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A new car-following model is proposed based on the full velocity difference model (FVDM) taking the influence of
the friction coefficient and the road curvature into account. Through the control theory, the stability conditions are obtained,
and by using nonlinear analysis, the time-dependent Ginzburg—Landau (TDGL) equation and the modified Korteweg—de
Vries (mKdV) equation are derived. Furthermore, the connection between TDGL and mKdV equations is also given. The
numerical simulation is consistent with the theoretical analysis. The evolution of a traffic jam and the corresponding energy
consumption are explored. The numerical results show that the control scheme is effective not only to suppress the traffic

jam but also to reduce the energy consumption.
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1. Introduction

In the last few years, with the development of the econ-
omy, the influence of traffic jams on people’s life has be-
come more and more serious. Therefore, many traffic flow

1-15

models!!'~15] have been proposed to research traffic congestion

by using linear analysis and nonlinear analysis, such as the car-

following models, '®28] the cellular automation models, 23?1

33-36

the gas kinetic models, ! ! and the hydrodynamic lattice

models. 37401

The research of transport has been gradually developed
into three major directions. Generally, traffic flow models
have been divided into three types: macroscopic models, mi-
croscopic models, and mesoscopic models. One of the most
typical models is the optimal velocity model (for short, OVM)
proposed by Bando et al.*!! in 1995, in which the differential
equation of the optimal velocity model is obtained by Tay-
lor expansion. The problem of infinite acceleration is solved
in OVM: it can simulate many qualitative characteristics of
the actual traffic flow, such as traffic congestion, congestion
evolution, and so on. In order to solve the problems of high
acceleration and unrealistic deceleration in OVM, Helbing
and Tilch*?! developed a generalized force model (for short,
GFM) by considering the negative velocity difference on the
basis of OVM. But GFM cannot describe the delay time of car
motion and the kinematic wave speed at jam density. Jiang et
al."3) put forward the full velocity difference model (for short,
FVDM) by considering the positive velocity difference based
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on GFM. However, FVDM has too high deceleration. Ge et
al."** put forward a two-velocity difference model (for short,
TVDM) to solve these problems. There is no doubt that the au-
thors have prominently contributed to the modeling of traffic
flow and to promoting the development of the theory for traf-
fic flow. Previous research results have enriched and improved
the model of traffic theory.

As is well known, roads are not always straight and there

45461 however, there has been little re-

are lots of curved roads; !
search on curved roads using the car-following model. There-
fore, based on FVDM, this paper studies the evolution trend
of the traffic flow in a bend. We will present a modified model
for the curved road and investigate the stability from the per-
spective of energy consumption. [47]

On the basis of previous studies, a new car-following
model is proposed. In Section 2, based on FVDM, the new
model including the influence of the friction coefficient and
radius is put forward. Moreover, the control analysis method
will be used to analyze the improved model. In Section 3, the
new model is analyzed by the nonlinear analysis near the criti-
cal point, then the time-dependent Ginzburg—Landau (TDGL)
equation and its corresponding solution are derived. In Sec-
tion 4, the modified Korteweg—de Vries (mKdV) equation is
given. In Section 5, numerical simulations are present. The

conclusions are given in Section 6.
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2. The new model and linear stability analysis

We consider the case in which vehicles run ahead on a
single-lane curved road under open boundary conditions. At
the same time, the effects of the friction coefficient and curve
radius are also considered. A centripetal force f = umg acts
on the running vehicles, where p is the coefficient of the fric-
tion, m is the mass of the vehicle, and g is the acceleration due
to gravity. The length of the curve is s = r X 0, where 0 is the
radian and r is the radius.

According to the above mentioned idea, we derive a new
mathematical model. The motion equation is

dzs,-(t)

dS,'(l) Y dASi(l‘)

= a|V(asi() - = e,

)
where s;(¢) is the position of the vehicle at time ¢, a is the sen-
sitivity which corresponds to the inverse of the delay time, and
A is a parameter of FVDM. With the relationship between the
radian and radius of the curved road section

si =1 x 0;(t),As; = r x ABi(t), 2)
equation (1) can be rewritten as

d?6,(t) a _ de;(t) dAg;(t)
2 V(rA6i(t)) —r i +A FPa 3)

The optimal velocity function is proposed as follows:
' Wmax
V(rA6;(t)) = T[tanh(rAO,»(t) —s¢)+tanh(sc)], (4)
where Wn;,x 1s the maximum angular velocity and s, is the safe
arc length of the vehicle. The other parameters are the same
as before. The relationship between the maximum angular ve-
locity and the friction coefficient is

maw2,.r = pmg. 5)

The theoretical values of the real traffic situation are higher
than the maximum angular velocity, then we adopt a constant
coefficient ¢@. So the optimal velocity function is rewritten as

V(rA6,(t)) = o \/‘?[tanh(rABi(t) —s¢) +tanh(sc)].  (6)

In addition, we take into account the relationship between
the energy consumption and vehicle stability. The energy con-
sumption of each vehicle on a curved road can be investigated
in more details on the basis of the kinetic energy theorem,
which describes every vehicle to do work through consum-
ing energy. By describing the change of the vehicle in two
adjacent moments, the change of the kinetic energy is defined
as
1
5l

where v;(f) and v;(t — 1) are the velocities of vehicle i in the

AE; =~} (t) —vi(t—1)], ()

two successive time steps.

Then linear stability analysis can be conducted. We can
compare the new model for traffic flow on a curved road with
the previous models. The derivative of the radian is the angu-
lar velocity. Therefore, the stable condition can be given as

follows:
) _ 81y 00 rne)] + A,
(3)
%t(t) = 01 (1) — (1),

where dw;(t)/dt = d?6;(t)/dt* and w;(t) = d6;(¢)/dt. We
assume that the leading vehicle is not effected by others and
runs on the curved road with a constant speed ray, then the
steady state is as follows:

-1 p T
V(W] , ©)

(@7 (1), 267 ()] = [wo,

The linearized system (8) can be calculated and the
steady state space equation is

Lo _ 21560 - réan(o)] +2500),
(10)
% = 81 (1) = Sax(r),

where Sw;(t) = wi(t) — @y, Swi1(t) = w1 (t) — @y,
SA6;(t) = AB;(t) — V! (rax)/r, derivatives

dV (rA6i(1))
Gl'(l)

By Laplace transformation, the linearized system can be
written as

) Rl PR A

where Q;(s) = L(8w;(1)),0;(s) = L(66;(t)), L denotes the
Laplace transform. The characteristic polynomial is p(s) =

s2 4+ sa—+ sA +aA, where s is a complex variable. Then we

1 s aA A
pls) | —1s+a+A |1
1
—— | sA+aA |. (12)

p(s) : ]

As d%si(t)/dt?> is in positive correlation with
[V(rA6;(t)) — rd6;(r)/dz], so we have oo >0. We also have
A >0, then the condition for p(s) is stable. We consider
|G(s)]| < 1, which is the same as

can obtain

G(s) = [10]

G(jo)]* =|G(—jw)G(jo)|
*AT+ 0*A?
T @ @)t (@r AR (13
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we can obtain the sufficient condition by the above analysis,
which can be rewritten as

traffic flow is instable in the condition

Sensitivity /s~!

Sensitivity/s~1

Sensitivity /s~!

Sensitivity/s~1

4,./ugr

a< (erA0—sc 1 gs—rA0)2

2. (15)

A< a —|—)L (14) In summary, we obtain the stability condition of the traffic flow
2 as follows:
For small disturbance with long wavelengths, the uniform B 4./lgr
- v 24, (16)
(erAefsc + escfrA9)2
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Fig. 1. (color online) The phase diagram of the model with different parameters A and r.
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Fig. 2. (color online) The phase diagram of the model with different parameters A and .
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Figure 1 shows the phase diagram in the (s, a.) plane,
where s. is the headway and a is the sensitivity which corre-
sponds to the inverse of the delay time. The solid lines show
the neutral stability curves with different A. It shows the un-
stable region, and the critical points decline with decreasing
parameter r.

As can be seen from Figs. 1(a)-1(c), when g and u are un-
changed, with the decrease of r (r = 80 m, 60 m, 40 m, 20 m)
and the increase of A (A =0, 0.1, 0.3), the unstable region
gradually becomes smaller, and the stable region gradually be-
comes larger. Then the traffic flow is more stable. Especially,
from Fig. 1(d), the stable region reaches the largest when the
values are selected as A = 0.3, u = 0.4, and r = 20 m.

Figure 2 shows the phase diagram in the (s., a.) plane,
where s, is the headway and a. is the sensitivity which corre-
sponds to the inverse of the delay time. The solid lines show
the neutral stability curves with different A. It shows the un-
stable region, and the critical points decline with decreasing
parameter [.

As we can see from Fig. 2(a)-2(c), when g and r are fixed,
with the decrease of u (1 = 0.5, 0.4, 0.3, 0.2) and the increase
of A (A =0, 0.1, 0.3), the unstable region gradually becomes
smaller, the stable region gradually becomes larger. Then the
traffic flow is more stable. Especially, from Fig. 2(d), the sta-
ble region reaches the largest when the values are selected as
A=03,u=02,and r = 60 m.

3. TDGL equation

In the car-following models, the nonlinear density wave
equation is derived to describe the propagation characteristics
of traffic congestion. In this part, we adopt the method of non-
linear analysis to investigate the problem. On the coarse grain
scale, we describe the traffic flow by using the long wavelength
models and then obtain the solution of the equation. The slow
changing behavior of long waves near the critical point is an-
alyzed. We assume that 7 is very small, then equation (3) can
be rewritten as follows:

de;(r+1) 1 dA6;(r)

T = Ve () A AT

Furthermore, equation (17) can be rewritten as follows:

% = %[V(FAGMU))_V("Aei(tm
dAB;y1(r)  dA6(r)

A
tT dr dr

(18)

The slow scales for space variable i and time variable ¢ are
introduced, and the slow variables r® and T are defined as
follows:

r@=c¢(i+st), T=¢% 0<e< 1. (19)

The headway Asy (1) = sc + €R(r®,T) is set as
rAB;(t) = s. + eR(r®,T). (20)

By bringing Egs. (20) and (21) into Eq. (19), and expanding to
the fifth-order of €, we obtain

82m1 8,@R + 83m28,2@R
+ et [aTR + m38,3@R - m4v”/8,@R3]
+&°[ms0,00rR+medigR —m79oR] =0, (21

where the coefficients m; are given in Table 1.

Table 1. The coefficients m; of the model.

my my m3
s=V IV —drst+rst =LV - LAdrs+ bsPeR
my ms meg my
VTW 2T— AT — AV = L5t Lt ‘%’

Now, we consider the traffic flow near critical point T =
(1+€?)7.. Through taking s = V', the second- and third-order
terms of € are eliminated from Eq. (22), which leads to the
simplified equation

1 1
e*rR = 846V’(1 +321-3V211)dLR + 846V’”8,@R3
1
+£3§V/<1 +247—2V'1)9%R

1
—|—SSEV’(—10V’31:3 +4V't

+ 12V AT +6V?A1° — 64277 — 1 —4A1)d R

1
+£5§V“’(1 —4V'T—2AT)0%HR>. (22)

By transforming 7@ and T into variables x = £~ '7® and
t = €737, and taking S(x,t) = eR(r®,T), equation (22) is
rewritten as follows:

1 1
oS = 6v’(1 +3M—3v’2)afs+gv’”axs3

1
+ Ev’(l +2A7-2V'1)d2S

1
+§V/(—10V/3T3+4V/r
+12VIAT+6V?A1} —6A%1° — 1 —4AT)d!S

1
+ EV’”(l —4V't —2A1)928°. (23)

By adding term V/(V' — 1)(1 4247 —2V'7)0,S on both left
and right sides of Eq. (23) and performing #; = ¢ and x; =
x—=V/'(V' = A)(14+2A7—2V'T)t, we obtain

S = (9 + Y a2>[év'(1+3m

2(VI=A) ™
—3V"21%)a; s — (V' =)

1
x (14+247—2V'T)S — 6v’”s3] ) (24)
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We define the thermodynamic potentials

u _ LS4. (25)

27V — 241 —1)$?
(27 LAY

6(8)= -

By rewriting Eq. (25) with Eq. (26), the TDGL equation is
derived as

_ Vi 2 82(S)
9,8 = —<axl + T Mam) o (26)
/dle (1+43A7-3V"?1 2))

><<dx1s>2+-¢<s>}7 o

where 0®(S)/48S indicates the function derivative. The TDGL
(27) has two steady-state solutions except trivial solution § =
0. One is the uniform solution

6(V/ —2)(2tV' —221—1)]"/?
S(xl,tl)::t{ ( I i )] . (28)
The other is the kink solution
S()C],ll)
6(V/ —A)(2tV' —241—1)]"/?
= i V///

x tanh{[3(27V' —2A 1 —1)]'/2[2V'7(=5V"* 1% +2)
+2AT(6V' +3V21? —3A1—2) — 1] 2 (x; — x0)}, (29)

where x is a constant. Equation (30) represents the coexisting

phase. By the condition
00/0S=0, 9%¢/dS*>>0, (30)

we obtain the coexisting curve from Eq. (26) in terms of the

original parameters

6(V' —A)(2tv' 241 —1)1"/?
(As)eo = sc £ ( )( Vi ) (31
The spinodal line is given by the condition
%9 /08> =0. (32)

From Eq. (26), we obtain the spinodal line described by the

following equation:

2V =) (2t =221 —1)]1/?

(As)sp = sc = v

(33)

The critical point is given by the condition d¢/dS = 0 and
Eq. (33),

(As)e = ¢, ac=2(V' —2). (34)

4. mKdV equation

Similarly, from the derivation of the TDGL equation, we
study the slowly varying behavior at long wavelengths near
the critical point. We abstract the slow scale for space vari-

able i and time variable 7. By inserting ac = 2(V' — 1) and

a = (1+&?)a, into Eq. (13), one obtains

e*(OrR— j10;5R + j20,0R’)
+8(j30% + jadoR+ jsdBRY) =0, (35)

where the coefficients j; are given in Table 2.

Table 2. The coefficients j; of the model.

Ji J2 J3
_22V'4202- V"2 v lym 1y
Iyl sV 2V

J4 Js

Vi4A 3 Lym v’ 1
wv-n" oV Yty t i

In the table, V' = dV(As;)/dAs;|As; = s. and V" =
d*V(As;)/dAs?|As; = sc. In order to derive the regularized
equation, we make the following transformation:

1
r—lp ro |4 (36)

J1 J2
then the standard mKdV equation with an O(€) correction
term is obtained as follows:

R = IR — d,0R">
—e {1,3 %R + L% R + J,Sa,ZQR”] NEY)
J1 J1 J2
If we ignore the O(¢€), they are just the mKdV equations
with a kink solution as the desired solution

R (r®,T') = \ftanh\/g(rG—cT’). (38)

Then, assuming that R’ (r®,T') = R,/ (r®,T') + €R{' (r®,T'),
we take into account the O(¢g) correction. For the purpose of
determining the selected value of the velocity ¢ for the kink
solution, it is essential to satisfy the solvability condition. As

“+oo

(R, MR, = / dr®'R,/’M[R")),

—o0

where

MR, = J38@R —|—J48@R’ fsa R,

we obtain the general velocity c,

5j23

=5 - (39)
2j2ja—3j1]s
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Therefore, the general kink—antikink soliton solution of the
headway from the mKdV equation is obtained as

Jic( T

j2<%—1)tanh,/;(:c—1>
x {nJr(lcjl)(:Cl)t],

where V" < 0. This kink soliton solution also represents the
coexisting phase, and the kink solution (41) agrees with the so-
lution (30) obtained from the TDGL equation. Therefore, the
jamming transition can be described by both the TDGL equa-
tion with a nontravelling solution and the mKdV equation with

Asi(t)

:SC

(40)

a propagating solution.

5. Numerical simulation

In this section, the numerical simulation is carried out for
theoretical analysis through the computer. With the periodic
boundary condition, the initial conditions are given as fol-
lows: Ax;(0) = Axg =4.0,Ax;(1) = Axo = 4.0, for j # 50,51,
Axj(1) =4.0-0.5, for j =50,Ax;(1) =4.040.5, for j = 51.
We choose the total number of cars and the sensitivity as
N=100and a = 1.6.

Figure 3 shows the space—time evolution of the headway
after t =t = 10* time steps with the fixed parameters A, 11, g
and the varied parameter r. A series of simulations are carried
out under the periodic conditions for the new car-following
model with different parameters. It can exhibit the kink—
antikink solutions propagating backwards. Especially, when
r is the minimum, the traffic flow model becomes the most

r=70m,pu=04,g=9.8 m/s?

(a)

f r iy T P‘H‘l
ey ! ﬁ%’,‘:,:'-..-.‘.!"’w
5 6 yll!'} JJM:,'; “"FF I‘!jluvv'!"‘:}"'ﬁ.Jl 15
2 sl
g 2 '“J II‘MF.“" 10 N
= 0 “u“ &

Car nump,,, 100

Headway/m
CRNIC

stable. From Fig. 3(a) with A = 0.3, u = 0.4, g =9.8 m/s2,
r =70 m, it is clear that the traffic flow is very unstable and
chaotic on a curved road. When a small disturbance is added
into the uniform traffic flow, the propagating backward stop-
and-go traffic jam appears, which is very similar to the mKdV
solution. From Fig. 3(a) to Fig. 3(b), the traffic flow model
congestion situation has a small improvement. Gradually, in
Figs. 3(c) and 3(d) with » = 50 m and r = 40 m, respectively,
it can be seen that the traffic flow model of congestion on a
curved road has been significantly improved. It is very stable.
It is obvious that the amplitude of the kink—antikink soliton
weakens gradually with increasing parameter A and decreas-
ing parameter r.

Figure 4 shows the headway profiles and density waves
for different friction coefficients and radii of curvature at t =
10300 corresponding to the panels in Fig. 3; similar results are
obtained from Fig. 3. Figures 4(a)-4(d) correspond to radii of
curvature r = 70 m, 60 m, 50 m, 40 m, respectively. The other
parameters are unchanged. As the radius gradually becomes
smaller, the traffic flow model becomes more stable. The nu-
merical simulation and theoretical analysis are consistent.

Figure 5 exhibits the space—time evolution of the head-
way after t =t = 10* time steps with the fixed parameter A,
g, r and the varied parameter (. A battery of simulations
are carried out under the periodic conditions for the new car-
following model on a cured road with different parameters. It
shows the kink—antikink solutions propagating backwards. It
can be seen that the traffic flow becomes more stable with in-
creasing parameter {t. From Fig. 5(a) with A = 0.3, r =60 m,
g =9.8 m/s?, u = 0.5, it is clear that the traffic flow is very

r=60m,u=04,9g=9.8 m/s?

(b)
g
B 15
£ 6
T 4 10
&
o 2 \®
as )
0 5 §
o 90 &
ar ”Umber 100
r=40 m, p = 0.4, g=9.8 m/s? (d)
g
~
g6
g 4
g 2
jas

o

Fig. 3. (color online) Space—time evolution of the headway after = 10000 with different r.
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10300
r=70m, u=04,g=98 m/s? (a)

Headway/m
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7 10300
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g
<
%
2
<
3
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7 10300
r=40 m, p =0.4,g=9.8 m/s? (d)
6 ]
g
~
z
2
e}
&
(]
T
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1
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20

Fig. 4. (color online) Headway profiles of the density wave at # = 10300 corresponding to Fig. 3.

©=0.57r=60m,g=9.8 m/s?
(a)

i r‘-&ﬁﬁﬁi&‘ﬂ, I
e e
2 ok j‘i'é"."”r SR 15
£ ""f"v".l' e
513 20 1‘*1 ! .‘!i v
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©w=0.2,7=60m,g=9.8 m/s?

(d)

Headway/m
NN

o

50

Cay Nump, 100

Fig. 5. (color online) Space-time evolution of the headway after r = 10000 with different .

unstable and chaotic on a curved road. When a small distur-
bance is added into the uniform traffic flow, the propagating
backward stop-and-go traffic jam appears, which is very sim-
ilar to the mKdV solution. From Fig. 5(a) to Fig. 5(d), u de-
creases while the other parameters are not changed. It can be
seen from the graph that the traffic flow model of congestion

on a curved road has been significantly improved. It is obvious
that the amplitude of the kink—antikink soliton weakens grad-
uvally with increasing parameter A and decreasing parameter
u. In general, the smaller the parameter i, the more stable the
traffic flow.

Figure 6 exhibits the headway profiles and density waves
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for different p and r at t = 10300 corresponding to the pan-
els in Fig. 5. From Fig. 5, similar results are obtained. From
Fig. 6(a) to Fig. 6(d), the friction coefficient changes from 0.5

10300
pw=05r=60m,g=9.8m/s? (a)

Headway/m

1 L L L L
20 40 60 80 100
Car number
7 10300
p=03,r=60m,g=9.8m/s2 (c)
6 L 4
g
~
z
2
g}
&
(]
jan
2l
1

20 40 60 80 100

Car number

t0 0.2, with A = 0.3, 2=09.8 m/s2, r = 60 m. From the figure,
we find that the traffic flow on the curved road is more stable
with the small coefficient of friction.
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Fig. 6. (color online) Headway profiles of the density wave at t = 10300 corresponding to Fig. 5.

The stability of the vehicle can be reflected in many as-
pects; now we analyze from the perspective of energy con-
sumption. We study the relation between the energy consump-
tion and the stability. The change of energy consumption of a
vehicle running on a curve depends on parameter A.

0.4 . .
— =0
ool A=0.1 |
— =03
0
R
< /
—0.2}
—0.4}
—0.6

—-10 O 10 20 30 40 50 60
Time/s

Fig. 7. (color online) Profile of energy consumption of vehicle with
different parameter 7.

Figure 7 shows the distribution of energy consumption for
the models with different A. The blue curve denotes the model
with A = 0, the numerical simulation result is consistent with
that in OVM proposed by Bando et al. The area of loop in
OVM is the largest, so it is most unstable. The green curve

denotes the model with A = 0.1 and the red curve denotes the
model with A =0.3.

From Fig. 7, we can see two regions with AE < 0 and
AE > 0. AE < 0 denotes the energy dissipation in the decel-
eration process of a vehicle and AE > 0 describes the energy
dissipation of a vehicle during acceleration. It can be seen
clearly in Fig. 7 that the areas of the acceleration process and
the deceleration process are not symmetrical. The area of the
deceleration process is larger than that of the acceleration pro-
cess. This shows that the energy consumption of the decelera-
tion process is greater. In a word, the energy consumption has
decreased with the increase of A.

6. Conclusion

The curved road is very common, so it is important to
study the curved road traffic flow. The vehicle on a curved
road is affected by many factors. In our model, by means of
linear analysis and nonlinear analysis, we study the evolution
trend of the traffic flow in a bend and analyze the influence of
the friction coefficient and the radius of the curve on the traffic.
We also analyze stability from the perspective of energy con-
sumption. The neutral stability line and the critical point are
obtained by the linear stability analysis. The TDGL equation
has been derived to describe the traffic behavior near the crit-

110504-8
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ical point by applying the reductive perturbation method. In

addition, the mKdV equation has been derived and we show
the relationship between the TDGL and the mKdV equations.
Finally, the analytical results are found to be in good agree-

ment with the numerical simulation.

References

(1]
(2]
(3]

[4]
(5]

(6]
(71
(8]
[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]

Tang T Q, Huang HJ and Shang H'Y 2010 Chin. Phys. B 19 050517
Dong LY, Dong K L and Xiang L 2016 Chin. Phys. B 25 098901

Liu Y, Chai C C, Yang Y T, Sun J and Li Z P 2016 Chin. Phys. B 25
048504

Zheng Y Z, Cheng R J, Lo S M and Ge H X 2016 Chin. Phys. B 25
060506

Ge H X, Zheng P J, Lo S M and Cheng R J 2014 Nonlinear Dyn. 76
441

Wang Y and Chen Y Y 2015 Chin. Phys. B 24 038902

Peng G H and Cheng R J 2013 Phys. A 392 3563

Tang T Q, He J, Wu Y H and Caccetta L 2014 Phys. A 396 164

Liang Y J and Xue Y 2010 Acta Phys. Sin. 59 5325 (in Chinese)

Yu S W and Shi Z K 2015 Nonlinear Dyn. 82 731

Zhu H B and Dai S Q 2008 Phys. A 387 3290

Ge H X, Zheng P J, Wang W and Cheng R J 2015 Phys. A 433 274
LiZP,LiWZ,XuSZ, Qian Y Q and Sun J 2015 Phys. A 436 729
Zheng Y Z, Zheng P J and Ge H X 2014 Chin. Phys. B 23 020503
Cheng R J and Cheng Y M 2016 Chin. Phys. B 25 020203

Jiang R, Wu Q S and Jia B 2008 Phys. D 237 467

Peng G H, He H D and Lu W Z 2015 Nonlinear Dyn. 81 417

Jiang R, HuM B, Zhang HM, Gao Z Y, Jia B and Wu Q S 2015 Transp.
Rese. Part. B 80 338

Zhu W X and Zhang L D 2016 Phys. A 449 265

Helbing D 2009 Eur. Phys. J. B 69 539

[21]
[22]

[23]
[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]
(33]

[34]
[35]
[36]

[37]
(38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]

110504-9

Peng G H, Lu W Z and He H D 2016 Mod. Phys. Lett. B 30 1650327
Li Y F, Sun D H, Liu W N, Zhang M, Zhao M, Liao X Y and Tang L
2011 Nonlinear Dyn. 66 15

Li Z P and Liu Y C 2006 Chin. Phys. B 15 1570

Tang T Q, Huang H J, Wong S C and Jiang R 2009 Chin. Phys. B 18
975

Tang T Q, Li C Y and Huang H J 2010 Phys. Lett. A 374 3951

Ge H X, Meng X P, MaJ and Lo S M 2012 Phys. Lett. A 377 9

Jiang R and Wu Q S 2007 Phys. A 375 297

Li L, Wang F, Jiang R, HuJ M and Ji Y 2010 Phys. B 19 020513
Nagatani T 1999 Phys. A 264 581

Li Q D, Dong L 'Y and Dai S Q 2009 Acta Phys. Sin. 58 7584 (in Chi-
nese)

Nagatani T 1999 Phys. Rev. E 59 4857

Peng G H, Cai X H, Liu C Q and Tuo M X 2012 Phys. Lett. A 376 447
Tian H H, Xue Y, Kan S J and Liang Y J 2009 Acta Phys. Sin. 58 4506
(in Chinese)

Li Z P, Liu F Q and Sun J 2011 Chin. Phys. B 20 088901

Lv F, Zhu H B and Ge H X 2014 Nonlinear Dyn. 77 1245

Wen J A, Tian H H and Xue Y 2010 Acta Phys. Sin. 59 3817 (in Chi-
nese)

Nagatani T 1998 Phys. A 261 599

Zhou J and Shi Z K 2015 Nonlinear Dyn. 81 1247

Tian H H, Hu H D, Wei Y F, Xue Y and Lu W Z 2009 Phys. A 388
2895

Ge H X, Cheng R J and Lo S M 2013 Chin. Phys. B 22 070507

Bando M, Haseba K, Nakayama A, Shibata A and Sugiyama Y 1995
Phys. Rev. E 51 1035

Helbing D and Tilch B 1998 Phys. Rev. E 58 133

Jiang R, Wu Q S and Zhu Z J 2001 Phys. Rev. E 64 017101

Ge H X, Dai S Q and Dong L Y 2008 Chin. Phys. B 17 23

Zhang L D, Jia L and Zhu W X 2012 Acta Phys. Sin. 61 7 (in Chinese)
Zhu W X and Zhang L D 2012 Phys. A 391 4597

Xue Y, Kang S J, Lu W Z and He H D 2014 Phys. A 398 172


http://dx.doi.org/10.1088/1674-1056/19/5/050517
http://dx.doi.org/10.1088/1674-1056/25/9/098901
http://dx.doi.org/10.1088/1674-1056/25/4/048504
http://dx.doi.org/10.1088/1674-1056/25/4/048504
http://dx.doi.org/10.1088/1674-1056/25/6/060506
http://dx.doi.org/10.1088/1674-1056/25/6/060506
http://dx.doi.org/10.1007/s11071-013-1137-8
http://dx.doi.org/10.1007/s11071-013-1137-8
http://dx.doi.org/10.1088/1674-1056/24/3/038902
http://dx.doi.org/10.1016/j.physa.2013.04.011
http://dx.doi.org/10.1016/j.physa.2013.11.019
http://wulixb.iphy.ac.cn//CN/abstract/abstract17260.shtml
http://dx.doi.org/10.1007/s11071-015-2191-1
http://dx.doi.org/10.1016/j.physa.2008.01.103
http://dx.doi.org/10.1016/j.physa.2014.11.013
http://dx.doi.org/10.1016/j.physa.2015.05.090
http://dx.doi.org/10.1088/1674-1056/23/2/020503
http://dx.doi.org/10.1088/1674-1056/25/2/020203
http://dx.doi.org/10.1016/j.physd.2007.09.013
http://dx.doi.org/10.1007/s11071-015-2001-9
http://dx.doi.org/10.1016/j.trb.2015.08.003
http://dx.doi.org/10.1016/j.trb.2015.08.003
http://dx.doi.org/10.1016/j.physa.2015.12.114
http://dx.doi.org/10.1140/epjb/e2009-00192-5
http://dx.doi.org/10.1142/S0217984916503279
http://dx.doi.org/10.1007/s11071-010-9907-z
http://dx.doi.org/10.1088/1009-1963/15/7/032
http://dx.doi.org/10.1088/1674-1056/18/3/022
http://dx.doi.org/10.1088/1674-1056/18/3/022
http://dx.doi.org/10.1016/j.physleta.2010.07.062
http://dx.doi.org/10.1016/j.physleta.2012.10.005
http://dx.doi.org/10.1016/j.physa.2006.09.011
http://dx.doi.org/10.1016/S0378-4371(98)00466-X
http://wulixb.iphy.ac.cn//CN/abstract/abstract14950.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract14950.shtml
http://dx.doi.org/10.1103/PhysRevE.59.4857
http://dx.doi.org/10.1016/j.physleta.2011.11.058
http://wulixb.iphy.ac.cn//CN/abstract/abstract15765.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract15765.shtml
http://dx.doi.org/10.1088/1674-1056/20/8/088901
http://dx.doi.org/10.1007/s11071-014-1374-5
http://wulixb.iphy.ac.cn//CN/abstract/abstract17032.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract17032.shtml
http://dx.doi.org/10.1016/S0378-4371(98)00347-1
http://dx.doi.org/10.1007/s11071-015-2065-6
http://dx.doi.org/10.1016/j.physa.2009.02.047
http://dx.doi.org/10.1016/j.physa.2009.02.047
http://dx.doi.org/10.1088/1674-1056/22/7/070507
http://dx.doi.org/10.1103/PhysRevE.51.1035
http://dx.doi.org/10.1103/PhysRevE.51.1035
http://dx.doi.org/10.1103/PhysRevE.58.133
http://dx.doi.org/10.1103/PhysRevE.64.017101
http://dx.doi.org/10.1088/1674-1056/17/1/004
http://dx.doi.org/10.1016/j.physa.2012.05.032
http://dx.doi.org/10.1016/j.physa.2013.12.032

	1. Introduction
	2. The new model and linear stability analysis
	3. TDGL equation
	4. mKdV equation
	5. Numerical simulation
	6. Conclusion
	References

