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Simulation of traffic flow through a toll gate
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This paper describes the simulation of the traffic flow through toll gate. A two-lane road is considered as
the object domain and then, the local rules are defined to control the vehicle behavior. First, one simulates
the traffic flows through the road with two non-ETC gates or the road with two ETC gates. The maximum
traffic amount on the roads with two ETC gates is less than that on the road without gates by about
10%, while, in the case of the roads with two non-ETC gates, the maximum traffic amount decreases by
80%. Next, one simulates the traffic flows through the road with one non-ETC gate and one ETC gate.
The traffic amount depends not only on the vehicle occupancy but also on the percentage of ETC vehicles
among all driving vehicles.
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1. INTRODUCTION

Recently, the massive increase of the traffic amount in the urban city causes several social problems
such as the traffic congestion, environmental pollution and so on. For overcoming the problems,
the simulation system for the traffic flow attracts the attention widely as the key issue at the next
stage of the intelligent transportation system (ITS). The traffic flow simulation is very important
not only for the settlement of the traffic congestion but also from the viewpoint of the city design
and the environmental engineering [10, 20, 30].

The traffic congestion is caused by several occasions; e.g., the entrance of the tunnel, the sag
point where the road gradient changes, the toll gate and so on. The toll gate is one of the most
popular reasons for the traffic congestion and the statistical data tell us that 30% of the total traffic
congestion rise at the toll gates. Therefore, the Electronic Toll Collection System (ETC) has been
developed with a vigorous effort.

In this paper, the traffic flow simulator based on the cellular automata and the stochastic velocity
model [25] is applied to the simulation of the traffic congestion at the toll gate. The stochastic
velocity model (SVM), which has been developed in our research group, performs the movement
and the velocity change of the vehicle according to the random number. Since, in the SVM, the
maximum movement of the vehicle is up to one cell at each time step, the rules to control the vehicle
behavior are simpler than the previous studies. The authors have successfully applied the SVM to
the traffic flow simulation on the freeway and the urban city [25, 26]. In this study, the model is
applied to the simulation of the traffic flow at the toll gates.

The paper is organized as follows. In Section 2, the simulation models for the traffic flow are
compared and the stochastic velocity model is also introduced. In Section 3, the simulation algo-
rithm is explained by defining the object domain, the local rules to control vehicles. The numerical
examples are shown in Section 4 and the results are concluded in Section 5.
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2. BACKGROUND
2.1. Macro- and micro-models

The traffic flow simulation models are classified mainly into macro- and micro-models [24, 32].

In the macro-model, the traffic flow is though to be the liquid flow and its behavior is modeled
with the constitutive equation. Lighthill and Whitham have presented one-dimensional model for
the traffic flow in 1950s [15]. Musha et al. have also presented the model based on the Bergers
equation [16]. In the micro-model, the behavior of each vehicle is controlled individually by the
computer and then, the mutual interference between the vehicles constitutes the traffic flow [24].

Since, in the macro-model simulation, the traffic flow is represented with the constitutive equa-
tion, the computational cost is much cheaper than the micro-model simulation.

However, the comparison of the macro-model simulation results with the real traffic data has
revealed that the traffic flow strongly depends on the individual characteristics of individual ve-
hicles [27]. Therefore, some researchers have been studying the traffic simulation based on the
micro-model such as the fuzzy theory, the cellular automata, the multi-agent model and so on. This
is because the micro model simulation can represent the individual characteristics of the vehicles.

2.2. Micro-model simulation

In the micro-model, the behavior of each vehicle is controlled individually by the computer and then,
the mutual interference between the vehicles constitutes the traffic flow [13, 24]. The key-point of
the micro-model is how to represent the velocity change of the vehicle. In the previous studies, the
velocity change of the vehicles is represented by the number of the cells which the vehicle moves at
each time step.

2.2.1. Rule-18/ CA model

The first traffic simulation model, which was based on the rule-184 named by Wolfram [32], simulated
vehicles moving on one-lane freeway. The vehicles move at constant velocity and do not accelerate
even when the distance between vehicles is very far. The rule-184 CA model cannot simulate the
actual traffic flows well.

2.2.2. Nagel-Schreckenberg model

The Nagel Schreckenberg (NaSch) model is composed of the rule-184 CA model and the rules for
acceleration and deceleration of vehicles [5, 7, 12, 14, 17-19, 21, 22, 28, 29].

In the model, the vehicle velocity is represented by the number of cells v which a vehicle moves at
each time step. Assuming that the feasible maximum velocity and the present velocity of a vehicle
are referred respectively as vmax and v (v < vmax), the vehicle velocity v is changed according to
the distance from a forehand vehicle GAP.

The vehicle velocity in the NaSch model is represented with the number of cells v that the
vehicle moves at a time step. When the model is applied to the freeway traffic flow simulations,
the fact that vehicles move over multi-cells at a time step results in the reduction of computational
cost. When, however, it is applied to urban city traffic flow, the behavior rules of the vehicles
become very complicated due to the existence of the traffic signals, the intersections and the branch
lines.

Recently, NaSch model has been applied to the other simulation than the traffic flow such as the
pedestrian, the social system and so on [2, 6, 11].
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2.2.3. Vehicle (car) following model

In the vehicle following model, the vehicle velocity is determined from the distance or the velocity
difference between a vehicle and the forehand one. The velocity v or the acceleration a of the vehicle
are calculated from the following equations [1, 3, 24, 31, 33].

v x Az,
m

[Ac]!
a x V[Az] — v,

a Av,

where Az and Av denote the distance and the velocity difference between the vehicle and the
forehead vehicle, respectively. m and ! are parameters specified in advance. Besides, V[Az] is the
optimal velocity function [24]. The simulation model using the optimal velocity function is called
as the optimal velocity model.

In the vehicle following models, the velocity or the acceleration is represented as a continuous
functions of the distance and the velocity difference between the vehicle and the forehead vehicle.
Therefore, the velocity change in the vehicle following model is much more minute than the NaSch
model. Note that, however, there exits the same difficulty as the NaSch model in the case of the
traffic flow simulations in urban cities.

2.2.4. Biham—M:iddleton—Levine model

Biham et al. have presented the cellular automata model for simulating the traffic flow in urban
cities [4, 9]. The roads in an urban city are expressed as a tetragonal lattice and vehicles can move
only in upward or rightward directions. Three different traffic control models are presented in the
BML model. In the BML-I, vehicles move in vertical direction at odd time step and in horizontal
direction at even time step, respectively. That demonstrates the traffic flow in a urban city con-
trolled by traffic signals. In the BML-II, all vehicles move simultaneously in both directions and
when vehicles meet at the intersections, the vehicles going into intersections are selected at ran-
dom. In the BML-III, all vehicles move simultaneously in both directions, like as BML-II model,
and when the vehicles meet at the intersections, both vehicles can go into intersections simultane-
ously.

The BML model is the first idea for the traffic flow simulations in urban cities. Note that,
however, it is too simple for actual traffic flow simulations in urban cities.

2.2.5. Stochastic velocity model

The vehicle behavior rules in the above micro models are generally very complicated because a
vehicle velocity is represented by the number of cells that the vehicle passes over for a time-step.
If there exists an obstacles such as a stopped vehicle and the traffic signal on the passed cells, the
velocity and the behavior of the vehicle should be controlled in order to stop before the obstacles.

For overcoming the difficulty, the authors have presented the “Stochastic Velocity Model (SVM)”.
In the SVM, the vehicle movement is controlled with uniform random number and the number of
the cell which the vehicle moves for one time step is up to one cell. Therefore, the rules for the
vehicle movement are simpler than the existing studies. The SVM has been successfully applied to
the traffic flow simulation on the highway and the urban city [25, 26].

In the SVM, the vehicle movement is controlled as follows. The velocity and the maximum
velocity of the vehicle i are referred to as v and vi,, (v' < vi,.). The movement of the vehicle is
represented as follows:
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1. The parameter P! is calculated as

iy (1)

%
Umax

2. The uniform random number P(z) generates from 0 to 1.
3. If P(x) < P, the vehicle moves by one cell.

4. The process is repeated at each time step.

3. SIMULATION ALGORITHM

The simulation model is based on the cellular automata. In the cellular automata simulation, the
object domain is divided into small square cells and then, the state at each cell is updated according
to the local rules from the state of the updated cell and its neighborhood cells.

In this section, we will define the cell representation of the object domain, the state variables
at the cells and the local rules. The local rules are mainly classified into the behavior, the velocity,
and the movement local rules. The behavior local rule controls the vehicle behavior such as the lane
changing. The velocity local rules are classified into the absolute and the relative velocity local rules.
The absolute velocity local rule decelerates the vehicle velocity to the toll gate, while the relative
velocity local rule changes the vehicle velocity according to the distance between the vehicles.

3.1. Object domain

The two-lane road is considered as the object domain (Fig. 1). Each lane is defined by aligning 300
cells in a line. Since the size of a cell is 3m x 3m, the lane length is 900 m. The length of the toll
gate is four cells (12m).
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Fig. 1. Object domain

3.2. State variables for road cell

The state variable at each cell is defined by the vehicle number and three road variables such as
the road type, the road direction and the road occupancy. The road state variables are shown in
Table 1.

The variable S; means the road type. The road of S; = 1,2,3,5,6,7 and 8 denote thru traffic
lane, left turn lane, right turn lane, the non-ETC toll gate, ETC toll gate, red signal, road shoulder
and obstacles, respectively.

The variable So means the road direction. The road of So = 1,2, 3 and 4 denote the road on which
the vehicles move in the northern, the western, the eastern and the southern directions, respectively.
The road of S; = 7 and 8 denote that the cells are occupied with a red signal and the other ones
than a road, a driving vehicle and a signal, respectively.
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Table 1. State variables on road cell

b
R
R

Description
Thru traffic lane in northern direction

Thru traffic lane in western direction
Thru traffic lane in eastern direction
Thru traffic lane in southern direction
Left turn lane in northern direction
Left turn lane in western direction
Left turn lane in eastern direction
Left turn lane in southern direction
Right turn lane in northern direction
Right turn lane in western direction

Right turn lane in eastern direction
Right turn lane in southern direction
No road and obstacles

Red signal

non-ETC toll gate

ETC toll gate
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Finally, the variable S3 means the road occupancy. If the cell is occupied with a vehicle, S3 = 1.
If not so, S3 = 0. In case of S3 = 7, a red signal is on the cell. In case of S3 = 8, the cell is occupied
with the other ones than a road, a driving vehicle and a red signal such as an obstacle.

3.3. State variables for vehicle

The state variables specified for the vehicle consist of the velocity v*, the maximum velocity v?,,. ,
the acceleration rate a'i and the vehicle following distance G. By the way, the vehicle following
distance means the distance between the target vehicle and its forehand vehicle.

3.4. Safety following vehicle distance

In the study, it is assumed that the vehicle is driven so as to maintain the vehicle following dis-
tance G' in the safety vehicle following distance G%. The safety vehicle following distance G is
determined as the function depending the velocity v from the actual data as follows [26],

G* = 0.0029v% 4 0.3049v . (2)

As shown in [26], the vehicle following distance and the velocity have been estimated from the actual
vehicles driving on the Nagoya—Nagakute avenue in City of Nagoya, Japan. The driving vehicles
were recorded into the video tape and the velocity and the vehicle following distance were esteemed
from the video. Equation (2) was determined from the least square approximation of the data.

The parameters G, G%, and Gf mean the vehicle following distance on the lane on which the
vehicle 7 drives and its right-hand and the left-hand neighbor lanes, respectively (Fig. 2).

3.5. Local rule

The local rules consist of the behavior, the velocity and the movement local rules. The local rules
are applied to all vehicles in the order as shown in Fig. 3.
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Fig. 3. Local rules

3.5.1. Behavior local rule

The behavior local rules consist of basic behavior local rules for going ahead, turning right, turning
left, changing lanes and stopping. Since the object domain is two-lane road, the turning right and
left are not used in the numerical examples.

Different behavior local rules are switched according to the distance between the target vehicle
and the gate. If the distance between the target vehicle and the gate is greater than 370 m or after
the vehicle passes over the gate, the behavior local rule 1 (Fig. 5) is applied. If not so, the behavior
local rule 2 (Fig. 6) is applied to all vehicles. The threshold 370 m is specified according to [23].

By the way, the cells Cny, Cnge, Cyw, Cg, and Cy are defined as in Fig. 4 in order to define
the local rule.

(1) Behavior local rule 1

If the distance between the target vehicle and the gate is greater than 370 m or after the vehicle
passes over the gate, the vehicle behavior is controlled with the local rule shown in Fig. 5. In the
figure, the function max(G?, G}, G}) indicates the maximum number among them.

If G < Gi and if Gt < Gf, ¢, the vehicle is controlled with the local rule for changing right
lane. After changing the lane, the vehicle is controlled with the local rule for going ahead.



Simulation of traffic flow through a toll gate 97

Target vehicle Cw Crow
\
Cn
Ce CNE
_—

Traveling direction of vehicle

Fig. 4. Definition of cells which a vehicle moves to
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Fig. 5. Behavior local rule 1

If Gy < Gi and if Gi < G%, G}, the vehicle is controlled with the local rule for changing left
lane. After changing the lane, the vehicle is controlled with the local rule for going ahead.

If Gy < G% or if G} is the greatest among them, the vehicle is controlled with the local rule for
going ahead.

In the others, the vehicle stops.

(2) Behavior local rule 2

If the distance between the target vehicle and the gate is equal to or less than 370 m, the vehicle
behavior is controlled with the local rule shown in Fig. 6.

If an ETC vehicle is going to an ETC gate or a non-ETC vehicle is going to a non-ETC gate,
the vehicle is controlled with the local rule for going ahead.

If an ETC vehicle is going to a non-ETC gate or a non-ETC vehicle is going to an ETC gate, the
vehicle is controlled with the local rule for changing lane. After changing the lane, it is controlled
with the local rule for going ahead.
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Fig. 6. Behavior local rule 2

(8) Local rule for going ahead

The local rule for the vehicles going ahead is shown in Fig. 7. One estimates the distance between
the target vehicle 7 and its forehand vehicle; Gf). In this case, the cell which the target vehicle is
going to is the cell Cny (Fig. 4). If the cell C is occupied with the other one, the target vehicle
stops. If the cell Cy is empty, the target vehicle moves to the cell Cy according to the local rule
for moving (Fig. 12) and the value G} is substituted into G*.

Obtain Gi g

A vehicle is not on Q.

Other rule

Fig. 7. Local rule for vehicle going ahead

(4) Local rule for changing driving lane

The local rule for changing a lane is shown in Fig. 8. The symbols without bracket are related to the
local rule for changing to the right lane and the symbols with bracket are to the rule for changing
to the left lane.

One estimates the distance between the target vehicle i and its forehand vehicle G§. The cell
which the target vehicle is going to is the cell Cyg or Cyw (Fig. 4). If the cell Cyg or Cyw is
occupied with the other vehicle, the target vehicle is controlled with the other rules than the rule
for changing lane. If the cell Cyg or Cnw is empty, the target vehicle changes the driving lane and
the value G or G! is substituted into G*.
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Fig. 8. Local rule for vehicle changing a lane

(5) Local rule for passing non-ETC gate

The target vehicle i stops at the toll gate for 12 seconds. The stoppage time, 12 seconds, is determined
according to [8]. After passing the gate, the maximum velocity v} ,, is changed to be 80 km/h.

(6) Local rule for passing ETC Gate

When the target vehicle ¢ goes through the toll gate, its maximum velocity V! . is specified as
20km/h. After passing the gate, the maximum velocity v}, is changed to be 80 km/h.

3.5.2. Velocity local rule

The velocity local rule consists of the absolute and the relative velocity local rules. The absolute
local rule performs for the target vehicle to decelerate safely to the toll gate and the relative local
rule changes the vehicle velocity according to the vehicle following distance.

(1) Relative velocity local rule

The relative velocity local rule, as shown in Fig. 9, changes the vehicle velocity according to the mag-
nitude relation between the following vehicle distance G* and the safety following vehicle distance
G} calculated from the vehicle velocity v.

If G* > Gt , the vehicle velocity is increased by the rate a.

If G* < G, the vehicle velocity is decreased by the rate 3.

If G = Gt and if the forehand vehicle is decelerating, the vehicle velocity is decreased by the
rate f3.

If v > vl ., vt < vl and if v' <0, v < 0.

Besides, the rate a and the rate 3 are determined from the actual estimated data [26]. Figure 10a
shows the relationship between the acceleration rate o (m/s?) and the velocity v (km/h) when the
vehicles accelerate actually. Figure 10b shows the relationship between the deceleration rate 8 (m/s?)

and the following vehicle distance G(m) when the vehicles decelerate actually.
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(2) Absolute velocity local rule

The absolute velocity local rule, as shown in Fig. 11, decelerates the vehicle to the toll gate.
One estimates the distance between the target vehicle and the toll gate Gy . If Gy < 370m, the

vehicle is decelerated by the rate fg; By = ‘—’—6—?9 for the ETC vehicle and By = g for the non-ETC
g9 9

vehicle, respectively.
The deceleration rate f, = ”5,20 for the ETC vehicle is determined so that the vehicle can
9
approach the gate at the rate of 20km/h gradually. The deceleration rate for the non-ETC vehicle
By = g is determined so that the vehicle can stop at the gate gradually. The velocity when the
9

ETC vehicle passes the ETC gate is determined by the Land, Infrastructure and Transportation
Ministry of Japan.

( Estimate the distance to toll gate Gg. )

Gig < 370m

Yes

A taget carisETC car.
No

'y ¥ '

ve v-{v-20)/ Gig ve v-v/Gig ey

Fig. 11. Absolute velocity local rule

3.6. Local rule for movement

The local rule for movement moves the vehicles according to the concept of the stochastic velocity
model described in the section 2.2.5. The algorithm of the local rule is shown in Fig. 12.

The moving probability of the vehicle Py is calculated from the velocity v. The uniform real
random number P(z) is generated from 0 to 1. If P(z) < Py, the vehicle moves by one cell and
contrariwise, the vehicle stops.

Pi(—VifVImax

(Generate P{c) between 0 to 1 )

e

Yes

( Go to target cell{TGH) ) ( Wait )

No

Fig. 12. Local rule for movement
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4. NUMERICAL EXAMPLE

The parameters for the simulation are shown in Table 2. The acceleration rate a and S are taken
from the reference [26]. The vehicles are distributed randomly at the initial time step. The periodic
boundary conditions are specified at both ends of the object domain. In the periodic condition, the
vehicles passing through the right end come into the domain from the left end again. The periodic
boundary condition can keep the vehicle density at the constant value.

Table 2. Simulation parameters

Cell size 3 (m)

1 time step 0.1 (s)
Initial distribution of vehicles Random
Boundary condition Periodic

Max. number of time steps

40000 (Time step)

Max. velocity

80 (km/h) (Normal road)

20 (km/h) (ETC toll gate)
0.6 < a < 2.4 (m/s?)
1.2 < B < 3.0(m/s?)

12 (s)

Acceleration rate
Deceleration rate
Stoppage time at gate

4.1. In case that same kinds of toll gates are located at both lanes

We shall consider the results in case that the same toll gates are located on both lanes of a two-lane
road (Fig. 13). The results in the two-lane road without gates are also shown in the same figure. The
abscissa and the ordinate denote the vehicle occupancy (%) and the traffic amount (vehicles/hour),
respectively. The vehicle occupancy is evaluated as the percentage of the road cells occupied with
vehicles in all cells. The traffic amount is evaluated as the number of the driving vehicles per one
hour. The traffic amount in case of the no toll gate increases till 20% vehicle occupancy and then,
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+ No toll gate
S s - Non-ETC toll gat
2500 e 4
¥ & AAAAAAAAAAAAAAA'AAAA"\‘AAMZXQQ s ETC toll gate
E <* AAA AKKC“‘
— e a L5
(&) a CZ9N
% 2000 i N
> : "y
e a e,
£1500 ’ R
5 A %
(e} . e‘h
= = e
©1000 - 5
o %
& 55 *ao
o . !
- 500 A_ e e T o et e o e e A‘O
a S e e e B ¥
- _‘.
b
0 . 1 1 1 L 2
0 0.2 04 0.6 0.8 1

Vehicle occupancy

Fig. 13. In case that same kind of gates set at each lane
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decreases gradually. The result of the ETC gate shows the similar tendency to that of the no toll
gate but its maximum traffic amount is smaller than that of the no toll gate by 10%. In the result
of the normal toll gate, the maximum traffic amount is about 20% of that of the no toll gate.

The results indicates that the maximum traffic amount depends on the capacity of the toll gate,
and the ETC gate is very available for fixing the traffic congestion due to the toll gate.

4.2. In case that the different kind of toll gate is located at each lane

We shall consider the results in case that the non-ETC and ETC gate is located at individual lane,
respectively (Fig. 14).

We notice that the traffic amount increases with the increase of the ETC vehicles and the traffic
amount reaches the maximum value around 30% vehicle occupancy. However, the more important
aspect is that the increasing and the decreasing of the traffic amount shows the different tendency
according to the vehicle occupancy. The graph of the traffic amount is simply trapezoidal when the
vehicle density is greater than 50%. On the other hand, when the vehicle density is smaller than
50%, the graph is triangular-shaped.
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Fig. 14. In case that the different kind of gate is located at each lane.

Comparison with one-lane road with non-ETC gate

The results in case that the vehicle density is smaller than 50% are compared with the one-lane
road with non-ETC gate (Fig. 15). The figure shows that the traffic amount in the one-lane road
with non-ETC gate is the lower bound for the results in less than 50% vehicle density.

Comparison with one-lane road with ETC gate

The results in case that the vehicle density is greater than 50% are compared with the one-lane
road with ETC gate (Fig. 16). The figure shows that the traffic amount in the one-lane road with
ETC gate is the upper bound for the results in greater than 50% vehicle density.



104

H. Shimizu et al.

1400 X E¥myxy P ¥xrxdvy x
Xx AAT T T Ex -
I sREIE TR *x + 10% ETC vehicle
x* .
= & iy e = a 20% ETC vehicle
N x !
21200 LR z = 430% ETC vehicle
o & . x x 40% ETC vehicle
x
= - 2 X% e = 50% ETC vehicle
© 1000 XX x o6 ¢ Normal tollgate
> i oo ° “x *x
s K ek a : ' &
£ 800 . et
* Aa o . % %
3 x 44 oo o L S
(e} M og ac x i
E A igh, AA PLrEM ] vt ki
600 v e e T
© 2 tee o o ab e FExy &
A gl ¢ x
a* oo . o Ah 42 Xxoxx x x xXEe o
© onooe 00”' . oo it % et XK % % kst
%
u: 400 Uo % = ¥ S 5 AAL g T et 2 o ; Sy
© *%, oe D'OD00GL o ATAML a0 2 Axy
P & Veeees, 99 9050%460: 00, i ““‘A““;‘A‘ i
482 00° o o oo ° % 244 49% “ g 11 o8, x
F 00 ketttteestemm s oe ittt e e e st et ety
© g . 3% T ge ¥
] boens
» 4ice
0 1 1 1 1 9

0 0.2 0.4

0.6

Vehicle occupancy

0.8
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5. CONCLUSION

This paper describes the simulation of the traffic flow through the toll gate by using the cellular
automata and the stochastic velocity model.

A two-lane road was considered as the numerical example and the ETC and the non-ETC gates
were located at a lane to discuss the effect of the toll gate for the traffic amount.

First, we discussed the results in case that the same kind of gates are located at each lane. The
maximum traffic amount in the ETC gate is smaller by about 10% than that in the no gate. In the
non-ETC gate, the maximum traffic amount is smaller by at least 80% than that of the no gate.
The results indicates that the maximum traffic amount depends on the capacity of the toll gate and
therefore, the ETC gate has the great availability for fixing the traffic congestion due to the toll
gate.

Next, we compared the results in case that the non-ETC and ETC gates are located at individual
lane, respectively. The traffic amount depends on the rate of the ETC-vehicles among all driving
vehicles. In the ET'C-vehicle density of less than 50%, the traffic amount in the one-lane road with
non-ETC gate is the lower bound. On the other hand, in the ETC-vehicle density of greater than
50%, the traffic amount in the one-lane road with ETC gate is the upper bound.

The traffic amount depends not only on the number of the driving vehicles but also the type of
vehicles and therefore, we can conclude that the number and the type of the toll gates should be
determined according to the the vehicle occupancy and the percentage of the ETC vehicles among
the driving vehicles.
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