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Abstract: A new macroscopic traffic system is devised that observes the transition distance between
the vehicles and driver sensitivity during traffic evolution. The driver sensitivity in this system
is based on the traversed time over a 200 m road section and speed (velocity). In addition, the
proposed system considers the safe distance headway as the distance between vehicles changes. An
analogy system for vehicle flow behavior is devised from a spring-mass system with changes in
traffic. The proposed system can characterize traffic evolution for small and large changes in density.
Furthermore, the changes in the travel of traffic rearwards during congestion and forward during
smooth flow are dependent on driver sensitivity, transition distance, and safe distance headway.
The proposed traffic system is hyperbolic. The Payne Whitham traffic system is based on uniform
constant velocity for different conditions, which characterizes traffic evolution unrealistically. The
proposed traffic system and the Payne Whitham system are assessed over a 2000 m circular road for
large changes in density in two examples. Both the Payne Whitham and proposed traffic systems are
numerically implemented with the first order centered scheme in Matlab. The discretization stability
of both systems is enforced with the Courant-Friedrich-Levy (CFL) condition. The proposed system
with lower driver sensitivity evolves with larger changes, whereas the proposed system with larger
density has smaller changes in density and velocity. The simulation results showed that the traffic
evolution with the proposed system is more appropriate than with the Payne Whitham system.

Keywords: macroscopic traffic system; driver sensitivity; safe distance headway; PW traffic system;
hyperbolicity; numerical stability

1. Introduction

Due to rapid traffic urbanization, congestion is a frequent problem on road networks.
Traffic transition is the adjustment of vehicles to the following conditions when changes
are noticeable. As the number of vehicles grows, stop and go traffic increases, that is,
frequent transition in traffic occurs. It is significant to characterize traffic transition to
alleviate traffic congestion [1]. This can improve travel time, reduce pollution, utilize the
traffic infrastructure efficiently, and increase the comfort level of drivers. The transitions
are dependent on the allowable distance between vehicles to prevent traffic accidents.
This allowable distance is known as safe distance headway. As the safe distance headway
increases, traffic has the tendency to adjust, which causes transition. To prevent accidents,
the safe distance headway should be maintained during transitions. Reduced safe distance
headway causes accidents. This is an example of aggressive driver behavior. Ignoring
the distance headway results in abrupt changes in speed. Consequently, smaller distance
headway causes excessive acceleration and deceleration [2], which increases the vehicle
emissions and ultimately results in large environmental pollution [3,4]. It is also one of the
major causes of accidents [5,6].

Further, fuel consumption is also increased compared to with typical driver behav-
ior [7]. Reduced distance headway causes tailgating, which results in rear-end collisions.
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Twenty-five percent of road accidents are due to tailgating [8,9]. Further, driver sensitivity
impacts the distance between the vehicles. With higher driver sensitivity, changes during
transitions are quick, and vice versa for lower driver sensitivity. The sensitivity of new
drivers is low, and they perceive conditions with delayed response [10] as compared to
experienced drivers. This causes longer delays and smaller distance headway. Further,
during night time, the driver sensitivity of an experienced driver is reduced by 35% [11].
Driving with reduced sensitivity results in accidents [12,13]. The traversed time over a road
segment determines the traffic changes and congestion [14]. This is an important parameter
to be considered by urban planners to predict traffic conditions on a road network [15].
During congested periods, longer traversed time occurs with variable velocity. However,
during smooth flow, the traversed time is smaller, traffic changes are negligible, and the ten-
dency of road accidents is reduced. It is imperative to consider the safe distance headway,
driver sensitivity, and traversed time during transitions to reduce accidents and effectively
characterize a traffic system that can appropriately predict traffic evolution.

The most widely used traffic systems are microscopic and macroscopic. Microscopic
systems consider vehicle behavior in the near vicinity [16,17]. For a larger number of
vehicles, the mathematical details of drivers become complex, and is difficult to derive
the theoretical laws as compared to macroscopic systems [18]. Macroscopic traffic systems
consider the average traffic temporal and spatial evolution [19]. The macroscopic systems
consider the density and velocity of a group of vehicles. This makes these types of systems
independent from the number of vehicles, and it is easier to theoretically derive the system.
The macroscopic systems are composed of a partial differential system with a number of
traffic variables that consider the traffic physics and have realistic impact on the evolution.

Newell devised a microscopic traffic system in 1961 to characterize transitions during
congestion [20]. The velocity of this system is impacted by distance headway. In other
words, faster velocity is a result of larger distance headway and, conversely, slower velocity
occurs for a smaller distance headway. However, this system ignores the driver perception
of conditions. Bando et al. proposed that the changes in velocity are due to the variation
in traffic density [21]. Further, this system also introduced driver sensitivity as a constant,
which is an unrealistic approach. However, as velocity does not follow the density changes,
a uniform acceleration occurs for different conditions, which is inappropriate. This results
in an unstable evolution that ignores the variations in the leading and following vehi-
cles [22]. Helbing and Tilch devised a system that contemplates differences in velocity of
the following conditions [23]. The shortcoming of this system is that it considers accelera-
tion and deceleration in a short time, which is atypical for driver behavior. This system
ignores the generalized driver behavior. Gipps proposed a realistic system based on driver
response [24]. This system does not perform well for a different parameter range [16].
Treiber et al. devised the car following system such that traffic spatial and temporal evolu-
tion is more accurate than the other systems in the field [25,26] The parameters considered
are based on traffic physics [16]. This system considers velocity and distance headway
of the following vehicles [27,28]. The acceleration/deceleration exponent considered in
this system cannot accurately characterize the traffic changes and, consequently, an inap-
propriate evolution is observed. In the literature, different traffic systems incorporated
the practical considerations of driver reactions to perceptions ahead [29]. In [30,31], traffic
systems incorporate the safety of drivers with a consideration to changes in velocity. This
system results in accidents as distance headway reduces between vehicles at a faster speed.

Macroscopic traffic systems are mostly used due to their simplicity and computa-
tional inexpensive properties [32]. The first macroscopic traffic system was devised by
Lighthill, Whitham, and Richards (LWR) [33,34]. This system is based on the law of
conservation [35], can predict flow for negligible changes, and ignores driver behavior
and traffic acceleration/deceleration. This system results in inappropriate behavior dur-
ing traffic transitions [36,37]. To complement the LWR system shortcomings, Payne and
Whitham (PW) developed a second macroscopic traffic system. This system includes
driver response to conditions of traffic and acceleration/deceleration to adjust during
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transitions [37-40]. The driver response adjusts to the changes in traffic density ahead, and
acceleration/deceleration (stop and go traffic) is the consequence of changes. The driver
adjustments with a constant velocity to conditions in the vicinity causes inappropriate
traffic evolution [40]. That is, velocity occurs below zero and above the maximum limits
during large transitions and is contradictory to the real conditions [41,42]. The PW traffic
system shortcomings are complemented by improving the driving response with a smaller
reaction time during transitions [43]. However, this system cannot predict large density
changes. This system has been improved to maintain traffic speed within the maximum
and minimum limits [44]. This system ignored congested density conditions [45]. In [46],
the relaxation time 7 is dependent on density. According to [36], forward conditions have
an impact on traffic evolution such that changes in velocity should be at or below the
aggregate velocity. The changes at transitions cannot disseminate at a higher speed than
the average in PW type systems. This has been contradicted in [47] with the reason that
vehicles speed at transitions can go higher than the average in vehicles clusters or during
lane changes. This is not an unrealistic behavior, rather, it reflects practical traffic conditions.
Zhang [40] complemented the shortcomings of PW type systems by incorporating the
equilibrium speed gradient. However, this system ignores the transition distance and time
during traffic adjustment. In other words, the time to align [48] and the distance headway
to control a vehicle is ignored.

In 2003, Zhang developed a traffic system based on microscopic and macroscopic
traffic properties. This system removes the traffic discontinuities with a second order spatial
derivative of speed. This is a mathematical approach. Further, this system introduced a
constant to effectively model driver anticipation [49]. Zhai et al. contemplated the road
slope during traffic alignment with a constant driver sensitivity. This is an inadequate
approach, as the driver is not constant for different traffic conditions and can provide
unrealistic traffic prediction [18]. The forward looking effect is the perception of a driver to
changes ahead. Whereas, with backward impact, a driver accelerates from the approaching
vehicles behind to avoid accidents [50]. In 2008, Ge et al. [51] considered the backward and
forward impact with a constant driver sensitivity. Both the effects are devised with two
different velocity systems. In 2018, Wang et al. [52] developed a system that considers the
backward looking effect in traffic. This system considers driver sensitivity with a constant
greater than 0. According to this system, the speed during congestion reduces with a
large driver sensitivity, whereas at a negligible driver sensitivity, the traffic follows average
velocity. In 2023, Jafaripournimchahi et al. [53] developed a system for connected and
autonomous vehicles for anticipation. This system considered headway and vehicle torque.

Based on the given literature, the variable driver sensitivity for changes in the distance
headway at transition in the second order traffic flow system has not been characterized.
Therefore, in this paper, the impact of changes in distance headway between vehicles and
driver sensitivity is considered in devising the second order (two-equation) traffic system.
In this paper, the main contributions are

1.  The Payne Whitham system is improved. Unlike the constant A in the PW system,
the changes in traffic transitions are based on the driver sensitivity, safe headway,
and transition headway. This is significant, as the traffic evolution at transitions is
influenced by these physical parameters. This evolution is rapid for larger driver
sensitivity. Conversely, the evolution is slow for a larger distance headway and
smaller sensitivity. Thus, the spatio-temporal traffic evolution with the proposed
system comprehends driver sensitivity, transition distance, and safe distance headway.
These parameters are based on the traffic physics.

2. The driver sensitivity is obtained from the data acquired over a 200 m road section.
A regressive relation for velocity and traversed time is obtained, which helps in the
driver sensitivity characterization. This is incorporated in the proposed system for
accurate traffic evolution.

3. It has been proved that the proposed traffic system is hyperbolic. Unlike the PW
system, the changes during congestion and smooth flow, respectively, down and up,
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are comprehended by the changes in transition distance about the safe headway and
driver sensitivity.

4. The proposed system is assessed with the PW traffic system over a 2000 m circular
road. The transition in density is considered at multiple locations with large changes
in density over a circular road. At a location, density is 1, that is, 100%; 1 denotes
that a road is at full capacity. This is the worst traffic scenario, and a system with a
minor deviation from traffic physics can provide the density above the maximum
and velocity below 0. This evolution is inappropriate traffic characterization, and the
system cannot characterize the realistic practical traffic conditions during congestion.
The performance results in this paper demonstrate that proposed traffic system can
appropriately characterize traffic evolution as it considers the traffic physics and
practical parameters. The traffic velocity with the proposed system does not go below
0 or above the maximum. The traffic density stays within the employed range.

The velocity distribution is given in Section 2, and Section 3 gives proposed system.
The hyperbolicity is demonstrated in Section 4. The performance results are detailed in
Section 5, and conclusions are in Section 6.

2. The Equilibrium Velocity Based on Traversed Time

The velocity behavior of vehicles covering a 200 m straight road section with traversed
time is given in Figure 1. The lane discipline is not followed in this road section. Eleven
different vehicle types were observed, while the total vehicles recorded were 170 in 3 h.
The road section has two lanes, with a lane width of 3.2 m. The minimum traversed time
recorded is 10 s, which occurred at the maximum velocity of 20 m/s. The maximum
traversed time recorded is 42 s, which occurred at the minimum velocity of 3.4 m/s. The
average traversed time is 18.1 s, and the average speed is 14.0 m/s. The recorded velocity is
plotted against the traversed time as shown in Figure 1. Velocity is 20 m/s when covering
200 m in 10 s. The speed logarithmically reduces to 10 m/s as traversed time increases to
20 s. As it grows to 37 s, the velocity reduces to 5.40 m/s.

25 y =-10.77 In(x) +42.76
R*=0.9634

N
= th S
[ ]

Velocity m/s

th

0 3 10 15 20 25 30 35 40 45

Traversed time s

Figure 1. Velocity behavior based on the traversed time obtained from the experimental traffic data
over 200 m.

The data fitness parameter, determination coefficient R?, is based on velocity v and
traversed time ¢, which is given as

R = ”(Zw)—ZUZt (1)
V((n(Zo2 = (o) (n(T 2~ (TH?))

where 1 denotes the number of observations in a dataset, and }_ is the sum of variables.
The other two parameters in regression for best fitness are mean absolute error (MAE) and
mean squared error (MSE). A best fit model has the largest R?, that is, closer to 1, and the
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minimum MAE and MSE. The RZ, MSE, and MAE for logarithmic, exponential, and linear
regressions are given in Table 1. The values of logarithmic regression are superior to the
other types.

Table 1. Determination coefficient, mean squared errors, and mean absolute errors for best fitness of
the data.

Description Equation Coefficient of Mean Squared Mean Absolute
p ! Determination Error (MSE) Error (MAE)
Logarithmic
regression, —10.77Int + 42.76 0.963 1.218 0.904
traversed time
Exponential
regression, 36.397exp 006t 0.960 1.283 1.022
traversed time
Linear regression, —0.455¢ 4+ 19.571 0.855 3.798 1.836

traversed time

The logarithmic characterization based on the behavior of velocity and traversed time
obtained from the real data as shown in Figure 1 is given as

o(t) = —10.77In(t) + 42.76, @)

where v(t) is the function of traversed time t; —10.77 is the slope of the regression line,
whereas the line intercept is 42.76, which is the maximum time taken to cover 200 m section
of the road. The largest R? = 0.96, minimum MSE = 1.218, and minimum MAE = 0.904 for
(2) as shown in Table 1, which means that the logarithmic model is robust.

The logarithmic relation (2) shows that traffic velocity varies with the traversed time.
That is, the velocity is large for a smaller traversed time and small for a larger traversed
time, as shown in Figure 1. It is imperative to include the traversed time behavior in a
macroscopic traffic model to accurately characterize the traffic evolution. Therefore, in this
paper, traversed time is considered to devise the proposed traffic system.

3. Traffic Flow Modeling

Payne and Whitham (PW) devised a system that characterizes the driver response,
acceleration/deceleration, and the traffic changes conservation for a large ideal road. This
system includes two equations. The first equation considers the changes on an ideally long
road with conserved (negligible) traffic changes. The second equation considers the driver
response and the traffic acceleration. The driver response contemplates a constant, which
dictates a uniform alignment of vehicles to different forward traffic conditions. The PW
system is [37-40]

pt + (pv)x =0
— 3
(po)s + (po? + A%) = LP)T °, ¥

where t and x presents the partial spatio-temporal changes; p is density; v is velocity
(speed); and v(p) is the desirable equilibrium velocity. Relaxation time 7 is required by
the following vehicles to achieve v(p) and align to the forward conditions; A is a uniform
(constant) velocity at which drivers align to different traffic conditions. Traffic density is
measured in vehicles per meter (veh/m). The average speed is measured in m/s, and the
unit of T is s. The unit of A is m/s. The expression (pv) is the traffic flow and is measured in
vehicles per second (veh/s). This is not an appropriate approach, as it ignores the transition
distance and the distance headway between vehicles during the spatial and temporal traffic
evolution. The following vehicles preserve the safe distance headway ds with the forward
vehicles in order to avoid from an unfortunate event. This behavior is analogous to a
spring with a mass m attached. As a force is applied to the mass, the spring is extended,
which stores potential energy to return to its stable position. This is an analogous scenario
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with vehicle traffic. At a faster speed, vehicles have larger distances between vehicles. As
the speed reduces, the distance between vehicles reduces, until it reaches safe distance
headway d;. That is, the vehicle transition distance d; at different speeds fluctuates about
ds. As d; increases relative to d, the vehicles accelerate, whereas the vehicles decelerate
as the transition distance is smaller than d;. Considering the analogous mass—spring and
vehicle flow behavior, Hooke’s law [54] for vehicle acceleration/deceleration a; during the
transition can be devised as

= dy — di) @

where m and k represent the spring mass and constant, respectively; 17 = % is the sensitivity.

xy = U(dt - ds)/ ®)

where 7 is analogous to the driver sensitivity during the traffic transition to align to the
desirable velocity v(p) of the forward vehicles. The traffic transition is based on the driver
sensitivity 77. For a small traversed time over a road section, the change to achieve the
desirable velocity is large, and driver sensitivity is high. In contrast, for a large traversed
time, the change to attain the desirable velocity is small, and, consequently, the driver
sensitivity is low. The change to acquire the desirable speed depends on the speed behavior
for the required traversed time over a road section. Therefore, the driver sensitivity is
characterized with the second order time derivative of speed behavior to determine the
change expected from (2). Then

?v(t)  10.77
2t 2 ©)

For a normalized driver sensitivity, (6) becomes

1 9%0(t) 1
10.77 92t  £2° @)

Then, the normalized driver sensitivity # from (7) takes form as
=1 8

As oy = %, where T is the relaxation time required to align to forward conditions
during transition; v; is the traffic transition speed during alignment. Then, (5) from (8) is

0 = Wf_tifs)f_ )

This speed changes with the variation in the transition distance, traversed time, and
driver reaction time. In contrast, the alignment to forward conditions considers a uniform
speed, which is inappropriate and ignores the traffic evolution, whereas v; is impacted by
the traffic conditions. Substituting vy from (9), the proposed system from (3) becomes

pt + (pv)x =0
(p0): + <P02 + (W)z,)) _ ”(P)%U. (10)

According to the proposed system (10), the spatial evolution is based on the driver
sensitivity, transition distance, and the safe distance headway. In other words, the changes
perceived on a road by a driver during traffic transitions depends on the sensitivity and
maintenance of the safe distance headway. Unlike the traffic systems in the literature, the
driver sensitivity is not a constant in the proposed system. When the transition distance
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is comparable to the safe distance headway, there is no spatial evolution, and changes
in traffic does not occur. For a larger difference between the transition distance and safe
distance headway, large traffic changes are expected.

4. Model Hyperbolicity

The proposed traffic system (10) should satisfy the hyperbolicity condition, which
says that the rate of change during transition for a congestion buildup should be smaller
than the rate of change in free flow [55]. In other words, the free flow traffic evolution
is at a higher rate than during congestion. The traffic dissemination is quick during free
flow and is slow during congestion. This hyperbolicity property of the proposed traffic
system should ensure that velocity fluctuates in a finite range of 0 and the minimum limit.
To check the hyperbolicity, the conserved form of (10) for p and pv is

pt + (pv)x =0
2 _ 2 _
(00): + <(PZ) + ((dt th)T) p) - 2= ah

Equation (11) is in a quasi-linear form and is appropriate for the Jacobian matrix to
acquire eigenvalues. The two variables in (11) are p and pv. The spatial components are
partially differentiated with p and pv such that the spatial components are linearized. Then,

the Jacobian matrix is
( jn i >, (12)
J21 J22

. . . 2 _ 2
where ju = o, ju = gap ju = a‘zy((p;)Jr((dttzdS)T) P>/ and

2
= % ((p”)z + <(df_t#) p). The Jacobian matrix of the proposed system (10) from

dpv 0
0 1
2 (di—ds)T 2 ’ (13)
—0° + (T) 20

(12) is
(dt — ds)T
12 !
t2 '

then the eigenvalues are

/\1 =0+
(14)
)LzZU

Eigenvalues show that the proposed traffic system (10) is hyperbolic, as A1, are real
and distinct. Further, the velocity fluctuations are dependent on (d“;%)’[, that is, for a larger
traversed time, the expected traffic evolution is slower, whereas for a smaller traversed
time, the expected traffic evolution is faster. The changes in the forward direction of traffic
are disseminated at the rate A;. That is, the traffic changes in acceleration and deceleration
in a smooth flow travel with the speed A;. The acceleration and deceleration traveling
speed in the forward direction reduces with a higher driver sensitivity than with a lower
driver sensitivity. In the rearward direction, the changes are disseminated at the rate
A1. In other words, during congestion, the changes in acceleration and deceleration travel
down the traffic with the speed A;. That is, the acceleration and deceleration traveling
speed in the rearward direction is always greater than the average speed with changes in
driver sensitivity. At d; = d,, the changes in both the forward and rearward directions
travel with average speed v.

The PW system (3) Jacobian matrix from (12) is

0 1
( —24+ A2 2 )’ (15)
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and the eigenvalues are
AM=0v+A,

16
/\QZZJ—A. ( )

Eigenvalues show that the PW traffic system (3) is hyperbolic, as A; , are real and
distinct. Further, the velocity fluctuations are dependent on A, that is, traffic evolution
is at a uniform constant rate, which is not appropriate and contradictory to the traffic
physics. The traffic evolution with (10) changes as the transition distance, relaxation time,
and traversed time changes. In other words, the proposed traffic system (10) considers the
traffic system, and the traffic evolution is impacted by the conditions.

Numerical Stability

For the proposed and PW traffic systems, the first order centered (FORCE) scheme [56]
is used. This scheme can approximate impulsive changes and can accurately estimate traffic
evolution. Therefore, this is used for the solution of traffic systems. This merges Richtmyer
and Lax—Friedrichs schemes to accurately asses second order traffic systems. The benefit of
the FORCE scheme is its lower computational cost and easy implementation compared to
the ROE scheme [57]. For the stability of this numerical scheme employed to a hyperbolic
traffic system [58], the spatial size of a road segment Ax should be larger than the temporal
step At. That is, the space acquired by the traffic in temporal steps should be smaller than
the spatial steps. This is mandatory to ensure that the solution should not grow or decay
due to hyperbolic traffic system nature. Therefore, the Courant-Friedrich-Levy (CFL)
condition [17,59] is employed, and is given as

max|/\|% <1 (17)

This is the maximum spatial road segment that can be covered in a temporal step. For
numerical accuracy and stability, the distance covered during the traffic evolution over the
temporal step should be smaller than a spatial road segment, therefore

Ax

~ max|A]’ (18)

For the proposed traffic system, the maximum eigenvalue from (14) at maximum
velocity is

dy—d
max |A| = vm+(tt725)~r , (19)
and the corresponding stability condition is
A
At < T RTT (20)
max‘vm 4 it tzzs)r
For the PW traffic system, the maximum from (16) is
max [A] = [v+ A], (21)
and the corresponding stability condition is
Ax
A _—. 22
f< max|v + A| 22)

If (20) and (22) are guaranteed in the numerical solution, the performance results of
both traffic systems in the next section will be stable.
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5. Performance Evaluation

The performance of the PW and the proposed system is analyzed over a 2000 m circular
road in examples 1 and 2. Periodic boundary conditions are implemented in MATLAB 9.7
to consider a circular road in both the examples. The desirable velocity is the Greenshields
equilibrium velocity [60] and is

o) =ou(1- £, @)
Om

where p;;, presents maximum normalized density, and v, is the maximum velocity or the
speed limit of a road. Equation (23) presents a hyperbolic fundamental flow. That is, flow
increases for a small density and decreases when traffic is congested [61-64]. In microscopic
traffic models, the relaxation time varies as the behavior of each driver is considered [65].
In macroscopic models, the average behavior is considered, therefore the relaxation time
for both examples is 2 s.

5.1. Example 1

The time for both system simulations is 100 s. The maximum velocity is 0.964 m/s [54]; d;
is 8 m, and ds = 2 m [65-67]. The velocity constant for the PW model is 25 m/s. The spatial
road step for the proposed and PW systems is 5 m. For the proposed model, as per given
condition (20), the maximum temporal time step is 4.99 s. Whereas per condition (22), the
maximum temporal step for the PW model is 0.19 s. To ensure this CFL stability condition,
the temporal step is chosen as 0.01 s, which is less than 4.99 s and 0.19 s, respectively, for the
proposed and PW models [59]. That is, the speed of iteration is faster than the traffic speed in a
temporal step. The traversed time is 18.08 s, which gives a driver sensitivity of 0.0031 s~2 as
shown in Table 2.

The initial density over 2000 m at 0 s for the performance results in example 1 is

0.01 forx <600
0.3 for x < 1000
= - 24
PO=Y1  forx <1500 @)

0.5 for x < 2000.

The changes in density distribution py represent the traffic transition. The initial
transitions are at 600 m, 1000 m, and 1500 m.

Table 2. Traffic parameters.

Parameter Value
Time of simulation 100 s
Length of the circular road 2000 m
Maximum velocity 0.964 m/s
Minimum velocity 0Om/s
Velocity constant A=25m/s
Equilibrium velocity v(p) = Greenshields
Maximum normalized density om=1
Minimum normalized density om =0
Temporal step 0.1s
Spatial road step 5m
Relaxation time T=2s
Safe distance headway ds=2m
Transition distance dr=8m
Traversed time t =18.08 s

Driver sensitivity

7 =4 =00031s"2
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The proposed traffic system velocity over 2000 m at 1's, 50 s, and 100 s is depicted in
Figure 2. At1s, 0.57 m/s is at 0 m, which at 40 m grows to 0.968 m/s and continues up
to 470 m. It drops to 0.7 m/s from 500 m/s, which continues up to 1000 m. A velocity of
0 m/s is at 1030 m, which continues up to 1500 m. At 50 s, it is 0.68 m/s, which, at 230 m,
grows to 0.96 m/s. The speed at 700 m drops to 0.7 m/s and at 1080 m drops to 0 m/s. At
100 s, it is 0.65 m/s, which, at 270 m, grows to 0.96 and at 680 m drops to 0.7 m/s. The
speed at 1200 m further drops to 0.014 m/s. It grows at 855 m to 0.51 m/s, which at 1994 m
grows to 0.64.

1 T

Velocity, v m/s
o
(%]

0 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance, m

Figure 2. Velocity with the proposed system on a 2000 m circular road with a driver sensitivity of
0.0031 572,

The proposed system traffic velocity behavior over 2000 m for 100 s is shown in
Figure 3. The velocity behavior shows that the velocity remains within the bounds both
spatially and temporally. Speed (velocity) behavior is correspondingly based on the density
behavior, as shown in Figures 4 and 5. As the density grows, the velocity drops. Conversely,
as the density decays, the velocity increases. That is, the proposed system behaves according
to the behavior of the desired equilibrium velocity, which is realistic and adequate.

t

450
000 3s0 400

250 300

10000 200

Spatial road steps, A x

150
12000 100

0 50

Figure 3. Velocity with the proposed system on a 2000 m circular road with a driver sensitivity of
0.0031 52,
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Density, p

The corresponding proposed traffic system density of the velocity as demonstrated
in Figures 2 and 3 over 2000 m at 1 s, 50 s, and 100 s is depicted in Figure 4. At1s,0.21 is
at 0 m, which drops to 0.01 m/s at 30 m, and stays constant up to 470 m. It grows to 0.3
at 521 m, which further grows to 1 at 1030 m. Density drops to 0.5 at 1520 m, and stays
constant up to 1970 m. At 50 s, it is 0.3 at 0 m, which drops to 0.01 at 300 m. It grows to 0.3
at 700 m. The density further grows to 1 at 1200 m, and further reduces to 0.3 at 1700 m. At
100 s, it is 0.31 at 0 m, which drops to 0.01 at 350 m. The density further increases to 0.3 at
700 m, reaches 0.98 at 1200 m, and drops to 0.3 at 1850 m.

1 4 hd -

0.9

o
©
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o
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w
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o

| | | |
0 200 400 600 800 1000 1200 1400
Distance, m

| |
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o

Figure 4. Density with the proposed system on a 2000 m circular road with a driver sensitivity of
0.0031 572,

The proposed traffic system density on a 2000 m circular road for 100 s is demonstrated
in Figure 5. The density stays within the defined limits over the temporal and spatial road
steps. The traffic density at 95 s at 360 m is 0.017, whereas at 1200 m, it is 0.98 and drops to
0.32 at 2000 m.

2000 )\ =, 450
4000 , T

6000 — 300
8000 15 200 2%
10000 _ ' 100

0 Spatial road steps, A x

Figure 5. Density with the proposed system on a 2000 m circular road with a driver sensitivity of
0.0031 52,
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The PW traffic system density on a 2000 m circular road at 1 s, 50 s, and 100 s is
depicted in Figure 6. At 1 s, the density is 0.211 at 0 m, which drops to 0.01 m/s at 30 m,
and stays constant up to 430 m. The density grows to 0.3 at 31 m, which further grows to 1
at 1030 m. The density drops to 0.5 at 1030 m. At 50 s, it is 0.27 at 0 m, which drops to 0.23
at 340 m. The density further grows to 0.8 at 1250 m and further reduces to 0.27 at 2000 m.
At 100 s, it is 0.34 at 0 m, which drops to 0.24 at 300 m. The density further grows to 0.8 at

1250 m and drops to 0.27 at 2000 m.

1 i \ = =1s
- =2s||
—3s

09

Density, p

1 1
1600 1800 2000

0 1 1
0 200 400 600 800 1000 1200 1400
Distance, m

Figure 6. Density with the PW traffic system on a 2000 m circular road with A = 25m/s.

The PW traffic system density on a 2000 m circular road for 100 s is demonstrated
in Figure 7. The density stays within the defined limits over the temporal and spatial
road steps. However, the traffic transition from higher to lower density disseminates very
quickly, which is not realistic as compared to the proposed system traffic density behavior

as given in Figure 5.

4000 T o 450
6000 = 35 400
— — 300
8000 -~ = 200 250
Temporal steps, At 10000 100 190
12000 o 50 Spatial road steps, A x

Figure 7. Density with the PW traffic system on a 2000 m circular road with A = 25m/s.

The corresponding PW traffic system velocity of density given in Figures 6 and 7 on
a 2000 m circular road at 1 s, 50 s, and 100 s is depicted in Figure 8. At 1 s, the velocity
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is 25.5 m/s at 30 m, which drops to —21 m/s at 440 m. The velocity is 0.955 from 525 m/s
to 925 m. It is as low as —7 m/s at 1000 m and as high as —5 at 1500 m. At50s, itis 2.4 m/s,
which grows to 2.7 m/s at 160 m. The velocity grows to —1.25 m/s at 650 m, and further
rises to 2.4 m/s at 2000 m. At 100 s, it is 1.7 m/s, which drops to —0.6 at 700 m, and further
grows to 1.7 m/s at 2000 m.
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Figure 8. Velocity with the PW system on a 2000 m circular road with A = 25m/s.

The PW velocity evolution on a 2000 m circular road for 100 s is demonstrated in
Figure 9. As expected, the traffic velocity is not within the range of the minimum 0 m/s
and maximum 0.968 m/s. The velocity goes below 0 m/s until it reaches —20 m/s and
stays negative until 100 s. The velocity above the maximum goes to 25.5 m/s at 1 s. The
velocity stays above the maximum until 100 s. The PW traffic system velocity is not within
the limits.

450
4
6000 300 390 00

200 250
100 Spatial road steps, A x

0

12000 0 50

Figure 9. Velocity with the PW system on a 2000 m circular road.
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5.2. Example 2

The proposed system is analyzed with traversed time during transition as 1 s and
20 s, which, respectively, gives the driver sensitivity as 1 s~2 and 0.0025 s~2 as shown in
Table 3. The temporal step is 0.2 s, with the spatial road step chosen as 14 m to satisfy
the CFL conditions [59]. The value of d; is 18 m. The maximum and minimum velocity,
respectively, are 25 m/s and 0 m/s [17]. The total simulation time for example 2 is 200 s.
The initial density distribution pg over 2000 m at time ¢ = 0 for the performance results in
example 2 is
0.15 for x <300
0.8 for x < 600
0.3  for x <1000 (25)
0.8  for x <1500
0.2  for x <2000

00

The changes in density distribution (25) presents the traffic transition. This distribution has
transitions at 300 m, 600 m, 1000 m, and 1500 m.

Table 3. Traffic parameters.

Parameter Value
Simulation time 200 s
Length of the circular road 2000 m
Maximum velocity 25m/s
Minimum velocity 0Om/s
Equilibrium velocity v(p) = Greenshields
Maximum normalized density om=1
Minimum normalized density om =0
Temporal step 02s
Spatial road step 14 m
Relaxation time T=2s
Safe distance headway ds=2m
Transition distance dy =18 m
Traversed time t=20s
Driver sensitivity 7 tlZ = 0.0025s2
Traversed time t=1s
Driver sensitivity i tlz =152

Figure 10 depicts the density of the proposed system on a 2000 m circular road with
0.0025 s~ 2 and 1s~2 driver sensitivity at 0.2 s, 12’5, 100 s, and 200 s. With 0.0025 52, at 0.2 s,
the density is 0.15 from 0 m to 300 m, whereas from 301 m to 600 m, it is 0.8. From 601 m
to 1000 m, it is 0.3, whereas the density from 1001 m to 1500 m is 0.8. At 12 s, the density
bounds between 0.17 and 0.92. At 0 m, itis 0.2, and it is 0.17 at 285 m. The density grows to
0.89 at 390 m, and it drops to 0.29 at 800 m. This grows to 0.92 at 1040 m, which then drops
to 0.8 at 1200 m and stays contant up to 1300 m. The density drops to 0.18 at 1800 m. At
100 s, the density bounds between 0.29 and 0.81. At 0 m, it is 0.4, and it is 0.29 at 635 m.
The density grows to 0.81 at 785 m and drops to 0.5 at 1000 m. This grows to 0.6 at 1190 m
and then drops to 0.5 at 1500 m. At 200 s, it is between 0.47 and 0.6. At 0 m, it is 0.45, and it
is 0.4 at 900 m. The density grows to 0.56 at 1050 m and then grows to 0.6 at 1280 m, but
then drops to 0.47 at 1500 m. With 1572, at 0.2 s, it is shown in Figure 10 that the density
behavior with the proposed system is the same as with the driver sensitivity 0.0025 s~2. At
12 s, the density is between 0.19 and 0.77. At 0 m itis 0.2, and it is 0.19 at 150 m. The density
grows to 0.6 at 410 m, whereas it drops to 0.37 at 800 m. This grows to 0.77 at 1200 m and
then drops to 0.2 at 2000 m. At 100 s, the density bounds between 0.38 and 0.51. At 0 m,
itis 0.42, and it is 0.38 at 500 m. The density grows to 0.51 at 1000 m, whereas it drops to
0.4 at 1500 m. This further drops to 0.4 at 2000 m. At 200 s, the density bounds between
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0.43 and 0.47. At 0 m, it is 0.45, and it is 0.43 at 600 m. The density grows to 0.47 at 1500 m,
whereas it drops to 0.46 at 2000 m. Figure 10 demonstrates that the variation in density
with 0.0025 s~ is larger than with 1 s~2 and shows appropriate evolution.

-_—0.2s

12s
—100 s| |
=200 s
= =0.2s ||
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= =100s
= =200s[
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| | |
400 600 800 1000 1200 1400 1600 1800 2000
Distance, m

Figure 10. Traffic density behavior with the proposed system on a 2000 m circular road. The solid
lines represent the proposed system behavior with the driver sensitivity 0.0025 s~2at0.2's,12's,100 s,
and 200 s. The dotted lines represent the proposed system behavior with the driver sensitivity 1 s~2
at0.2s,12s,100 s, and 200 s.

For 1572, at0.2 s, Figure 11 shows that the velocity behavior with the proposed system
is the same as with the driver sensitivity of 0.0025 s~2. At 12's, it is bounded from 5.7 m/s
to 22.3m/s. At 0 m, itis 22.3 m/s, and it is 10 m/s at 308 m. The velocity drops to 8.8 m/s
at 364 m, whereas it grows to 18 m/s at 784 m. This drops to 5.7 m/s at 1134 m and then
grows to 21.7 m/s at 1792 m. At 100 s, the velocity is bounded from 12.4 m/s to 17.2 m/s.
The velocity at 0 m is 16.1 m/s, and it is 17.2 m/s at 392 m. The velocity drops to 12.4 m/s
at 982 m, whereas it grows to 14 m/s at 1540 m. This further grows to 16 m/s at 2000 m. At
200 s, it is bounded from 13.97 m/s to 15.5 m/s. At0m, itis 15 m/s, and itis 15.5m/s at
630 m. The velocity drops to 13.97 m/s at 1302 m, whereas it grows to 14.7 m/s at 2000 m.
For 0.0025s72,at 12 s, velocity is bounded from 3.8 m/s to 22.5 m/s. At 0 m, itis 21.6 m/s,
and it is 22.5 m/s at 252 m. The velocity drops to 4.8 m/s at 392 m, whereas it grows to
18 m/s at 800 m. This drops to 3.8 m/s at 1078 m, which then grows to 5.4 m/s at 1200 m
and stays constant up to 1300 m. The velocity grows to 21.7 m/s at 1800 m. At 100 s, it is
bounded from 6.7 m/s to 19 m/s. The velocity at 0 m is 16.1 m/s, and it is 19 m/s at 635 m.
The velocity drops to 6.7 m/s at 775 m, whereas it grows to 14 m/s at 1000 m. This grows to
14.5 m/s at 1652 m and then further grows to 16 m/s at 2000 m. At 200 s, it is bounded from
12m/s to 16.84 m/s. At 0 m, itis 14.9 m/s, and it is 16.84 m/s at 868 m. The velocity drops
to 12.2 m/s at 1092 m, whereas it drops to 12 m/s at 1204 m, grows to 14.8 m/s at 1653 m,
and stays approximately uniform up to 2000 m. Figure 11 demonstrates that the variation
in velocity with 0.0025 s~2 is larger than with 1 s~2 and shows appropriate evolution.
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Figure 11. Traffic velocity behavior with the proposed system on a 2000 m circular road. The solid
lines represent the proposed system behavior with the driver sensitivity of 0.0025s 2 at 0.2s, 12's,
100 s, and 200 s. The dotted lines represent the proposed system behavior with the driver sensitivity
of 1s72at0.2s,125,100 s, and 200 s.

6. Discussion of Results

Figures 2-5 show that the density and velocity with the proposed system are within the
employed range for the worst case scenario of maximum density 1. The traffic adjustment
during the density and velocity changes are according to the employed conditions. That is,
as the density grows, velocity drops, and the opposite behavior of velocity is observed with
a decay in the density on the road. In this illustration, the driver sensitivity is 0.0031 s~2
during transitions at multiple locations on a 2000 m circular road.

Conversely, with the PW traffic system, it is observed in Figures 8 and 9 that the
velocity does not evolve according to the density behavior as depicted in Figures 6 and 7,
although the simulations conditions for both the PW and proposed traffic systems are the
same. The velocity with the PW traffic system goes negative and above the maximum
velocity limit. The maximum velocity observed with PW traffic system is 25.5 m/s, which
is inaccurate, as the maximum allowable velocity is 0.964 m/s. The minimum velocity
observed is —20 m/s, although the minimum allowable velocity is 0 m/s. As expected,
the traffic velocity is unrealistic as the driver behavior adjusts to the following conditions
uniformly. In addition, traffic adjustment during the density and velocity transition is not
based on traffic physics.

Figures 10 and 11 show the proposed traffic system evolution with the driver sensitivi-
ties of 0.0025 s =2 and 1572 for 200 s. The results show that the traffic evolves differently at
0.0025 s~2 than with 1 s2. Figure 10 show that the velocity evolves more quickly with 1572
than with 0.0025 s~2. As expected, the smaller traversed time during transition aligns more
quickly than with a larger traversed time. A sensitivity of 1 s~2 represents that the flow is
smooth and has smaller tendencies for larger velocity changes. Whereas with 0.0025 s 2,
the driver takes longer during transitions to align. This is a presentation of congested flow
and has tendencies for larger changes in velocity. Figure 11 shows that the density with
1572 aligns quickly. The changes in density are smaller than with 0.0025 s~2. The density
with 0.0025 s~2 has larger changes as expected than with 1 s~2. The density for both of the
driver sensitivities is within the employed range of the maximum 1 and 0. The velocity
also stays within the bounds. The velocity changes with the proposed traffic system follow
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the changes in density and have the tendency to acquire the Greenshields velocity—density
behavior. The realistic and appropriate behavior of the proposed traffic system is due to
the appropriate characterization of driver behavior based on traffic physics. That is, the
proposed system considers the traffic density, transition distance, and distance headway
during transitions.

The inaccurate and inappropriate traffic evolution with the PW traffic system is due to
the traffic characterization as a constant at traffic transitions. This shows that, unlike the PW
traffic system, the proposed traffic system is more robust. The proposed model is applicable
to the traffic flow where lane discipline is not followed. This can produce better results in
different road conditions, as the performance results were evaluated for the worst traffic
conditions in a circular road, where the traffic changes remain in the circle. These changes
are more prone to further larger changes and cause excessive acceleration and deceleration.
In addition, the traffic conditions are more vulnerable to traffic accidents. This also causes
excessive vehicle emissions due to the frequent occurrence of acceleration and deceleration.
However, the proposed model mitigates traffic conditions and improves public safety,
which is significant. The emissions are reduced as the acceleration and deceleration are
reduced due to smaller changes as shown in the performance results.

The proposed system improves upon the LWR model [33,34], as the latter only consid-
ers the idealized traffic conditions. The Zhang model only considered the changes based
on density, while ignoring driver sensitivity [40]. Based on driver sensitivity, the proposed
system can characterize the traffic based on the driver conditions. Further, Refs. [18,49,51]
consider a constant driver sensitivity, which cannot give accurate behavior. However, the
proposed system based on the traffic variables used for the driver sensitivity can accurately
devise traffic behavior. In other words, the proposed system can devised traffic behavior
while considering the changes in headway and driver conditions. This gives more realistic
and adequate traffic spatio-temporal evolution.

7. Conclusions

In this paper, a new macroscopic traffic system with driver sensitivity, transition
distance, and safe distance headway is devised. The driver sensitivity is obtained from
the equilibrium speed of the vehicles traversed over a road section. The proposed system
contemplates traffic physics and practical parameters, whereas the PW system traffic
considers a uniform constant velocity. It is ensured that the proposed traffic system is
hyperbolic. The performance results depict that the proposed traffic system gives more
appropriate and robust results than the PW traffic system. The transition in density
and velocity evolution at changes in density and velocity are smooth and are within the
employed range. In contrast, the PW traffic system has large variations at changes in
velocity. The velocity even goes below zero and above the maximum limit. The results
further showed that the proposed traffic system evolution with lower driver sensitivity
evolves slowly and presents traffic congestion. Conversely, the traffic changes evolve
quickly with higher driver sensitivity at traffic transitions and presents smooth flow. The
proposed system can mitigate traffic and emissions and improve public safety. This system
can also be used for traffic prediction and incorporation of road side limits. Further, this can
be utilized for the smart road side units for connected and automated vehicles for efficient
utilization of road infrastructure.
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