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Based on the pioneering work of Konishi et al., in consideration of the influence of drivers’ steady desired speed effect
on the traffic flow, we develop a new coupled map car-following model in the real world. By use of the control theory,
the stability condition of our model is derived. The validity of the present theoretical scheme is verified via numerical
simulation, confirming the correctness of our theoretical analysis.
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1. Introduction

Traffic congestion is an important issue for modern traf-
fic, which has attracted considerable attention recently. In or-
der to understand the mechanism and properties of traffic con-
gestion, many traffic flow models have been developed. For
instance, in the macroscopic models, the traffic is viewed as
a compressible fluid formed by vehicles; in the microscopic
models, each individual vehicle is represented by a particle
and the vehicle traffic is treated as a system of interacting par-
ticles driven far from equilibrium.[!! Among these models, the
current car-following model is an effective method to study
the microscopic traffic flow. Hereafter, many achievements
have been obtained based on the car-following theory. [>~1%1 It
is worth pointing out in all those achievements that Konishi
et al.'"!l proposed a coupled map (CM) car-following model
(the KKH model, for short) to describe the dynamical behavior
of an open flow, and a decentralized delayed-feedback control
scheme was introduced in the model for the suppression of
traffic jams. In 2006, Zhao and Gaol'?! presented a simple
congestion control method in the system (known as the ZG
model), which incorporated the effects of the velocity differ-
ence between two successive vehicles. In 2007, Han et al.[!3]
presented a modified CM car-following model, in which the
control signal was proportional to the velocity difference be-
tween the successive vehicles of an arbitrary number of pre-
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ceding cars. In 2010, Yu et al.
signal in the CM car-following model, which was intended to

consider the relative velocity between the considering car and
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its following one. In 2012, Ge et al.!">~!"] improved the OV
function in the CM car-following model by introducing the
headway information of two successive vehicles ahead, and
the effects of vehicles (or non-motor vehicles) on other lanes
without isolation belts, respectively. In 2013, Zhou et al.!181°]
developed a new control method in the CM car-following
model by considering the driver’s safe headway effect on the

traffic system.

The CM car-following models mentioned above can suc-
cessfully enhance the stability of traffic flow to suppress traf-
fic jams, but cannot be employed to study the stability perfor-
mance of driver’s steady desired speed effect (DSDSE) on the
traffic system. In reality, when a driver adjusts his/her speed,
he/she first observes traffic conditions by using transportation
cyber physical systems (TCPS),!?%! then controls the vehicle
timely to avoid running into the leading car, and simultane-
ously drives the vehicle with a steady desired speed without
frequent acceleration and deceleration. Therefore, the DSDSE
can influence the stability of traffic flow. However, there are
few studies on the DSDSE in the CM car-following models.

Based on the previous work, we propose a new CM car-
following model in consideration of the DSDSE. This paper
consists of five sections: Section 2 introduces a new CM car
following model; Section 3 provides the stability analysis of
the model; Section 4 presents simulation results to verify the

theoretical analysis; and Section 5 summarizes the paper.
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2. Models

In 1999, Konishi et al. proposed the KKH model!'!! to
suppress the traffic jam. The motion equation is given as fol-
lows:

vi(n+ 1) = o[V (vi(n)) — vi(n)]T +vi(n) + u;(n),
yi(n+1) =vT —vi(n)T +yi(n), (D

where v;(n) and y;(n) are respectively the velocity and head-
way of the i-th car at time t = nT; T is the sampling interval;
a; is the sensitivity of a driver; V°P(+) is the optimal velocity
function; and u;(n) is the delayed feedback control scheme in
the KKH model

ui(n) = k§wi(n) + ki [vi(n) —vi(n—1)],
wi(n+1) = Kwi(n) +k [vi(n) —vi(n—1)], (2

where k2, kP, k¢, k§ € R are the feedback gains. The control
scheme in the KKH model has a complex form, and the feed-
back gains are difficult to design.

In order to overcome the deficiency of the KKH model,
Zhao and Gao!'?! proposed an improved model, i.e.,

vi(n+ 1) = o[V (vi(n)) — vi(n)]T +vi(n) + kAv;(n),
yi(n+1) =vT —vi(n)T +yi(n), (3)

where k is the feedback gain, and Av;(n) = v;_1(n) — vi(n) is
the velocity difference between the n-th considering vehicle
and the preceding vehicle. The results illustrate that the ZG
model has a simpler form, and its suppression performance
of traffic jam is better than that of the KKH model. When
k = 0.85, the optimal congestion suppression performance of
the ZG model can be achieved.

The aforementioned models can improve the stability of
traffic flow. However, these models are unable to study the
DSDSE, since they do not consider it at all. In a real traffic
system, the driver adjusts his speed to reach the steady desired
speed to keep his own car running in a steady state. Mean-
while, when the desired speed of the driver is close to the
steady speed of traffic flow, the traffic flow can keep stable;
otherwise, when there is a big difference between them, the
traffic flow may be unstable. For the above reason, we de-
velop a new CM car-following model which incorporates the
DSDSE, whose dynamics equation reads

vi(n+1) = 04 [V (yi(n)) — vi(n)| T +vi(n)
+ 0.85v;(n) — k(vi(n) —vo),
yi(n+1) =vT —vi(n)T +yi(n), “4)
where k is the feedback gain, v;(n) — v represents the adjust-

ment term of the steady desired speed, and vy is the steady
speed of traffic flow. In real traffic flow, each vehicle has its

own safe headway 1, and adjusts its velocity so as to fit 1.
Once y;(n) reaches 7, it fluctuates around 1. For simplicity,
when the current y;(n) is far from 717, we assume there will be
constant acceleration or constant deceleration. Therefore, we
adopt the following optimal velocity function:[!?]

[1+ﬁsat(2y"(”)g”)} )

is the maximum speed, { is a parameter, and the

max

VP (i) = 24

max

where v;

saturation function Hgy(+) is described as

+1, if p>+1;
I:Isat: P, if —1§P§+1; (6)
-1, if p<—1.

We can ascertain that the essential condition for the existence
of the steady state is vo < vi"®* to guarantee the existence of
traffic flow. To avoid collisions and backward motions, we
further assume that the i-th vehicle stops suddenly when the

headway y;(n) is less than a minimum headway y™".

3. Stability analysis

Following the stability analysis method proposed by Kon-
ishi er al,!'"! we assume that the leading vehicle runs con-
stantly with speed vy, and then the vehicles have the following
steady states:

T vo & }T. @

=[5 T

1

Vvi,yi

The traffic system (4) can be linearized at the steady state (7),
that is,
ovi(n+1) = a;r;T 8yi(n) — 04T 8vi(n) + 6vi(n)
+ 0.85(0vi—1(n) — 8vi(n)) —kbvi(n),

Oyi(n+1) =06vi_1(n)T — 6vi(n)T + Syi(n), )
where 8v;(n) =v;(n) — v}, and dy;(n) = yi(n) — y?.
After Laplace transformation, we have
—0.15 T +k
Gi(z) = (1 0) (Z PR

T\ ' (0.85
z—1 T
085(2 — 1) + a,~r,~T2

B PG ©)

where

P(2) =2 +aiz+bi, aj=0T+k—1.15,
b =0.15— o,T —k+ oy;r;T?.

According to our analysis, the traffic jam will never oc-
cur in the traffic system if P;(z) is stable and ||G;(z)]]. < 1.
Then we give a sufficient and necessary condition of no traffic
congestion.

Theorem 1 There is no traffic jam in the controlled sys-
tem (4) in the following five cases.
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() If

0<orT? <2, oT*—o?rT>+1.70,T >0, (10)

1

then the feedback gain £ is set as

max{0.15 — o;T + a;r;T*, R 1}

2.3—20;T + o;r;T?
<k<min{ ’2+ ili ,Rlz}, (1)
where

R —1.7=204T + 041, T? — /A

11 = )

2

R, 1720+ o T* + /A

12 = D) )
Ay = (1.7420,T — 01 T?)?

—4(0?T? — o?r T3+ 1.704T). (12)
(i) If

0<oriT> <2, o&T?—o}rT°+1.704T <0, (13)
then the feedback gain £ is set as

2.3=-20;T+o;r;T
2

0.15— 0y T+0yriT? <k<min{ ’ ,Rlz}. (14)
(iii) If
0< orT? < 4,
0.6+ 0’T? — o?r,T> —2.30,T 4+ 20;,T> > 0, (15)
then the feedback gain £ is set as

max{—o;T + Oli}’,'Tz,Rzl} <k
T2 2.3—2(XiT+(X,'r,'T2
’ 2

<min{0.15—aiT+Ocir,- ,RZZ}; (16)

2.3 -204T + a,~r,~T2 —VA

Ry = 2 ;

R 2.3 -204T + oiriT? + /A,

22 — 5
2

Ay = (=234 20, T — oyriT?)?
— 4(0.64 ?T? — o?riT> —2.304T +204r,T?). (17)

(iv) If

0< Otirl-Tz <4,
0.64 a?T* — o r;T® —2.30T 4 204, T* < 0, (18)
then the feedback gain £ is set as
—o;T + (XiriTz <k

2.3 —-204T + oyriT?
<min{0-15—aiT+a,~r,-T2, 12+ g

R }.(19)
(v) If

0<oriT> <2, 03+0’T>—a?rT>—0.30,T >0, (20)

then the feedback gain £ is set as

k=0.15— 04T + 0;r;T?,

2.3—-204T + OCir,'Tz
7 .

This theorem provides us with the ability to design the

—oiT + 0yriT? <k < (21)

feedback gain k to suppress the traffic jam in our model. From
the theorem we can derive stability conditions to design the
feedback gain, and then the traffic jam would never occur in
the controlled vehicle group.

4. Simulation and comparison

In the simulations, the parameters of our model are set

as[”]

n=250m, {=233m, V™ =33.6m/s, o;=2.0s"",
vo=20m/s, T=0.1s, y""=7.02m,
r:vmax/§% 1.44 Sil.

It is assumed that all vehicles have the same parameters. The
initial positions and speeds are set as

N
x(0) = Z ¥i, ¥i(0) =y}, vi(0)=v;, i=1,2,...,N.
j=it+l
We consider a situation where the leading vehicle suddenly
stops twice within a short time, i.e., vo(n) = 0, nT = 100~
102's, 106-108 s.I11]

The same external disturbance is used to examine the sta-
bility performance of three models on traffic flow. Let us set
the feedback gain & in our model. In order to suppress a traffic
jam, the feedback signal is designated as follows: it is found
that these parameters fit three conditions (i), (iv), and (v). Sub-
stituting the parameters into Egs. (11), (19), and (21), we ob-
tain 0 < k < 0.181. The feedback gain is fixed at k = 0.08. In
the KKH model, the procedure to design four feedback gains
can be found in Ref. [11].

The simulation results of the KKH model, the ZG model,
and our model are shown in Figs. 1-3, respectively. All the
sub-figures (a) show the space-time plot of the traffic flow af-
ter nT =90 s. All the sub-figures (b) illustrate the variations of
velocities of the first, 25-th, and 50-th vehicles. Figures 1(a),
2(a), and 3(a) illustrate that when the stability conditions are
satisfied respectively for the three CM car-following models,
the vehicle groups can adjust themselves to the steady state
gradually even if the external disturbance appears in the be-
ginning. However, it should be noted that the degree of head-
way fluctuation is smaller in Fig. 3(a) compared with that in
Figs. 1(a) and 2(a). From Figs. 1(b), 2(b), and 3(b), it is obvi-
ous that as vehicle number i increases, the amplitude of speed
fluctuation decreases gradually. However, the smoothness of
vehicles’ speeds and the amplitude of speed fluctuation in our
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model are smaller than those of the other two controlled mod-
els.
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Fig. 1. (color online) Numerical simulations for the KKH model.
(a) Space-time plot of the KKH model. (b) Temporal velocity be-
havior of the first, 25-th, and 50-th vehicles.
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Fig. 2. (color online) Numerical simulations for the ZG model. (a)
Space—time plot of the ZG model. (b) Temporal velocity behavior
of the first, 25-th, and 50-th vehicles.
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Fig. 3. (color online) Numerical simulations for our model. (a)
Space—time plot of our model. (b) Temporal velocity behavior of
the first, 25-th, and 50-th vehicles.

Specifically, the values of some parameters obtained in
our simulations are given in Table 1 to compare the velocity
change of the 50-th vehicle between the KKH model, the ZG
model, and our model. In Table 1, asg is the average acceler-
ation of the 50-th vehicle, which denotes the rates of velocity
change; Sso is the standard deviation of acceleration, which
denotes the smoothness of the 50-th vehicle’s speed; Avp,y is
the maximum deviation of the 50-th vehicle’s velocity. It can
be clearly seen that the 50-th vehicle in our model runs more
smoothly, and the amplitude of speed fluctuation is smaller
than those of the two previous models.

Table 1. Comparison of the velocity fluctuation of the 50-th vehicle
between three models.

Model Tsp,/m-s ™2 S50/m-s 2 AViax /m-s ™!
KKH 0.6592 0.0191 5.1391
7G 0.4310 0.0048 2.5484
Our model 0.3914 0.0034 2.0366

In summary, these simulations show that the stability of
our model is better than the stability of the KKH model and the
ZG model with the same parameters, which demonstrates that
the DSDSE could be added into the CM car-following model
to enhance the stability of traffic flow and suppress the traffic
congestion more efficiently. Therefore, the simulation results
are in agreement with the theoretical analysis.
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5. Conclusions

In this paper, a new CM car-following model considering

the DSDSE is proposed. The stability of our model is inves-

tigated, and non-jam criteria are derived. Through theoretical

analysis and numerical simulations, we conclude that: (i) the

stability of traffic flow is enhanced by considering the DSDSE;

(i1) numerical simulations demonstrate that our model has a

great ability to suppress a traffic jam, which is consistent with

the theoretical analysis.
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