therefore dgavhich is the level at which voluntary desire is
included in the decision. It depends on the levie(negative) mandatory desire, as this may
become dominant. For sake of argument we will os& woluntary desir@, = dst+dy. If both
voluntary and mandatory desire are either negaiivpositive ¢,-d, > 0), voluntary desire is
fully included as it coincides with mandatory desiHowever, if voluntary desire is conflicting
with mandatory desired{-d, < 0), the voluntary desire is only partially inded. For strong
mandatory desire, negative or positive|(P deoop), Voluntary desire is ignored. For mild
mandatory desired] <dsnc), voluntary desire is fully included. In betwedine consideration of
voluntary desire is linearly interpolated. Thigigpressed as:
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0, d' @) <0 and |d’|=d,
B T T )
o= "L d'@'<0 and d_, <|d'|<d (11)
v d —d r v sync r coop
coop sync
1, d'e) 20 or |d/|<d,,
conflict/coincide | mandatory dominance

INTEGRATION WITH A CAR-FOLLOWING MODEL

We have presented how the lane change model detesmndesire to change lane. In this section
we will discuss the integration with a car-follogirmodel related to gap-acceptance and
relaxation, gap-creation and synchronization anawliediscuss the used car-following model.

Gap-acceptance and relaxation

A gap is accepted or rejected based on the reguitecteleration that follows from the car-
following model. Gaps that result in deceleratibattis too large, are rejected as they are unsafe,
uncomfortable or impolite. This is similar as in B [6], except that the applicable headway
is changed. The gap is accepted if both the lanagdr €¢) and the new followerf will have an
acceleration that is larger than some safe deciertreshold b° as in:

Ve > —b° [ ° (12)

with g D{c, f}. For clarity we explicitly mention to which vehécthe parameters pertain. The
applicable headway for both the lane changer amah¢twv follower is given by:

T2 (d"¢) = min(T° (1), (@) T8, +(1-(a")) T2, ) (13)
where,
T (t) Current following time headway of vehéal including previous relaxatic
T2, Regular following time headway of vehiae
T Minimum following time headway at maximum desirevehicleg

<d”’°> Lanechange desire of vehicte limited between 0 and 1

From equations (12) and (13) one can see thaafget desire, larger decelerations and shorter
headways are accepted. If the lane change is jctoiilted, both vehicle andf should update
the value forT9(t) to the value off%(d"°). The relaxation of the headway value is assumed
exponential with relaxation time In a numerical update scheme with time ftewe can use:

T
T(t)=T(t-At T —-T(t-At)— 14
(1) =T (t=20) H{Tou =T (t-20)} - (14)
Synchronization and Gap-creation

When lane change desire is above the synchronmettreshold, drivers will start to synchronize
their speed with the leader on the target lanedplyang the car-following model resulting in



O~NOOT A WN B

10
11
12

13

14
15

16
17
18
19
20
21
22
23
24
25
26
27

28

29
30
31

32
33
34
35
36
37
38

Schakel, Knoop and van Arem 11

V;{/nc. Drivers will apply a maximum deceleration lofwhich is considered a both comfortable
and safe deceleration. The maximum deceleratiogdeed synchronization is given by:

Ve >—b (15)

If an adjacent leader wishes to change lane widbsire above the cooperation threshold, a gap
will be created. Gap creation is very similar tox@dyronization and we again apply the car-
following model with a limited deceleration as iguation (15).

Used car-following model
We will use a slightly adapted version of the Iigeint Driver Model (IDM) by Treiber et al.
[5]. The acceleration is calculated with

v= al]nin(l— (LT 1- (ij J (16)
Vi S

v [Av

2valb

wheres, is the stopping distancay is the approaching rate to the leadeis the net distance
headway and  is the dynamic desired headway. The adapted nisdeferred to as IDM+ and
differs from the IDM solely by the minimization avenstead of addition of, components in
equation (16). This adaption has been made toaseréhe capacity to more realistic values, as
well as havingv = 0 for v = vges ands = s . For further details, see Schakel et al. [21].

Car-following models are usually designed for indadynamics. In multi-lane traffic,
headways and speed difference between lanes haidearange of values. In the IDM negative
values of eithes or s have the same effect as positive values becausieeopower of two.
Negative headways occur for adjacent vehicles anégative dynamic desired headway may
occur for large negative valuess¥. We will therefore use these boundary conditions:

and

S =g +VIT+ (17)

s>
. (18)
s =0

CALIBRATION AND VALIDATION
In this section we describe the model calibrationd avalidation. We discuss the model
implementation, the calibration setup and the datéhe end the results are shown.

Model I mplementation

Although the LMRS has been presented in very sdethil, the precise implementation can still
have influence on model results. In this section lwiefly present our implementation. The
procedure in the box below should be performedefmh driver at each time step. The minimum
acceleration based on all applicable leaders shHmilagsed. We have used a lane change duration
of 3s (from FOSIM [19]) during which a virtual aredmporary vehicle is placed on the target
lane to prevent other lane changes towards the karagon. Over the first 200m of the network,
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lane changes are never performed as upstream eghiwht influence such a lane change may
not yet be generated. We have usd= 0.5s (from FOSIM [19]) as a balance between tshor
running times and modeling precision. On a dual GP&IGHz this results in running times in
the order of 10-50 seconds per modeled hour depgraii the level of congestion (i.e. number
of vehicles ranging from 150 to 600).

—————————————————————————————————————————————————————————————————————————————————————

| Steps Equation(s)
. While not changing lane
: 1. relax headway (24) !
i 2. calculate route desire (8)-(9)
3. calculate anticipated speeds (3)-(5) :
| 4. calculate speed desire (6)-(7)
5. calculate keep-right desire (20)
6. combine desires (11), (2) :
' 7. gap-acceptance (12)-(13)
8. make lane change decision (see page 5)
: 9. follow leader (16)-(18) !
10.if applicable, synchronize (16)-(18), (15)
11.if applicable, create gap (16)-(18), (15) |
' During lane change
1. follow old and new leader (16)-(18)

Calibration Setup

We apply the LMRS in combination with the IDM+. Thdl model has 20 parameters which are
too many to calibrate as this will take very lomgldecause a solution will be difficult to find as
there are many degrees of freedom. We alleviategtoblem in two ways. Not all parameters
will be calibrated as some are fairly well knownwd parametersjsnc anddeoop, Will be related

to diee, reducing the number of parameters pertainingute lchanges from 9 to 7. Second, two
calibration scenarios will be used. In the firstrsario the model will be calibrated to free flow
conditions, calibrating parameters that can berdeted in free flow. In the second scenario the
model will be calibrated to congested conditioralibzating the remaining parameters. This
approach follows the reasoning as presented byrCetsal. [22]. The benefits of this approach
are that each iteration of the calibration proceduarolves less model runs, the calibration will
converge in less iterations and the short duraifdree flow runs.

An overview of all model parameters is given inl¢éah. We apply two classes being
passenger cars and trucks. Most parameters arélamjueeen classes except for the acceleration
(a), vehicle lengthl}j and desired speed. For cars we assume the depieed is given by driver
preferenc&®car = N(Vgescar, 0car)/Viim WhereN(Vgescar, 0car) 1S @ Gaussian distribution with mean
Viescar @Nd standard deviatiosi,. For trucks we assume the desired speed is giyethd
maximum vehicle speeghaxruck = N(Vdestrucks Otruck)-
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TABLE 1 Overview of Model Parameters.

Sym- Initial or Calibratiod  Calibrated Remark8
bol assumed value
value
Regular car-following parameters

Aruck 0.4 m/$ fixed Taken from FOSIM [19].

Acar 1.0 m/é congestion 1.25 nfls In [5] a value of 0.73 was found. This howevertpiers to mixed
traffic. For cars we start somewhat higher.

b 1.67 m/8 congestion  2.09 nfls In[5] a value of 1.67 was found which we will use

Trrex 1.2s congestion 1.2s On the left lane of the lam& section of our network we find
maintainable flows around 2400 veh/h. From thiscaleulate a
value of 1.2s at 90 km/h.

S 3m fixed This value is based on the length o$ @ard a jam density of about
140 pce/km.

Vles,car 123.7 free flow 123.7 We fitted a cumulative Gaussian distribution to élverage speeds

km/h km/h in free flow on the middle and the left lane usihg fractions of

traffic on these lanes. We added 5% to the regpftiras this
approach gives a lower limit to desired speed.

Ocar 8.3 km/h free flow 12.0 km/h  SeBuscar

Viestruek 85 kKm/h fixed Taken from FOSIM [19].

Oiruck 2.5 km/h fixed It is assumed that the majorityratks has a desired speed
between 80 and 90 km/h.

lcar 4m fixed Estimated using helicopter data from]|[23

liruck 15m fixed Estimated using helicopter data fr@3)[

Lane change related parameters

Thin 0.7s congestion 0.56 s Based on [10] we assuragezage minimum headway of 0.7s.

T 20s congestion 25s Some studies ([11]-[13], [#6f)mate values between 20-30s. Due
to our exponential relaxation we assume a valukeaower end.

Xo 300 m free flow 295 m Based on the last traffiesigndicating a lane-drop.

to 67s free flow 43 s In [8] a value of 50s resemblger behavior. We set this equal to
to-(1-diee), Where lane changes start.

Chree 0.25 free flow 0.365 We start with four equal desanges.

dgne 0.50 related 0.577 The range beyakd is equally divideddsn = Oiree + 3(1-Otree)

deoop 0.75 related 0.788 The range beyahd is equally dividedd,op = iree + 75(1-Oiree)

Vgain 70 km/h free flow 69.6 km/h  Based dip. and speed differences between lanes in the ofder o
15-20 km/h on our road stretch we start with 70rkm/

Vit 60 km/h fixed Estimated on plots of speed vs. faaetion where in the range

around 60 km/h, fractions tend to become more equal

Whether a value is fixed, related to another patanor calibrated in a scenario.
Describes how initial or assumed values have bdetermined. Values were additionally determinedwitfew
initial runs of the model.
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As mentioned, we use two calibration scenariosafater values found in the free flow scenario
which is performed first, are used in the congestioenario. The error measurahich should
be minimized is based on a comparison of real amdaV detector data. In free flow we use:

2

N —
SRS H ) Y& 1 &1
Z qrrwetaj _Zq:,rtn n=1 z real z sm
n=1\ \ t=1 t=1 Vv Vit

= +25 : : +m 19
free N N ( )

wheret = 1 ... H is the considered time periaad= 1 ... N are the considered detectayds a 1-
minute flow county is the arithmetic mean speed of all vehicles withiminute andn is the
number of deleted vehicles in simulation. The fipatt of equation (19) is the root mean squared
error (RMSE) of hourly flow (aél = 60) of all detectors. The second part of equati®) is the
RMSE of the harmonic mean of speed measurementsntllele the RMSE relating to speed
with a factor of 25 meaning that an error of 25/fnels equal to an error of 1 km/h. Finally we
include the number of deleted vehicles as, depgndm the parameter values, drivers in the
model may not be able to change lane before theg twa This is included to keep the number of
deleted vehicles small.

For the congestion scenario we will use:

N H _ N H _
> > (60 - i)’ >3 (v -y’
Eong =\ + 25| 2L =L +m (20)
N[H N [H

which is similar to (19). Minute measurements aogvéver not aggregated in order to capture
the dynamics of congestion. For an equal compatisiween flow and speed, the minute flows
are calculated to hourly flows.

To find the optimal parameter values, we will ulse talibration algorithm as presented
below. We start with a large search space whichasmentally reduced in the second step. As
soon as the search space is smaller than 0.1%e gfattameter values, the algorithm stops. This
method is unable to change the sign of a paramelach is not a problem for our parameters.

i Optimization algorithm

0. Start withx as the initial values of the parameters.fSe{0.8, 1.25}.

: 1. For each parameter, look at two new points withale which is a
factor off (1) andf(2) of the value irx.

a. If a better point was found, sett the best point. Redo step

b. If no better point was found, go to step 2.

2. Reduce the size dtby " f(2) = 1+#4-(f(2)-1) andf(1) = 1 /f(2).
a. If f(2) > 1.001, redo step 1.
b. If f(2) <1.001, stoy

To cope with the stochastic nature of the modaihearor is an average error of 5 model runs
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with different random seeds. A higher number ofsrwould give more certainty, but would also
increase running times. Each simulation starts ftlutes before the applicable period in order to
fill the network.

Calibration and Validation Data

We calibrate our model using detector data on #oseof the A20 freeway near Rotterdam in
the Netherlands as in figure 2. The speed limit28 km/h. This section has a few on- and off-
ramps and a lane drop, furthermore it has clogeficed detectors (300-500m). This data is to
widely spaced to detect actual lane changes. Hawélwe main purpose of our model is to
accurately represent lane distributions, lane $pespeeds and the onset and progression of
congestion. These phenomena can be found in detdata, and the calibration is successful if
these characteristics can be reproduced in siroalati
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FIGURE 2 A20 network with distances and detector locationsin meters.

Congestion on the A20 towards Gouda is often i@tlaby spillback from the off-ramp
Moordrecht. For calibration we require that thdfitastate on the network is not influenced by
external disturbances. A detector on the off-rammoMrecht (not shown in figure 2) was used
to find days where congestion started due to the-taop and on-ramp Nieuwekerk a/d IJssel
and remained unaffected by the off-ramp for a atersible period. Two days were selected;
Monday June 8 2009 and Thursday June™2009. The first day was used for calibration for
free flow (5:15 — 6:15 AM) and congestion (6:00 :00/ AM) while the latter day was used for
validation for free flow (5:30 — 6:30 AM) and corggen (6:15 — 7:15 AM). Truck percentages
were very similar at 11.0% and 10.6% respectively.

Inflow into our model is based on detector datareggted over one minute. During each
minute, the vehicles are uniformly distributed. Thanber of vehicles to be generated on the on-
ramps has been determined by subtracting the doxamstflow from the upstream flow. This
method may result in negative flows, which are sdlby moving some vehicles earlier in time
as this maintains the peaks in traffic demand.

Detector data was also used to estimate an origgtirthtion pattern, assuming a constant
pattern over the simulated period. For each offgasplit fractions were determined. These were
then used to assign probabilities of traffic fromcle origin towards the destinations taking
consecutive split fractions into account. As the gation is rather close to the beginning of the
network, traffic towards the gas-station is onlyngeted on the right and middle lane. Trucks
are only generated on the right lane and on-rafips.percentage of trucks was estimated using
class specific traffic counts on the A20 upstreanour network. These traffic counts were
aggregated per month, but separated per weekday.

Only detectors fronx = 1400 tillx = 7400 are considered for the error measure tovall
traffic to settle and as downstream of on-ramp Moecht speeds may be influenced by a
narrow bridge and road curvature.
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Results

In table 1 the calibrated parameter values arengi@eme parameters have not or hardly changed
from the initial value. In general, these paransetave a range that may result in a more or less
equal fit to data for as long as other parametls ehange within such a range. Substantial
changes from the initial values are founddgy, b, ocar, Tmin, 7, to @anddge. However, once these
parameters received a few course adjustments dtetfpening of the calibration, again a range
of values can result in a more or less equal fit.

One remarkable observation from the parameter saisighat drivers are apparently
willing to change lane for a speed gaindafeVgain =~ 25 km/h or higher. We suspect that this
rather large value is not only a minimum speed ,dain simultaneously an adjustment of speed
at both the origin and target lane. For instandeo@nded driver on the right lane driving at 80
km/h, with a desired speed of 95 km/h, is willimgydvertake its leader by temporarily driving
105 km/h in order not to holdup traffic on the l&ihe. The interpretation fores is thus a
combination of desired speed and the speed at vadmichrs are willing to overtake. Such speed
adaptation is however not explicitly modeled.

Another observation is that drivers look about 30@gh ahead on the right lane and will
not keep right if there is any slower vehicle withinis range. This may appear to be a rather long
range. The value may however result from the 3-kEewion, where traffic on the middle lane
will not feel inclined to keep-right as they cailldie overtaken. Also, some drivers may have
little to no attention for the keep-right rule.

In figure 3 calibrated lane fractions of the firah are shown related to the density at a
cross-section with detectors. Lane fraction is flobev on a lane divided by the flow over all
lanes. The densitlq.q is calculated as the flow over all lanes dividgdiire harmonic mean of
the speeds on all lanes. The model is able to septehe relation between the density and the
amount of traffic that can be found at differemda. Furthermore we can see that between
2400 andx = 3500 the amount of traffic on the left lane ree as it will we dropped at=
3751. Consequently the amount of traffic on the di@dane increases while the amount of
traffic on the right lane hardly changes.>At 5200 there is more traffic on the right lanentlag
x = 3751. This is due to off-ramp Moordrecht as vealltraffic moving away from the busy left
lane due to the upstream lane drop.

Calibrated speeds of the first run are shown atan8 cross-section and a 2-lane cross-
section. There are clear differences between laaed, speeds appear to drop linearly for
increasing density (in free flow). The model iseabd represent both phenomena. Runs 2 till 5
show similar results as run 1 with regard to |lanaetfons and lane speeds.

The results of the congestion scenario are predantspace-time-speed plots as these
allow for good recognition of congestion patterfisese figures were created using the Adaptive
Smoothing Method [24]. In figure 4 we can see ti& calibration runs are able to produce
comparable congestion with reality. There are hawelfferences between congestion patterns,
showing the influence of stochastic input. Simitdots were created for the validation day.
Although there was mild congestion in reality, nasfethe 5 model runs showed congestion,
although there are a lot of drops in speed, nonvehith actually trigger congestion. These drops
in speed indicate that congestion could arise wiily little changes in input or parameter values.
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FIGURE 3 Calibrated lane fractionsin free flow (run 1) at x = 2400m (a), x = 3500m (b), x
= 3751m (c) and x = 5200m (d). Calibrated lane speedsin free flow (run 1) at x = 2400m (e)
and x = 4700m (f). Each dot represents a 1-minute measur ement.
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The model has been validated by running the modtél data from June 2520009. It is difficult

to compare the model fit based on the error as witine traffic the RMSE of flow will also
increase for an equal error in terms of percent@gelune 28 there was 26% more traffic in the
free flow scenario resulting in larger values o RMSE of flow. This growth causes most of
the increase of the total error in free flow. Kegpthis in mind and looking at the RMSE of
speed we can conclude that the model does not mfiphave a significantly different fit to data
in free flow.

Traffic demand in the congestion scenario diffeysobly 1.2% between both days, but
still the underlying demand pattern can stronglyluence the amount of congestion.
Remarkably, the error value is smaller on the ailah day even though the fit appears worse
than the calibration, as the validation runs prednic congestion. In general we consider that the
model is able to show a good fit to data. Validatiesults are reasonable given the large
stochastic influence of driver behavior.

TABLE 2 Calibration and validation errorsof the free flow and congestion scenario.

Day Error measure Error value
Free flow scenario
Monday June 82009  RMSE flow [veh/h] 33.6
(calibration day) RMSE speed [km/h] 4.70
Total Efree) 154.8
Thursday June 52009 RMSE flow [veh/h] 61.4
RMSE speed [km/h] 5.35
Total Efree) 202.4
Congestion scenario
Monday June 82009 RMSE flow [veh/h] 440
(calibration day) RMSE speed [km/h] 22.6
Total cong) 1011.6
Thursday June 52009 RMSE flow [veh/h] 373
RMSE speed [km/h] 19.8
Total Econg) 877.5

A sensitivity analysis was also performed to verifigether the calibration method of using two
scenarios was valid. Parameter values were chainged50% to 150% of the original value
while keeping all other parameters fixed to deteenchanges in the error. It appeared that
parameters were significant in their respectivenages. More importantly, they were not
significant in a wide range around their initiallv@ in the scenario where they were kept
constant.

SUMMARY AND CONCLUSIONS

A lane change model has been proposed that is btoldnd a lane change desire that follows
from a combination of the route, speed and kedptrigcentives. Within the combination of
incentives there is a trade-off in which the roumeentive becomes increasingly dominant. For
an increasing level of lane change desire drivet®ime more assertive. For little desire, no lane
change will be performed. For slightly more dedaee changes are only performed in a free
fashion. For medium desire drivers will start ton@yronize with the target lane and for high
desire, the potential follower on the target lam@ssumed to create a gap as it notices the lane
change desire. The relaxation phenomenon is impleadeas drivers accept smaller headways
for larger desire.
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The model has been calibrated and validated in breth flow and congested traffic
conditions. In free flow, we get a good fit to ladistributions for different levels of density on a
particular cross-section of the road. Speeds ordififierent lanes for different levels of density
are also realistic. The fit in congestion is lelescas this highly depends on the stochastic input
For some runs we however find good fit on the llmcatatnd moment of breakdown and the
following progression of congestion. A sensitivigalysis shows that the approach of two
calibration scenarios is appropriate.

The model is able to represent lane changing behawith a set of 7 parameters that all
have a physical and intuitive meaning. The modsllieen calibrated and validated to a section
on the A20 highway. Future research should be aiatemhvestigating whether the model is
generally applicable to other locations with diéfiet speed limits and more lanes. Also, the large
speed threshold to change lane indicates speedasidapbehavior. A more elaborate model
regarding speed adaptation could improve results.
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