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Since ramps are an important composition of traffic systems and there often exist multi ramps in a traffic system,

the number of ramps can have great effects on main road traffic and produce some complex phenomena. In this paper,

we employ the model presented by Tang et al. [2009 Communications in Theoretical Physics 51(1) 71] to further study

the effects of the number of on-ramps on the stability of traffic flow on a ring road. The numerical results show that this

model can reproduce some complex traffic phenomena resulting from multi on-ramps on the ring road and the effects

of the number of on-ramps on traffic flow, but the phenomena and the effects are both related to the initial density of

the main road.
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1. Introduction

Serious traffic problems have motivated scholars
to develop many traffic flow models to study vari-
ous complex traffic phenomena (e.g. local cluster,
stop-and-go, lane-changing, traffic waves, overtaking,
etc.).' =14 However, the above models cannot be used
to study the traffic flow on the highway with ramps
since they did not consider the factor of ramps. In
fact, ramps are an important composition of traffic
systems and will produce some complex phenomena
traffic phenomena. In order to study ramps, schol-
ars developed many traffic flow models and obtained
many important results.!'>~27 However, the above
models cannot completely describe the various phe-
nomena resulting from ramps. Thus, Tang et al.*8
presented a new macro model for traffic flow with
the consideration of the friction effect resulting from
ramps,'2? and adopted some observed data to study
some complex traffic phenomena resulting from ramps
during the morning rush hour and evening rush hour.
Later, Tang et all3% further analysed the effects of
ramps on the wave properties of traffic flow. But they
assumed that there was only one ramp on the traffic
system. In fact, there often exist multiple ramps on
a road. In the present paper, we use the modell?® to

further study some phenomena resulting from multi
ramps and the effects of the number of ramps on the
traffic flow on a ring road. The numerical results show
that the model[®®! can describe some complex phenom-
ena induced by multi on-ramps and the effects of the
number of on-ramps on traffic flow, but these phenom-
ena and effects are both related to the initial density
of the main road.

2. Model

Among the traffic flow models, a simple and use-

ful one is the speed-gradient (SG) model:!

pt + (pv), = s(x,1),

ve (p) — v (1)
(% + CoVg,

where p is the vehicle density, v the vehicle speed,

U + VU =

ve (p) the vehicle equilibrium speed, T the vehicle
reactive time, ¢y the propagation speed of a small
perturbation and s(z,t) the flow generation rate.
Jiang et al.l’] proved that their SG model could re-
produce the formation and the propagation of traf-
fic wave and small perturbation. And Tang et al.l*!]
recently used the modell®! to further study the evolu-

tion of various perturbations and found that the model
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could perfectly describe some complex phenomena in-
duced by various perturbations, which just shows that
the modell®! is reasonable and useful. However, the
modell® does not hold true for investigating the phe-
nomena resulting from the ramp since the term s (x,t)
is defined as zero. In order to study ramp, Tang et
al.’! and Jiang et al.[' defined s (z,t) as

Ma Vr € Qrampv
s (x,t) = § Lramp (2)
0, else,

where 2.amp is the region of the ramp, g¢ramp the ramp
flow and Lyamp the ramp’s length. They used Eq. (1)
to study some phenomena induced by on-ramp and
found that one on-ramp could produce moving syn-
chronized pattern (MSP), widening synchronized pat-

|

tern (WSP), localized synchronized pattern (LSP) and
general pattern (GP). However, they assumed that the
ramp flow ¢ramp Was irrelevant to the vehicle density
in the weaving region between ramp and main road
and that ramp had no effects on the dynamics equa-
tion, so the SG model with the term s(z,t) defined
by Eq. (2) cannot completely describe some complex
phenomena induced by ramp.

In a real traffic system, the quantitative relation-
ship between the ramp flow ¢amp and the weaving
region density is often complex and should be cali-
brated by use of many observed data, but it will de-
crease qualitatively with the weaving region density
(shown in Fig. 1).
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Fig. 1. Scheme of the traffic flow on a highway with ramps.

For simplicity, we here adopt the definition of
ramp flow, given by Liu et al.?9 i.e.

0
on PB
qram = ql‘aln 1 - <) )7
’ P < Pi
¢
o 146
Qramp = qra{fmp (1 - () )7 (3)
P

off
ramp

and

on

where ¢,

and ¢ are respectively the expected
inflow flow of the on-ramp and the expected output
flow of the off-ramp, pp (pc) is the B(C) region den-
sity, pj the main road jam density, and 6 and ¢ are
parameters.

Liu et al.l?! found that ramps could often produce
friction effect and presented a new dynamic equation

ve (p) = v
T (p)

where T (p) is the vehicle reactive time and deter-

v + VU, = — apﬁpw + G, (4)

mined by the vehicle density, 0 and § are parameters
and G is the friction term, which can be defined as

follows:
G = —puls| pv, (5)

where s is the ramp flow that is defined by Eq. (2)
(or Eq. (3)) and p is the friction coefficient. Equation
(5) shows that on-ramp and off-ramp have the same
effects on the dynamic equation, which is obviously
unreasonable since on-ramp will often have an imped-
ing effect on the main road traffic whereas off-ramp
will often produce an active effect under a given con-
dition. The friction effect is very complex, but it often
increases with the ramp flow; so we can, for simplicity,
set it as follows:

G1 = —uspv. (6)

Based on the foregoing discussion, we obtain a
new model for traffic flow on a highway with ramps,

i.e.

pt + (pv), = s(z,1),
_ (7)
v+ Vv = YelP) Y (p) —v + covs + G,

T
where s(z,t) = gramp/ Lramp-
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Zhang and Wong[®? pointed out that a conserva-
tive scheme should be used to discretize the model if
dynamic model is used to study the traffic flow, but
we here employ the following upwind scheme to dis-
cretize Eq. (7) to compare our results with the results
presented in Refs. [3], [15] and [16]:

At ;
P =pl+ Al pl(v] —vl)))
At , .
+ A (= pl)+ At - sl (8)
If vg < ¢p
, At , ,
vt =l + A0~ v (vl —vl)
A
T — (ve )+AtG“; (9a)
otherwise,
. A ) ,
ot = vl + A—%o oDl =l )
( vl) + AtGY i (9b)

where ¢ and j represent the road section and the time
interval, respectively. Note that we can obtain similar
results if a conservative scheme is used to discretize

Eq. (7).

3. Simulation

It is difficult to analytically study the complex
traffic phenomena induced by ramp, so we use simu-
lations to describe the effects of ramps on main road.
Tang et al.?® studied only the effect of one ramp on
the ring road. In fact, there exist often multi ramps
on a road, so we here focus on studying the effects of
multi on-ramps on the traffic flow on a ring road, i.e.

p(L,t) =p(0,t),v

where L = 30 km is the length of the main road. We
use the following equilibrium speed:!33]

oo (1 (1 o {£220T)

—3.72 x 106>, (11)

(L,t) =v(0,t), (10)

where vf is the free-flow speed, and p; the jam density.
The initial speed is set as follows:

v(z,0) = ve (p(2,0)). (12)

In fact, there are multi on-ramps and off-ramps

in the real traffic. However, few vehicles run out of

the off-ramps during the morning rush hour, so we
can study only the effects of multi on-ramps on the
main road traffic in the present paper. The space be-
tween on-ramps often has a great effect on the main
road traffic, but it is designed by engineers that dif-
ferent on-ramps have different expected input flows.
For simplicity, we here assume that the space between
on-ramps is equal to L/N (N is the number of the on-
ramps) and that the expected input flows of on-ramps
are the same. Based on the observed data,[?8! we here
define the expected input flow of each on-ramp as fol-

lows:

Gramp = 120 veh/h. (13)
And other parameters are as follows:

ve =30 m/s, pj = 0.2 vel/m, T'=10s, ¢o = 11 m/s,
0=1, u=0.1, Lyamp = Az = 100 m, and At =1 s.
The numerical results under the different numbers of
on-ramps are shown in Figs. 2-4, where the vehicle
initial densities on a ring road are, respectively, very
low, mid and very high. From the three figures, we
can obtain the following results.

1) When the vehicle initial density on the ring
road is very low, so that (i) the whole system will
be relatively stable and local clusters slightly appear
only at the upstream of the on-ramps if there are less
than 7 on-ramps on the ring road (see Figs. 2(a)-3(c));
(ii) the local clusters which appear at the upstream
of the on—ramps will eventually evolve into jam if
there are more than 6 on—ramps on the ring road (see
Fig. 2(d)); (iii) the density of the local clusters and
its upstream will increase with the evolution time (see
Fig. 2). The above results show that the ring road will
be completely jammed when the number of on-ramps
is higher than some critical value even if the vehicle
initial density of the ring road on the ring road is very
low.

2) When the vehicle initial density of the ring road
is higher than some down critical value and less than
some up critical value stop-and-go appears on the ring
road and becomes more and more serious with the in-
crease of the number of on-ramps. Thus chaotic traffic
might appear on the ring road when the number of on-
ramps is larger than some critical value (see Fig. 3). In
addition, the up critical value often increases with the
number of the on-ramps and the down critical value
often decreases with the number of on-ramps, which
means that the stable region is reduced with the in-

crease of the number of on-ramps.
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Fig. 2. Evolutions of the vehicle density when the initial one is very low (0.03 veh/m), where the numbers of

on-ramps in panels (a)—(d) are respectively 1, 3, 6 and 15.
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Fig. 3. Evolutions of the vehicle density when the initial one is mild (0.05 veh/m), where the numbers of

on-ramps in panels (a)—(d) are respectively 1, 3, 6 and 15.
3) When the vehicle initial density of the ring road is very high, the whole system is relatively stable and
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local clusters slightly appear only at the upstream of the on-ramps (see Fig. 4), which shows that the number
of on-ramps has little effects on the ring road traffic since the real input flow of each on-ramp is very low at

this time even if the expected input flow of each on-ramp is still very high.

(@) )

Density

Fig. 4. Evolutions of the vehicle density when the initial one is very high (0.08 veh/m), where the numbers of
on-ramps in panels (a)—(d) are respectively 1, 3, 6 and 15.

4) The above results are qualitatively accordant with the real traffic, which can further show that the
model® can perfectly describe some complex phenomena induced by multi on-ramps.

Note that the critical value of the vehicle initial density on main road is often related to the number of
on-ramps and the space between on-ramps, but the inner relationship among them is complex and might be
related to other factors, so we should calibrate it by use of many observed data in the future study.

4. Conclusions

Although the existing models can reproduce some complex traffic phenomena, they cannot be used to
describe the complex phenomena induced by ramps. In order to describe the effect of ramps, scholars have
developed many traffic flow models to study various complex phenomena resulting from ramps and have obtained
many important results,!'>=3% but they cannot completely describe the various complex phenomena induced
by ramps because they did not study many factors related to ramps (e.g. the number of ramps, the space
between ramps, etc.). In a real traffic system, there are multi ramps and interactions between ramps. In this
paper, we adopt a model®®¥ to investigate the effects of multi on-ramps on the ring road traffic. The numerical
results show that this model can reproduce some phenomena induced by multi on-ramps on the ring road, which
further indicates that this model is reasonable. However, we do not study the effects of the space and interaction
between ramps, the expected input flow and other relevant factors on the main road traffic, so we will develop

more exact models to investigate the various complex phenomena induced by ramps in future study.
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