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Abstract: The intelligent driver (ID) model characterizes traffic behavior with a constant acceleration
exponent and does not follow traffic physics. This results in unrealistic traffic behavior. In this paper,
a new microscopic heterogeneous traffic flow model is proposed which improves the performance of
the ID model. The forward and lateral distance headways are used to characterize traffic behavior.
The stability of the ID and proposed models is examined over a 1000 m circular road with a traffic
disturbance after 30 s. The results obtained show that the proposed model is more stable than the
ID model. The performance of the proposed and ID models is evaluated over an 1800 m circular
road for 150 s with a platoon of 51 vehicles. Results are presented which indicate that traffic evolves
realistically with the proposed model. This is because it is based on the lateral distance headway.

Keywords: intelligent driver model; acceleration exponent; heterogeneous flow; forward and lateral
distance headway

MSC: 37M05

1. Introduction

Urban traffic congestion is a major concern in developing countries [1]. Congestion
causes traffic delays, excessive fuel consumption, pollution, and safety problems [2-5]. As
urban populations increase, so does the number of vehicles [6]. In these areas, vehicles
utilize vacant road space and lane discipline is often ignored, resulting in heterogeneous
traffic [7]. The distance covered by a vehicle to align to forward vehicles in a lane is known
as the forward distance headway, and the lateral distance between vehicles is called the
lateral distance headway. These headways affect driver response and cause traffic flow
variations [8]. Vehicles in heterogeneous traffic adjust their position and speed based on
the lateral distance headway. Thus, the realistic characterization of heterogeneous traffic
requires a model that considers this headway and lane-changing behavior.

Three types of models are employed for traffic flow characterization: microscopic,
macroscopic, and mesoscopic. Microscopic models consider individual vehicle behavior
and are often based on driver physical and psychological responses [9]. These models

Copyright: © 2022 by the authors.

, _ employ parameters such as vehicle position, velocity, and time and distance headways [10].
Licensee MDPI, Basel, Switzerland.

They are used to predict vehicle dynamics [6]. Macroscopic models consider aggregate
vehicle behavior [11], whereas mesoscopic models take into account both individual and
aggregate behavior [12].

This article is an open access article
distributed under the terms and

conditions of the Creative Commons - . . . . .
Attribution (CC BY) license (https:/ / Gazis et al. [13] developed a microscopic model which considers driver response to

creativecommons.org,/ licenses/by/ forward traffic conditions based on the velocity difference. Drivers adjust their speed with
40/). a constant delay of 1.3 s, so driver behavior due to traffic conditions is ignored. Newell [14]
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proposed a model for vehicle behavior in dense traffic. Velocity is based on the distance
headway, so a larger distance headway results in a lower density and, hence, a greater
velocity. However, this relationship results in high acceleration, which is not realistic [15].
Moreover, this model neglects variations in driver behavior as a constant time headway
is employed [16].

Bando et al. [17] improved the Newell model but neglected velocity differences re-
sulting in unstable behavior. Moreover, deviations from the equilibrium velocity result in
high acceleration, which is not realistic. Further, small distances between vehicles occur,
which can result in accidents. Helbing and Tilch [18] developed a model which considers
the reaction to velocity differences and, thus, accurately characterizes the time headway
and velocity during congestion. However, acceleration occurs over a short time, which is
typical of an aggressive driver, so slow and average driver behavior is neglected. Gipps [19]
proposed a model based on driver response to forward traffic with realistic acceleration.
However, this model is only suitable for a small range of parameters.

Treiber, Henneck, and Helbing [15] developed the intelligent driver (ID) model based
on driver response. With this model, driver behavior is based on the velocity and distance
headway of forward vehicles, and typical traffic parameters are employed [20-22]. How-
ever, the acceleration exponent, J, in the ID model is a constant and so cannot characterize
driver behavior under different traffic conditions. To improve the ID model for intersec-
tions, driver response based on deceleration has been incorporated [23]. However, the
distance between vehicles is small at high velocities, which can result in accidents. This
distance can be adjusted using parameters based on velocity [24]. The ID model has been
used to characterize connected and autonomous vehicles (CAVs) [25,26]. However, this
model does not provide realistic CAV behavior for real traffic conditions [27].

A model integrating psychoticism, extraversion, and neuroticism (PEN) was proposed
in [28] for heterogeneous traffic. However, this model ignores traffic physics, so the results
can be unrealistic. A microscopic car-following model for CAVs in heterogeneous traffic
was proposed in [29] to mitigate oscillations and improve traffic flow. However, this model
is complex and so is difficult to implement. A traffic model based on distance headway was
developed in [30], but a constant lateral distance headway is used, which is unrealistic [7].

Gunay [31] proposed a model which characterizes non-lane-based traffic considering
the positions of leading vehicles. However, heterogeneous traffic and lane discipline are
ignored [32]. In heterogeneous traffic, vehicles interact both longitudinally and laterally
and are strongly correlated [7]. Moreover, the road capacity is higher with heterogeneous
traffic due to the gap-filling behavior [33] as shown in Figure 1. Lane changes increase
acceleration and deceleration and can result in stop-and-go traffic behavior [34] and increase
the probability of accidents [35].
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Figure 1. (a) Lane-based homogenous traffic. (b) Non-lane-based heterogeneous traffic with gap-
filling behavior.

In this paper, a new microscopic heterogeneous traffic model is proposed which
characterizes traffic behavior based on the forward and lateral distance headways. The
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performance of the ID and proposed models is evaluated over an 1800 m circular road for
150 s, and the stability is examined over a 1000 m circular road for 120 s. A shorter duration
is used for the stability analysis as this is sufficient to evaluate model behavior. The results
obtained indicate that traffic behavior with the proposed model is more realistic.

The remainder of this paper is organized as follows. The ID and proposed models are
discussed in Section 2, and Section 3 presents the stability analysis. The performance of
these models is investigated in Section 4. Finally, Section 5 gives some concluding remarks.

2. Traffic Flow Models

The ID model is a microscopic model that presumes forward traffic conditions [36].
It characterizes acceleration based on driver response, the distance between vehicles, and
the time required to align to forward vehicles. According to this model, driver response is
based on the ratio of average velocity to maximum velocity. Acceleration depends on this
ratio and traffic flow is smooth when this ratio is 1.

The ID model acceleration is given by [15]:

dv 0 \° H\?

—=a 1-—) —(— , 1

0 s ( (UO) ( : ) M
where 4,y is the maximum acceleration, vy is the maximum velocity, v is the average

velocity, and s is the bumper-to-bumper distance between vehicles. H is the distance
headway covered during traffic alignment, which can be expressed as [15]:

vAv
2/ AmaxOmin

where ] is the traffic jam spacing, T is the time headway, a,,;,, is the maximum acceleration,
and Av is the difference in velocity between the following and leading vehicles.

The ID model characterizes driver response based on an acceleration exponent, 4,
which is a constant. This constant must represent driver behavior for a variety of traffic con-
ditions. However, it does not follow traffic flow physics and, thus, can result in unrealistic
behavior. Therefore, an acceleration exponent based on heterogeneous traffic is proposed
to better characterize traffic.

In heterogeneous traffic, driver response is based on the forward and lateral distance
headways as well as lane-changing behavior and is given by:

H=]+To+ @)

5= A?;th
azp

®)

where Av is the difference in velocity between the following and leading vehicles, which
characterizes lane changes and traffic alignment during these changes. p is the traffic
density, dq is the distance headway between the following and leading vehicles as shown in
Figure 2, and a is the lateral distance headway. A driver reacts to perceived conditions and
aligns with the forward and adjacent vehicles. The reaction is quick for a small distance
headway as alignment occurs over a short distance and vice versa for a longer distance
headway. In other words, vehicle movement is greater with a larger distance headway.

In heterogeneous traffic, the lateral distance headway varies and is small during
congestion. Further, when the traffic density is large, the forward distance headway, 4, is
small, so:

1
P=3 4)
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Figure 2. Heterogeneous traffic with lane changing.
Substituting (4) in (3) we have:
Avd 1 h
§=— ®)

and replacing 4 in (1) with this expression gives the proposed model:

d 2
v (Y a2
i1 (5) 7 - () ©

This model characterizes heterogeneous traffic based on the forward and lateral
distance headways. It is better than the ID model because it is based on traffic conditions
rather than on a number, which is a compromise to fit all conditions.

For microscopic models, traffic density is given by D = % [37] where s, is the distance
headway at equilibrium. At equilibrium, Av = 0, so from (2):

se = (] + To) (1 - (;’Js) o )

For the proposed model, the equilibrium distance headway is:

podyh\ —1/2

se = (] + To) 1—(”) ” ®)

(%]

Equation (7) shows that the equilibrium distance headway for the ID model is based
on a constant exponent which is the same for all traffic conditions. Conversely, this
headway for the proposed model (8) is based on heterogeneous traffic parameters and is
not a constant.

Traffic flow is the product of velocity and density, f = - [20], so the flow for the ID

model is:
v

. 7+ (1- (50)5>1/2’ §

Substituting the proposed acceleration exponent term, the traffic flow for the proposed
model is:

[
podyh\ —1/2°
g+t (5))

This flow is based on heterogeneous traffic parameters and so is more realistic than the flow
for the ID model.

f= (10)
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3. Stability Analysis

The stability of the ID and proposed models is evaluated over a 1000 m circular road
for 120 s. The value of the acceleration exponent ranges from 1 to co and is typically 4 [15].
Typical values of the lateral distance headway are in the range of 0.5 m to 2.2 m [38].
Hence, the ID model is evaluated for 6 = 1, 4, 10, and 30 and the proposed model for
a=0.5, 06,1, 1.5, 2,and 2.2 m. The leading vehicle velocity is 33.3 m/s and the following
vehicle velocity is 30 m/s, so Av = 33.3 — 30 = 3.3 m/s. The distance headway, d;, varies
between 0.04 m and 117.9 m [39], and here it is set to 0.1 m. The initial equilibrium velocity
is 6 m/s and the number of vehicles on the road is 51. The disturbance is induced at 30 s
at the maximum acceleration of 1.67 m/s?. The stability analysis parameters are given
in Table 1.

Table 1. Stability analysis parameters.

Parameter Value
Initial equilibrium velocity 6m/s
Time headway, T 0.8s
Forward distance headway, 5m
Velocity difference between the following and leading vehicles, Av 3.3m/s
Distance headway between the following and leading vehicles, d; 0.1m
Jam spacing, | 2m
Maximum acceleration, a4y 1.4 m/s?
Maximum deceleration, a,,;, 1.67 m/s?
Vehicle length, L 5m
Time step, At 0.5s
Acceleration exponent, & 1, 4, 10 and 30
Lateral distance headway, a 0.5,06,1,15,2,and 2.2 m

The velocity evolution of the ID and proposed models is given in Figure 3. The red
line is the trajectory of the 1st vehicle and the black lines are the trajectories of the following
50 vehicles. For the ID model, with § = 1, the velocity of the 1st vehicle suddenly drops
to 5.1 m/s at 30 s and then increases to 6.2 m/s at 34 s and starts to oscillate. At 80 s,
the velocity oscillates between 5.7 m/s and 6.4 m/s, and at 119 s, the velocity oscillates
between 5.3 m/s and 6.6 m/s, as shown in Figure 3a. With § = 4, the velocity of the 1st
vehicle suddenly drops to 5.1 m/s at 30 s and then increases to 6.3 m/s at 33 s and starts
to oscillate. At 85 s, the velocity oscillates between 5.0 m/s and 7.0 m/s, and at 120 s, it
oscillates between 2.6 m/s and 9.0 m/s, as shown in Figure 3b. With é = 10, the velocity of
the 1st vehicle suddenly drops to 5.1 m/s at 30 s and then increases to 6.3 m/s at 33 s and
starts to oscillate. At 88 s, the velocity oscillates between 4.9 m/s and 7.2 m/s, and at 120 s,
the velocity oscillates between 2.6 m/s and 9.1 m/s, as shown in Figure 3c. With § = 30, the
velocity of the 1st vehicle suddenly drops to 5.1 m/s at 30 s and then increases to 6.3 m/s
at 33 s and starts to oscillate. At 88 s, the velocity oscillates between 4.9 m/s and 7.2 m/s,
and at 120 s, the velocity oscillates between 2.6 m/s and 9.1 m/s, as shown in Figure 3d.

For the proposed model, with a = 0.5 m, the velocity of the 1st vehicle suddenly drops
to 5.1 m/s at 30 s and then increases to 6.3 m/s at 33.5 s and starts to oscillate. At 85 s,
the velocity oscillates between 5.0 m/s and 7.1 m/s, and at 119 s, the velocity oscillates
between 2.7 m/s and 8.9 m/s, as shown in Figure 3e. With a = 0.6 m, the velocity of the
1st vehicle suddenly drops to 5.1 m/s at 30 s and then increases to 6.3 m/s at 33.5 s and
starts to oscillate. At 83 s, the velocity oscillates between 5.2 m/s and 7.0 m/s, and at
119.5 s, the velocity oscillates between 2.7 m/s and 8.9 m/s, as shown in Figure 3f. With
a = 1 m, the velocity of the 1st vehicle suddenly drops to 5.1 m/s at 30 s and then increases
to 6.2 m/s at 33.5 s and starts to oscillate. At 82 s, the velocity oscillates between 5.5 m/s
and 6.6 m/s, and at 119.5 s, the velocity oscillates between 4.4 m/s and 7.2 m/s, as shown
in Figure 3g. With 2 = 1.5 m, the velocity of the 1st vehicle suddenly drops to 5.2 m/s
at 30 s and then increases to 6.3 m/s at 34.5 s and starts to oscillate. At 80 s, the velocity
oscillates between 5.8 m/s and 6.3 m/s, and at 120 s, the velocity oscillates between 5.4 m/s
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and 6.5 m/s, as shown in Figure 3h. With a = 2 m, the velocity of the 1st vehicle suddenly
drops to 5.19 m/s at 30 s and then increases to 6.2 m/s at 36 s and starts to oscillate. At 82s,
the velocity oscillates between 5.8 m/s and 6.4 m/s, and at 119 s, the velocity oscillates
between 5.5 m/s and 6.5 m/s, as shown in Figure 3i. With a = 2.2 m, the velocity of the 1st
vehicle suddenly drops to 5.2 m/s at 30 s and then increases to 6.2 m/s at 37 s and starts
to oscillate. At 80 s, the velocity oscillates between 5.7 m/s and 6.4 m/s, and at 120 s, the
velocity oscillates between 6.4 m/s and 6.6 m/s, as shown in Figure 3;.

T
10 10
= = 6l Z
3 3 6 %: 6
2 2, Z 4
5
2 2
0 50 100 0 50 100 0 50 100
Time (s) Time (s) Time ()
(a) (b) (<)
10 10 10
5 8 o 8 = 8
=6 = =
3 %H 6 = 6
e, 5 =
- 4 :5-, 4 '_; 4
2 2 2
0 50 100 0 50 100 0 50 100
Time (s) Time (s) Time (s)
(d) (e) ()
6.5 65 ] "Ir||I|I|III|I|I|I|rI
_.”_,-I-,-,-.'-'J"'"||r Wi
N B i "'|'|‘r'-| A Irlllllllil,lﬂiillllil il .'-"
£ £ 6 . | i
= = z
= E T
5 Z55 D55
4 4] 5
0 50 100 0 50 100 0 50 100
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()

Figure 3. Velocity evolution of the ID and proposed models with an initial equilibrium velocity
of6m/s: (a)d =1, (b)d =4;(c)d =10;(d) 6 =30, (e)a =05m; (fla =06m;(g)a =1m;
ha=15m;(i)a=2m;(j)a =22m.



Mathematics 2023, 11, 184 7 of 20

The time and space evolution of the vehicles for the ID and proposed models is given
in Figure 4. This shows vehicle mobility and stop-and-go behavior due to congestion. Both
models produce stop-and-go waves after a few seconds. For the ID model, from é =1 to
6 = 10, an increase in ¢ increases the stop-and-go waves produced over time and space,
and above § = 10, the behavior is similar to that for § = 10, as shown in Figure 4a—d.
Conversely, for the proposed model, the stop-and-go waves produced decrease as the
lateral distance headway increases.

800 800

600 — 600
£ E

8 400 g 400
| =
- 7]

& 200 A 200

0 0

0 50 100 0 50 100 0 50 100
Time (s) Time (s) Time (s)
(a) (b) (©)
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Figure 4. Spatio-temporal performance of the ID and proposed models over a 1000 m circular road:
@dé=1Mb)6=4(c)d=10;(d)d =30;(e)a=05m;(f)a =06m;(g)a=1m; h)a =15m;
)a=2m;(j)a=22m.
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These results show that with the ID model, as é increases from 1 to 10, the velocity
oscillations increase as indicated in Figure 3a—c, but above § = 10, these oscillations are
similar. This unstable and unrealistic behavior occurs because of the constant exponent.
With the proposed model, as the lateral distance headway increases the velocity oscillations
decrease over time. This behavior is more stable and realistic than the ID model because
the proposed model is based on real traffic parameters. Furthermore, with the proposed
model, the traffic is smooth as the stop-and-go waves produced are based on the lateral
distance headway and decrease with an increase in this headway, as shown in Figure 4.

4. Performance Results

In this section, the performance of the proposed and ID models is evaluated over
a circular road of length 1800 m for 150 s using the Euler technique with a time step of
0.5 s [37]. The simulation parameters are given in Table 2. The forward distance headway
is 5 m [40]. The lateral distance headway is typically between 0.5 m and 2.2 m [38], so here
0.5, 0.6, 1, 1.5, 2, and 2.2 m are used. The difference in velocity for the proposed model is
Av = 33.3 — 30 = 3.3 m/s. The distance headway, d;, typically varies between 0.04 m and
117.9 m [39], so here it is set to 0.1 m. The acceleration exponent ranges from 1 to co and
is typically 4 [15], so here 1, 4, 10, and 30 are used. The maximum normalized density at
v=0m/sis % = 0.5. There are 51 vehicles on the road which was obtained by dividing
the road length by s,.

Table 2. Simulation parameters.

Parameter Value
Maximum velocity, vy 33.3m/s
Average velocity, v 25m/s
Time headway, T 0.8s
Jam spacing, | 2m
Maximum deceleration, a,,;,, 1.67 m/s?
Maximum acceleration, a;,;,x 14 m/s?
Lateral distance headway, a 0.5,06,1,15, 2,and22m
Forward distance headway, 5m
Velocity difference between the following and leading vehicles, Av 3.3m/s
Distance headway between the following and leading vehicles, d; 0.1m
Time step, At 0.5s
Acceleration exponent, § 1, 4, 10 and 30
Maximum normalized density, p,, = % atv =0m/s 0.5
Vehicle length, [ 5m

Figure 5 presents the flow and velocity behavior of the ID and proposed models. The
results are summarized in Tables 3 and 4. For the ID model, with 6 = 1, the maximum flow
is 0.83 veh/s at density 0.08, and the corresponding critical velocity is 9.90 m/s. With § = 4,
the maximum flow is 1.05 veh/s at density 0.06, and the critical velocity is 16.0 m/s. With
0 = 10 and 30, the maximum flow is 1.11 veh/s and 1.14 veh/s, respectively, at density
0.04, and the critical velocity is 23.3 m/s. Table 3 shows that as J increases, the maximum
flow also increases, and the maximum density between § = 1 and 10 decreases with J and
is similar for values above 6 = 10. The critical velocity between § = 1 and 10 increases with
6, whereas above § = 10, it is similar.
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Figure 5. Flow and velocity of the ID and proposed models.

Table 3. Maximum flow, density, and critical velocity for the ID model.

. Maximum Flow . . Critical Velocity
Acceleration Exponent & (veh/s) Maximum Density (m/s)
1 0.83 0.08 9.90
4 1.05 0.06 16.0
10 1.11 0.04 23.2
30 1.14 0.04 23.2
Table 4. Maximum flow, density, and critical velocity for the proposed model.
Lateral Distance Maximum Flow . . Critical Velocity
Headway, a Maximum Density
(veh/s) (m/s)
(m)
0.5 1.09 0.05 19.8
0.6 1.06 0.06 18.0
1 0.93 0.08 11.8
15 0.76 0.09 8.70
2 0.63 0.08 7.40
22 0.59 0.07 7.50

For the proposed model, with a = 0.5 m, the maximum flow is 1.09 veh/s at density
0.05, and the critical velocity is 19.8 m/s. With a = 0.6 m and 1 m, the maximum flow
is 1.06 veh/s and 0.93 veh/s at densities 0.06 and 0.08, respectively. The corresponding
critical velocities are 18.0 m/s and 11.8 m/s, respectively. With a = 1.5 m and 2 m, the
maximum flow is 0.76 veh/s and 0.63 veh/s at densities 0.09 and 0.08, respectively. The
corresponding critical velocities are 8.70 m/s and 7.40 m/s, respectively. Witha = 2.2 m,
the maximum flow is 0.59 veh/s at density 0.07, and the critical velocity is 7.50 m/s. Table 4
shows that as the lateral distance headway increases, the maximum flow decreases, and
the maximum density increases between a = 0.5 and 1.5 m but decreases above a = 1.5.
The critical velocity decreases between a = 0.5 and 2 m but increases for a = 2.2 m.

The spatio—temporal evolution of the queue caused due to congestion for the ID model
is given in Figure 6, and the results are summarized in Table 5. This shows that the velocity
during the queue is zero. For the ID model with § = 1, the queue dissolves at 64 s, as
shown in Figure 6a, and the velocity after the queue is 15.4 m/s at 89.5 s. With = 4, the
queue dissolves at 64 s, as shown in Figure 6b, and the velocity after the queue is 18.2 m/s
at 93.0 s. With = 10 and 30, the queue occurs between 0 s and 63.50 s. The velocity after
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the queue dissolves is 4.70 m/s at 66 s, and gradually decreases to 2.70 m/s at 122 s. The
queue develops again at 123.5 s and lasts until 150 s between 40.0 m and 46.6 m, as shown
in Figure 6¢,d. For § between 1 and 4, the maximum velocity increases with J, but above
6 = 4, it is similar, as shown in Figure 6a—d.

velochiy (m/sh

1500 ,s 1500
20 £ 1000
15
10
5
0

[Lnk l[hh ]'lmt [s]

(a) (b)

velocity (m/s)

velocity (m/s)

=

[=]

S
o

2
=)

Distance {m)
Distance (m)

veloeity (mis)

1500 ag 1500 a
= a5 25
£ 1000 ap E 1000 20
o (7]

% 15 é 15
% 500 Z 500
=) 10 O 10
0 5 5
0 0
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Time [-.} Time (s)
(c) (d)

Figure 6. Velocity evolution over time and space for the ID model on an 1800 m circular road:
(@6 =1;(b) 6 =4;(c)d =10; (d) 6 = 30.

Table 5. Velocity and time for the ID model during and after congestion.

Time for Which . . Time of Velocity after
. . Velocity after Congestion .
Acceleration Exponent, § Congestion Occurs Congestion
(m/s)
(s) (s)
1 0-64 154 89.5
4 0-64 18.2 93.0
10 0-63.5 and 123.5-150 4.70-2.70 66-122
30 0-63.5 and 123-150 4.70-2.70 66-122

The spatio—-temporal evolution of the queue due to congestion for the proposed model
is given in Figure 7 and the results are summarized in Table 6. This shows that the velocity
during the queue is zero. For the proposed model, with a = 0.5 m, the queue exists between
0 s and 61 s. The velocity after the queue dissolves varies between 1.17 m/s at 62.5 s
and 1.70 m/s at 125.5 s. The queue develops again at 127 s and lasts until 150 s between
93.2 m and 96.5 m, as shown in Figure 7a. With 4 = 0.6 m and 1 m, the queue dissolves
at 61.5 s and 61.0 s, respectively, as shown in Figure 7b,c. The velocity after the queue
dissolves with a = 0.6 mis 12.1 m/s and witha = 1 mis 17.7 m/s at 80.5 s and 83.5 s,
respectively. With 2 = 1.5 m and 2 m, the queue dissolves at 60.5 s and 78.5 s, respectively,
as shown in Figure 7d,e. The velocity after the queue dissolves with a = 1.5 m is 15.3 m/s
and witha =2 mis 9.0 m/s at 99.5 s and 102 s, respectively. With a = 2.2 m, the queue
dissolves at 88.5 s, as shown in Figure 7f, and the velocity after the queue is 8.08 m/s at
116 s. Figure 7a—f indicate that as the lateral distance headway increases, the maximum
velocity decreases.



Mathematics 2023, 11, 184 11 of 20

veloeity (m/fs) velocity (m/s)

1500 30 1500 30
_ 25 25
E_ 1000 20 E 1000 20
g 8
5 15 § 15
g% 500 = 500
(= 10 o 10
0 2 0 »
0 1]
0 50 100 150 0 50 100 150
Time (s) Time (5)
(a) (b)
velocity (m/s) velocity (m/s)
1500 1500 25
25
— = 20
E 1000 20 E 1000
g 15 2 w
i |
= 500 7 500 10
A 10 A
5 5
0 0
0 1]
0 50 100 150 0 50 100 150
Time (s) Time (s)
(<) (d)
velocity (m/s) velocity (m/s)
1500

&
a8

-
=
=]
o=

ki

=]

3

2

=]
3
&

Distance {m)
Distance (m)

20 20

15 L

10 10

5 5

0 0
150

0 50 100 150 0 50 100
Time (s) Time (s)

(e) (f)

Figure 7. Velocity evolution over time and space for the proposed model on an 1800 m circular road:
@a=05m;(b)a=06m;(c)a=1m;(d)a=15m;(e)a=2m; (f)a =22m.

Table 6. Velocity and time for the proposed model during and after congestion.

Time for Which Velocity after Congestion Time of Velocity after
Lateral Distance Headway, a Congestion Occurs Congestion
(m/s)
(s) (s)

0.5 0-61 and 127-150 1.17-1.70 62.5-125.5
0.6 0-61.5 12.1 80.5

1 0-61.0 17.7 83.5
15 0-60.5 15.3 99.5

2 0-78.5 9.00 102
22 0-88.5 8.08 116

Figure 8 presents the time and space vehicle trajectories of a platoon of 51 vehicles
over an 1800 circular road for the ID model. The initial average velocity of the platoon is
25 m/s. The green trajectory is the 1st vehicle that begins to move at 0 s, whereas the black
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trajectories are of the following 50 vehicles. With 6 = 1 and 4, the traffic queue appears
for 64 s, as shown in Figure 8a,b, i.e., the 51st vehicle is in the queue for 64 s. With § = 10,
the initial queue appears for 63.5 s. The 1st vehicle is in the queue for 0.5 s at 3.33 m and
the last vehicle is in the queue for 63.5 s at —99.9 m. The queue appears again at 123.5 s
and lasts until 150 s between 40.0 m and 46.6 m, respectively, as shown in Figure 8c. With
6 = 30, the initial queue appears for 63.5 s. The 1st vehicle is in the queue for 0.5 s at 3.33 m
and the last vehicle is in the queue for 63.5 s at —99.9 m. The queue appears again at 123.5 s
and lasts until 150 s between 40.0 m and 46.6 m, respectively, as shown in Figure 8d.

15001 15001
Z 1000 Z1000¢
= s00f Z 500(

0 50 100 150
Time (s)
(b)

15001 1500
E 1000 £ 1000
b H
= =
2 s00f 500}

0 50 100 150
Time (s)
(c)
Figure 8. Time—space vehicle trajectories for the ID model over an 1800 m circular road: (a) 6 = 1;
(b) d =4; (c) 6 = 10; (d) 6 = 30. The colored line shows the trajectory of the first vehicle.

The positions of the 1st, 30th, and 40th vehicles at 60 s are given in Table 7. With 6 =1,
the position of the 1st vehicle is 1230 m, whereas the positions of the 30th and 40th vehicles
are 141.0 m and —57.6 m, respectively. With § = 4, the position of the 1st vehicle is 1475 m,
whereas the positions of the 30th and 40th vehicles are 137.1 m and —72.3 m, respectively.
With ¢ = 10, the position of the 1st vehicle is 1529 m, whereas the positions of the 30th
and 40th vehicles are 207.0 m and —63.2 m, respectively. With § = 30, the position of the
1st vehicle is 1553 m, whereas the positions of the 30th and 40th vehicles are 173.0 m and
—52.2 m, respectively. Table 7 indicates that as J increases, the distance traveled by the 1st
vehicle increases. The distance traveled by the 30th and 40th vehicles decreases between
0 = 1 and 4, and increases between § = 4 and 10. Above é = 10, the distance traveled
again decreases.

Figure 9 presents the time and space vehicle trajectories for the proposed model. With
a = 0.5 m, the initial queue appears for 61 s. The 1st vehicle is in the queue for 1 s at 0.6 m
and the last vehicle is in the queue for 61 s at —99.9 m. The queue appears again at 127 s
and lasts until 150 s between 93.2 m and 96.5 m, respectively, as shown in Figure 9a. With
a = 0.6 and 1 m, the queue appears for 61.5 s and 61 s, respectively, as shown in Figure 9b,c,
so the 51st vehicle is in the queue for 61.5 at —99.9 m and 61 s at —86.5 m. Witha = 1.5 and
2 m, the queue appears for 60.5 s and 78.5 s, respectively, as shown in Figure 9d,e, so the
51st vehicle is in the queue for 60.5 s at —93.2 m and 78.5 s at —86.5 m. With a = 2.2 m, the
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queue appears for 88.5 s, as shown in Figure 91, so the 51st vehicle is in the queue for 88.5 s

at —89.9 m.

Table 7. Position of the 1st, 30th, and 40th vehicles at 60 s for the ID model.

Acceleration Exponent, Ist Vfal.ucle 30th Vehicle Position  40th Vehicle Position
Position
s (m) (m)
(m)
1 1230 141.0 —57.6
4 1475 137.1 —72.3
10 1529 207.0 —63.2
30 1553 173.0 —52.2
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Figure 9. Time-space vehicle trajectories for the proposed model over an 1800 m circular road:
@ a=05m;(b)a=0.6m;(c)a=1m;(d)a=15m;(e)a =2m; (f) a = 2.2 m. The colored line

shows the trajectory of the first vehicle.

The positions of the 1st, 30th, and 40th vehicles at 60 s are given in Table 8. With
a = 0.5 m, the position of the 1st vehicle is 1510 m, whereas the positions of the 30th and
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40th vehicles are 205.5 m and —39.1 m, respectively. With 2 = 0.6 m, the position of the
1st vehicle is 1485 m, whereas the positions of the 30th and 40th vehicles are 201.5 m and
—24.1 m, respectively. With 2 = 1 m, the position of the 1st vehicle is 1351 m, whereas
the positions of the 30th and 40th vehicles are 163.3 m and —26.8 m, respectively. With
a = 1.5 m, the position of the 1st vehicle is 1134 m, whereas the positions of the 30th and
40th vehicles are 80.2 m and —37.8 m, respectively. With a = 2 m, the position of the 1st
vehicle is 922.3 m, whereas the positions of the 30th and 40th vehicles are —11.0 m and
—79.9 m, respectively. With a = 2.2 m, the position of the 1st vehicle is 817.3 m, whereas
the positions of the 30th and 40th vehicles are —80.0 m and —90.0 m, respectively. Table 8
indicates that as a increases, the distance traveled by the 1st and 30th vehicles decreases.
The distance traveled by the 40th vehicle increases between 2 = 0.5 m and 0.6 m but
decreases between 4 = 1 m and 2.2 m.

Table 8. Positions of the 1st, 30th, and 40th vehicles at 60 s for the proposed model.

Lateral Distance Headway, 1st.\{ehic1e 30’(}} Yehicle 40th Vehicle Position (m)
a (m) Position (m) Position (m)

0.5 1510 205.5 —39.1
0.6 1485 201.5 —24.1

1 1351 163.3 —26.8
15 1134 80.2 —37.8

2 922.3 —-11.0 -79.9
2.2 817.3 —80.0 —90.0

The temporal evolution of the acceleration for the ID model with § = 1, 4, 10, and
30 is given in Figure 10. With § = 1, the acceleration at 8 s is 1.0 m/s?. It then decreases
to —0.45 m/s? at 71.5 s and increases to 0.08 m/s? at 105.5 s. It decreases to 0.06 m/s?
at 118 s and is approximately constant until 150 s. With § = 4, the acceleration at 8.5 s is
1.3 m/s2. It then decreases to 0.11 m/s? at 33.5 s and —1.67 m/s? at 67 s. It increases to
1.1 m/s? at 81.5 s and decreases to 0.04 m/s? at 104.5 s, and is approximately constant until
150 s. With § = 10, the acceleration at 15 s is 1.38 m/s2. It then decreases to 0.10 m/s?
at29 s and —1.67 m/s? at 62 s, and is approximately constant until 72.5 s. It increases to
1.3 m/s? between 74.5 s and 85 s and decreases to —0.001 m/s? between 101.5 and 134.5 s.
It decreases to —1.67 m/s? at 141.5 s and is approximately constant until 150 s. With § = 30,
the acceleration at 18 s is 1.37 m/s2. It then decreases to 0.01 m/s? at 27 s and —1.67 m/s>
at 60 s, and is approximately constant until 72 s. It increases to 1.3 m/s? between 74.5 s
and 90 s and decreases to —0.001 m/s? between 98.5 s and 134.5 s. It then decreases to
—1.67 m/s? at 139.5 s and is approximately constant until 150 s.

The temporal evolution of acceleration for the proposed model witha = 0.5, 0.6, 1, 1.5, 2,
and 2.2 m is given in Figure 11. With a = 0.5 m, the acceleration at 11.5sis 1.38 m/ s2. It then
decreases to 0.07 m/s? at 32 s and —1.67 m/s? at 63.5 s, and is approximately constant until
71.5 s. It increases to 1.28 m/s? at 81 s and decreases to 0.032 m/s? at 101.5 s and 0.001 m/s?
at 135.5 s. It then decreases to —1.67 m/s? at 144.5 s and is approximately constant until
150 s. With @ = 0.6 m, the acceleration at 9.0 s is 1.38 m/s2. It then decreases to 0.01 m/s2 at
37 sand —1.67 m/s? at 65.5 s, and then it is approximately constant until 68.5 s. It increases
to 1.1 m/s? at 81.5 s and decreases to 0.02 m/s? at 106.5 s and —0.001 m/s? at 149.5 s. With
a = 1 m, the acceleration at 2 s is 1.38 m/s2. It then decreases to —0.08 m/s? at 50.5 s and
—0.82 m/s? at 68 s. It increases to 0.4 m/s? at 86.5 s and then decreases to 0.1 m/s? at 103 s
and 0.029 m/s? at 125 s, and is approximately constant until 150 s. With a = 1.5 m, the
acceleration at 0.5 s is 1.4 m/s2. It then decreases to 0.09 m/s? at 51.5s and —0.27 m/s? at
68.5 s. It decreases to —0.4 m/s? at 87 s and increases to 0.05 m/s? at 106.5 s and 0.087 m/s?
at 125 s, and is approximately constant until 150 s. With a = 2 m, the acceleration at 0.5 s is
1.4 m/s?. Tt then decreases to 0.4 m/s? at 18.5 s and —0.01 m/s? at 69.5 s. It decreases to
—0.5m/s? at 94.5 s and increases to 0.1 m/s? at 117 s. It then decreases again to 0.06 m/s? at
147.5 s and is approximately constant until 150 s. With 2 = 2.2 m, the acceleration at 0.5 s is
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1.4 m/s?. Tt then decreases to 0.5 m/s? at 12.5 s and —0.02 m/s? at 74.5 s. It decreases to
—0.66 m/s? at 99 s, increases to 0.1 m/s? at 118 s, and then decreases to 0.05 m/s? at 150 s.

N

Acceleration (m/s%)

'2 i i
1] 50 100 150
Time (s)

BEE§ =1, *RE § =4, 0% F =10, &=30

Figure 10. Temporal evolution of acceleration for the ID model.
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Figure 11. Temporal evolution of acceleration for the proposed model.

The spatio-temporal density behavior of the ID model is given in Figure 12, and the
results are summarized in Table 9. With § = 1, between 0 m and 499.5 m at 150 s, the
density is 0.02. It increases to 0.027 at 599.4 m and 0.036 at 789.2 m, then decreases to 0.02 at
1379 m, as shown in Figure 12a. Between 0 s and 62.0 s at —99.9 m, the density is 0.5, which
indicates a traffic queue. After the queue dissolves, the density at 65.5 s decreases to 0.06
at —16.7 m. It then decreases to 0.034 at 669.3 m and 149 s. With § = 4, between 0 m and
409.5 m at 148 s, the density is 0.025. It increases to 0.031 at 782.5 m and then decreases to
0.030 at 1222 m, as shown in Figure 12b. Between 0 s and 61.5 s at —99.9 m, the density is
0.5, which indicates a traffic queue. After the queue dissolves at 75 s, the density decreases
to 0.08 at —83.3 m and 0.025 at 409.5 m and 148 s. With § = 10, between 0 m to 9.99 m at
149.5 s, the density is 0.021. It increases to 0.5 between 16.7 m and 40.0 m, which indicates a
traffic queue. It is 0.071 at 83.3 m and decreases to 0.014 at 699.3 m, as shown in Figure 12c.
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Between 0 s and 62.5 s, the density is 0.5, which indicates a traffic queue. It then decreases
to 0.21 at —96.6 m and 67.5 s. A queue develops again at 72.5 s and —79.92 m with density
0.5, which is approximately constant until 150 s between 16.6 m and 40.0 m. With = 30,
between 0 m and 10.0 m at 149.5 s, the density is 0.021. It increases to 0.5 between 16.7 m
and 40.0 m, which indicates a traffic queue. It is 0.071 at 83.25 m and decreases to 0.014 at
699.3 m, as shown in Figure 12d. Between 0 s and 62.5 s, the density is 0.5, which indicates a
traffic queue. The density then decreases to 0.21 at —96.57 m and 67.5 s. A queue develops
again at 72.5 s and —79.92 with a density of 0.5, which is approximately constant until 150 s
between 16.6 m and 40.0 m.
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Figure 12. Spatio—temporal density for the ID model over an 1800 m circular road: (a) 6 = 1; (b) 6 = 4;
(c) 6 =10; (d) 6 = 30.

Table 9. Density and time for the ID model during and after the queue dissolves.

. Time When the Density during Density after the Time Wl.len the Queue
Acceleration Exponent, § Queue Occurs . Dissolves
) the Queue Queue Dissolves )
1 0-62.0 0.5 0.06 65.5
4 0-61.5 0.5 0.08 75.0
10 0-62.5 and 72.5-150 0.5 0.21 67.5
30 0-62.5 and 72.5-150 0.5 0.21 67.5

The spatio-temporal density behavior of the proposed model is given in Figure 13,
and the results are summarized in Table 10. With 2 = 0.5 m, between 0 m and 53.3 m at
149.5 s, the density is 0.021. It then increases to 0.5 between 66.6 m and 93.2 m, which
indicates a traffic queue. It decreases to 0.067 at 129.8 m and 0.015 at 579.4 m, as shown in
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Figure 13a. Between 0 s and 57 s, the density is 0.5, which indicates a traffic queue. It then
decreases to 0.21 at —96.6 m and 67 s. The queue develops again at 74.5 s and —69.9 m with
a density of 0.5 and is approximately constant until 150 s between 66.6 m and 93.2 m. With
a = 0.6 m, between 0 m and 576.1 m at 149.5 s, the density is 0.027. It increases to 0.036 at
885.7 m and then decreases to 0.029 at 1299 m, as shown in Figure 13b. Between 0 s and 58 s
at —99.9 m, the density is 0.5, which indicates a traffic queue. After the queue dissolves, the
density decreases to 0.25 at —96.6 m and 66.5 s and 0.11 at —79.9 m and 74.5 s. It is 0.029 at
659.3 m and 148.5 s. With a = 1 m, between 0 m and 552.8 m at 148 s, the density is 0.025. It
increases to 0.031 at 905.7 m and then decreases to 0.029 at 1329 m, as shown in Figure 13c.
Between 0 s and 56.5 s at —99.9 m, the density is 0.5, which indicates a traffic queue. After
the queue dissolves, the density decreases to 0.18 at —96.6 m and 67.5 s, and 0.05 at 3.33 m
and 79.5 s. It then decreases to 0.031 at 795.8 m and 147 s. With a = 1.5 m, between 0 m and
452.8 m at 149.5 s, the density is 0.024. It increases to 0.04 at 662.6 m and then decreases
to 0.036 at 852.5 m and to 0.025 at 1489 m, as shown in Figure 13d. Between 0 s and 60 s
at —99.9 m, the density is 0.5, which indicates a traffic queue. After the queue dissolves,
the density decreases to 0.22 at —96.6 m and 69 s, 0.06 at —6.66 m and 83.5 s, and 0.04 at
596.1 m and 148.5 s. With a = 2 m, between 0 m and 126.5 m at 148.5 s, the density is 0.016.
It increases to 0.05 at 316.3 m, and then it decreases to 0.038 at 629.3 m and 0.026 at 1089 m,
as shown in Figure 13e. Between 0 s and 71 s at —99.9 m, the density is 0.5, which indicates
a traffic queue. After the queue dissolves, the density decreases to 0.19 at —96.57 m and
83s,0.054 at 59.9 m and 107 s, and 0.051 at 313.0 m and 149 s. With a = 2.2 m, between 0 m
and 9.99 m at 150 s, the density is 0.016. It increases to 0.06 at 159.8 m, and then decreases
to 0.031 at 769.2 m, 0.038 at 449.5 m, and 0.018 at 1419, as shown in Figure 13f. Between
0sand 77.5 s at —99.9, the density is 0.5, which indicates a traffic queue. After the queue
dissolves, the density decreases to 0.25 at —96.57 m and 93.5 s, 0.07 at —29.97 and 113 s,
and 0.06 at 146.5 m and 149 s.

Table 10. Density and time for the proposed model during and after the queue dissolves.

Lateral Distance Time When the Queue Density during Density after the Time Wl'len the Queue
Occurs . Dissolves
Headway, a ) the Queue Queue Dissolves )
0.5 0-57 and 74.5-150 0.5 0.21 67.0
0.6 0-58.0 0.5 0.11 74.5
1 0-56.5 0.5 0.05 79.5
1.5 0-60.0 0.5 0.06 83.5
2 0-71.0 0.5 0.19 83.0
2.2 0-77.5 0.5 0.06 93.5

These results show that the changes in density calculated using the proposed model
are small. Density and velocity evolve realistically over time as they are based on the lateral
distance headway. The changes in density and velocity calculated using the ID model
are based on a constant and increase over time with § = 10 and 30, whereas they should
decrease. Moreover, for values greater 6 = 10, the behavior is similar, which is not realistic.
Further, vehicles move slowly with a larger J. With the proposed model, vehicles move
based on the lateral distance headway, and they are faster with an increase in this headway.
Thus, the flow is smooth with the proposed model and is more realistic than with the ID
model. In addition, an increase in the lateral distance headway decreases the variations in
acceleration, as expected. With the ID model, an increase in ¢ increases the variations in
acceleration, which is unrealistic traffic behavior.
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Figure 13. Spatio-temporal density for the proposed model over an 1800 m circular road:
(@a=05m;(b)a=06m;(c)a=1m;(d)a=15m;(e)a=2m;(f)a=22m.

5. Conclusions

In this paper, a new heterogeneous traffic model considering the forward and lateral
distance headways was proposed. The constant acceleration exponent in the ID model
is replaced with an exponent based on realistic traffic parameters to improve the model.
It was shown that the ID model produces unrealistic traffic behavior due to a constant
exponent. Conversely, the proposed model provides realistic traffic behavior with the
velocity and density evolving smoothly over time. Moreover, vehicle movement with the
proposed model is faster with a larger lateral distance headway, as expected. With the ID
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model, this movement is unrealistic because it is based on a constant. Furthermore, it was
shown that the proposed model is more stable than the ID model.

With the proposed model, an increase in the lateral distance headway results in small
changes in acceleration compared to the ID model. Large acceleration results in high fuel
consumption and an increase in pollution. Hence, the proposed model can be utilized to
reduce fuel consumption and pollution due to congestion.
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