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Existing traffic flow models give little consideration on vehicle sizes. We introduce the solid angle into car-following
theory, taking the driver’s perception of the leading vehicle’s size into account. The solid angle and its change rate are
applied as inputs to the novel model. A nonlinear stability analysis is performed to analyze the asymmetry of the model
and the size effect of the leading vehicle, and the modified Korteweg—de Vries equation is derived. The solid angle model
can explain complex traffic characteristics and provide an important basis for modeling nonlinear traffic phenomena.
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1. Introduction

Nowadays, the traffic congestion problems our society is
facing have been the focus undeniably today, influencing peo-
ple’s daily life and schedule. In order to solve these problems,
many scholars focus on the traffic flow theory which is a kind
of core theory for traffic management. The definition of traf-
fic flow is a system used to describe the interacting vehicles
of which the feature is self-driven and many-particle.!!! Car-
following theory, which can explain the complex phenomena
of traffic flow such as critical phase transitions,>~!3! is indis-
pensable in microscopic traffic modeling.

The theory of car following has been developed for a long
time. Since 1950, numerous researchers have come up with
different forms of car-following models successively. From
the perspective of statistical physics, vehicles are considered
as self-driven interacting particles. The physicists build mi-
croscopic car following models by introducing some essential
factors which can describe the basic properties of the actual
traffic flow.

A classic idea has been widely accepted that the car-
following behavior is a complex process which can be re-
garded as a response to a stimulus. As a result, many re-
searchers have proposed different kinds of car-following mod-
els based on the above idea of stimulus-response framework.
Of all car-following models, the kind of models concerning
with optimal velocity is very classical in which the accelera-
tion is expressed as a response to the stimulus containing dif-
ferent kinds of factors. The models listed below are more rep-
resentative.

Bando!?! proposed an optimal velocity (OV) model in the
1990s to solve the problem of the excessive acceleration in
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Newell model

an (t) = a{U [Asy (1)] —un (1)}, (D

where a,(f) is the accelerate of the n-th car at time 7; o
is the sensitivity coefficient, the reciprocal of response time;
U[As,(t)] is the function of optimal velocity which derive the
velocity excepted by drivers according to the headway; As,(¢)
is the headway between the n-th car and its leading car at time
t; uy(t) means the velocity of the n-th car at time ¢.

The parameters of the OV model were calibrated by Hel-
bing and Tilch.[?"! In addition, they pointed out the existing
problems and proposed a generalized force (GF) model

an (t) = @ {U [Asy ()] =t ()} + AH (—Auy (£)) A (1),

reman- {0 (20

where A is the sensitivity coefficient of relative velocity;
Auy, () is the relative velocity between the n-th car and the
leading car at time ¢. The first term represents the acceleration
of the car while accelerating and the second term represents
the acceleration caused by the interaction between two cars.

Considering the effect of positive speed difference, Jiang
et al.>!1 came up with a more comprehensive model called
full velocity difference (FVD) model

an (1) = 0 {U [Asy (1)] = ttn (1)} + AAuy (1) - 3)

This model can describe the process of starting vehicles better
than other models. Many scholars investigated the nonlinear
features of traffic flow by extending the FVD model. The new
model proposed in this paper puts the solid angle as the new
factor based on the FVD model.

Recently, lots of researchers proposed extended car-
following models based on the former research results, which
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is of great significance for development of car-following the-
ory. Sun et al.'*?! proposed an extended car-following model
by considering drivers memory and average speed of preced-
ing vehicles with control strategy, they used different meth-
ods to analyze the model. Wang et al.'>’! came up with a
novel two-lane lattice hydrodynamic model considering lane
changing behavior and passing behavior on curved roads. It is
a breakthrough in traditional car following models. Besides,
they!>*! considered the influence of other factors, the empiri-
cal lane changing rate and the self-stabilization effect, and put
forward an extended lattice hydrodynamic model.

Nevertheless, car following is a behavior that is highly
constrained in the driver’s decision. Apparently, the drivers
are unable to estimate the distance and velocity exactly. They
usually use their sensory ability to judge the behavior of the
leading car and respond accordingly. Considering the realistic
situation, Jin et al.!"8! proposed a new model using the visual
angle information as stimulus from the perspective of statis-
tical physics based on the stimulus-response framework. The
expression is as follow:

() =a Va0 - m O} 2360, @

where 0,(¢) is the visual angle formed by the width of the
leading car and the distance between the two cars. This model
takes better account of human drivers’ characteristics but there
are still shortcomings.

In the past research, it is assumed crucially in the current
car-following model that all of vehicles are modeled as parti-
cles, and the type and size of vehicles are neglected. Never-
theless, the drivers of the following vehicles will be influenced
enormously by the size of the leading vehicles. In addition to
relative velocity and distance with proceeding vehicle, it can
be found that the leading vehicle types could have a great im-
pact on the car following behavior. Due to the larger size and
the worse braking capacity of trucks, the headway is larger
when a driver follows a truck rather than a car,['® so we can
conclude from the above phenomena that the driving behavior
is impacted by the type of leading vehicle.!'”! Thus, it is sig-
nificant to model the effects of vehicle size on car following
behavior. To our knowledge, the effects of vehicle size on the
car-following behavior have not been taken into consideration
in most of the models. '8! We consider that it is of importance
to put forward a solid angle model with considering the effect
of vehicle size and to explore the characteristics of the novel
model.

In this paper, we propose a dynamical model of the car
following behavior using the solid angle and its change rate
as variables for the first time so that we replace the original
variables, such as the distance and velocity, by introducing the
concept of solid angle into the previous classic car-following

model. In Section 3, linear stability analysis is used to as-
certain the critical stable condition of the traffic flow. Then
the modified KdV equation is derived to analyze the nonlinear
stability. In Section 5, numerical simulation is conducted to
further explore the properties of the proposed model and the
results are applied to investigate the phase transition charac-
teristics. The results of in the above steps show different char-
acteristics compared to previous models. As a consequence,
we explain the critical phase transition from car-following the
behavior based on solid angle caused by the effects of vehicle
size.

2. Solid angle model

Most of the previous models were built if the assump-
tion is founded that the drivers have accurate perception of
the distance, velocity and acceleration of themselves and lead-
ing vehicles. However, there is no psychological evidence to
support these assumptions. Previously we have proposed a
visual angle model (VAM) to consider drivers’ visual percep-
tion behavior.'®! In this model we introduced the width of the
leading vehicles only, which fails to completely describe the
effect of the leading vehicles’ size.!'”) Therefore, this paper
introduces the concept of solid angle to establish the stability
of the traffic flow influenced by the vehicle size.

In geometry, a solid angle is the angle of an object to a
specific point in three-dimensional space, and it is an analogy
of the planar angle. The solid angle describes the scale of the
size of the object measured by the observer standing at a cer-
tain point. The apex of the solid angle is the point from which
the object is viewed, and the object is said to subtend its solid
angle from that point. In a car-following scenario, the apex of
the solid angle is the following car driver, and the given object
is the leading car.

A unit sphere is constructed with the observation point as
its center. The projected area of any object projected onto the
unit sphere is the solid angle of the object relative to the obser-
vation point. Therefore, the solid angle is an area on the unit
sphere, which is similar to the planar angle being an arc length
on the unit circle. A solid angle in steradians can be expressed
by the following equation:

A
2=, &)
where A and r are the spherical surface area and radius, re-
spectively, and € is the solid angle formed by A and r in the
sphere.

Considering the sizes of leading vehicles and the solid an-
gle of drivers, we replace the distance and speed in the original
optimal velocity model by the solid angle and its change rate.
To detect the vehicle movement, the solid angle is regarded as
a stimulus, which depends on the leading vehicle size and the
distance between the front bumper of the follower and the rear
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bumper of the leader, as shown in Fig. 1. Based on Eq. (1), the
solid angle of the n-th driver is defined as

Anfl
[Asu (1) — li_1])?

Q,(t) = ) (6)

rsinfdy

where ,(t) is the solid angle observed by the n-th driver at
time ¢, As,(r) is the space headway between the n-th vehicle
and its leading vehicle, /,,_; is the length of the (n — 1)-th ve-
hicle (the leader), and A,_; is the rear area of the (n — 1)-th
vehicle.

dn
n
/\\ As,

Fig. 1. Driver solid angle and its calculation diagram in a car-following scene.

In this paper, we substitute the space headway and the
velocity difference with the solid angle and its change rate, re-
spectively. Then, we propose a novel model called the solid
angle model, or SAM for short. The model can be formulated
as

an(t) = a{U [2,(1)] —un(t)}—A%Qn(m @)

where U is the optimal velocity function, u,(t) is the n-th ve-
hicle’s velocity, « is the sensitivity parameter of the driver’s
velocity, and A is the sensitivity parameter of the change rate
of the solid angle d€2,,(¢)/dz. U[€2,(¢)] is a certain velocity a
driver intends to reach in terms of the solid angle of the follow-
ing vehicle called optimal velocity function (OV function for
short). To compare the results intuitively, in the novel SAM we
directly use the same OV function and similar parameters from
the VAM!!'7l and FVD models./?!! Consequently, as a stimu-
lation, the solid angle of the leading vehicle is also considered
in the OV function, which is modified as

U[Q,(1)] = U; +Ustanh [cl VS /2,1 — Cz} . ®

Therein, U; = 6.75 m/s, Uy = 7.91 m/s, C; = 0.13 m~!, and
C, = 1.57. The verification and calibration of U;, U,, C;, and
C, have been reported by Helbing and Tilch.?")

The acceleration describing the solid angle stimulus and
the following driver’s response is expressed in Eq. (3). Due
to the effects of the leading vehicle size, the follower driver
chooses to run with an optimal velocity with regard to the solid
angle. Hence, the SAM is more realistic, as it uses the solid

angle information as stimulus.

3. Linear stability analysis

Considering the stability of a steady traffic flow, it is as-
sumed that all vehicles are dimensionally identical, moving at

a uniform optimal velocity and distance headway. Therefore,
the location of the n-th vehicle is

s9(t) = hn+U(Qo)t, )

where s0(¢) is the steady position of the n-th car, 7 is the car
number, £ is the space headway at a uniform state, 2y =
Ap_1/(h— l,,_l)2 is the steady solid angle of drivers, and
U(£2y) represents the optimal velocity for the solid angle €.
These are all the parameters for describing a stable flow.

In order to explore the characteristics of SAM’s stability,
a small disturbance is added to the steady state s9(¢). The ac-
tual position of the n-th car is then expressed as

sn(t) = sh(t) +ralt), (10)

where r,(¢) is a small disturbance of the n-th car.
Substituting Eq. (10) into Eq. (6), the solid angle can be
rewritten considering the small disturbance as

_ An—i
&(t) = (h+Ary(t) —1,_1)*’

where Ar,(z) is the difference between the two small distur-

Y

bances of the leading car and the following car. Ignoring the
second-order term of Ar,(t), the solid angle £, and its rate of
change d€,/dr can be approximated by using the following

equations:
An—l 2An—l
Q,(t) = — Arp(t); 12
n(t) A A Ay (), (12)
d 2A,-1 ,
—Q,(t) = ———"=A . 1
O =~ ) (13)

Using the solid angle and its rate of change equations from
Egs. (12) and (13), the actual motion equation of the n-th car
can be rewritten as

() = oc{U’(.Qo) _mAFn(I)] —r;(t)}
+2 (hz_Al’”] x AP (1); (14)
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15)

U'(Q) = dU(R)/dRlg_q, .

The small disturbance r,(¢) is applied in the form of Fourier-
modes r,(¢t) = pexp(ikn + zt). Equation (14) then assumes
the following form:

2An71

2 / ik
= -U'(2y)) —= —1)—
S B A
24A,_ .
el ). (16)
(h—1,-1)
Here, z can be expressed as follow:
2= 21 (ik) + 22 (ik)? + o[ (ik)?]. (17)

The equation of deriving neutral stability condition is zp = 0.
The parameters z; (i > 3 and i € N) can be neglected. The first-
and second-order coefficients of z are obtained as follows:

A
7= _"713[]/(90)7
(h_lrhl) (18)
4U' (20)A, - A, o
o= WAL Ay %L
o (h—1Ip-1) (h—1l—1)
As a result, the neutral stability condition is derived by
o(h—1,1)°
U'(Q) =————"—"—A. 19
(£) A (19)

For a small disturbance r,(t), the traffic flow is stable when the

sensitivity coefficient satisfies the following condition; other-

wise, the steady-state traffic flow will develop into stop-and-go

waves,

_AAn [U'(20) +A]
(h—l1)®

The linear stability conditions for different models are
compared in Fig. 2. It is easy to see that a larger asymme-
try can be observed clearly in SAM than VAM, which means
that the full size of the leader has a greater influence on the
follower. The results show that the SAM can better describe
the influence of the vehicle size on stability and is more in line
with actual driving behavior than previous models.

The sizes of leading vehicles also influence the stability
regions of SAM, as shown in Fig. 3. The typical sizes (length

(20)

o>

x width x height) for trucks and cars used in this paper are
10.0 mx2.5 mx3.0 m and 5.0 mx 1.8 mx 1.5 m, respectively.
With a given headway, a leading truck will produce a larger
solid angle than a leading car, which brings in a stronger psy-
chological stress on the following driver and improves the sta-
bility of the traffic flow.

2.0

1.5

1.0F

Sensitivity

0.5f

Headway/m

Fig. 2. Comparison of headway-sensitivity relationship diagrams with
different car-following models.

2.0 T T T
following the car
- - following the truck
1.5} AN
> N '
2 / \
e}
= 1.0p ) N
; , |
n ! \
l’ *
0.5} i N\
1 N
l, AN N
1 S
0 . L . . . —=
10 15 20 25 30 35 40
Headway/m

Fig. 3. Headway-sensitivity relationship diagram when following a car
or truck.

Figure 4 presents the critical stability curves for different
widths, heights, and lengths of the leading vehicles. When the
width and height of the vehicles increase, the sensitivity apex
declines and the critical stability region becomes larger. At the
same time, when the length of the vehicle increases, the stabil-
ity region does not change, but it shifts to the right instead.

2.0 b —2.0 2.0 2.0
(a) width=2.J m b height =2 m (c) l=5m
W}dth:2.5 m n (b) ) height =3 m 1.6 . 1=10 m
o 1.5 -- width=3.0 m o : height =4 m . : L l=15m
h=1 R ! X £ s
= S 1.2 = 1.2
£ 1.0 2 =
n n 0
g g 0.8 g 08
“ 05 - s
' N 0.4 0.4
0 : Thee _ 0 HE e, o 28 0 H BN TP
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 20 30 40 50
Headway/m Headway/m Headway/m

Fig. 4. Headway-sensitivity relationship diagrams with (a) different widths of leading vehicles, (b) different heights of leading vehicles, (c)
different lengths of leading vehicles.
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4. Modified KdV equation

When the steady traffic flow is affected by a random dis-
turbance, the change of the traffic flow state near the critical
point will be transmitted to the upstream in the form of den-
sity wave. In this section, we obtain a nonlinear wave equation
using the long wavelength mode to depict the propagation be-
havior so that we achieve the purpose of analyzing the slowly
varying behavior at long waves.

Plugging Eq. (6) into Eq. (8), we can know that U[Q,(¢)]
can be transformed to U[s, (¢)] equivalently, so we make a cor-
responding transformation of Eq. (7) to Eq. (21) depicted as
follow:

2
L) afu s, i) 220

On the basis of Eq. (17), the expression of the (n+1)-th car
can be obtained as

d
} —A Q). @D

%y (1) dspt1 (1)
Lo (22)
dt n+1 .
Subtracting Eq. (17) from Eq. (18), we can get the following
equation:
d?As, (1) dAs, (1)
a2 = @ U (0] = UAs, (0)] = — =
d d

We use both space and time variables, and a constant b which
is undetermined to define the slow variables as follows:
S=ge(n+bt), T=¢1 0<e<l. (24)
The headway is expressed as
Asy (1) =he+€R(S,T), (25)

and then equation (23) is expanded into the fifth-order of &
using Taylor method. We derive the equation as follow:

e2mOsR+ &’myds R+ €* (Ir R+ m3dg R+ msdsR*)
+&° (msdsdrR+mds R+m793R*) = 0. (26)

Here, the parameters m; are expressed as follows:

, P>+APb U’ APb U’
m]Zb—U, mzzT—77 m3_2a—6’
_u” _ 2b+PA
m4*7?a ms = o )
APL U’ A0b U
M= 6a 240 " T T T 12
with

U’ = [dU(Asj)/dAs )] |as;=he

U = [d3 j)/dAU?HAUj:hc'

(1+¢&*)aand b =V, the
second-order and third-order terms of € can be eliminated near

Under both conditions of o, =

the critical point (A, ). The simplified result is shown as fol-

low:
et (8TR —g18§’R+g285R3)
+&° (g395R + g49§R + gsIR?) =0, (27)
where
U APb U” B +APD
g1_6 2ac, 82 = 6’ 83 = o 3
_b(U'+2AP) APb(2b+PA) U’
87 T 3 202 24
_U"(2b+AP)+6A0b U"
85~ 60 12

For the purpose of giving a standard mKdV equation with in-
finitesimal of higher orders, we have to transform the variables

T = g\T; R:,/%R’. (28)

The regularized equation can be worked out as follow:

as below:

orR — 3R + dsR”

{‘% Q2R + 22 9MR + gsa_%Rﬂ —0. (29
81 81 82

The following expression is the target standard mKdV
equation with the kink-antikink soliton solution omitting the
O(e):

R (S.T’) = v/ctanh {\f; (s5— CT')] e

Considering the correction term O(€) and based on the solv-
ability condition, the propagation speed ¢ can be figured out
and expressed with g; as follow:

_ 58283 31)
28284 — 38185

Consequently, we can rewrite Eq. (30) as

Asn(t) = he + ‘?zc(a—l)tanh{ %(%—1)
X {n—i—(l—cgl ——l t}} (32)
and the amplitude of the solution is
A= % (7 - 1) (33)

The coexisting phase represented by the kink—antikink
soliton solution is made up by the headways of the low-density
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free flow phase and high-density congested phase. The solu-
tion of the mKdV equation is an accepted expression for de-
scribing the state of traffic flow near the critical point, which
is achieved by analyzing the nonlinear stability.

The neutral and coexisting curves with different lambdas
are shown in Fig. 5. The headway-sensitivity space is divided
into three parts, unstable, metastable and stable regions, re-
spectively, by these two curves. All three parts exhibit asym-
metrical characteristics in uncongested and congested condi-
tions which is due to the drivers’ acceleration and deceleration

asymmetry.
2.0 —— A=30 neutral
- A =230 coexisting1
16} —— A =060 neutral
: - A =060 coexisting
T —— A =90 neutral
i 19} * A =90 coexisting |
X
2
=
Z 081
9]
n .
0.4
0

5 10 15 20 25 30 35 40

Headway/m

Fig. 5. Headway-sensitivity relationship diagram under different lamb-
das.

Similar to the neutral curves, the coexisting curves also
exhibit asymmetric characteristics. In the congested state, the
stability region is smaller than that in the uncongested state be-
cause the drivers will pay more attention to changes in the size
of the leading vehicles, and then make a more timely response.

Headway/m

Headway/m

The results illustrate that using solid angle under the consid-
eration of vehicle size can enhance the linear and nonlinear
stability of traffic flow.

As shown in Fig. 5, the dashed curves are the coexisting
stability curves derived by the modified KdV equation and the
solid curves are the neutral stability curves derived by the lin-
ear stability analysis. For comparison, the values of lambda
are different and the corresponding curves are also shown in
Fig. 5.

5. Simulation

In order to further explore the properties of SAM, numer-
ical results are presented to explore the characteristics of phase
transition. In the simulations, the n th vehicle’s velocity and
position are calculated using the following equations:

Uun(t + A1) = up(t) + At - { & [U (2(1)) — un (1)]
—A-dQ,(t)/dt};
Sn(t) + A - [un (1 4+ At) +u, (2)] /2.

(34)
(35)

sn(t+Ar)

This simulation uses periodic boundary conditions. Initially, it
is assumed that total N vehicles are on the lane under an even
space headway. The initial speed of each vehicle is the opti-
mal velocity based on the solid angle. Then, we give the first
vehicle a small disturbance. The initial position of all vehicles

can be expressed as

n=1,

n#1,

where N is the vehicle number equal to 100, and L is the length
of the simulation circle road set to 1500 m.

(36)

(b) A=80

Headway/m

Headway/m

Fig. 6. Spatiotemporal evolution of the distance headway for different A.
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Kink-antikink density waves, which are an important fea-
ture of traffic congestion in the unstable region, are shown in
Fig. 6. Even if the traffic flow is initially homogeneous, a
small disturbance will slowly evolve and eventually lead to
the stop-and-go waves. In Fig. 6, patterns (a), (b), and (c) rep-
resent three different unstable states, respectively, and as seen
a small disturbance can quickly propagate and generate coex-
isting phases. When A = 120, the effects of the solid angle be-
come very large, which causes the density waves to disappear
in Fig. 6(d). Therefore, A characterizes the following driver’s
ability to sense the change rate of the solid angle.

The asymmetric characteristics of the SAM can be easily
observed in Fig. 7. A driver needs to spend more time accel-
erating from the congested condition to the free flow than de-

1 —
t=200s (2)A=40
—t=2000 s

T 10

@

g

~

e}

(&)

g,

& s

0

0 20 40 60 80 100

Car number

celerating from uncongested condition to congested flow. The
essence is that drivers are more sensitive to the perception of
collision risk. Our simulation indicates that the novel SAM
can describe real driving behavior better.

Spatiotemporal vehicle trajectory diagrams also clearly
exhibit the effects of vehicle’s size, as shown in Fig. 8. As
the proportion of trucks rises, the stability of the traffic flow is
enhanced. Due to the influence of solid angle, the truck ratio
has a strong stabilizing effect. When the truck ratio reaches
20%, the traffic flow changes to a freely moving phase. The
simulation results indicate that trucks have an obvious effect
on followers, stabilizing go-and-stop waves and increasing the

road capacity.

15

t =200 s (b) A=80
—t=2000 s

—
o

Speed/m-s~!

ot

0 20 40 60 80 100

Car number

Fig. 7. The stop-and-go waves in SAM.

(a) truck ratio=0

1500

1000

500

Location/m

0 ——— =T «
2000 2040 2080 2120 2160 2200

Time/s

Location/m

2080 2120
Time/s

0 >
2000 2160

2040

2200

(b) truck ratio=0.02

1500 ==

500

Location/m
—
o
S
S

0 A
2000 2040 2080 2120

Time/s

2160

N
[N~}
o
(=]

(d) truck ratio=0.2

1500

Location /n:

500

_

2080 2120
Time/s

0
2000 2040 2160

N
V)

00
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6. Conclusions

The main contribution of this paper is to propose the in-
fluence of the solid angle on the car following theory. This al-
lows us to take the size of leading vehicles into account, which
is an issue hard to investigate in previous studies. The novel
SAM is an improvement of the OV model. Stability analysis
results indicate that the neutral and coexisting stability curves
are asymmetric, and such that the steady and metastable re-
gions are enlarged as the leading vehicle’s size increases. The
SAM’s validity is also be verified through the corresponding
numerical simulations, which show that the size of the lead-
ing vehicle strongly influences and enhances the stability of
traffic.
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