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Lane-use rate and maximum flow of median-lane is higher than that of shoulder-lane at freeway seg-
ments under free-flow condition because of drivers changing from the shoulder-side lane to the median-side
lane at main line of basic freeway segments to attain their desired speed. Unbalanced lane use reduces the
stability of traffic flow and makes it more vulnerable for capacity drop. 3-hour continuous observation data
is obtained at 4 observation sites at the transition area where vehicles starting to change to a new additional
lane implemented at median side at two-lane basic freeway segment. 83 lane-changes are observed at one of
the observation sites. Spatial lane-use change and driving behavior within this area is analyzed. A simple
and compact lane-use model is built to reproduce the spatial lane-use change. It is proved to be capable of
reproducing the temporal and spatial lane-use changes after calibration and validation. Spatial location
where lane-use became stable is analyzed at different traffic flow levels.
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1. INTRODUCTION

Congestion happens at bottlenecks such as sag
sections and tunnels in Japan(1)(2)(3). One of the
biggest reasons is that the unbalanced lane use re-
duces the stability of traffic flow and makes it more
vulnerable for capacity drop. It is widely observed at
3-lane basic freeway segments that traffic flow and
lane-use rate of vehicles is bigger at median-lane
than that at middle-lane or shoulder-lane when traffic
demand becomes relatively high. Generally, conges-
tion happens at the median lane first, then spread to
the other lanes with vehicles evading from the con-
gestion and causes total breakdown eventually.

Any theory that explains the change of spatial lane
use with traffic demand has not yet been established.
This kind of theory can explain the mechanism of
unbalanced lane use at high traffic demand condition
quantitatively. It is expected that, consequently,
some effective measures to prevent unbalanced lane
use could be found by applying the mechanism.

This paper aims to construct a simple and compact
lane-use model to describe the spatial change of
lane-use at basic freeway segments for the further

research on both mechanism and influence of the
lane-use change. Observation data on the transition
area of basic freeway segment with a new additional
lane is obtained. Spatial lane-use change at basic
freeway segments with new additional lane is ana-
lyzed with this data. A theoretical model is built,
verified and calibrated to reproduced the spatial
lane-use change at basic freeway segments with new
additional lane at different traffic demand levels.

The rest of this paper is organized as follows: li-
terature reviews of relevant researches on both
driving behaviors under actual traffic condition as
well as traffic modeling on these behaviors are pre-
sented in Section 2. Introduction and brief analysis
on field observation data of actual driving behavior is
presented in Section 3. A theoretical model of
lane-use behavior is proposed, a simulation model is
build and parameters are calibrated in Section 4.
Qualitative and quantitative comparison on the re-
sults of observation and simulation and further ap-
plication of the model is estimated in Section 5, fol-
lows a discussion and conclusion in Section 6.

2. LITERATURE REVIEW



Lane-use and lane changing of drivers has been
widely observed at freeway segments and received
increasing scientific attention(1)(2)(3)(4). The main
incentive of drivers choosing to change from the
shoulder-side lane to the median-side lane at main
line of basic freeway segments is to attain their de-
sired speed. Drivers with higher desired speed tend to
use the median lane while drivers with lower desired
speed traveling on the shoulder lane. For example, at
a basic freeway segment with 2 lanes per direction,
drivers with higher desired speed than those of its
preceding vehicles usually choose to change from
shoulder lane to median lane. The lane-use rate of
median lane increases with the increase of traffic
demand on both 2-lane and 3-lane freeway (See

Fig.1) (5).
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Fig.1 Lane-use rate at basic freeway segments.

More than 60% of total traffic flow uses the me-
dian lane when traffic demand is around 3000
vph/2lanes on two-lane segments. On 3-lane seg-
ments, the lane-use rate of shoulder lane and middle
lane decreases with the increase of traffic flow, while
median lane use increases and exceeds that of other
two lanes at 4000 vph/3lanes. The maximum flow of
median-lane is also higher than that of shoulder-lane
at freeway segments under free-flow condition(6).

When the demand is high enough, small speed
disturbance will be easily amplified in median lane
and cause the formation of queue. Vehicles will then
evade to shoulder-lane to avoid being caught in
congestion, which results in rapid capacity drop on
other lanes as well(7). After persistent queue forms at
all lanes, it takes much longer to dissipate even
though the demand drops lower than the capacity.
Balancing lane-use is expected to increase the overall
capacity and maintain flow stability under heavy
traffic demand.

Traffic simulation is generally used to reproduce
the stochastic process of traffic conditions with
theoretical models. Theoretical models can be proved
and modified through verification and calibration in
simulation model using field observation data. Mi-
croscopic  simulator  including = MITSIM(S),
VISSIM(9), Microsimulation of Road Traffic

Flow(10) summarize different theoretical driving
behavior and traffic flow models. They are tried to be
qualified for reproducing dynamic traffic phenomena
under various microscopic traffic conditions. How-
ever, little works have been done on developing
theories for engineering practice such as imple-
menting a new additional lane where the analysis and
reproduction of spatial change at segments is ex-
pected. Such spatial change could be only repro-
duced by theoretical models that capture the nature of
the phenomenon well.

3. DATA

Field observation data is extracted from videos
recorded at the Chuo Expressway in Japan (See
Fig.2a). A new lane is added to a 2-lanes/direction
basic freeway segment at median side. Videos are
taken at 4 locations: the start point of 3-lane segment
at 42.82kp, 140m from the start point of 3-lane
segment e at 42.68kp, 220m from the start point of
the additional lane at 42.6kp and 520m from the start
point of 3-lane segment at 42.3kp (See Fig.2b). There
is no weaving area, merging area, on-ramp or
off-ramp near these segments which would affect the
lane-choice by means of route choice.
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Fig.2 Place the caption below the drawing.

Field observation data was collected and analyzed
for actual lane-use features, including flow rate in
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every lane and lane-use rate at every detector loca-
tion, as well as detailed lane change behavior.

(1) Traffic flow and lane-use rate

Flow rate and headway data of vehicles are col-
lected for each lane from a continuous video re-
cording from 12:00 to 15:00 on March. 28, 2010.
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Fig.3 15-min aggregated flow rate at observation sites.

Vehicles travel in free flow and no congestion
happens during the study time period. Traffic de-
mand gradually increases monotonously from around
2000 veh/h to around 3200veh/h.15-minite aggre-
gated flow rate data is used to eliminate the random
oscillation on flow rate. Time headway with which
vehicles follows each other is also collected. Flow
rate of each lane at each observation site is presented
in Fig.3. Lane-use rate is presented in Fig.4.
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Fig.4 15-min aggregated lane-use rate at observation sites.



Flow rate and lane-use rate of median lane in-
creases with the increase of both traffic demand and
distance. The flow rate and lane-use rate of middle
lane decreases about 10% at 140m from the start
point and changes little with the further increase of
distance. On the other hand, the flow rate and
lane-use rate on shoulder lane decrease slowly at
140m and 220m but rapidly at 520m.

The increasing use of median lane by vehicles with
the increasing distance is majorly resulting from the
decrease in the use of shoulder lane. This is because
drivers should always use the inner lanes for over-
taking the slower vehicles in the shoulder lane by
law. Vehicles entering the three-lane section with
higher desired speed at middle lane tend to change to
median lane to obtain speed increase and try to meet
with their desired speed. Vehicles with higher de-
sired speed at shoulder lane also change to middle
lane to obtain speed increase and try to meet with
their desired speed.

Vehicle speed is collected at the start point of
3-lane segment for the first 15 minutes for every hour
to cover all traffic flow levels as well as reduce the
load of labor-intensive work. The observed speed
samples are found to follow the normal distribution
with y= 84.83 (km/h), 62= 12.46 for shoulder lane
and p= 94.71 (km/h), 62= 12.03 for median lane.

(2) Lane-changing behavior

Lane-changing behavior is the cause of spatial
lane-use change at basic freeway segments beyond
the start point of 3-lane segment. Therefore,
lane-changing behavior is observed to discover fea-
tures of lane-changing vehicles and variables af-
fecting lane-changing behavior.

83 lane changes are observed during 13:00 to
14:30 at 42.3kp (220m from the start point) where
lane-changing can be most frequently observed.
Flow rate increases from around 2100 veh/h to
around 2700 veh/h in this 1.5 hours observation ,
which ensures that lane changes in different flow
level are observed. Speed of lane-changing vehicle,
its preceding vehicle, leading and following vehicle
on the target lane, headway between lane-changing
vehicle and preceding vehicle, leading and following
lag are collected in observation (See Fig.5).
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Fig.5 Observation of lane-changing behavior.
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Leading lag and following lag are observed for
time duration of 5 seconds, which is 111m in spacing
under the speed of 80km/h and 125m in spacing
under the speed of 90km/h. Vehicles are assumed to
consider no leading or following vehicle if lag were
longer than 5 seconds. If leading lag and following
lag exceeds 5 seconds, they are set as 5 seconds.

T-test shows that the mean speed of vehicles
changing from the shoulder lane to the middle lane is
significantly lower than the mean speed of vehicles
changing from middle lane to median lane (See
Fig.6a). The mean speed of preceding vehicles on
shoulder lane is also significantly lower than the
mean speed of preceding vehicles on middle lane.
The mean speed of leading vehicles on middle lane is
also significantly lower than the mean speed of
leading vehicles on median lane. This shows that
generally it was possible for vehicles to obtain speed
increase after lane-change. It can also be deduced
that the speed of lane-changing vehicles is restrained
by its preceding vehicles comparing the 95% confi-
dence interval of the speed of lane-change vehicles
and the speed of preceding vehicles.
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The average headway of lane-changing vehicle
with its preceding vehicle is around 2 seconds. Av-
erage leading lag is around 3 seconds and average
following lag was around 4 seconds (See Fig.6b).
Average leading lag and following lag is slightly
bigger for vehicles changing to median lane than for
those changing to middle land. But no significance is
shown in t-test. The lag value at the lower bound of
the 95% confidence interval are used as initial value
for minimum lags in lane-use model.

4. LANE-USE MODEL

The knowledge of observed spatial lane-use
change at transition area is not enough for under-
standing the mechanism of this phenomenon. Theo-
retical lane-use model in which traffic flow and
driving behavior are modeled can provide analytical
understanding of the mechanism of lane-use beha-
vior and its changing with growing distance.

A simplified model is proposed to capture the
nature of lane-use behavior in this paper. The model
is expected to be compact, so that it can be operated
efficiently and adapted easily to other traffic simula-
tion platforms.

Lane-use behavior is reproduced by two models:
car-following model and lane-changing model.
Car-following model is presented in (1) and
lane-changing model is presented in (2).

(1) Car-following model

A simplified car-following model is adopted in
this model based on the idea of Newell’s
car-following mode (11). Vehicles are considered
accelerating from their current speed to their desired
speed as long as the preceding vehicles are far
enough away. Key headway is the threshold headway
between vehicle and its preceding vehicle under
which vehicle no longer traveled freely but had to
following the trajectory of its preceding vehicle. The
time displacement by which the speed change of
vehicles displaced with that of preceding vehicles in
Newell's original car-following model is subtracted
in this model for simplicity. Acceleration rate is as-
sumed to be constant for every vehicle.

Table 1 Expression of car-following model.

Expression

States: Travel freely Sp—1() — Sn(t) > txey v (t) or vn (V) < vp_1 (V) (1)
Va (8) <Vn ges(® @
50-1() = Sn(0) < tiey Va (O and Vo O 2 Vg ® )
v, (t+At) = v, (D) +a- At 4)
Va (t+28) = vp_1 () )

Desired speed

Follow preceding vehicle

Accelerate when travel freely

Synchronize with preceding
vehicle

Where,

Sp—1(t) — Position of n-1#h (Preceding vehicle) vehicle at time t,
S, (t)—Position of nth vehicle at time t,

tyey — Key headway,

vy (t) — Speed ot nth vehicle at time t,

Vn ges(t) — Desired speed of nth vehicle at time t,
At — Time step,

v, (t+ At) — Speed of n#h vehicle at time t + At,
a — Acceleration rate of vehicle.

Ilustration

tiey * Va (©) H
i "

G Sa(t) D Sp—1(®)

Vi () V-1 (t)

[Travelling direction

(1) The spacing with preceding vehicle is bigger than the

Explanation of function

States: Travel freely
product of key headway and current speed of vehicle or the
current speed of vehicle is smaller than its preceding vehicle.
(2) Current vehicle speed is lower than its desired speed

Follow leading vehicle (3) The spacing with preceding vehicle is smaller than the
product of key headway current speed of vehicle and the
current speed of vehicle is bigger than or equal to its preceding
vehicle.

Accelerate when travel freely (4) Vehicle accelerates constantly at the next time step.

Synchronize with leading vehicle  (5) Vehicle speed change to the speed of preceding vehicle at

the next time step.*

Gipps proposed a lane-changing decision model in
which drivers decide whether to change lane based
on 3 factors: possibility, necessity and desirabili-
ty(12). The objective of lane-change is to attain the
desired speed and in the correct lane to perform
turning maneuvers. The logic of this model is widely
used in microscopic traffic simulation mod-
els(8)(10).

According to Gipps's theory, drivers make the
lane-changing decision based on the result of 3
question:

1) Is it possible to change lanes?

2) Is it necessary to change lanes?

3) Is it desirable to change lanes?

In the model proposed in this paper, the first
question is presented as "Whether there are enough
gaps at target lane so that lane-change can be per-
formed safely ? (See function (8) and (9) in Table2)
". The second question is aimed at turning vehicles
which should use the correct lane for its initial route
choice. Such condition does not exist in this research
for vehicles traveling in the basic freeway segment
having no need for route choice and turning. The
third question is presented as "Whether a speed re-
straint is perceived by the driver and whether higher
travelling speed can be attained at target lane ? (See
function (6) , (7) and (10) in Table2) ". The parameter
t_con (Time duration for considering lane-change) is
introduced to describe drivers' perceptual process of



speed restraint.

Table 2 Expression of lane-changing model.

Expression

Lane-change incentive Vh(®) < VE(t—teon) (6)
Vh() < Vhges® M

Lag choice SL(D) — SFL(E) > teop - VA(D) ®)
SH1() = Sh(1) > tigaq - VA(D) ©
SIFL() = SL(D) > tinax " VR(® or vIFI(®) > Vi() ¢ (10)

Lane-change I=l+1 (11)
vi(t+AD=vi(D) +a- At (12)

Constraints <2 (13)

Where,

vh(t) —Speed of nth vehicle on lane / at time t,
teon — Time duration for considering lane-change,
vl (t = teon ) —Speed of nh vehicle on lane / at time t.,, beforet,

dees(t) — Desired speed of nth vehicle on lane / at time t,

SL(t) — Position of nth vehicle on lane / at time t,

S}“(t) — Position of following vehicle on lane /+7 (target lane) at time t,
Sll“(t) — Position of leading vehicle on lane /+/ (target lane) at time t,
tir — Minimum following lag,

tilead —Minimum Leading lag,

tmax —Maximum leading lag,

vll+1 (t) — Speed of leading vehicle on lane /+/ (target lane) at time t,

¢ — constant value c>1,

[ — Lane number, /=0: Shoulder lane; /=1: Middle lane; /=2: Median lane.

Illustration
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(6) The speed of lane-change vehicle is smaller than or equal to the

Sa(®)

C] . Va(®)

S0}

Explanation

Lane-change incentive
speed it was before the consideration time.
(7) The speed of lane-change vehicle is smaller than the desired
speed at time t.

Lag choice (8) The lag between the lane-change vehicle and the following
vehicle on the target lane is bigger than the minimum following time
lag for lane-change.

(9) The lag between the lane-change vehicle and the leading vehicle
on the target lane is bigger than the minimum leading time lag for
lane-change.

(10) The lag between the leading vehicle on the target lane and the
lane-change vehicle is bigger than the maximum leading time lag for
lane-change. Or the speed of the leading vehicle on the target lane is
bigger than c times the lane-change vehicle.

Lane-change (11) Lane-change vehicle change to the inner lane.
(12) L: hange vehicle 1 after | hange at the next

time step.

Constraints (13) Lane-change vehicle is not on the most inner lane (median lane)

currently.

(3) Simulation and parameter calibration

A microscopic simulation model is built based on
the theoretical models with Python and one of its
package for scientific computing called NumPy(13).
Vehicles enter the lanes at the start point randomly
with time intervals following negative exponential
distribution changing for every 30 minutes to re-
produce the flow rate increase in observation. The
mean flow rate is 2000 veh/h for the first 30 minutes,
2500 veh/h for the second 30 minutes and 3000veh/h
for the third 30 minutes. The speed of vehicles fol-
lows normal distribution of N(84.83, 12.46) for
shoulder lane and N(94.71, 12.03) for median lane,
as same as the speed distribution obtained from ob-

servation (See 3.(1)). Desired speed is assumed to
follow uniform distribution at given boundaries re-
spectively for vehicles on shoulder land and median
lane at the start point and remain constant with time
and distance. Drivers are assumed to check their
traveling state, make decision and perform action at
every time step of 1s.

8 parameters affecting the model and their values
are listed in Table3. The initial value are set accord-
ing to observation data and practical experience.
Minimum leading, following and maximum lags are
assumed as constant value for every vehicles. Initial
values of parameters affecting lane-changing beha-
vior are assumed based on observed data shown in
3.2. One dimensional line search is used in searching
for the optimal value of parameters. The descent
direction along which the lane-use rate difference
between observation and simulation at every location
is found for every parameter. Lane-use rate differ-
ence is calculated for every unit step along the des-
cent direction to obtain optimal value for every pa-
rameter.

Table 3 Parameters calibrated.

Parameter  Remarks Initial value Calibrated value
a Acceleration 0.8 m/s” * 1.4 m/s’
Vdes Desired speed Shoulder: U(75, 110)  Shoulder: U(75, 110)
Median: U(85, 110) ** Median: U(85, 110) **
ey Key headway 2s 2s
teon Time duration for considering 3s Is
lane-change
tiead Minimum leading lag for lane-changing Is Is
teol Minimum following lag for 3s 3s

lane-changing
tmax Maximum leading lag for lane-changing  4s 4s

c Constant ratio for speed of leading 1.05 1.03
vehicle on target lane

Vote: * Minimum acceleration according to the 2004 Green book of AASHTO(14)

** Uniform distribution

5. RESULTS

Traffic state from start point to more than 520m
distance is simulated with the proposed model for 90
minutes with randomly input traffic demand in-
creasing from 2000 veh/h to 3000 veh/h after cali-
bration. First 15 minutes is regarded as warm-up time
for vehicles entering the whole link. 5-minute ag-
gregated flow rate is calculated for each lane. The
traffic flow condition obtained from simulation is
presented in Fig.7.
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Fig.7 Flow rate in simulation.

Flow rate in simulation shows almost the same
dynamic change as well as spatial change with that in
field observation. Flow rate of median lane increases
with the increase of both traffic demand and distance
in simulation as well as in field observation. Median
lane flow rates are about 2 times higher at 520m than
at 140m in both simulation and observation. Median
lane flow rates also exceeds shoulder lane flow rates
at 520m both in both simulation and observation.

Middle lane flow rate decreases from the start
point of transition area for 3-lane segment to 140m
and changed little with the further increase of dis-
tance in both simulation and observation. Shoulder
lane flow rate decreases rapidly from 220m to 520m
in both simulation and observation. Vehicles in the
shoulder lane tend to change lane to middle lane and
intrigued lane-change towards median lane at the
area between 220m and 520m can also be deduced
from observation and simulation

Average lane-use rate at each observation location
is calculated for three traffic flow level groups: traf-
fic flow rate ranging from 2000veh/h to 2500veh/h;
traffic demand ranging from 2500veh/h to 3000veh/h
and traffic demand ranging from 3000veh/h to
3200veh/h. Average lane-use rate is calculated for
both observation and simulation (See Fig.8).

The tendency of average lane-use change with
growing distance on each lane in simulation is the
same as that in the observation. Shoulder lane use
rate drops faster with growing distance in simulation
than in observation. On the other hand, middle lane
use rate in simulation is more stable with distance
than that in observation.

Goodness of fit is tested on lane-use rate in simu-
lation result of a new set of random number with
observation data using: Root Mean Square Norma-
lized Error (RMSNE) and Mean Normalized Error
(MNE). RMSNE quantifies the total percentage error
of the simulation, while MNE indicates the general
tendency of underestimation or overestimation hap-
pening in simulation.

i 2
_ i N mfllm_mgbs
RMSNE = [E3, (P emt) (14)
1 %im_ gbs
MNE = X0~ o — (15)

The RMSNE is 14.09% and MNE is -1.84%. This
meant that the simulation results reproduced the ac-
tual lane-use change with good validity.

The length of additional lane has a close rela-
tionship with the location where lane-use on each
lane rate become stable. The average lane-use rate at
locations beyond 520 meters can be extrapolated by
extending the simulation distance (See Fig.9).
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Fig.8 Average lane-use rate for groups of traffic demand.
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Fig.9 Average lane-use rate for groups of traffic demand in

simulation..

Shoulder lane use rate drops to 20% at 600m and
almost stable after 600m for every traffic demand
group. Lane-use rate on middle lane and median lane
become stable at around 1000m. These phenomena
are more obvious when traffic demand exceeded
3000veh/h, where the lane-use rate on middle lane
and median lane change no more after 1000m. The
same tendency can also be observed at the flow level
0f'2000-2500 veh/h and 2500-3000 veh/h.

The stable flow rate values derived from this si-
mulation results at around 1000m such as around
45%, 36%, 19% for middle, median and shoulder
lane use rates respectively at the flow level of
2000-2500 veh/h shown good consistency with the
empirically knowledge of lane-use rate demonstrated
in FIGURE 1. The simulation results such as around
43%, 38%, 19% for middle, median, and shoulder
lane use rates respectively at the flow level of
2500-3000 veh/h, and around 41%, 39%, 20% at the
flow level of 3000-3200 veh/h also shown good
consistency with the lane-use rates demonstrated in

Fig.1.
6. DISCUSSION AND CONCLUSIONS

The lane-use at basic freeway segment with an
additional lane changes temporally as well as spa-
tially. On the other hand, conventional microscopic
simulation models emphasize on the dynamic fea-
tures rather than the spatial features of traffic per-
formance.

In this paper, the transition area of 2-lane basic
freeway segment with a new additional lane where
vehicles disperse to the new additional lane is fo-
cused and observation with empirical analysis is
conducted. A model to describe spatial change of
lane-use is proposed theoretically based on the em-
pirical findings. It is proved to be capable of repro-
ducing the temporal and spatial lane-use changes
after the parameter calibration. The lane-use rates
become equilibrium state at around 1000m from the
start point of 3-lane segment in the simulation results.

Only free-flow condition at the overall flow rate of
2000-3200veh/h is studied in this research. The de-
veloped simulation model could also estimate the
extrapolated cases at lighter or heavier traffic flow
rate to obtain the extreme value of the lane use rates.
Sensitivity analysis of each parameter will be con-
ducted in further study to show the precise mechan-
ism of any observed phenomena. Basic model es-
tablishment for describing lane-use rate at basic
segments, the model enhancement to be applicable
for merging section, diverging section, weaving sec-
tion, uphill section, and so forth would also be the
future works.

ACKNOWLEDGMENT: The authors sincerely
thank the NEXCO (Central Nippon Expressway
Company Limited) for providing video images for
this research.

REFERENCES

1) T. Oguchi. The nature of occurrence of queued flow at
capacity bottleneck of ordinary section. Traffic and Gra-
nular Flow '01, Springer, pp.494-499, 2002.

2) M. Koshi, M. Kuwahara and H. Akahane. Capacity of Sags
and Tunnels on Japanese Motorways, /TE Journal, Vol.62,
No.5, pp.17-22, 1992.

3) M. Koshi. Traffic Flow Phenomena in Expressway Tunnels.
IATSS Research, Vol.9, pp.50-56, 1985.

4) M. Mitsuhashi, Y. Moriyama, M. Ishiguro, T. Oguchi. Lane
change experiment that was aimed at reducing a traffic
congestion. PIARC 24th World Road Congress 2011
(Mexico City), 2011.9.

5) T. Oguchi. Effect of auxiliary lane installation upstream of
bottlenecks on traffic distribution among lanes. 2nd inter-
national symposium on freeway and tollway operations,
TRB Freeway Operations Committee, June 21-24, 2009.

6) Patire, A. D., & Cassidy, M. J.. Lane changing patterns of



7)

8)

9)

bane and benefit: Observations of an uphill expressway.
Transportation research part B: Methodological, Vol.45,
No.4, pp. 656-666, 2011.

Toledo, Tomer, Haris N. Koutsopoulos, and Moshe E.
Ben-Akiva. Modeling integrated lane-changing behavior.
Transportation Research Record: Journal of the Trans-
portation Research Board, vol.1857, no. 1 pp.30-38, 2003.
Fellendorf, Martin. VISSIM: A microscopic simulation tool
to evaluate actuated signal control including bus priority. In
64th Institute of Transportation Engineers Annual Meeting,
pp- 1-9, 1994.

M. Treiber and D. Helbing. Microsimulations of freeway
traffic including control measures. Automatisierungstechnik,
Vol.49, pp. 478-484, 2001.

10

10)

11)

12)

13)

Newell, G. F.. A simplified car-following theory: a lower
order model. Transportation Research Part B: Methodo-
logical, Vol.36, No.3, pp. 195-205, 2002.

Gipps, P. G.. A model for the structure of lane-changing
decisions. Transportation Research Part B: Methodological,
Vol.20, No.5, pp. 403-414, 1986.

Sanner, M. F. Python: a programming language for software
integration and development. J Mol Graph Model, Vol.17.
No.1, pp. 57-61, 1999.

American Association of State Highway and Transportation
Officials. 2004 green book. Federal Highway Administra-
tion, U.S.A., 2004.



