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In this paper, the viscous continuum traffic flow model for a single lane is extended to the traffic flow for two-lane

freeways. The proposed model is a higher-order continuum model considering the coupling and lane changing effects

of the vehicles on two adjacent lanes. It results from integrating the Taylor series expansion of the viscous continuum
traffic flow model proposed by Ge (2006 Physica A 371 667) into the multi-lane model presented by Daganzo (1997
Transpn. Res. B 31 83). Our proposed model may be used to describe non-anisotropic behaviour because of lane

changing in multi-lane traffic. A linear stability analysis is given and the neutral stability condition is obtained. Also,

issues related to lane changing, shock waves and rarefaction waves, local clustering and phase transition are investigated

through a simulation experiment. The simulation results show that the proposed model is capable of explaining some

particular traffic phenomena commonly observable in real world traffic flow.
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1. Introduction

LWR theory is the earliest and most fundamen-
tal first-order continuum traffic model proposed by
Lighthill and Whitham™™ and Richards!? indepen-
dently. According to this theory, traffic flow on a long
homogeneous freeway is governed by the following con-

servation equation:

% + % = s(z,t), (1)
where k is the traffic density, ¢ is the traffic flow rate,
s(x,t) is the flow generation rate, while z and ¢ are the
space and the time, respectively. If the freeway has no
on-off ramp, then s(x,t) = 0; otherwise, s(z,t) # 0.
The equivalent flow—density relationship between flow
rate ¢ and density k is

q = ku. (2)

For the speed u, as in the LWR, the existence of
an equilibrium speed—density relationship is assumed
to be

u = (k). (3)

According to the above three equations, analyti-
cal solutions can be obtained. Some traffic flow prob-

lems such as shock waves and traffic jams can be ad-
dressed from these solutions.

However, it is impossible for the LWR model to
describe traffic flow in nonequilibrium states correctly,
for the speed is assumed to be always determined by
the equilibrium speed-density Eq.(3). Therefore, high-
order continuum traffic flow models, which incorpo-
rate a dynamic equation or momentum equation to
represent general car-following behaviours, have been
developed by many scholars.>~! In this momentum
equation the acceleration and the inertia of driving
are taken into account. Hence, the high-order models
make up for some deficiencies in the simple contin-
uum models and improve their ability to reproduce
complex traffic behaviours.

Nevertheless, the existing high-order models have
a fundamental flaw that one of the characteristic
speeds resulting from the momentum and conserva-
tion equations is larger than the macroscopic flow
speed, which implies that vehicles would affect the
vehicles in front of them.['?l This evidently violates
the anisotropy of traffic flow and does not accord with
real traffic.

On the basis of their full velocity difference
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(FVD) car-following model,[*3] which is one of the
car-following models presented with the consideration
of velocity difference,'*=22 Jiang et all*?l proposed a
new dynamic equation in which the density gradient
term is replaced by a speed gradient term. Recently,
Jiang and Wul?3! further analysed the structural prop-
erties of the solutions to the speed gradient traffic flow
model, which showed that the characteristic speed of
the model was not larger than the macroscopic flow
speed. Hence, vehicles respond only to their frontal
stimulus. But the propagation speed of disturbance,
co, in this model is a constant, independent of den-
sity. In fact, the propagation speed of disturbance
in a Payne-Whitham-like model should depend on
density.[242%! Subsequently, Xue and Dail?®! improved
the model by treating cq as a function of density, which
indicates that the undesirable ‘wrong-way travel’ phe-
nomenon and gas-like behaviour have been eliminated
and the formation and diffusion of traffic shock can be
better simulated in their model. However, Zhang[?”)
pointed out that the anisotropic property could not
be expected to hold in multi-lane traffic. After this,
Ge and Han[®®! introduced a density viscous contin-
uum traffic flow model, which shows that the model
is consistent with the situation of multi-lane traffic
flow. In addition, other different kinds of models were
developed to describe traffic.[29-39]

In the above models, the following car is not al-
lowed to overtake the leading car. Hence, these models
are applicable only to traffic flow on freeways with a
single lane. Daganzol*) developed a continuum the-
ory of traffic dynamics for freeways with two lanes
allocated for two sorts of vehicles (lane 1 for faster
vehicles and lane 2 for slower vehicles). The theory
defines the conservation equation as

oP  0Q

where P = (ki,k2)Y, Q = [q1(k1,k2),q2(k1, k2)]T,
S = (512 — 821, 821 — 812) T, km and ¢y, represent the
traffic density and the flow rate on lane m (m = 1, 2),
respectively, s,,, represents the lane changing rate
Daganzo first studied the
possible relationships between the speed and density

from lane m to lane n.

based on the density ratio of the two lanes, then for-
mulated the traffic flow model for each of a total of
four k1 — ko regions. To carry out analysis graphi-
cally, Daganzo adopted the simple continuum model
only; hence his approach cannot be used to describe
non-equilibrium traffic flow dynamics. Another multi-

lane traffic model, considering the specific traffic con-
ditions in Chinese cities (e.g. untidy flows and lower
speeds on roads), was also proposed by Wu.[*1 But
Wu’s model tends to equalize all lane densities through
averaging them, which conflicts with real traffic since
the density on the lane allocated for faster vehicles
is generally less than that on the lane allocated for
slower vehicles. Tang and Huang[*23] recently de-
veloped a continuum model for freeways with two
lanes, in which the momentum equation proposed by
Jiang et all'? was integrated into Daganzo’s model-

[40] However,

ing framework for multi-lane traffic flow.
this model allows only the faster vehicles to change
lanes. Recently, Huang, Tang and Gaol*¥ further ex-
tended the work of Tang and Huang*?4?! by allowing
vehicles on both lanes to change their lanes according
to the traffic condition then and there, which con-
tains speed gradient-based momentum equations de-
rived from a car-following theory suited to two-lane
traffic flow. Tang, Jiang and Wul*! also extended the
speed gradient model for traffic flow on two-lane free-
ways. Other different two-lane models were presented
to reproduce the traffic phenomenon.“6-51 But their
models have anisotropy, which is not reasonable for
describing multiple-lane traffic flow in the case where
vehicles are allowed to change their lanes.2”) The cou-
pling effect of the interactions between vehicles on two
lanes has not been taken into account in these models
either.

In the present paper, we extend the density vis-
cous continuum traffic flow model proposed by Ge and
Hanl?®! to asymmetric two-lane traffic with consider-
ation of the coupling effect, allowing vehicles on both
lanes to change their lanes according to the traffic con-
dition then and there. We also investigate the lane
changing rate resulting in shock waves and rarefaction
waves, and the local cluster wave effect in two-lane
freeways as well.

The remainder of the present paper is organized
as follows. In Section 2, we establish a density vis-
cous continuum traffic flow model with consideration
of the coupling effect on both lanes. In Section 3, we
analyse the linear stability of the new model. Nu-
merical results are presented in Section 4, which vali-
dates the correctness of the theoretical analysis. Some
nonequilibrium phenomena are investigated, such as
small disturbance instability, shock waves and rarefac-
tion waves, local cluster waves and phase transition.
Finally, some conditions drawn from the present study
are presented in Section 5.
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2. Modelling and analysis

The two-delay timescale model proposed by Xue
and Dai is based on the assumption of forward
anticipation,?! in which the stream speed u in the
relaxation time T just reaches the anticipated value
ue corresponding to the density in time ¢ + ¢, at lo-
cation = + ut,, where t. is the driver reaction time.
The speed—density relationship can be expressed as
follows:

u(z +ul,t +7T) = ue(k(x + uty, t +t.)).  (5)

The relaxation time 7' includes the driver reac-
tion time t, as well as the mechanical delay of the
vehicle. But it must be noticed that the speed at the
location (z,t) is determined by the traffic density at
the location (z + Az, t), which accords with the idea
of Payne.l¥ So Ge and Han[?®! gave the relation as

u(z +ul,t+T) = ue(k(z + Az + ut,, t + t,)). (6)

In the car following model, it is reasonable to in-
clude the effects of relative speed because in real traffic
drivers’ reactions are affected not only by the distance
of two successive vehicles, but also by the relative
speed between them.'3 Such car following behaviour,
when it is considered in continuum traffic flow, gives
rise to the viscosity model. From the viewpoint of the
macroscopic model, Ge and Han!?®! thought that the
relative density was more reasonable and deduced the
following relation:

w(x +ul, t+T) = ue(k(x + Az + uty, t + ;)
+ plk(z + Azx) — k(z)), (7)

where p = boul (k) < 0, by is a positive constant. Let-
ting Az = 1/k(x,t), using the Taylor series expansion
for Eq.(7), and applying Eq.(1) yield?®]
% + (’LL — 200)%
ue(k) —u
N T
uy (k) +u dk o

_n &%
FT dz | TKZ da?’

> 0. (8)

On two-lane freeways, as is well known, lane
changing behaviour will occur. To model this effect,
the interactions between vehicles on two lanes must
be taken into account to describe the flow rate chang-
ing from the other lane, where we take the coupling
effect into account for the interactions between two
lanes. Accordingly, the coupling effect term is added
to Eq.(7) to describe the lateral lane effect and flow
rate changing from the other lane.

U (T + U Tyt + Ton)
= Uepn [km (T + A%y + Uintrm, €+ tem) s Brmkn)
+ pmkm (z + Azyy,) — k()]
m,n=1,2, and m #n, (9)

where u,, and ue,, are the stream speed and the antic-
ipated value (uey, is a function of k1 and k) on lane m,
respectively. T,, and t..,, respectively, are the relax-
ation time and driver reaction time on lane m. Here
Bnm is the coupling coefficient from lane n to lane m.
On the basis of the principle of coupling interaction,
we consider By = Bmn = (. Using the Taylor se-
ries expansion for Eq.(9) and neglecting higher-order
terms yields

Oy, Oy OUem Ok, Ok,
um(xmi) + WTm + umei - uem(krruﬁkn) + 8km X |:trmat + (Axm + umtrm)%:|
2
T pim Ay Sy A2, S (10)

Equation (10) can be rearranged as

dz,,

mETme Qa2

Oup, O, Uem (km, Bkn) — Um  tom Otem ok,, Ok,
ot " or T T T, Ok X(&t T+ tim ax>
Az Qo Ok Az dkyy i Az2, A%k, (11)
T,, Ok, Oz T, dzm, T, dz2’
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where pi,, = bou! (kn, Bkyn) < 0, by is a positive constant. Let Az, = 1/k,,(z,t). Applying Eq.(4), we have
M e

m m em km7 kn - Um : kma kn m dkm
Oum +(um—20m0)8u - (ki Bhn) — +uem( Okn) + 1
8t 83: Tm kam dJ}
L d?k,, 7
To k2 da? + YmSmn — YmSnm, (12)
1 tem Ol trm 8Uem(km7 ﬁkn)
where ¢, ka T 9k > 0, and vy, T ok
The dynamic model for two-lane traffic consists of the following equations:
Oky  Oqm
no_ — 1
5t + pe Smn (2, ) — Spm (2, 1), (13)
aum aum uem(km ﬁkn) — Um u; (km ﬁkn) + tm dk, Hm kom
A, m T 2 m = : =i .
g+ (Um = 2emo) 5 Tr Ko Tom dzm | TokZ da?
+ YmSmn — YmSnm, m,n=1,2, and m # n. (14)

Note that the model given by Eqs.(13) and (14) for a  road. The special case of Qo1 = Q.2 corresponds to

specific lane is formally the same as the viscous con-  symmetric lane changing rules, while Q¢ # Qo2 cor-
tinuum traffic flow model proposed by Ge and Han[?®! responds to asymmetric lane changing rules; a and b
(when = 0 and S = 0 on a single lane). How- are constant parameters, kjjam is the jam density of
ever, attention should be paid to such a difference  lane i.

that all speeds in Egs.(13) and (14) are both func- In real traffic, the lane changing rate, say from

tions of k1 and ks. According to Liu’s ideal®?l and lane 1 to lane 2, should be zero when either k2 = kajam
Tang’s method,[*?! we suppose the analogy terms of (lane 2 is in complete jam) or k; = 0 (there is no ve-
lane changing rate have the form as follows: hicle on lane 1). Furthermore, it obviously depends
on the equilibrium speed—density relationship on the

s12 = aQe1k1 (1 — (k2/k2jam)”), (15) present lane and on coupling density of another lane.

These properties are fulfilled in expressions (15) and
s21 = a(1 4 b(Qer — Qe2)) X Qeaka(1 — (k1 /k1jam)?), (16).

(16) We rewrite Egs.(13) and (14) as follows:
where Qg; is the equilibrium flow (Qe; = kue;(k)) and
o and ¢ are each a parameter that reflect the inten- al +] A]al - E (17)
sity of the lane-change effect from one lane to another, ot Oz

0 < o0, ¢ <1, and depend on the condition of the  where

l

2 [ S12 — S21 |
! (ule - U1) M1 d2k1 + 1819 — 1S
v u o T, Tik? da? V1812 — Y1521
ko 821 — 812
(uge —ug)  pa ks
U2 —
I T + Tok? de? + 72821 V2512 |
and ~ _
Uy k1 0 0
/
M w1 — 2¢10 0 0
=] M
0 0 U k'2
Ugg + 2
0 0 —== = -2
L koTs 2 e i
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Comparing our new model with other continuum mod-
els presented by Daganzo,!*9) we can see that the new
model includes two new motion equations. Next we
use the matrixes to analyse the characteristic speeds
of Eq.(17). The eigenvalues, A, of the [A] matrix are
found by setting

det([A] — A[1]) = 0, (18)

where [I] is the identity matrix. From Eq.(18), we
have

A1l =u1 — c10 — \/C%o — [ugy (K, Bk2) + /Ky,

A2 = U1 —cip + \/C%O — [uly (K1, Bk2) + pa]/k1,

A21 = Uz — €20 — \/030 — [uco(Bky, k2) + p2] [k,

and

A2z = uz — c30 + \/C%O = [uga(Bk1, k2) + pia] /2.

The homogeneous system of Eq.(17) is strictly
hyperbolic, with real eigenvalues \,,1 < Upm < Am2
for ¢ >0 on lane m. From the above-mentioned,
it is found that one of the characteristic speeds of
each subsystem is larger than their macroscopic flow

|

k‘m (.13, t) kimo

U (2, 1) Um0

+y

speeds, which shows that traffic flow exhibits gas-like
behaviour, which means that the rear vehicle speeds
the vehicle ahead up. Zhang!?”! pointed out that the
anisotropic property of traffic flow could not be ex-
pected to hold in multi-lane traffic because of lane
changing. Therefore, our proposed model may de-
scribe non-anisotropic behaviour in multi-lane traffic.
It also guarantees that in a system consisting of two
lanes the rear disturbance will affect the driving be-
haviour of the leading vehicle because lane changing
is allowed in these two-lane traffic systems.

3. Linear stability condition

We analyse the qualitative properties of the vis-
cous model with the linear stability method. Accord-

11441 and

ing to the method introduced by Huang et a
Tang et al,[*) steady state solutions of the extended
density viscous model can be obtained by setting the
derivative terms in Egs.(13) and (14) to zero. It means
that here s;n — Spm = 0 (m, n = 12). Suppose that
traffic flow is initially in a state differing infinitesimally

from homogeneous flow:

exp(igz + o4t). (19)
g Ung

Substituting Eq.(19) into Eqs. (13) and (14), and neglecting the higher-order terms of the small perturbations

yields
(Unzg +1i knLUMO)knLg = Oa (20)
. . 1 - . U (Km0, Bkno) + tim 2
OmgUmg + ig(umo — 2CmO)umg = ?[u;m(kmOa Bkno)kmo — umg} +ig ( ]: ol, o) kmg
2
9 Hm 7

- Tkzmokmg. (21)

For the linear algebraic equation in k,, and i,,,, the solvability condition reads

Um i km Uém km ) kn + m 2 m

(Umg+i kmum0)2+ 70_2igcm0 (Ug+igum0)+lg 0 ule(kmmﬁkn())""lg ( 0 ﬁ O) K _g é/b =0.
(22)

The traffic flow will remain stable provided that both roots of 0,,, have negative real parts. We can obtain the

neutral stability line as

Tms =

u/em(kmO; ﬁknO) + Mm(kmm ﬁknO)

=260 (kmo, Bkno) kmothyy, (kmo, Bkno) — k2,0 (kmos Bkno)?

(23)

Substituting ¢,,0 and p, into expression (23), and neglecting the higher order of g, we have
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bo+1

T, ¥ :tr - )
" " kvznou«/em (km07 Bkno)

(24)

I (0mg) & —g[Umo + kmotem (kmo, Bkno)] + O(g°).
(25)
From expression (25), we conclude that the critical
disturbance travels at a speed of

C(kmo) = Umo + kmouém (km()v ﬂkno)v (26)

which accords with the kinematic wave speed for a
single lane (when 8 = 0 and S = 0) mentioned in
Refs.[12] and [28].

(I) When traffic is heavy, v’

mi < Cmo0s

g+ _ g, At

mi

U
+ ﬁ'u'im ( J
A%z (k],)2 T,
(I1) When traffic is light, v/ ; > ¢no,

) . At . )
ufnt'l = u),; + A [QCmO - uim} (ufm
+ ﬁ'uim ( J

A2z (k)2 T,

4.1. Shock waves and rarefaction waves

In order to investigate the congestion and the dis-
sipation of the traffic flow, we use two Riemann initial
conditions.[26:43]

kL =0.03, kL =0.12,

(i) tu 1d (30a)
ki, =0.04, ki, =0.18,
k2 =0.12, k2, =0.03,

(ii) ;“ ;d (30b)
k2, =0.18, k2, = 0.04,

1 1l gl gl 2 12 12 12
where ki, kay, kg, kaq and ki, k3y, kig, k3q are,

respectively, the upstream and downstream densities

|

Ue1 (k) = uqg {1 — exp (1 — exp <

Uea (k) = ugg {1 — exp (1 — exp <

At ;
? (uem - umi) +

. 2 . .
kmi - kin(z—l)) + ’YmAtSznm - ’YmAtSiLmi’

Umi T A [QCmO - ufm} (ufn(iJrl) - uinz) +

8 )
T em mi

. 2 . .
kmi - kvjn(zfl)> + fymAtsinm' - IYmAtsgzmw

- uﬁz(ifl)) +

4. Numerical simulation

In this section, using the finite difference method,
we numerically solve the model to demonstrate the
model’s ability to capture complex traffic phenomena.
Let index j and index ¢ represent the time interval
Then the differ-
ence equations corresponding to Eqgs.(13) and (14) are

and the road section, respectively.

as follows:
) . At - ) )
+1
iy = ki + Ekini (Uzm - “Zn(i+1))
At . . ) )
X ExuirLi (kfn(zfl) - kzm) + Atszmw’
—Ats) . omn=1,2. (27)

At uly, 4 pm [ j
Ix k_j T (kmz - km(ifl))

m,n=1,2. (28)

At Uy, + i

A W T, CARL Ay

m,n =1,2. (29)

of two lanes. Equation (30a) corresponds to the ap-
pearance of shock waves when free-flow traffic meets
stopped vehicles, while Eq.(30b) corresponds to the
rarefaction wave as a queue dissolves. Two initial con-
ditions are

upy = une(hyy kol), ud = wie(kyys k), (31a)

1,2 1,2 ;1,2 1,2 1,2 ;1,2
Uy, = Uze(kiyy s Koy )y gy = uze(kyy, koy).  (31b)

The equilibrium speed—density relationships are as fol-
lows, in which the k,, + Gk, has been substituted into
the equilibrium speed—density relationship developed
by Del Castillo and Benitez:[53!

Cljam kljam + 5k2jam >>>:|
—1 , 32a
Ui < kv + Bk (322)
C2jam 6kljam + ijam >)>:|
—1 , 32b
uaf ( By + k2 (320)
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where kijam, kojam and uig, uos are, respectively, the
jam densities and free-flow speed of lane 1 and lane
2. cijam and cojam are the propagation speeds of a
disturbance under the jam densities kijam and kojam.

Free  boundary conditions are  applied
here,[12:26:43] { o, Ok, /0x = 0 and Ou,,/0x = 0. Con-
sider a section of freeway 20 km long, divide it into
100 cells, and take the time interval as 1 s. According
to real observation and the parameter identification
process, the values of the parameters are chosen as
follows:(26:28:43] 41 = 40 m/s, T} = 8 s, t,1 = 1 s,
ktjam = 0.15 veh/m, cijam = 7 m/s, ugr = 30 m/s,
Ty = 7 s, to = 0.75 s, kgjam = 0.2 veh/m,
Cojam = 6 m/s, a =0.01, b=5s, by =1/6, 8 = 0.1,
c=¢=1.

Note that the jam density of lane 2 is higher than
that of lane 1. The computational results under the
two Riemann initial conditions (30a) and (30b) are
shown in Figs.1-6 separately.

Figures 1, 2, 4 and 5 show that different Riemann
initial conditions lead to different fronts between the
congested and free-flow traffic, which results in proper
figures of traffic flow density change on both lanes with
lane changing (see Figs.3 and 6). The wave shapes of
two lanes are in accordance with those of the single
lane by Jiang et all'?! (see Fig.2 in Ref.[12]) and by
Xue and Dail?® (see Figs.1 and 2 in Ref.[26]), which
indicates that our new two-lane model is reasonable.
Figures 1 and 2 show how the backward-moving shock
wave front evolves under the condition (30a) on lanes
1 and 2, respectively. This means that traffic becomes
more congested, which we often see in rush hours.
Figures 4 and 5 show how the rarefaction wave front
evolves under the condition (30b). This is a queue in
the process of dissolution, which is consistent with our

(b)

"I‘ 30 ~OnEE
w H
% 207 :

R 4 0
4 12 20 16 12 8
t/min z/km

Fig.1. Shock waves under the Riemann initial condi-
tions of expression (30a): (a) temporal evolution of density
ki(z,t) and (b) speed ui(z,t) on lane 1.

daily experiences in real traffic.

0 30
w20
g 10
a0l
8 590 16
t/min x/km

Fig.2. Shock waves under the Riemann initial condi-
tions of expression (30a): (a) temporal evolution of density
ka(x,t) and (b) speed uz(z,t) on lane 2.

812

521

. 0
t/min «/km

Fig.3. Lane change rate under the Riemann initial con-
ditions of expression (30a): (a)si2 is the lane change rate
from lane 1 to lane 2, and (b)s2; is the lane change rate
from lane 2 to lane 1.

k1/veh-m~1

ug/m-s7!

z/km

Fig.4. Shock waves under the Riemann initial condi-
tions of expression (30b): (a) temporal evolution of density
k1(z,t) and (b) speed ui(z,t) on lane 1.

Vol. 18
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t/min 4 0p 4 8 12
z/km

Fig.5. Shock waves under the Riemann initial condi-
tions of expression (30b): (a) temporal evolution of density
ko(z,t) and (b) speed ua(x,t) on lane 2.

x10~4 L

812
V]

t/min ® 130

Fig.6. Lane change rate under the Riemann initial con-
ditions of expression (30b): (a) s12 is the lane change rate
from lane 1 to lane 2 and (b)s21 is the lane change rate
from lane 2 to lane 1.
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4.2. Local cluster effect

In order to investigate the consequences caused by a small localized disturbance under an initial homoge-
neous condition, we adopt the following initial variations of the average density k,,o(m = 1,2) which was used
by Herrmann and Kerner:®4

_ Lfie0(, 5L
km(z,0) = kmo + Akmo{ cosh { T T 16

1,40 11L
chosh [L<x32ﬂ }, m=1,2, (33)

where L = 32.2 km is the length of the road section under consideration. Ak, represents a perturbation. The
following periodic boundary conditions are adopted:

km(Lvt) = km<0’t)7

and
Um (L, t) = un(0,8), m=1,2. (34)

The equilibrium speed—density relationships are as follows, in which the k,,, + k,, has been substituted into the
equilibrium speed—density relationship developed by Kerner and Konhiuser:5?!

Ko + Bkn)/Kmjam — 0257\ 7'
uem:umo{ <1+exp [( +5 2)/06”” ]) —3.72><10_6}, m,n=1,2, and m #n,

(35)

where kijam, K2jam and uig, ugo are, respectively, the jam densities and free-flow speed of lane 1 and lane 2.
Assume the initial flows to be in local equilibrium everywhere, i.e. wui(x,0) = wuie(ki(x,0) + Gka(2,0)), and
uz(2,0) = use(Bky(x,0) + ko(z,0)). Other parameters are as follows:26:28:44 3 = 0.1, Akjy = 0008 veh/m,
Akoy =001 veh/m, Az =100 m, At =18, ujo =40 m/s, ugo =30 m/s, t;1 =18, t,o =18, T1 =88, Th =T,
kijam = 0.15 veh/m, kgjam = 0.2 veh/m, a =0.01,b=5s, §=0.1,0 = ¢ =1, and by = 1/6.

Figures 7-18 show the temporal evolution of traffic with localized perturbations with different values of
kmo (m =1, 2). The scales of space z, time ¢ and density k,, are 100 m, 1 s and 1 veh/m, respectively. Some
new different results are shown as follows.
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(1) Under uncongested traffic conditions as shown  alistic traffic flow.
in Figs.7 and 8 (k19 = 0.02; koo = 0.035), the pertur-
bation dissipates quickly and the traffic flow in both IE 0.9 oo

1

(a)

lanes is in a stable condition (Fig.7). A few vehicles 01

change their lanes on both lanes (Fig.8). The traffic - v
flow density i low. Hence th bation di T — 000150
ow density is very low. Hence the perturbation dies 100 00 1000 1500

k1 /veh-

out with time. Therefore the front car can speed up
freely, which results in the perturbation wave surface
propagating ahead.

(ii) When the traffic density is increased to a cer-
tain level on lane 2 while k1¢ remains unchanged, traf-

ko /veh-m—1

fic breakdown may occur if a perturbation is exerted \M\\;&%«éo“ “1000
on two lanes. As the density is just above the down- x/100m 00
critical density, a single local cluster forms on both

lanes as shown in Fig.9. A number of vehicles on both

lanes change lanes (Fig.10). This implies that a higher Fig.7. k1o = 0.03 and ko = 0.035.
frequency of lane changing occurs at large densities,

which is consistent with our daily experiences in real

traffic and the psychological factor of drivers. x1074 I (a)

(iii) When kop increases even further to 0.075

while kig still remains unchanged, a complex local-

ized structure consisting of more clusters forms as the %00 e

. . ) 900 e L
density becomes higher on both lanes, which corre- 100 "G5~ s0o 1000 1500
) ©/100m t/s
sponds to stop-and-go traffic (See Fig.11). It shows
that lane 1 attracts a considerable number of vehicles x10~* T (®)
from lane 2 (Fig.12) and more cars change lanes with 51 "
the increment of large densities. & 07 -
(iv) When k;¢ increases to 0.068 while koo remains _?1,06“"*\\ T . SR
. . 100 =509 1000 1500
unchanged, we observe a dipole-like structure on both /100m 00 t/s
lanes as illustrated in Fig.13. But lane changing still
occurs seriously from one lane to another as shown in
Fig.14 Fig.8. k1o = 0.03 and kgp = 0.035: (a) si2 is the lane
changing rate from lane 1 to lane 2 and (b) s21 is the lane
(v) When ko decreases to 0.03 while ko increases changing rate from lane 2 to lane 1.

to 0.105, the stop-and-go traffic phenomenon occurs
in lane 1 but the traffic on lane 2 is stable as seen
from Fig.15. Figure 16 implies that the excessive lane
changing from lane 2 to lane 1 (many vehicles on lane
2 shift to lane 1, then a few of them go back to lane
2) results in local jams on lane 1. It also shows that
lane 1 attracts a considerable number of vehicles from

lane 2 (Fig.16) and thus alleviates the jam on lane 2.

(vi) Finally, as the density becomes greater than
the up-critical density, a stable regime is reached again

on both lanes as can be seen in Fig.17. Lane changing

ko /veh-m—1

hardly occurs according to Fig.18.

The above results are consistent with the proper-
ties of traffic flow in Refs.[12], [28], [44], [54] and [56].
These local cluster effects are also consistent with the
diverse nonlinear dynamic phenomena observed in re- Fig.9. k1o = 0.03 and k2o = 0.048.
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s12
kl/veh~m_1

t/s 0 100 200 300

- T

8 g

<

— e 0

100 55 s00 1000 1500 8

2/100m t/s : o ) . e
t/s 0 100 200 300
Fig.10. k1o = 0.03 and koo = 0.048: (a) s12 is the lane 2/100m

changing rate from lane 1 to lane 2 and (b) s21 is the lane

changing rate from lane 2 to lane 1.
Fig.13. k1o = 0.068 and kgo = 0.075.

x10—4 I (a)
o
5
00
2/100m t/s
: A
£ ‘ .
2 - pr— 0 ,f,.‘ﬂn(n.lj!tﬂrrf
00 500 300
z/100m t/s 200 400 “T1000 1500
00 500
2/100m t/s

Fig.14. k1o = 0.068 and k2o = 0.075: (a) s12 is the lane
changing rate from lane 1 to lane 2 and (b) s21 is the lane
changing rate from lane 2 to lane 1.

10001500 s T T
t/s 100 55 500 1000
x/100m t/s

x/100m 500

Fig.12. kip = 0.034 and k2o = 0.075: (a) s12 is the lane
changing rate from lane 1 to lane 2 and (b) s21 is the lane

changing rate from lane 2 to lane 1. Fig.15. k1o = 0.03 and kzo = 0.105.
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(P) >

S$21
—

[OR... § 0 IR
0 2005 500 1000 g
00 500
x/100m t/s 2/100m t/s
Fig.16. kio = 0.03 and koo = 0.105: (a) si2 is the lane
changing rate from lane 1to lane 2 and (b) s21 is the lane Fig.18. k1o = 0.09 and kg0 = 0.105: (a) s12 is the lane
changing rate from lane 2 to lane 1. changing rate from lane 1 to lane 2 and (b) s21 is the lane

changing rate from lane 2 to lane 1.

5. Conclutions

In this paper, the viscous continuum traffic flow
model has been extended to two-lane traffic flow. Lane
changing behaviour is incorporated into the extended
model by introducing a source term of lane changing
rate and coupling effect between two lanes in the con-
tinuity equation and two corresponding terms in the
speed dynamic equations. Our model is different from

previous ones in that the source term and the coupling
effect are modelled separately. In this way, the lane
Fig.17. k1o = 0.09 and koo = 0.105. changing rate can be investigated.

The proposed model is a higher-order continuum model considering the coupling effect and lane changing
behaviour of vehicles between two adjacent lanes. Moreover, the model has non-anisotropy, which is reasonable
to describe two-lane traffic flow. Therefore, our proposed model can provide an intuitively acceptable explanation

of some common traffic behaviour in multi-lane traffic.
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