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The driver’s characteristics (e.g., timid and aggressive) has been proven to greatly affect the traffic flow performance,
whereas the underlying assumption in most of the existing studies is that all drivers are homogeneous. In the real traffic
environment, the drivers are distinct due to a variety of factors such as personality characteristics. To better reflect the reality,
we introduce the penetration rate to describe the degree of drivers’ heterogeneity (i.e., timid and aggressive), and proceed to
propose a generalized heterogeneous car-following model with different driver’s characteristics. Through the linear stability
analysis, the stability conditions of the proposed heterogeneous traffic flow model are obtained based on the perturbation
method. The impacts of the penetration rate of drivers with low intensity, the average value and standard deviation of
intensity parameters characterizing two types of drivers on the stability of traffic flow are analyzed by simulation. Results
show that higher penetration of aggressive drivers contributes to traffic flow stability. The average value has a great impact
on the stability of traffic flow, whereas the impact of the standard deviation is trivial.

Keywords: heterogeneous car-following model, driver characteristic, penetration rate, stability

PACS: 05.60.−k, 45.70.Vn DOI: 10.1088/1674-1056/abf7ae

1. Introduction
Traffic congestion and emission are the major issues in

the transportation engineering. The growing number of rider-
ship results in unprecedented advances in traffic management
technology, such as public transit operational strategies[1–3]

and transportation electrification.[4] A good understanding of
driving behavior and traffic flow can also benefits the trans-
portation planning and control. This raises a distinct line of
research on the traffic flow modeling in an aim to analyze the
formation and propagation mechanism of traffic congestion.

Methodologically, traffic flow models can be grouped into
two categories: microscopic models and macroscopic models.
The former group is represented by car following models[5–10]

and cellular automaton models,[11–13] while the latter is rep-
resented by continuous flow models[14–19] and lattice hydro-
dynamics models.[20–27] Different to microscopic models, the
macroscopic models take the traffic flow as a compressible
continuous fluid composed of a number of vehicles, of which
the simulation time is indifferent to the number of vehicles.
However, the macroscopic models cannot capture the inter-
actions among vehicles and the resulting microscopic driving
behaviors. In comparison, the microscopic models take in-
dividual vehicles as the research object, which facilitates the
analysis of driving behaviors of each vehicle. Given these ad-
vantages, the microscopic traffic flow models have promoted

rapidly in the transportation research community over the past
decades.

In 1995, Bando et al.[28] proposed a seminar work of
single-lane car-following model. This work is a stimulus-
response model, where the stimulus source is the difference
between the real-time speed and the optimal speed of the tar-
get vehicle. As opposed to previous microscopic traffic flow
models, this model introduced the optimal velocity function
with inflection points, enabling to perform linear and nonlin-
ear stability analysis to obtain kink–anti-kink solitary waves.
Since then, this model has been widely applied in the field of
traffic flow research, especially in traffic physics, and a num-
ber of extended models have been given. For example, Zhang
and Tang[29] proposed a car-following model accounting for
the preceding car’s taillight, which showed that the taillight
effect can improve the traffic flow stability and enhance the
safety. Jin and Cheng[30] considered the effect of the opti-
mal velocity changes with memory in the car-following model.
Li et al.[31] incorporated the time-varying reaction time delay
of the drivers in the car-following model, and designed a ro-
bust state feedback control strategy to suppress the traffic jam.
Li et al.[32] presented a car-following model for electronic ve-
hicle traffic flow to minimize the energy consumption. Table 1
provides an overview of the extended models of the traditional
optimal velocity car-following model.
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Table 1. Research overview of optimal velocity car-following model.

Authors Characteristics References

Guo and Zhang multiple preceding speed difference [33,34]
Li multiple headway, velocity and acceleration difference [35]
Yu, Ge and Zhu delay effect [36–38]
Cao, Wang and Liu memory effect [39–41]
Peng, Zhang, Cheng and Zhou anticipation (forecast) time effect [42–45]
Tang driver’s attribution [46]
Peng, Cheng and Sharma timid and aggressive driving behaviors [47–50]
Wang and Tang driver’s bounded rationality [51,52]
Tang ramp effect [53]
Ge two-lane effect [54]
Li non-lane discipline [55–57]
Wang cyberattacks [58]
Sun and Li electronic throttle opening angle [59,60]
Yu cooperative adaptive cruise control [61]
Li, Jin and Cheng control method [62–64]

Although a variety of factors have been investigated in
the car-following models, most of the extant studies primarily
focused on one single type of drivers and vehicles, underly-
ing that the drivers are homogeneous. However, in the real
traffic environment, the driving behaviors are heterogeneous
in the presence of different driver’s characteristics, such as
the age, gender, and vehicle types. There are only a hand-
ful of works that investigate the heterogeneous traffic flow. At
the micro level, Yang et al.[65] developed a car–truck cellular
automata model considering the difference in safety distance,
reaction time and randomization probability. Li et al.[66] pre-
sented a cellular automata traffic flow model considering the
differences in acceleration and delay probabilities of differ-
ent types of vehicles. Literatures[67–70] introduced the dif-
ferences in driver’s sensitivity, anticipation driving behavior
and maximum and minimum speed and driver’s psycholog-
ical headway of different types of vehicles into the optimal
velocity car-following model. At the macro level, consider-
ing that the difference of electronic throttle angle between dif-
ferent types of vehicles and the psychological headway be-
tween different types drivers, two heterogeneous continuous
flow models were proposed in literatures.[71,72] As pointed out
by literatures,[47–50] the driving style can be roughly divided
into two types: aggressive and timid, based on the prevalent
driving behavior. The former group of drivers with skillful
driving capability speed up by taking advantage of predicted
traffic state, while the latter group is risk aversion and more
prudent in acceleration. Although the driver’s characteristics
(e.g., timid and aggressive) is a proven contributor to the traf-
fic flow performance, the underlying assumption in most of the
extant studies is that all drivers are homogeneous (see our anal-
ysis in Section 2). In the real traffic environment, the drivers
are distinct due to a variety of factors. Motivated by this fact,
in this paper we will construct a new heterogeneous traffic flow
model with different driver’s characteristics. The heterogene-

ity is reflected by their personality characteristics (i.e., timid
and aggressive) and the corresponding penetration rates. To
the best of our knowledge, this is the first time that the effect
of timid and aggressive drivers is simultaneously incorporated
into the heterogeneous car-following model. This research is
expected to provide theoretical insights into the microscopic
traffic flow simulation and traffic control.

The structure of this paper is as follows: In Section 2,
a new heterogeneous traffic flow model considering different
driver’s characteristic is given. In Section 3, the stability crite-
rion is obtained through performing a linear stability analysis.
In Section 4, the impact of critical parameters is investigated
by simulation. The conclusions of the paper and future works
are given in Section 5.

2. Model
In this section, we will revisit the traditional model and

introduce the rationale behind our proposed model. The pri-
mary notations used in this paper are listed in Table 2. To
analyze the car-following behaviors on a single lane, Bando et
al.[28] proposed an optimal velocity (OV) model, the motion
equation of which is

dvn(t)
dt

= a [V (yn(t))− vn(t)] , (1)

where yn(t) is determined by the following expression:

dyn(t)
dt

= vn+1(t)− vn(t). (2)

In Eq. (1), V (·) is expressed as

V (y) =
vmax

2
[tanh(y−hc)+ tanh(hc)] . (3)

Following the literature,[28] we have vmax= 2, and hc=4.
Later, Helbing and Tilch[73] carried out the parameter tun-

ing on the OV model based on the measured data. They found
that the acceleration of the vehicle is too large and the deceler-
ation is unreasonable, such that the collisions may even occur.
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For this reason, they proposed that the influence of the speed
difference should be included when the current vehicle speed
is lower than the following vehicle. As a result, the general
force (GF) model is given, specifically,

dvn(t)
dt

= a [V (yn(t))− vn(t)]+kH (−vn(t))∆vn(t), (4)

where ∆vn = vn+1(t)− vn(t), H(·) is the Heaviside function,
specifically,

H(x) =
{

0, x≤ 0,
1, x > 0. (5)

Jiang et al.[74] used the above GF model to simulate the
start-up process of a stationary vehicle and found that the start-
ing wave speed of the traffic flow was too small. Given this
fact, they proposed that the effect of speed difference should
be considered when the current vehicle speed was greater than
the following vehicle. Consequently, the full velocity differ-
ence (FVD) model was presented, and the formulation is ex-
pressed as follows:

dvn(t)
dt

= a [V (yn(t))− vn(t)]+k∆vn(t). (6)

As mentioned previously, the driving styles are affected
by a variety of factors such as personality characteristics and
driving years. Generally, the drivers exhibit two types of driv-
ing styles, i.e., aggressive and timid characteristics. When the
aggressive characteristics dominate, the external performance
of drivers will be aggressive. To pursue a faster driving speed,
aggressive drivers will predict the next time step traffic sit-
uation based on their experience and use the forecast traffic
information to adjust the vehicle speed. On the contrary, when
the timid characteristics dominate, the drivers are inclined to
use the traffic state at the last moment to adjust the vehicle
acceleration. Based on this, Peng et al.[47] presented a homo-
geneous car-following model by incorporating the timid and
aggressive driving behaviors. The motion equation is speci-
fied as follows:

dvn(t)
dt

= a
[
pV (yn(t +α1τ))+(1− p)V (yn(t−α2τ))

−vn(t)
]
+ k∆vn(t), (7)

where the values of prediction time and delay time can be ob-
tained through traffic survey. To ease the subsequent analysis,
we assume α1=α2=α . When 0≤ p < 1/2 (1/2 < p≤ 1), the
drivers are timid (aggressive). Typically, when p = 0 or p = 1,
the drivers are the totally timid or aggressive, respectively.

Remark 1 According to Eq. (7), the driver characteris-
tics of the n-th car are also determined by the parameter p,
α1, and α2, whereby the motion equation of the n-th car can
be given. To analyze the effect of driver’s characteristics, pre-
vious works[44–48] assumed that the dynamic equations of all

vehicles along the road comply with Eq. (7). As such, if the
driver of n-th vehicle is a timid (aggressive) characteristic,
then the remaining drivers on the road are also timid (aggres-
sive), which indicates that all drivers are homogeneous. In this
way, different characteristics of each driver are ignored. Since
drivers in the real traffic environment are affected by a variety
of factors such as age and personality, the above assumption
is difficult to defend. In reality, there exist differences among
drivers on the road. For example, both aggressive drivers and
timid drivers coexist on the road. Even if all drivers on the road
are of the same type (i.e., all drivers are timid or aggressive),
some personality differences still exist. The distinctions are
mainly reflected by the difference of parameter p in Eq. (7).

Table 2. Primary notations used in the proposed model.

Symbols Definition Unit

n the subscript of vehicles -
a driver’s sensitivity s−1

yn(t) instantaneous headway information m
vn(t) instantaneous velocity information m · s−1

V (·) optimal speed function m · s−1

vmax maximum speed m · s−1

hc safety distance m
∆vn velocity difference information m · s−1

k weight coefficient of velocity difference term -
α1τ delay time corresponding to timid drivers s
α2τ anticipation time corresponding to aggressive drivers s
p intensity parameter of driver’s characteristic -
ph high intensity parameter -
pl low intensity parameter -
q penetration rate of drivers with low intensity -

Based on the above analysis, we assume that there are two
different types of drivers on the road. To this end, we introduce
parameter q to represent the heterogeneity between drivers on
the road. As a result, an extended traffic flow model with het-
erogeneous drivers’ characteristics is proposed, and the spe-
cific expression of the proposed model is given as follows:

dvn(t)
dt

= a
[
plV (yn(t+ατ))+(1− pl)V (yn(t−ατ))

− vn(t)
]
+k∆vn(t),

for drivers with lower inensity pl with a percentage of q,

dvn(t)
dt

= a
[
phV (yn(t+ατ))+(1− ph)V (yn(t−ατ))

− vn(t)
]
+k∆vn(t),

for drivers with higher inensity ph with a percentage of
1−q. (8)

If q = 0 or q = 1, our heterogeneous traffic flow model
collapses into the traditional homogeneous traffic flow model.

Remark 2 Although the parameter α may vary among
different drivers, this study focuses on the impact of different
driver’s characteristics on traffic flow stability. Therefore, in
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the future study we will further analyze the effect of differ-
ent driving skills on the stability of traffic flow under the same
driver’s characteristics.

3. Linear stability analysis
In this section, we will analyze the stability of the new

heterogeneous traffic flow model based on the perturbation
method. To facilitate the analysis, we first transform Eq. (8)
into the following form:

dvn(t)
dt

= a
[
pnV (yn(t+ατ))+(1− pn)V (yn(t−ατ))

−vn(t)
]
+k∆vn(t). (9)

We assume that the vehicle n runs with a constant speed
v0

n and headway y0
n, where v0

n=V
(
y0

n
)
. Now, a small distur-

bance is imposed into the steady state, i.e.,

yn(t) = y0
n +δyn(t), vn(t) = v0

n +δvn(t). (10)

Performing Taylor expansion on V (yn(t+ατ)) and
V (yn(t−ατ)), ignoring higher-order nonlinear terms, we
have

V (yn(t +ατ)) = V
(
y0

n +δyn(t+ατ)
)

= V
(
y0

n
)
+V ′

(
y0

n
)

δyn(t +ατ), (11)

V (yn(t−ατ)) = V
(
y0

n +δyn(t−ατ)
)

= V
(
y0

n
)
+V ′

(
y0

n
)

δyn(t−ατ). (12)

Substituting Eqs. (10)–(12) into Eq. (9), we have

dδvn(t)
dt

= a
[
pnV ′δyn(t +ατ)+(1− pn)V ′δyn(t−ατ)

−δvn(t)
]
+ k∆δvn(t), (13)

where V ′ = dV (y)
dy

∣∣∣
y=y0

n
.

Here, we assume that δvn =Vneinw+λ t , δyn = Yneinw+λ t ,
and δ∆vn = ∆Vneinw+λ t . According to Eq. (2), we can see that

Yn =
eiwVn+1−Vn

λ
. (14)

Similarly, since ∆vn = vn+1(t)− vn(t), we have

∆Vn = eiwVn+1−Vn. (15)

Substituting Eqs. (14) and (15) into Eq. (13), we have

λVn = a

[
eλατ pnV ′

eiwVn+1−Vn

λ

+e−λατ (1− pn)F ′
eiwVn+1−Vn

λ
−Vn

]
+k
(

eiwVn+1−Vn

)
. (16)

Subsequently, the above formula can be rewritten as fol-
lows:

Vn

[
λ

2 +(k+a)λ +aeλατ pnV ′+ae−λατ (1− pn)V ′
]

= eiwVn+1

[
λk+aeλατ pnV ′+ae−λατ (1− pn)V ′

]
. (17)

Assuming that the number of vehicles along the road is N
and the road simulation condition is periodic boundary, that is,
VN+1 = V1, we can obtain the nontrivial solution of Eq. (17)
when Vn 6= 0, that is,

N

∏
n=1

[
λ

2+(k+a)λ +aeλατ pnV ′+ae−λατ (1− pn)V ′
]

= eN iw
N

∏
n=1

[
λk+aeλατ pnV ′+ae−λατ (1− pn)V ′

]
. (18)

Putting the following expansions λ ≈ λ1 iw + λ2 (iw)2,

eN iw ≈ 1+N iw+ (N iw)2

2! , and e−λατ ≈ 1−λατ into the above
formula, the first-order and second-order coefficients of iw can
be obtained as follows:

Θ (iw) = λ1 ∑
n∈N

[
k+a+α (2pn−1)V ′

]
∏

m6=n,m∈N
aV ′

−N
N

∏
n=1

aV ′

−λ1 ∑
n∈N

[
k+α (2pn−1)V ′

]
∏

m 6=n,m∈N
aV ′

= 0, (19)

Θ

(
(iw)2

)
= λ

2
1 ∑

n=1
∏

m 6= j,m∈N
aV ′

+λ2 ∑
n=1

[
k+a+α (2pn−1)V ′

]
∏

m 6= j,m∈N
aV ′

+λ
2
1 ∑

n<m,(m,n)∈N

[
k+a+α (2pm−1)V ′

]
×
[
k+a+α (2pn−1)V ′

]
∏

j 6=(m,n), j∈N
aV ′

−N2

2 ∏
n∈N

aV ′

−Nλ1 ∑
n∈N

[
k+α (2pn−1)V ′

]
∏

m6= j,m∈N
aV ′

−λ2 ∑
n=1

[
k+α (2pn−1)V ′

]
∏

m6= j,m∈N
aV ′

−λ
2
1 ∑

n<m,(m,n)∈N

[
k+α (2pm−1)V ′

]
×
[
k+α (2pn−1)V ′

]
∏

j 6=(m,n), j∈N
aV ′

= 0. (20)

Solving Eq. (17) yields the formulation

λ1 =
N

∑
n∈N

1
V ′

=V ′. (21)
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Substituting Eq. (19) into Eq. (18), we have

λ2

λ 2
1

∑
n=1

1
V ′

= −∑
n=1

{
1

aV ′
− 1

2

(
1

V ′

)2

− k
a

(
1

V ′

)2

−α (2pn−1)
aV ′

}
. (22)

Based on the stability theory, when λ2 < 0, the traffic flow
is stable. In order to ensure that the above formula holds, based
on Eq. (20), we have

∑
n=1

{
1

aV ′
− 1

2

(
1

V ′

)2

− k
a

(
1

V ′

)2

− α (2pn−1)
aV ′

}
≥ 0. (23)

Since there are two different types of drivers along the
road, the following in-equation holds:

q

[
1

aV ′
− 1

2

(
1

V ′

)2

− k
a

(
1

V ′

)2

− α (2pl−1)
aV ′

]
+(1−q)

×

[
1

aV ′
− 1

2

(
1

V ′

)2

− k
a

(
1

V ′

)2

− α (2ph−1)
aV ′

]
≥ 0. (24)

Based on Eq. (24), we can obtain the neutral curve of the
new heterogeneous model as

as = 2V ′−2k−2qV ′α (2pl−1)

−2(1−q)V ′α (2ph−1) . (25)

Typically, when q = 0 or q = 1, the following neutral sta-
ble curve of the homogeneous traffic flow model can be ob-
tained:

as = 2V ′−2k−2V ′α (2ph−1) or

as = 2V ′−2k−2V ′α (2pl−1) . (26)

In Eq. (26), when α = 0, the above neutral stability curve
can be transformed as

as = 2V ′−2k. (27)

The above curve is consistent with the conclusion in the
literature.[74] Therefore, the heterogeneous traffic flow model
proposed in this paper can be regarded as a generalized form
of the traditional homogeneous traffic flow model.

Figure 1(a) shows the neutral stability curve under differ-
ent values of penetration rate of drivers with low intensity q,
where the apex of the curve represents the critical point. The
entire phase space is subdivided into two parts by this curve.
The area above the curve is the stability region, while the area
below the curve is an unstable region. As the value of pa-
rameter q increases, the critical point of the curve rises, such
that the entire stability area is compressed and the traffic flow
stability is weakened. Figure 1(b) shows the corresponding re-
lationship between the critical point and the parameter q. As
we can see, as the value of parameter q increases, the criti-
cal point also shows an increasing trend. This conclusion also
explains Fig. 1(a).
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stable region
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3.1

unstable region

stable region

(a)  

(b)

S
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n
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v
it
y
 (

s-
1
)

a
s

Fig. 1. (a) Neutral stability curves under different values of the parameter
p. (b) Critical point as against the parameter p, where pl = 0.3, ph = 0.7,
α = 0.25, and k = 0.1.

2 3 4 5 6
Headway (m)

0

0.2

0.4

0.6

0.8

1.0

q

stablestable

unstable
I 

II 

III

IV

V

Fig. 2. The space (y, p) divided into five distinct regions by the critical curve.

In order to better quantify the relationship between the
parameter q and the headway y, the neutral stability curve is
simplified as follows:

q =
2V ′−a−2k−2α (2ph−1)V ′

4αV ′ (pl− ph)
. (28)

Figure 2 shows the neutral stability curve in the phase
space (y, p). As we can see, the entire phase space is divided
into five regions by the neutral curve. In the high-density re-
gion I and the low-density region IV, the heterogeneous traffic
flow satisfies the stability regardless of the value of coefficient
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p. When the headway ∆x falls into regions II and IV, as the pa-
rameter p increases, the stability of the heterogeneous traffic
flow is weakened. When the headway ∆x falls into region III,
the stability of the heterogeneous traffic flow is not satisfied
regardless of the value of the coefficient p, such that any small
disturbance will evolve into a traffic jam.

In the literature, the impact of heterogeneity and traffic
flow stability was analyzed by simulation, whereas no evi-
dence on analytical results has been provided. To address
this issue, we assume that the penetration rate of drivers with
low intensity parameter of driver’s characteristics is half, i.e.,
q = 1/2, and introduce the following variables:

pa =
1
2
(pl + ph) ,

∆p =

√
1
N

N

∑
i=1

(pi− pa) = pa− pl = ph− pa, (29)

where pa is the average value of two intensity parameter of
driver’s characteristics pl and ph, and ∆p is the standard devi-
ation of all drivers.
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Fig. 3. (a) Neutral stability curves under different values of the parameter pa.
(b) Critical point as against the parameter pa, where α = 0.1, k = 0.1, and
∆p = 0.1.

Substituting Eq. (29) into Eq. (25), the following new
neutral stability curve can be obtained:

as = 2V ′−2k−V ′α [2(pa−∆p)−1]

−V ′α [2(pa +∆p)−1] . (30)

Figures 3 and 4 present the effect of the average value pa

and standard deviation ∆p on the traffic flow stability, respec-
tively. We can see that the effects of these two parameters on
traffic flow stability are quite distinct. More specifically, as the
value of parameter pa increases, the critical point of the curve
reduces and the area of the stability area expands, which indi-
cates that the stability of traffic flow is enhanced. As shown
in Fig. 4, the change of neutral stability curve is trivial as the
parameter ∆p increases, and that the critical point is nearly an
constant (Fig. 4(b)).
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Fig. 4. (a) Neutral stability curves under different values of the parameter∆p.
(b) Critical point as against the parameter ∆p, where α = 0.1, k = 0.1, and
pa = 0.4.

4. Simulation example
In this section, simulation is conducted to verify the lin-

ear stability analysis. We assume that all vehicles are running
along a single lane under periodic boundary conditions, and
the initial conditions of the proposed model are taken as fol-
lows:

yi(0) = yi(1) = y0,
(
i 6= N

2 ,
N
2 +1

)
,

yi(0) = yi(1) = y0−δ ,
(
i = N

2

)
,

yi(0) = yi(1) = y0 +δ ,
(
i = N

2 +1
)
,

v0
n=V (y0) .

(31)

In order to better compare with the Peng’s model,[47]

the key parameters are borrowed from the literature.[47] More
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specifically, the average headway y0 = 4, the number of vehi-
cles N = 100, the initial disturbance δ = 0.5, and the driver’s
sensitivity a = 2.58. In order to obtain a less biased result,
the effect of the vehicle positions should be eliminated. To
this end, we randomly distribute pN drivers with low intensity
parameter of driver’s characteristics in the platoon.

4.1. Impact of penetration rate

Figure 5 shows the spatiotemporal evolution of vehicle
velocity under different values of penetration rate of drivers
with low intensity, q. When q = 0, there are only aggressive
drivers and the traffic flow is relatively stable. As the param-
eter q increases, two types of drivers coexist along the road
and their interactions become more evident, such that the traf-
fic flow is more fluctuated. When parameters q increases to
1, all drivers become timid and the traffic fluctuation becomes
worst. These results suggest that the provision of aggressive
drivers contribute to the traffic flow stability, whereas the pro-
vision of timid drivers has a negative impact on the traffic flow
stability. This is due to the fact that the aggressive drivers
tend to preemptively adjust the speeds that prepare the system
for delays. Figure 6 shows the instantaneous velocity distri-
bution corresponding to Fig. 5, from which we found that as
the parameter q increases, the amplitude of vehicle velocity
fluctuation gradually increases. This result matches the above
conclusion from Fig. 5.

Figure 7 shows the hysteresis loop curves under different
values of the parameter q. The relationship between the pa-
rameter q and the traffic flow stability can be explored based

on the area enclosed by the curve. Generally, a larger area in-
dicates the more unstable traffic flow. As we can see, as the
parameter q increases, the area enclosed by the hysteresis loop
curve expands, which indicates that the traffic flow stability is
stronger. This result agrees with Figs. 5–7. Therefore, it is
concluded that the penetration rate q contributes negatively to
the stability of the traffic flow.

4.2. Impact of average value pa and standard deviation ∆p

In order to analyze the effect of driver heterogeneity char-
acteristic on the traffic flow stability, in what follows we an-
alyze the relationship between the average value pa and the
standard deviation ∆p of two intensity parameters character-
izing two types of drivers and the traffic flow stability. Fig-
ures 8–10 depict the effect of average value pa on the traf-
fic flow stability. As the parameters pa increases, the in-
teraction between vehicles is weakened, and the fluctuation
amplitude of velocity is gradually reduced. Accordingly,
the area enclosed by the hysteresis loop curve gradually de-
creases. Therefore, a higher parameter pa can improve the
traffic flow stability, which is consistent with the conclusion in
the literature.[47]

Figures 11–13 depict the effect of the standard deviation
∆p on the heterogeneity traffic flow stability. As we can see,
given the average value pa, the change of velocity fluctuating
amplitudes and hysteresis loop curves are trivial as the stan-
dard deviation ∆p increases. Therefore, compared to the effect
of average value pa, the effect of the standard deviation ∆p on
the stability of traffic flow is trivial.
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Fig. 12. The instantaneous velocity distribution corresponding to Fig. 11.
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Fig. 13. The hysteresis loop curves of mid-position vehicles corresponding to Fig. 11.
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5. Conclusion
In this paper, we proposed a new car-following model for

heterogeneous traffic flow with timid and aggressive drivers.
In the linear stability analysis, we obtained the stability con-
ditions of the proposed heterogeneous traffic flow model. The
neural stability diagram with five distinct regions was also de-
rived. Simulation results showed that the traffic flow stabil-
ity decreases as the penetration rate of timid drivers increases,
which suggests that the provision of timid drivers contributes
negatively to the stability of traffic flow. The effect of driver
heterogeneous characteristics on the stability of traffic flow
was explored through the average value and standard deviation
of intensity parameters characterizing two types of drivers.
Results showed that the average value has a great impact on
the stability of traffic flow, whereas the impact of the standard
deviation is trivial.

To the best of the authors’ knowledge, this is the first pa-
per on heterogeneous traffic flow model with timid and aggres-
sive drivers. This research is expected to provide insights for
the traffic simulation and platform development. Future stud-
ies can incorporate the effect of vehicle overtaking, merging
and leaving of vehicles. In addition, it would be also inter-
esting to incorporate a fine-grained road environment into the
heterogeneous traffic flow.

References
[1] Wu W T, Liu R H, Jin W Z and Ma C X 2019 Transport. Res. Part B.

121 275
[2] Wu W T, Li P, Liu R H, Jin W Z, Yao B Z, Xie Y Q and Ma C X 2020

Transport. Res. Part E 142 102041
[3] Wu W T, Liu R H, Jin W Z and Ma C X 2019 Transport. Res. Part E.

130 61
[4] Wu W T, Lin Y, Liu R H, Li Y H, Zhang Y and Ma C X 2020 IEEE

Trans. Intel. Transport. Systems 1
[5] Zhai C and Wu W T 2018 Nonlinear Dynam. 93 2185
[6] Zhai C, Liu W M, Tan F G, Huang L and Song M L 2018 Transport.

Plan. Techn. 39 801
[7] Zhai C and Wu W T 2019 Int. J. Mod. Phys. C 30 1950073
[8] Ma G Y, Ma M H, Liang S D, Wang Y S and Zhang Y Z 2020 Commun.

Nonlinear Sci. 85 105221
[9] Sun Y Q, Ge H X and Cheng R J 2019 Physica A 521 752

[10] Sun Y Q, Ge H X and Cheng R J 2019 Physica A 527 121426
[11] Hua W, Yue Y X, Wei Z L, Cheng J H and Wang W R 2020 Physica A

556 124777
[12] Yang L, Zheng J R, Cheng Y and Ran B 2019 Physica A 535 122277
[13] Li Q L, Wong S C, Min J, Tian S and Wang B H 2016 Physica A 456

128
[14] Gupta A K and Katiyar V K 2007 Transportmetrica 3 73
[15] Gupta A K and Sharma S 2012 Chin. Phys. B 21 015201
[16] Gupta A K and Sharma S 2010 Chin. Phys. B 19 110503
[17] Gupta A K and Dhiman I 2015 Nonlinear Dynam. 79 663
[18] Zhai C and Wu W T 2020 Commun. Theor. Phys. 72 105004
[19] Zhai C and Wu W T 2020 Eur. Phys. J. B 93 52
[20] Gupta A K and Redhu P 2014 Nonlinear Dynam. 76 1001
[21] Redhu P and Gupta A K 2015 Physica A 421 249
[22] Zhai C and Wu W T 2021 Commun. Nonlinear Sci. 95 105667
[23] Zhai C and Wu W T 2020 Int. J. Mod. Phys. C 31 2050089
[24] Gupta A K and Redhu P 2013 Physica A 392 5622

[25] Sharma S 2016 Nonlinear Dynam. 86 2093
[26] Sharma S 2015 Nonlinear Dynam. 81 991
[27] Sharma S 2015 Physica A 421 401
[28] Bando M, Hasebe K, Nakayama A, Shibata A and Sugiyama Y 1995

Phys. Rev. E 51 1035
[29] Zhang J, Tang T Q and Yu S W 2018 Physica A 492 1831
[30] Jin Z Z, Li Z P, Cheng R J and Ge H X 2018 Physica A 507 278
[31] Li S K, Yang L X, Gao Z Y and Li K P 2014 ISA T. 53 1739
[32] Li Y F, Zhong Z Y, Zhang K B and Zheng T X 2019 Physica A 533

122022
[33] Guo L T, Zhao X M, Yu S W, Li X H and Shi Z K 2017 Physica A 471

436
[34] Zhang G, Zhao M, Sun D H, Liu W N and Li H M 2016 Physica A 442

532
[35] Li Y F, Sun D H, Liu W N, Zhang M, Zhao M, Liao X Y and Tang L

2011 Nonlinear Dynam. 66 15
[36] Yu L, Shi Z K and Li T 2014 Phys. Lett. A 378 348
[37] Ge H X, Meng X P, Cheng R J and Lo S M 2011 Physica A 390 3348
[38] Zhu H B and Dai S Q 2008 Physica A 387 3290
[39] Cao B G 2020 Physica A 539 122903
[40] Wang Y J, Song H and Cheng R J 2019 Physica A 515 440
[41] Liu D W, Shi Z K and Ai W H 2017 Commun. Nonlinear Sci. 47 139
[42] Peng G H and Cheng R J 2013 Physica A 392 3563
[43] Zhang J, Wang B, Li S B, Sun T and Wang T 2020 Physica A 540

123171
[44] Cheng J Z, Liu R H, Ngoduy D and Shi Z K 2016 Nonlinear Dynam.

85 2705
[45] Zhou T, Sun D H, Kang Y R, Li H M and Tian C 2014 Commun. Non-

linear Sci. 19 3820
[46] Tang T Q, He J, Yang S C and Shang H Y 2014 Physica A 413 583
[47] Peng G H, He H D and Lu W Z 2016 Physica A 442 197
[48] Cheng R J, Ge H X and Wang J F 2017 Phys. Lett. A 381 1302
[49] Sharma S 2015 Physica A 421 401
[50] Peng G H and Qing L 2016 Mod. Phy. Lett. B 30 1650351
[51] Wang Z H, Ge H X and Cheng R J 2020 Physica A 540 122988
[52] Tang T Q, Luo X F and Liu K 2016 Physica A 457 316
[53] Tang T Q, Li J G, Yang S C and Shang H Y 2015 Physica A 419 293
[54] Ge H X, Meng X P, Zhu H B and Li Z P 2014 Physica A 408 28
[55] Li Y F, Zhang L, Zheng H, He X Z, Peeta S, Zheng T X and Li Y G

2015 Nonlinear Dynam. 82 629
[56] Li Y F, Zhang L, Peeta S, Pan H G, Zheng T X, Li Y G and He X Z

2015 Nonlinear Dynam. 80 227
[57] Li Y F, Zhang L, Zhang B, Zheng T X, Feng H Z and Li Y G 2016

Nonlinear Dynam. 85 1901
[58] Wang P C, Yu G Z, Wu X K, Qin H M and Wang Y P 2018 Physica A

496 351
[59] Sun Y Q, Ge H X and Cheng R J 2019 Physica A 534 122377
[60] Li Y F, Zhang L, Peeta S, He X Z, Zheng T X and Li Y G 2016 Non-

linear Dynam. 85 2115
[61] Yu S W and Shi Z K 2015 Physica A 428 206
[62] Li Y F, Kang Y H, Yang B, Peeta S, Zhang L, Zheng T X and Li Y G

2016 Physica A 462 38
[63] Jin Y F and Hu H Y 2013 Commun. Nonlinear Sci. 18 1027
[64] Chen D, Sun D H, Zhao M, Yang L Y, Zhou T and Xie F 2018 Nonlin-

ear Dynam. 92 1829
[65] Yang D, Qiu X P, Yu Dan, Sun R X and Pu Yun 2015 Physica A 424 62
[66] Li Q L, Wong S C, Jie M, Tian S and Wang B H 2016 Physica A 456

128
[67] Li Z P, Xu X, Xu S Z and Qian Y Q 2017 Commun. Nonlinear Sci. 42

132
[68] Sun F X, Wang J F, Cheng R J and Ge H X 2018 Phys. Lett. A 382 489
[69] Wang J F, Sun F X, Cheng R J and Ge H X 2018 Physica A 506 1113
[70] Li Z P, Li W Z, Xu S Z, Qian Y Q and Sun J 2015 Physica A 436 729
[71] Ren W L, Cheng R J and Ge H X 2021 Appl. Math. Comput. 401

126079
[72] Ren W L, Cheng R J and Ge H X 2021 Appl. Math. Model. 94 369
[73] Helbing D and Tilch B 1998 Phys. Rev. E 58 133
[74] Jiang R, Wu Q S and Zhu Z J 2001 Phys. Rev. E 64 017101

100507-12

http://dx.doi.org/10.1016/j.trb.2019.01.010
http://dx.doi.org/10.1016/j.trb.2019.01.010
http://dx.doi.org/10.1016/j.tre.2020.102041
http://dx.doi.org/10.1016/j.tre.2020.102041
http://dx.doi.org/10.1016/j.tre.2019.08.012
http://dx.doi.org/10.1016/j.tre.2019.08.012
http://dx.doi.org/10.1109/TITS.2020.3014088
http://dx.doi.org/10.1109/TITS.2020.3014088
http://dx.doi.org/10.1007/s11071-018-4318-7
http://dx.doi.org/10.1080/03081060.2016.1231900
http://dx.doi.org/10.1080/03081060.2016.1231900
http://dx.doi.org/10.1142/S0129183119500736
http://dx.doi.org/10.1016/j.cnsns.2020.105221
http://dx.doi.org/10.1016/j.cnsns.2020.105221
http://dx.doi.org/10.1016/j.physa.2019.01.092
http://dx.doi.org/10.1016/j.physa.2019.121426
http://dx.doi.org/10.1016/j.physa.2020.124777
http://dx.doi.org/10.1016/j.physa.2020.124777
http://dx.doi.org/10.1016/j.physa.2019.122277
http://dx.doi.org/10.1016/j.physa.2016.03.026
http://dx.doi.org/10.1016/j.physa.2016.03.026
http://dx.doi.org/10.1080/18128600708685665
http://dx.doi.org/10.1088/1674-1056/21/1/015201
http://dx.doi.org/10.1088/1674-1056/19/11/110503
http://dx.doi.org/10.1007/s11071-014-1693-6
http://dx.doi.org/10.1088/1572-9494/aba24c
http://dx.doi.org/10.1140/epjb/e2020-100492-6
http://dx.doi.org/10.1007/s11071-013-1183-2
http://dx.doi.org/10.1016/j.physa.2014.11.037
http://dx.doi.org/10.1016/j.cnsns.2020.105667
http://dx.doi.org/10.1142/S0129183120500898
http://dx.doi.org/10.1016/j.physa.2013.07.040
http://dx.doi.org/10.1007/s11071-016-3018-4
http://dx.doi.org/10.1007/s11071-015-2046-9
http://dx.doi.org/10.1016/j.physa.2014.11.003
http://dx.doi.org/10.1103/PhysRevE.51.1035
http://dx.doi.org/10.1103/PhysRevE.51.1035
http://dx.doi.org/10.1016/j.physa.2017.11.100
http://dx.doi.org/10.1016/j.physa.2018.05.043
http://dx.doi.org/10.1016/j.isatra.2014.08.017
http://dx.doi.org/10.1016/j.physa.2019.122022
http://dx.doi.org/10.1016/j.physa.2019.122022
http://dx.doi.org/10.1016/j.physa.2016.12.071
http://dx.doi.org/10.1016/j.physa.2016.12.071
http://dx.doi.org/10.1016/j.physa.2015.09.022
http://dx.doi.org/10.1016/j.physa.2015.09.022
http://dx.doi.org/10.1007/s11071-010-9907-z
http://dx.doi.org/10.1016/j.physleta.2013.11.030
http://dx.doi.org/10.1016/j.physa.2011.04.033
http://dx.doi.org/10.1016/j.physa.2008.01.103
http://dx.doi.org/10.1016/j.physa.2019.122903
http://dx.doi.org/10.1016/j.physa.2018.09.171
http://dx.doi.org/10.1016/j.cnsns.2016.11.007
http://dx.doi.org/10.1016/j.physa.2013.04.011
http://dx.doi.org/10.1016/j.physa.2019.123171
http://dx.doi.org/10.1016/j.physa.2019.123171
http://dx.doi.org/10.1007/s11071-016-2856-4
http://dx.doi.org/10.1007/s11071-016-2856-4
http://dx.doi.org/10.1016/j.cnsns.2014.03.012
http://dx.doi.org/10.1016/j.cnsns.2014.03.012
http://dx.doi.org/10.1016/j.physa.2014.07.035
http://dx.doi.org/10.1016/j.physa.2015.09.009
http://dx.doi.org/10.1016/j.physleta.2017.02.018
http://dx.doi.org/10.1016/j.physa.2014.11.003
http://dx.doi.org/10.1142/S0217984916503516
http://dx.doi.org/10.1016/j.physa.2019.122988
http://dx.doi.org/10.1016/j.physa.2016.03.113
http://dx.doi.org/10.1016/j.physa.2014.10.051
http://dx.doi.org/10.1016/j.physa.2014.03.078
http://dx.doi.org/10.1007/s11071-015-2183-1
http://dx.doi.org/10.1007/s11071-014-1863-6
http://dx.doi.org/10.1007/s11071-016-2803-4
http://dx.doi.org/10.1007/s11071-016-2803-4
http://dx.doi.org/10.1016/j.physa.2017.12.013
http://dx.doi.org/10.1016/j.physa.2017.12.013
http://dx.doi.org/10.1016/j.physa.2019.122377
http://dx.doi.org/10.1007/s11071-016-2817-y
http://dx.doi.org/10.1007/s11071-016-2817-y
http://dx.doi.org/10.1016/j.physa.2015.01.064
http://dx.doi.org/10.1016/j.physa.2016.06.053
http://dx.doi.org/10.1016/j.cnsns.2012.08.031
http://dx.doi.org/10.1007/s11071-018-4166-5
http://dx.doi.org/10.1007/s11071-018-4166-5
http://dx.doi.org/10.1016/j.physa.2014.12.020
http://dx.doi.org/10.1016/j.physa.2016.03.026
http://dx.doi.org/10.1016/j.physa.2016.03.026
http://dx.doi.org/10.1016/j.cnsns.2016.05.016
http://dx.doi.org/10.1016/j.cnsns.2016.05.016
http://dx.doi.org/10.1016/j.physleta.2017.12.037
http://dx.doi.org/10.1016/j.physa.2018.05.040
http://dx.doi.org/10.1016/j.physa.2015.05.090
http://dx.doi.org/10.1016/j.apm.2021.01.025
http://dx.doi.org/10.1103/PhysRevE.58.133
http://dx.doi.org/10.1103/PhysRevE.64.017101

	1. Introduction
	2. Model
	3. Linear stability analysis
	4. Simulation example
	4.1. Impact of penetration rate
	4.2. Impact of average value pa  and standard deviation p

	5. Conclusion
	References

