
 

 

Citation for this paper: 

Khan, Z.H., Imran, W., Azeem, S., Khattak, K.S., Gulliver, T.A. & Aslam, M.S. 
(2019).  A Macroscopic Traffic Model based on Driver Reaction and Traffic Stimuli. 
Applied Sciences, 9(14), 2848. https://doi.org/10.3390/app9142848  

 

UVicSPACE: Research & Learning Repository 

 
_____________________________________________________________ 

Faculty of Engineering 

Faculty Publications 

_____________________________________________________________ 

 

A Macroscopic Traffic Model based on Driver Reaction and Traffic Stimuli 

Zawar H. Khan, Waheed Imran, Sajid Azeem, Khurram S. Khattak, T. Aaron 
Gulliver and Muhammad Sagheer Aslam 

July 2019 

 

 

 

 

 

 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 
access article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/ ). 

 

This article was originally published at: 

http://dx.doi.org/10.3390/app9142848  

https://doi.org/10.3390/app9142848
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/app9142848


Article

A Macroscopic Traffic Model based on Driver
Reaction and Traffic Stimuli

Zawar H. Khan 1, Waheed Imran 2,* , Sajid Azeem 2, Khurram S. Khattak 3,
T. Aaron Gulliver 4 and Muhammad Sagheer Aslam 2

1 Department of Electrical Engineering, University of Engineering and Technology, Peshawar 25000, Pakistan
2 National Institute of Urban Infrastructure Planning, University of Engineering and Technology,

Peshawar 25000, Pakistan
3 Department of Computer System Engineering, University of Engineering and Technology,

Peshawar 25000, Pakistan
4 Department of Electrical and Computer Engineering, University of Victoria, PO Box 1700, STN CSC, Victoria,

BC V8W 2Y2, Canada
* Correspondence: waheedemran@hotmail.com

Received: 27 April 2019; Accepted: 8 July 2019; Published: 17 July 2019
����������
�������

Abstract: A new macroscopic traffic flow model is proposed, which considers driver presumption
based on driver reaction and traffic stimuli. The Payne–Whitham (PW) model characterizes the
traffic flow based on a velocity constant C0 which results in unrealistic density and velocity behavior.
Conversely, the proposed model characterizes traffic behavior with velocities based on the distance
headway. The performance of the proposed and PW models is evaluated over a 300 m circular road
for an inactive bottleneck. The results obtained show that the traffic behavior with the proposed
model is more realistic.

Keywords: macroscopic traffic flow; driver reaction; traffic stimuli; velocity constant; Payne–
Whitham (PW) model

1. Introduction

Traffic models are important in understanding traffic behavior and developing efficient traffic
control strategies [1]. Traffic jams, accidents and abrupt changes in traffic occur due to interactions
between vehicles. Drivers react to forward stimuli, which results in changes in vehicle density and
velocity. The distance between consecutive vehicles is called the distance headway. With a small
distance headway, a driver is more responsive and thus there are more interactions. Driver reaction is
a function of the forward conditions and headway. For a slow driver, the spatial changes in density are
large and small changes in density occur with quick drivers. Thus, traffic models should accurately
characterize the traffic behavior due to changes in forward conditions.

Traffic flow models can be classified as macroscopic, microscopic or mesoscopic. Macroscopic models
employ aggregated parameters on velocity, density and flow, while microscopic models consider
individual vehicle behavior. Microscopic models are often based on assumptions regarding human
behavior [2] such as physical and psychological responses [3]. Mesoscopic models combine
the characteristics of microscopic and macroscopic models [4] and typically employ probability
distributions [5]. Traffic flow is often categorized according to road conditions and can be described
as homogeneous or heterogeneous, and equilibrium or non-equilibrium. In homogeneous traffic,
parameters such as velocity and headway do not vary spatially [6] and vehicles follow lane discipline.
Heterogeneous traffic consists of motorized and non-motorized vehicles and lane discipline is not
necessarily followed [7]. In an equilibrium flow, velocity is a function of density so it occurs when
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there is no change in velocity and there is spatial homogeneity. In a non-equilibrium flow, changes in
velocities and spatial homogeneity occur [8].

Due to the simplicity and low computational complexity, macroscopic models are typically used.
The first study of macroscopic traffic flow models was by Lighthill, Whitham and Richards [9,10] who
proposed the LWR model. This is a simple continuous traffic model and can be expressed as

∂ρ

∂t
+

∂(ρv)
∂x

= 0, (1)

where ρ is density, and v is the speed. This model can be used to characterize traffic during abrupt
changes in flow or traffic jams. However, it cannot accurately characterize acceleration and deceleration
or non-equilibrium traffic flow [11] such as stop and start traffic, capacity drop and instantaneous
changes in velocity [12–14].

To overcome the problems with the LWR model, an acceleration term can be added [15].
Some recent approaches to improving the LWR model have considered traffic alignment based on
the surrounding conditions [16,17]. Payne [18] proposed a higher-order traffic flow model which is
based on car following theory and traffic adjustments are due to driver response [8]. This includes
anticipation, which describes the reaction of drivers to traffic conditions, and convection, which
describes how speed changes due to the ingress and egress of vehicles [14]. A relaxation term is used
to describe adjustments in speed due to forward conditions. Whitham proposed a similar traffic flow
model, which is known as the Payne–Whitham (PW) model. It is based on the assumption that all
vehicles have similar behavior [19]. In reality, the behavior of vehicles is not the same so this model
can lead to unrealistic results [8].

Del Castillo [20] improved the PW model by incorporating anticipation and reaction time for
small changes in density and velocity. Philips [21] modeled the relaxation time τ and assumed that it
is a function of the traffic density. Daganzo [12] showed that the traffic flow is influenced by forward
conditions, and velocity changes cannot be greater than the average velocity. Vehicle behavior is
influenced by the leading vehicles, but the PW model does not consider this [22]. This can result in
negative speeds when the traffic volume is large, which is impossible [23,24]. Papageorgiou argued
that the speeds in different lanes are not the same in multi-lane traffic and this difference allows
vehicles to travel faster than the average speed of all lanes. Aw and Rascle [25] improved the PW
model by introducing a monotonically increasing function of density such that changes occur at or
below the average speed. However, this can result in large acceleration and deceleration when the
density is high, which is unrealistic [26].

Zhang [8] improved the PW model by incorporating driver presumption, which is based on
changes in the equilibrium velocity. However, in the Zhang model, a driver adjusts to the traffic
density instantaneously and driver physiology is not considered. Berg, Mason and Woods [27]
introduced a diffusion term to mitigate the unrealistic acceleration and deceleration in the PW model.
However, this model cannot characterize abrupt changes in density. Interactions between vehicles on a
road are not adequately characterized by the PW model [28]. Changes in density produce changes in
the equilibrium velocity distribution, which results in driver reaction to align to the forward vehicles.
Thus, in this paper, a new anticipation term is proposed. The performance of the proposed and PW
models was evaluated over a 300 m circular road with an inactive traffic flow bottleneck to illustrate
the improvements in behavior.

The rest of this paper is organized as follows. The proposed model is presented in Section 2 and
the Roe decomposition for numerical evaluation is given in Section 3. Section 4 presents a stability
analysis of the model. The performance of the proposed and PW models is investigated in Section 5
and some concluding remarks are given in Section 6.
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2. Traffic Flow Modeling

Payne and Whitham independently studied macroscopic traffic behavior and developed a similar
model [18], which is known as the Payne–Whitham (PW) model. The first equation of this model is the
same as the LWR model [9,10], while the second equation characterizes vehicle acceleration. The PW
model [29–31] for traffic is

∂ρ

∂t
+

∂(ρv)
∂x

= 0, (2)

∂v
∂t

+ v
∂v
∂x

+
C2

0
ρ

∂ρ

∂x
=

ve(ρ)− v
τ

. (3)

Driver spatial adjustment to forward conditions is characterized by the anticipation term
C2

0
ρ

∂ρ
∂x . Traffic alignment occurs during the relaxation time τ. During alignment, traffic achieves

the equilibrium velocity ve(ρ) based on the density distribution and is characterized by the relaxation
term ve(ρ)−v

τ . The constant C0 is the driver spatial density adjustment parameter. It is a nonnegative
constant, which, in the literature, varies between 2.4 and 57 m/s [29,32]. However, it cannot characterize
variations in driver behavior and so can produce unrealistic results. The PW model anticipation term
can create large changes in acceleration and deceleration at abrupt changes in density [12]. To solve
this problem, a variable anticipation term can be employed, which is based on traffic parameters.

In this paper, a new anticipation term is proposed for the PW model. Acceleration is given by

a =
vm − v

τ
, (4)

where vm is the maximum velocity. There are large vehicle interactions with a small τ and quick
alignment in traffic occurs. This term represents the reaction of a driver to the forward conditions.
The Greenshields equilibrium velocity distribution [33] is considered here, which is given by

ve(ρ) = vm

(
1− ρ

ρm

)
, (5)

where ρm is the maximum density. This model is widely employed [34] and has been verified using
data recorded in Yokohama, Japan [35], and San Francisco, CA [36]. This model is suitable for both free
flow and congested traffic. The change in the equilibrium velocity is the stimulus for driver reaction
and is given by

v
′
e(ρ) =

d
dρ

(
vm

(
1− ρ

ρm

))
= −vm

ρm
. (6)

A driver is more sensitive in congested traffic as the distance headway h is small. During free
flow traffic, the distance headway is large, which makes drivers less sensitive to traffic conditions.
A driver covers the distance headway during the relaxation time τ and the transition velocity is [29]

vt = −
h
τ

. (7)

The negative sign shows that the velocity is a monotonically decreasing function of density [8].
As the density increases, the headway decreases so that

h =
1
ρ

.

A driver is more sensitive to a large transition velocity and vice versa. Substituting τ from
Equation (7) into Equation (4) gives

a = −vt(vm − v)
h

. (8)
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The change in velocity is given by
∆v = at, (9)

where t is the time during which acceleration or deceleration occurs. Considering the transition
velocity [37], this can be expressed as

t =
1
vt

. (10)

Substituting Equation (8) into Equation (9) gives

∆v = −vt(vm − v)
h

t. (11)

The driver reaction to stimuli is obtained by substituting Equation (10) into Equation (11),
which gives

− vm − v
h

. (12)

The response of a driver [8] is

response = reaction× stimuli. (13)

Combining Equations (6) and (12) gives

−vm − v
h

v
′
e(ρ). (14)

This indicates that, when a driver notices a change in traffic, velocity is aligned to the forward
vehicles while covering the distance headway h. Spatial changes in density occur during alignment,
so the anticipation term takes the form

−vm − v
h

v
′
e(ρ)

∂ρ

∂x
. (15)

The units of vm−v
h are s−1, which is the same as for traffic flow q. Substituting vm−v

h = q into
Equation (15) gives the driver response as

−qv
′
e(ρ)

∂ρ

∂x
. (16)

The relaxation terms of the proposed and Payne–Whitham (PW) models are the same.
The anticipation term of the proposed model is based on the velocity adjustment according to
the stimuli, whereas in the Payne–Whitham model spatial alignment is based on a constant C0.
The relaxation and anticipation terms of the proposed and the PW models are given in Table 1.
The proposed model is obtained by substituting the new anticipation term in Equation (15) into
Equation (3), which gives

∂ρ

∂t
+

∂(ρv)
∂x

= 0, (17)

∂v
∂t

+ v
∂v
∂x
−

vm−v
h v

′
e(ρ)

ρ

∂ρ

∂x
=

ve(ρ)− v
τ

, (18)
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Table 1. Payne–Whitham (PW) and proposed model parameters.

Term PW Model Proposed Model

Anticipation C2
0

ρ
∂ρ
∂x

− vm−v
h v′e(ρ)

ρ
∂ρ
∂x

Relaxation ve(ρ)−v
τ

ve(ρ)−v
τ

3. Roe Decomposition

To evaluate the performance, the proposed and PW models are discretized using the Roe
decomposition technique [38]. This decomposition approximates discontinuities and has been shown
to provide consistent and accurate results for vehicular traffic flow models [39]. In vector form,
the conserved form of these models is given by

Gt + f (G)x = S(G), (19)

where the subscripts t and x denote temporal and spatial derivatives, respectively. G denotes the data
variables, f (G) denotes the vector of functions of the data variables, and S(G) is the vector of source
terms. The system in Equation (19) can be represented in quasilinear form as

∂G
∂t

+ A(G)
∂G
∂x

= 0, (20)

where A(G) is the Jacobian matrix of the gradients of the functions of variables ρ and ρv. This matrix
is used to find the eigenvalues and eigenvectors. The eigenvalues are not only useful to obtain
approximate solutions but also to analyze traffic system hyperbolicity. The conserved form of the PW
model is obtained by multiplying Equation (2) by v

vρt + v(ρv)x = 0. (21)

Now, substituting
vρt = (ρv)t − ρvt. (22)

into Equation (21) gives
ρvt = (ρv)t + v(ρv)x. (23)

Multiplying Equation (3) by ρ gives

ρvt + ρvvx + C2
0ρx = ρ

ve(ρ)− v
τ

. (24)

Now, consider
ρvvx = (ρvv)x − v(ρv)x, (25)

and substituting Equations (23) and (25) into Equation (24) gives

(ρv)t + (ρvv)x + C2
0ρx = ρ

ve(ρ)− v
τ

. (26)

Multiplying and dividing (ρvv)x by ρ, we have

(ρvv)x =

(
(ρv)2

ρ

)
x

, (27)
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so that Equation (26) can be written as

(ρv)t +

(
(ρv)2

ρ
+ C2

0ρ

)
x
= ρ

ve(ρ)− v
τ

, (28)

which is the conserved form of the PW model [40]. This can be expressed in vector form as

G =

(
ρ

ρv

)
, f (G) =

(
ρv

(ρv)2

ρ + C0
2ρ

)
, S(G) =

(
0

ρ
ve(ρ)−v

τ

)
. (29)

The second equation of the proposed model in Equation (18) is given by

vt + vvx −
vm − v

h
v
′
e(ρ)

1
ρ

ρx =
ve(ρ)− v

τ
, (30)

and multiplying by ρ gives

ρvt + ρvvx −
vm − v

h
v
′
e(ρ)ρx = ρ

ve(ρ)− v
τ

(31)

Substituting Equations (23) and (25) into Equation (31), we have

(ρv)t +

(
(ρv)2

ρ

)
x
− vm − v

h
v
′
e(ρ)ρx = ρ

ve(ρ)− v
τ

, (32)

and since ve(ρ)x = v
′
e(ρ)ρx

(ρv)t +

(
(ρv)2

ρ
− vm − v

h
ve(ρ)

)
x
= ρ

ve(ρ)− v
τ

. (33)

The proposed model in vector form is then

G =

(
ρ

ρv

)
, f (G) =

(
ρv

(ρv)2

ρ − vm−v
h ve(ρ)

)
, S(G) =

(
0

ρ
ve(ρ)−v

τ

)
. (34)

The Jacobian matrix for the PW model is

A(G) =

(
0 1

−v2 + C2
0 2v

)
, (35)

and the eigenvalues of this matrix are the solutions of

|A(G)− λI| =
∣∣∣∣∣ −λ 1
−v2 + C2

0 2v− λ

∣∣∣∣∣ , (36)

which are [41]
λ1 = v + C0, λ2 = v− C0, (37)

The Jacobian matrix for the proposed model is

A(G) =

(
0 1

−v2 − vm−v
h v

′
e(ρ) 2v

)
, (38)
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and the eigenvalues of this matrix are the solutions of

|A(G)− λI| =
∣∣∣∣∣ −λ 1
−v2 − vm−v

h v
′
e(ρ) 2v− λ

∣∣∣∣∣ , (39)

which are

λ1 = v +

√
−vm − v

h
v′e(ρ), λ2 = v−

√
−vm − v

h
v′e(ρ). (40)

ve(ρ) given by Equation (6) is a decreasing function of density so that v
′
e(ρ) < 0, which ensures

the eigenvalues are real. The traffic system is strictly hyperbolic as the discriminant (driver response)√
−vm − v

h
v′e(ρ),

is positive [13,42]. Note that v
′
e(ρ) = 0 when the maximum velocity is achieved. At this velocity,

the distance headway is constant [43], so a driver does not anticipate a change in flow. The eigenvectors
of the PW and proposed models are

e1 =

(
1

v + C0

)
, e2 =

(
1

v− C0

)
, (41)

and

e1 =

(
1

v +
√
− vm−v

h v′e(ρ)

)
, e2 =

(
1

v−
√
− vm−v

h v′e(ρ)

)
, (42)

respectively.
The computational grid is obtained by dividing the solution domain spatially and temporally.

The width of a road segment is ∆x, which is the difference between two consecutive points in the
x direction, and a time step is ∆t. At the boundary of road segments i and i + 1, denoted by i + 1

2 ,
the average velocity for the proposed and PW models [44] is

vi+ 1
2
=

vi+1
√

ρi+1 + vi
√

ρi√
ρi+1 +

√
ρi

, (43)

the corresponding average density from Roe [38] is the geometric mean of densities and is

ρi+ 1
2
=
√

ρi+1ρi. (44)

Using vi+ 1
2

and ρi+ 1
2
, the data variables can be approximated over the road segments [44].

3.1. Entropy Fix

Numerical solutions must conform to the hyperbolic system [45]. A criterion is required to
ensure that a suitable numerical solution is obtained, and this is known as the entropy condition.
Roe decomposition is used to determine the flow for road segments over time steps, and entropy
violations can occur at discontinuities. To solve this problem, an entropy fix is applied to the Roe
decomposition at segment boundaries to obtain a continuous solution. The Jacobian matrix A(G) is
replaced by the entropy fix, which is

e | Γ | e−1,

where | Γ |= [λ̂1, λ̂2, . . . , λ̂k, . . . , λ̂n] is a diagonal matrix which is function of the eigenvalues λk of the
Jacobian matrix, e is the eigenvector matrix and e−1 is its inverse. The Harten and Hyman entropy fix
scheme [45] is employed here, to modify the eigenvalues to accurately characterize the flow, so that
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λ̂k =

{
δ̂k, if | λk |≤ δ̂k

| λk |, if | λk |≥ δ̂k,
(45)

with
δ̂k = max(0, λi+ 1

2
− λi, λi+1 − λi+ 1

2
). (46)

This ensures that the δk are not negative and similar at the segment boundaries. δ̂k is zero for
abrupt changes at segment boundaries. The resulting approximate Jacobian matrix for the proposed
model [39] is

e | Γ | e−1 =

(
1 1

vi+ 1
2
+
√
− vm−v

h v′e(ρ) vi+ 1
2
−
√
− vm−v

h v′e(ρ)

)

×

 vi+ 1
2
+
√
− vm−v

h v′e(ρ) 0

0 vi+ 1
2
−
√
− vm−v

h v′e(ρ)


×

 vi+ 1
2
−
√
− vm−v

h v′e(ρ) −1

−vi+ 1
2
−
√
− v(ρ)−v

h v′e(ρ) 1

× −1

2
√
− vm−v

h v′e(ρ)
,

(47)

and for the PW model is

e | Γ | e−1 =

(
1 1

vi+ 1
2
+ C0 vi+ 1

2
− C0

)
×
(

vi+ 1
2
+ C0 0

0 vi+ 1
2
− C0

)

×
(

vi+ 1
2
− C0 −1

−vi+ 1
2
− C0 1

)
×
(
−1
2C0

)
.

(48)

4. Stability Analysis

To examine the stability of the proposed traffic flow model, the initial density distribution
ρ0 at t = 0 is presumed to be within limits and the corresponding velocity vo = ve(ρ0) is at
equilibrium [46,47]. The changes in density δρ(x, t) and velocity δv(x, t) during acceleration and
deceleration are

δρ(x, t) = ρ(x, t)− ρ0,
δv(x, t) = v(x, t)− v0,

(49)

where ρ0 and v0 are the solutions of Equations (17) and (18) and δρ(x, t) and δv(x, t) are the changes
around the solution pair (ρ0, v0), which are assumed to be periodic functions. A linear combination
of these functions will be stable when the model is stable. The change in density and velocity can be
characterized as [46]

δρ(x, t) = ρ0eikx+wt,
δv(x, t) = v0eikx+wt,

(50)

where i is
√
−1, ω is the frequency of oscillations, k is the number of changes which occur over a

distance, and kx represents the spatial change. Since eikx = cos kx + i sin kx, the traffic is a periodic
function of kx. The changes in density and velocity can be represented using ρ0ewt and v0ewt,
respectively, at time t, with growth rate wt.

From Equations (2), (3) and (15), the proposed model is

∂ρ

∂t
+

∂(ρv)
∂x

= 0, (51)
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∂v
∂t

+
v∂v
∂x

= −
(
−vm − v

h
v
′
e(ρ)

)
∂ρ

ρ∂x
+

(
ve(ρ)− v

τ

)
. (52)

For simplicity, let ζ = − vm−v
h v

′
e(ρ), and substituting Equation (49) into Equations (51) and

(52) gives
∂δρ

∂t
+ v

∂δρ

∂x
+ ρ

∂δv
∂x

= 0, (53)

∂δv
∂t

+
v∂δv
∂x

= −
(

ζ

ρ

)
∂δρ

∂x
+

(
ve(ρ)− v

τ

)
. (54)

The changes in density and velocity spatially and temporally at a transition based on
Equation (50) are

∂δρ(x,t)
∂x = ikρ0e(ikx+wt),

∂δρ(x,t)
∂t = wρ0e(ikx+wt),

∂δv(x,t)
∂x = ikv0e(ikx+wt),

∂δv(x,t)
∂t = wv0e(ikx+wt).

(55)

Substituting Equation (55) into Equations (53) and (54) [48] gives

J

(
δρ(x, t)
δv(x, t)

)
=

(
0
0

)
, (56)

where

J =

(
j11 j12

j21 j22

)
=

(
(ikv0 + w) ikρ0

−i k
ρ0

ζ + ve(ρ0)
′

τ −w− ikv0 − 1
τ

)
, (57)

so that Equation (56) becomes(
(ikv0 + w) ikρ0

−i k
ρ0

ζ + ve(ρ0)
′

τ −w− ikv0 − 1
τ

)(
ρ0e(ikx+wt)

v0e(ikx+wt)

)
=

(
0
0

)
. (58)

The system is stable if the change in flow decreases over time [49]. If

(
δρ(x, t)
δv(x, t)

)
is the solution

for the proposed model, then det(J) = 0, thus the densities and velocities do not change. Then,

w2 +

(
1
τ
+ i2kv0

)
w− k2v2

0 + k2ζ + i
kv0 + kρ0ve(ρ)′

τ
= 0, (59)

which gives
w2 + (φ1 + iε1)w + φ2 + iε2 = 0, (60)

where
φ1 = 1/τ,

ε1 = 2kv0,

φ2 = −k2v2
0 + k2ζ,

and
ε2 = k/v0 + kρ0ve(ρ)

′τ.

The solutions of Equation (60) are

w± = −(φ1+iε1)±
√

(φ1+iε1)2−4(φ2+iε2)/2. (61)
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For a stable system, the changes in density and speed should decrease with time, which
necessitates that the real part of w in det(J) = 0 be strictly negative, i.e.,

Re(w+) < 0. (62)

The part of Equation (61) under the radical sign can be expressed as√
R± |I| =

√
(
√

R2+I2+R)/2± i
√

(
√

R2+I2−R)/2, (63)

and

Re
(√

(φ1+iε1)
2/4− (φ2 + iε2)

)
=

√
(
√

R2+I2+R)/2. (64)

The real part of w in Equation (61) is then

Re(w±) = −φ/2±
√

1/2
√

R2 + I2 + R. (65)

where R = φ2
1−ε2

1−4φ2/4 and I = φ1ε1−2φ2/2 [50].
From Equation (62), we have that

1/2τ <

√
1/2
√

R2 + I2 + R, (66)

1/4τ2 < 1/2
√

R2 + I2 + 1/2R, (67)

and
1/4τ4 − R/τ2 < I2. (68)

Substituting R and I into Equation (68), the stability condition is

ρ0ve(ρ0)
′ <

√
ζ. (69)

or
(ρ0ve(ρ0)

′)2 < ζ. (70)

If the changes in velocity are small for small changes in density, Equation (70) will be satisfied.
Equations (51) and (52) can result in large changes in flow, whereas ζ in the proposed model adjusts to
these changes and provides a stable flow. For the proposed model, C2

0 = ζ, thus from Equation (70),
the stability condition is

(ρ0ve(ρ0)
′)2 < −

(
vm − v

h
v
′
e(ρ)

)
. (71)

For the PW model, the stability condition is

(ρ0ve(ρ0)
′)2 < C2

0 . (72)

Thus, in this case, the changes in flow are based only on C0, which is a constant. The relaxation term
provides some compensation for this, but it is often the case that the traffic behavior becomes oscillatory.

5. Performance Results

The performance of the proposed and PW models is evaluated in this section. The boundary
conditions employed are periodic, which denote a circular road. These boundary conditions were
implemented in the simulations such that the density and flow at x = 300 m move to x = 0 m in the
next time step. The simulation parameters are given in Table 2. The stability of the models can be
guaranteed by employing the Courant, Friedrich and Lewy (CFL) stability conditions [51]. The road
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and time steps for the proposed model were then 1 m and 0.1 s and for the PW model were 5 m and
0.1 s. The total simulation time in both cases was 60 s and the maximum velocity was vm = 10 m/s.
The maximum normalized density was 1, which means that the road was 100% occupied. Typical
values of the relaxation time range from τ = 0.5 s to τ = 3 s. The relaxation time considered was 2.5 s
and the headway was 20 m [52,53]. The initial density ρ0 at time t = 0 for free flow traffic was

ρ0 =

{
0.01, for x < 100

0.2, for x ≥ 100,
(73)

whereas, for congestion, the initial density was

ρ0 =


0.15, for x ≤ 130

0.8, for 130 < x < 180

0.10, for x ≥ 180.

(74)

The density between 130 m and 180 m was 0.8ρm, which was well above the critical density 0.5ρm.
The speed constant for the PW model varies between 2.4 m/s to 57 m/s in the literature, thus here
C0 = 10 m/s was used.

Table 2. Simulation parameters.

Description Value

Simulation time for both models with different initial densities (Equations (73) and (74)) 60 s
Length of the circular road 300 m

Maximum velocity 10 m/s
Time step for both models 0.1 s

Road step for the proposed model 1 m
Road step for the PW model 5 m

Relaxation time τ = 2.5 s
Equilibrium velocity distribution, ve(ρ) Greenshields

Maximum normalized density ρm = 1
Speed constant, C0 10 m/s

Resolution test time step for the proposed model 0.01 s
Resolution test road step for the proposed model 2 m

The density with the proposed model over the 300 m road at 1 s, 20 s, 40 s and 60 s is shown in
Figure 1 and given in Table 3. Comparing the results from 1 s to 60 s, the density becomes smoother
over time. At 1 s, the density is 0.19 at 1 m, and from 10 m to 104 m it is 0.01. It increases to 0.2 at 111 m
and stays at this level to 300 m. At 20 s, the density is 0.20 at 1 m, and decreases to 0.19 at 107 m and
0.008 at 197 m. Between 197 m and 200 m, it increases from 0.008 to 0.01 and then it is 0.20 at 267 m.
At 40 s, the density is 0.12 at 1 m, decreases to 0.01 at 93 m, and is 0.19 at 227 m and 0.12 at 300 m.
At 60 s, the density is 0.20 at 1 m and decreases to 0.02 at 268 m. From 268 m and 283 m, the density
varies between 0.02 and 0.19 and is 0.20 at 300 m.
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Figure 1. Normalized traffic density with the proposed model on a 300 m circular road with h = 20 m
at 1 s, 20 s, 40 s and 60 s.

The velocity with the proposed model over the 300 m road at 1 s, 20 s, 40 s and 60 s is shown in
Figure 2 and given in Table 3. At 1 s the velocity is 8.0 m/s at 1 m and increases to 9.9 m/s at 10 m.
The velocity is a constant 8.0 m/s between 111 m and 300 m. At 20 s, the velocity is 8.0 m/s at 1 m and
increases to 9.9 m/s at 200 m. Between 267 m and 300 m, it is a constant 8.0 m/s. At 40 s, the velocity
increases from 8.7 m/s at 1 m to 9.9 m/s at 96 m. The velocity is 9.9 m/s at 109 m, decreases to 8.0 m/s
at 227 m and then increases to 8.7 m/s at 300 m. At 60 s, the velocity is 8.0 m/s at 1 m and smoothly
increases to 9.7 m/s at 268 m. The velocity is 8.0 m/s between 282 m and 300 m. The density and
velocity behavior of the proposed model is realistic and becomes smooth over time. When there is a
change in density, the velocity is as expected.

Figure 2. Velocity with the proposed model on a 300 m circular road with h = 20 m at 1 s, 20 s,
40 s and 60 s.
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Table 3. Velocity and density with the proposed model at 1 s, 20 s, 40 s and 60 s.

Time (s) Distance (m) Normalized Density Velocity (m/s)

1 1 0.19 8.0
1 10–104 0.01 9.9
1 111–300 0.20 8.0

20 1 0.20 8.0
20 107 0.19 8.0
20 197 0.008 9.91
20 200 0.01 9.90
20 267 0.20 8.0

40 1 0.12 8.7
40 93 0.01 9.9
40 227 0.19 8.0
40 300 0.12 8.7

60 1 0.20 8.0
60 268 0.02 9.7
60 283 0.19 8.0
60 300 0.20 8.0

The density with the PW model at 1 s, 2 s, 4 s and 6 s on the circular road is shown in Figure 3 and
given in Table 4. At 1 s, the density is 0.20 at 0 m, 0.01 between 5 m and 105 m, and 0.2 between 110 m
and 300 m. At 2 s, the density is 0.17 at 0 m and decreases to 0.01 at 70 m. The density is 0.13 at 100 m,
0.12 between 165 m and 280 m, and then increases to 0.14 at 300 m. At 4 s, the density decreases from
0.17 at 0 m to 0.03 at 75 m. It is 0.05 at 115, 0.20 between 200 m and 280 m, and 0.19 at 300 m. At 6 s,
the density is 0.17 at 0 m and decreases to 0.06 at 80 m. At 145 m it is 0.09, increases to 0.19 at 230 m
and 0.20 at 278 m, and then deceases to 0.18 at 300 m.

Figure 3. Normalized density with the Payne–Whitham (PW) model on a 300 m circular road with
C0 = 10 at 1 s, 2 s, 4 s and 6 s.

The velocity with the PW model at 1 s, 2 s, 4 s and 6 s is shown in Figure 4 and given in Table 4.
At 1 s it is 8.0 m/s at 0 m, increases to 9.9 m/s at 5 m and stays constant to 105 m. The velocity
decreases to 8.0 m/s at 110 m and remains at this value until 300 m. At 2 s, the velocity increases from
9.0 m/s at 0 m to 18.8 m/s at 45 m. It decreases to 10.4 m/s at 70 m and then to −1.2 m/s at 100 m,
which is impossible. The velocity then increases to 7.9 m/s at 165 m and is 8.3 m/s at 300 m. At 4 s, it is
8.9 m/s at 0 m and increases to 16.6 m/s at 75 m, which is beyond the maximum of 10 m/s. At 115 m,
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it decreases to 2.0 m/s and then increases to 7.9 m/s at 200 m and 8.4 m/s at 300 m. At 6 s, the velocity
is 8.8 m/s at 0 m, increases to 14.4 m/s at 80 m and then decreases to 4.4 m/s at 145 m. At 230 m, it is
7.8 m/s and this increases to 8.5 m/s at 300 m.

Figure 4. Velocity with the Payne–Whitham (PW) model on a 300 m circular road with C0 = 10 at 1 s,
2 s, 4 s and 6 s.

Table 4. Velocity and density with the PW model at 1 s, 2 s, 4 s and 6 s.

Time (s) Distance (m) Normalized Density Velocity (m/s)

1 0 0.20 8.0
1 5–105 0.01 9.9
1 110–300 0.20 8.0

2 0 0.17 9.0
2 45 0.03 18.85
2 70 0.01 10.4
2 100 0.13 −1.2
2 165–280 0.12 7.9
2 300 0.14 8.3

4 0 0.17 8.9
4 75 0.03 16.6
4 115 0.05 2.0
4 200–280 0.20 7.9
4 300 0.19 8.4

6 0 0.17 8.8
6 80 0.06 14.4
6 145 0.09 4.4
6 230 0.19 7.8
6 278 0.20 8.0
6 300 0.18 8.5

The proposed model traffic velocity over the 300 m road is given in Figure 5. This shows that
the velocity becomes smooth over time. Further, the variations are small compared to the PW model,
as shown in Figure 6. The velocity with the proposed model stays within the maximum of 10 m/s and
minimum of 0 m/s. With the PW model, the velocity goes as high as 19.6 m/s and below 0 m/s due to
a fixed speed constant, as shown in Figure 6. In general, the velocity with the proposed model evolves
over time as expected, while the velocity with the PW model is unrealistic.
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Figure 5. Velocity with the proposed model on a 300 m circular road for 60 s with τ = 2.5 s and distance
headway h = 20 m.

Figure 6. Velocity with the PW model on a 300 m circular road with τ = 2.5 s and C0 = 10.

The spatial and temporal density evolution with the proposed model during congestion given
by Equation (74) (the density is above the critical density 0.5 between 130 m and 180 m), for 60 s over
the 300 m road is shown in Figure 7. These results show that the density still evolves smoothly over
time. The normalized density with the proposed model stays within the minimum 0 and maximum 1,
as required. The maximum density with the proposed model at 0.1 s is 0.8 at 131 m. At 60 s, the density
is very smooth. The corresponding velocity with the proposed model is given in Figure 8. These results
show that the velocity evolves smoothly over time and stays within the maximum of 10 m/s and
minimum of 0 m/s. At 0.1 s, the velocity is 0.5 m/s at 131 m when the density is 0.8. With the PW
model, the velocity is as high as 19.6 m/s and below 0 m/s, as shown in Figure 6. Thus, the proposed
model provides more realistic behavior than the PW model.
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Figure 7. Density behavior with the proposed model during congestion (ρ > 0.5) over a 300 m circular
road for 60 s with τ = 2.5 s and distance headway h = 20 m.

Figure 8. Velocity with the proposed model during congestion (ρ > 0.5) over a 300 m circular road
with τ = 2.5 s and h = 20 m.

The density behavior with the proposed model for time step 0.01 s and road step 2 m over the
300 m road at 1 s, 20 s, 40 s and 60 s is shown in Figure 9 and given in Table 5. Comparing the results
from 1 s to 60 s, the density becomes smoother over time. At 1 s, the density is 0.20 at 1 m, and from
28 m to 102 m it is 0.01. It increases to 0.2 at 118 m and stays at this level to 300 m. At 20 s, the density
is 0.20 at 1 m, and decreases to 0.01 at 234 m, and then increases to 0.20 at 300 m. At 40 s, the density is
0.12 at 1 m, decreases to 0.02 at 96 m, and is 0.2 at 142 m. It is 0.12 at 300 m. At 60 s, the density is 0.20
at 1 m and decreases to 0.05 at 250 m. From 260 m and 288 m, the density varies between 0.06 and 0.19
and is 0.20 at 300 m. The density is smoother at density discontinuities than the results in Figure 1 for
time step 0.1 s and road step 1 m, however there are no significant differences. Thus, the numerical
scheme is stable.



Appl. Sci. 2019, 9, 2848 17 of 20

Figure 9. Density behavior with the proposed model for time step 0.01 s and road step 2 m on a 300 m
circular road with h = 20 m at 1 s, 20 s, 40 s and 60 s.

Table 5. Velocity and density of the proposed model for the resolution test at 1 s, 20 s, 40 s and 60 s.

Time (s) Distance (m) Normalized Density Velocity (m/s)

1 1 0.20 8.0
1 28–102 0.10 9.9
1 118–300 0.20 8.0
20 1 0.20 8.0
20 234 0.01 9.9
20 300 0.20 8.0
40 1 0.12 8.8
40 96 0.02 9.7
40 142 0.20 8.0
40 300 0.12 8.8
60 1 0.20 8.0
60 250 0.05 9.5
60 260 0.06 9.4
60 288 0.19 8.1
60 300 0.20 8.0

The velocity behavior with the proposed model for time step 0.01 s and road step 2 m over the
300 m road at 1 s, 20 s, 40 s and 60 s is shown in Figure 10 and given in Table 5. At 1 s, the velocity is
8.0 m/s at 1 m and increases to 9.9 m/s at 28 m. The velocity is a constant 8.0 m/s between 118 m and
300 m. At 20 s, the velocity is 8.0 m/s at 1 m and increases to 9.9 m/s at 234 m. It is 8.0 m/s at 300 m.
At 40 s, the velocity increases from 8.8 m/s at 1 m to 9.7 m/s at 96 m. The velocity is 8.0 m/s at 142 m,
then increases to 8.8 m/s at 300 m. At 60 s, the velocity is 8.0 m/s at 1 m and smoothly increases to
9.5 m/s at 250 m. The velocity varies between 9.4 m/s and 8.06 m/s from 260 m to 288 m. It is 8.0 m/s
at 300 m. The velocity behavior of the proposed model with time step 0.01 s and road step 2 m is
smoother at abrupt changes than the results in Figure 2 for time step 0.1 s and road step 1 m. However,
there are no significant differences, which confirms that the numerical scheme is stable.
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Figure 10. Velocity behavior with the proposed model for time step 0.01 s and road step 2 m on a 300 m
circular road with h = 20 m at 1 s, 20 s, 40 s and 60 s.

6. Conclusions

A new macroscopic traffic flow model was proposed. The velocity and density with this model
were shown to remain within limits with no oscillations. Conversely, the Payne–Whitham (PW)
model results in unrealistic behavior due to the use of a speed constant C0. The PW model spatial
density adjustments are based only on this constant regardless of the stimuli. This results in negative
velocities as well as the velocities above the maximum, which is impossible. In the proposed model,
these changes in density are based on driver reaction and traffic stimuli. As a consequence, the results
obtained are more realistic than with the PW model.

Author Contributions: Conceptualization, Z.H.K. and S.A.; Methodology, Z.H.K. and T.A.G.; Software, Z.H.K.
and K.S.K.; Validation, Z.H.K. and T.A.G.; Formal Analysis, S.A. and W.I.; Investigation, S.A.; Resources, Z.H.K.;
Data Curation, K.S.K. and W.I.; Writing—Original Draft Preparation, S.A. and W.I.; Writing—Review & Editing,
Z.H.K., T.A.G. and W.I.; Visualization, Z.H.K., M.S.A., K.S.K. and S.A.; Supervision, Z.H.K. and T.A.G.; Project
Administration, Z.H.K. and K.S.K.; Funding Acquisition, Z.H.K.

Funding: This research was funded by Higher Education Commission, Pakistan.

Acknowledgments: This Project was supported by the Higher Education Commission of Pakistan under the
establishment of the National Center for Big Data and Cloud Computing at the University of Engineering and
Technology, Peshawar.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jiang, R.; Wu, Q.-S.; Zhu, Z.-J. A new continuum model for traffic flow and numerical tests. Transp. Res. Part
B Methodol. 2002, 36, 405–419. [CrossRef]

2. Nagel, K.; Wagner, P.; Woesler, R. Still flowing: Approaches to traffic flow and traffic jam modeling. Oper. Res.
2003, 51, 681–710. [CrossRef]

3. Henein, C.M.; White, T. Microscopic information processing and communication in crowd dynamics. Phys. A
Stat. Mech. Its Appl. 2010, 389, 4636–4653. [CrossRef]

4. Cantarella, G.; Luca, S.D.; Gangi, M.D.; Pace, R.D.; Memoli, S. Macroscopic vs. mesoscopic traffic flow models
in signal setting design. In Proceedings of the IEEE International Conference on Intelligent Transportation
Systems, Qingdao, China, 8–11 October 2014.

http://dx.doi.org/10.1016/S0191-2615(01)00010-8
http://dx.doi.org/10.1287/opre.51.5.681.16755
http://dx.doi.org/10.1016/j.physa.2010.05.045


Appl. Sci. 2019, 9, 2848 19 of 20

5. Kessels, F. Traffic Flow Modeling, 1st ed.; Springer: Delft, The Netherlands, 2018; pp. 99–105.
6. Hoogendoorn, S.P.; Bovy, P.H.L. State-of-the-art of vehicular traffic flow modelling. Proc. Inst. Mech. Eng.

Part I 2001, 215, 283–303. [CrossRef]
7. Mallikarjuna, Ch.; Rao, K.R. Heterogeneous traffic flow modeling: A complete methodology. Transportmetrica

2011, 7, 321–345. [CrossRef]
8. Zhang, H. A theory of non-equilibrium traffic flow. Transp. Res. Part B Methodol. 1998, 32, 485–498. [CrossRef]
9. Lighthill, M.J.; Whitham, G.B. On kinematic waves II. A theory of traffic flow on long crowded roads. Proc. R.

Soc. Lond. Ser. A 1955, 229, 317–345.
10. Richards, P.I. Shock waves on the highway. Oper. Res. 1956, 4, 42–51. [CrossRef]
11. Liu, G.; Lyrintzis, A.S.; Michalopoulos, P.G. Improved high-order model for freeway traffic flow.

Transp. Res. Rec. 1998, 1644, 37–46. [CrossRef]
12. Daganzo, C.F. Requiem for second-order fluid approximations of traffic flow. Transp. Res. Part B Methodol.

1995, 29, 277–286. [CrossRef]
13. Khan, Z.H.; Gulliver, T.A. A macroscopic traffic model for traffic flow harmonization. Eur. Transp. Res. Rev.

2018, 10, 30. [CrossRef]
14. Maerivoet, S.; de Moor, B.L.R. Transportation Planning and Traffic Flow Models; Katholieke Universiteit Leuven:

Brussels, Belgium, 2008.
15. Ansorge, R. What does the entropy condition mean in traffic flow theory? Transp. Res. Part B Methodol. 1990,

24, 133–143. [CrossRef]
16. Blandin, S.; Goatin, P. Well-posedness of a conservation law with non-local flux arising in traffic flow

modeling. Numer. Math. 2015, 132, 217–241. [CrossRef]
17. Keimer, A.; Pflug, L. Existence, uniqueness and regularity results on nonlocal balance laws. J. Differ. Equ.

2017, 263, 4023–4069. [CrossRef]
18. Payne, H.J. Models of freeway traffic and control. In Mathematical Models of Public Systems; Simulation Council:

Raleigh, NC, USA, 1971; Volume 1, pp. 51–61.
19. Whitham, G.B. Linear and Nonlinear Waves; Wiley: New York, NY, USA, 1971.
20. Del Castillo, J.M.; Pintado, P.; Benitez, F.G. The reaction time of drivers and the stability of traffic flow.

Transp. Res. Part B Methodol. 1994, 28, 35–60. [CrossRef]
21. Phillips, W.F. A kinetic model for traffic flow with continuum implications. Transp. Plan. Technol. 1979, 5,

131–138. [CrossRef]
22. Hegyi, A.; de Schutter, B.; Hellendoorn, J.; Hoogendoorn, S.P.; Tampère, C. Gelijke behandeling voor

verkeersstroommodellen. Verkeerskunde 2001, 52, 32–36.
23. Grace, M.J.; Potts, R.B. A theory of the diffusion of traffic platoons. Oper. Res. 1964, 12, 255–275. [CrossRef]
24. Graham, E.F.; Chenu, D.C. A study of unrestricted platoon movement of traffic. Traffic Eng. 1962, 32, 11–13.
25. Aw, A.; Rascle, M. Resurrection of “second order” models of traffic flow. SIAM J. Appl. Math. 2000, 60,

916–938. [CrossRef]
26. Richardson, A.D. Refined Macroscopic Traffic Modelling via Systems of Conservation Laws. Master’s Thesis,

Department of Mathematics and Statistics, University of Victoria, Victoria, BC, Canada, 2012.
27. Berg, P.; Mason, A.; Woods, A. Continuum approach to car-following models. Phys. Rev. E 2000, 61,

1056–1066. [CrossRef]
28. Ambarwati, L.; Pel, A.J.; Verhaeghe, R.; van Arem, B. Empirical analysis of heterogeneous traffic flow and

calibration of porous flow model. Transp. Res. Part C Emerg. Technol. 2014, 48, 418–436. [CrossRef]
29. Morgan, J.V. Numerical Methods for Macroscopic Traffic Models. Ph.D. Thesis, Department of Mathematics,

University of Reading, Berkshire, UK, 2002.
30. Khan, Z.H.; Gulliver, T.A. A Macroscopic Traffic Model Based on Anticipation. Arabian J. Sci. Eng. 2019, 44,

5151–5163. [CrossRef]
31. Khan, Z.H.; Gulliver, T.A.; Nasir, H.; Rehman, A.; Shahzada, K. A macroscopic traffic model based on driver

physiological response. J. Eng. Math. 2019, 115, 21–41. [CrossRef]
32. Jin, W.; Zhang, H. Solving the Payne-Whitham Traffic Flow Model as a Hyperbolic System of Conservation Laws with

Relaxation; Technical Report UCD-ITS-Zhang-2001-1; University of California Davis: Davis, CA, USA, 2001.
33. Ni, D. Traffic Flow Theory: Characteristics, Experimental Methods, and Numerical Techniques; Butterworth-Heinemann:

Kidlington, UK, 2016; pp. 55–58.

http://dx.doi.org/10.1177/095965180121500402
http://dx.doi.org/10.1080/18128601003706078
http://dx.doi.org/10.1016/S0191-2615(98)00014-9
http://dx.doi.org/10.1287/opre.4.1.42
http://dx.doi.org/10.3141/1644-05
http://dx.doi.org/10.1016/0191-2615(95)00007-Z
http://dx.doi.org/10.1186/s12544-018-0291-y
http://dx.doi.org/10.1016/0191-2615(90)90024-S
http://dx.doi.org/10.1007/s00211-015-0717-6
http://dx.doi.org/10.1016/j.jde.2017.05.015
http://dx.doi.org/10.1016/0191-2615(94)90030-2
http://dx.doi.org/10.1080/03081067908717157
http://dx.doi.org/10.1287/opre.12.2.255
http://dx.doi.org/10.1137/S0036139997332099
http://dx.doi.org/10.1103/PhysRevE.61.1056
http://dx.doi.org/10.1016/j.trc.2014.09.017
http://dx.doi.org/10.1007/s13369-018-03702-9
http://dx.doi.org/10.1007/s10665-019-09990-w


Appl. Sci. 2019, 9, 2848 20 of 20

34. Mararo, L.E.; Gariy, A.; Jospha, M. A macroscopic fundamental diagram for spatial analysis of traffic flow:
A case study of Nyeri Town, Kenya. Am. J. Civ. Eng. 2015, 3, 150–156. [CrossRef]

35. Daganzo, C.F.; Geroliminis, N. An analytical approximation for the macroscopic fundamental diagram of
urban traffic. Transp. Res. Part B Methodol. 2008, 42, 771–781. [CrossRef]

36. Daganzo, C.F.; Li, Y.; Gonzales, E.J.; Geroliminis, N. City-Scale Transport Modeling: An Approach for Nairobi,
Kenya; Institute of Transportation Studies, UC Berkeley: Berkeley, CA, USA, 2007.

37. Herman, R.; Prigogine, I. A two-fluid approach to town traffic. Science 1979, 204, 148–151. [CrossRef]
[PubMed]

38. Roe, P.L. Approximate Riemann solvers, parameter vectors, and difference schemes. J. Comput. Phys. 1997,
135, 250–258. [CrossRef]

39. Kachroo, P.; Al-nasur, S.J.; Wadoo, S.A.; Shende, A. Pedestrian Dynamics: Feedback Control of Crowd Evacuation;
Springer: New York, NY, USA, 2008.

40. Khan, Z.H. Traffic Modelling for Intelligent Transportation Systems. Ph.D. Thesis, Department of Electrical
and Computer Engineering, University of Victoria, Victoria, BC, Canada, 2016.

41. Khan, Z.H.; Gulliver, T.A.; Khattak, K.S.; Qazi, A. A macroscopic traffic model based on reaction velocity.
Iran. J. Sci. Technol. Trans. Civ. Eng. 2019, 1–12. [CrossRef]

42. Toro, E.F. Riemann Solvers and Numerical Methods for Fluid Dynamics: A Practical Introduction; Springer: Berlin,
Germany, 2011.

43. Nagel, K.; Paczuski, M. Emergent traffic jams. Phys. Rev. E 1995, 51, 2909–2918. [CrossRef]
44. Khan, Z.H.; Shah, S.A.A.; Gulliver, T.A. A macroscopic traffic model based on weather conditions.

Chin. Phys. B 2018, 27, 070202. [CrossRef]
45. Harten, A.; Hyman, J.M. Self adjusting grid methods for one-dimensional hyperbolic conservation laws.

J. Comput. Phys. 1983, 50, 235–269. [CrossRef]
46. Helbing, D.; Johansson, A.F. On the controversy around Daganzo’s requiem for and Aw–Rascle’s resurrection

of second-order traffic flow models. In Modelling and Optimisation of Flows on Networks; Lecture Notes in
Mathematics, vol 2062, Springer-Verlag: Berlin, Germany, 2013; pp. 271–302.

47. Treiber, M.; Kesting, A. Traffic Flow Dynamics: Data, Models and Simulation; Springer: Berlin, Germany, 2013.
48. Gupta, A.K.; Dhiman, I. Analyses of a continuum traffic flow model for a nonlane-based system. Int. J. Mod.

Phys. C 2014, 25, 1450045. [CrossRef]
49. Ngoduy, D.; Tampere, C. Macroscopic effects of reaction time on traffic flow characteristics. Phys. Scr. 2009,

80, 025802. [CrossRef]
50. Chen, X.; Li, L.; Shi, Q. Empirical observations of stochastic and dynamic evolutions of traffic flow.

In Stochastic Evolutions of Dynamic Traffic Flow; Springer-Verlag: Berlin, Germany, 2015; pp. 27–48.
51. De Moura, C.A.; Kubrusly, C.S. The Courant–Friedrichs–Lewy (CFL) Condition: 80 Years After Its Discovery;

Springer: Berlin, Germany, 2013.
52. Basak, K.; Hetu, S.N.; Li, Z.; Azevedo, C.L.; Loganathan, H.; Toledo, T.; Xu, R.; Xu, Y.; Li-Shiuanpeh;

Ben-Akiva, M. Modeling reaction time within a traffic simulation model. In Proceedings of the International
IEEE Conference on Intelligent Transportation Systems, The Hague, The Netherlands, 6–9 October 2013; pp.
302–309.

53. Yi, P.; Lu, J.; Zhang, Y.; Lu, H. Safety-based capacity analysis for Chinese highways. IATSS Res. 2004, 28,
47–55. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.11648/j.ajce.20150305.13
http://dx.doi.org/10.1016/j.trb.2008.06.008
http://dx.doi.org/10.1126/science.204.4389.148
http://www.ncbi.nlm.nih.gov/pubmed/17738075
http://dx.doi.org/10.1006/jcph.1997.5705
http://dx.doi.org/10.1007/s40996-019-00266-y
http://dx.doi.org/10.1103/PhysRevE.51.2909
http://dx.doi.org/10.1088/1674-1056/27/7/070202
http://dx.doi.org/10.1016/0021-9991(83)90066-9
http://dx.doi.org/10.1142/S0129183114500454
http://dx.doi.org/10.1088/0031-8949/80/02/025802
http://dx.doi.org/10.1016/S0386-1112(14)60091-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Traffic Flow Modeling
	Roe Decomposition
	Entropy Fix

	Stability Analysis
	Performance Results
	Conclusions
	References

