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Abstract:

The Car-following models is a kind of microscopic simulation model for vehicular traffic, which

describe the one-by-one following behaviors of vehicles in the same traffic lane. As a common traffic phe-
nomenons following behavior is of great importance in the micro-study of intelligent traffic control. Compared
with other traffic-flow models, car-following model embodies the human factors and reflects the real traffic sit-
uation in a better way. This paper gives a systematic review of the development and actuality of car-following
models by introducing and analyzing in detail the advantages and disadvantages of GHR model, OV model,
CA model and fuzzy-logic model. In addition, local stability and asymptotic stability of car-following models

are discussed in this paper.
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INTRODUCTION

As the conflict between resources and envi-
ronment and the demand of transportation be-
come more apparent, more and more attention is
paid to the study of traffic flow theory. In order
to investigate various traffic phenomena more
deeply and to optimize traffic control more effec-
tively, great importance should be attached to
the computer simulation of traffic systems,
which simulates the various behaviors of vehicles
and pedestrians, and reflects the characteristics
of traffic flow. Car-following models; which de-
scribe the one-by-one following process of vehi-
cles in the traffic flow> had been studied in the
last nearly a half century (Pipes, 1953). Car-
following itself is one of the main processes of
various kinds of microscopic simulation models,
and thus has been widely investigated by re-
searchers in the fields of traffic systems modeling
and control. Consequentlys car-following models
have a significant position in intelligent trans-
portation systems (I'TS) and also are of great po-
tential value in collision-warning and collision-
avoidance (CW&CA) systems. Obviously, the
further understanding and systematic review of
car-following models; done in this paper, be-
come more and more important as advanced tech-
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nologies develop.

CAR-FOLLOWING MODELS

1. Gazis-Herman-Rothery (GHR) model

In the car-following theories, each individual
vehicle always decelerates or accelerates as a re-
sponse to surrounding stimulus. So the equation
of motion of the n-th vehicle can be summarized
as follows:

(1

The types of the actual model vary with the defi-
nitions of the ocutside stimulus. Generally speak-
ing> the stimulus may include the speed of the
vehicle; the relative speed and spacing between
the nth and the (22 — 1)th vehicle (the vehicle
immediately in front of it). GHR model is the
most representative stimulus-response model first
brought forward by Chandler et al. > (1958).
The model specifies the stimulus as the relative
velocity of a pair of vehicles; that is, each vehicle
tends to move at the same speed as that of the

vehicle immediately in front of it. In this way
the model can be expressed as

a,Ct)=cAoCe — T,

[ Response 1,ocl Stimulus 1,

2>
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Where a, denotes the acceleration of vehicle n at
time z» Av is the relative speed of the vehicle n
to its front vehicle at earlier time of ¢t — 1", T
represents the driver reaction time> and c is the
sensitivity coefficient which measures the re-
sponse intensity of the driver to unit stimulus. In
1959, Gazis; Herman, and Potts derived the
macroscopic relationship of traffic flow and veloc-
ity from Eq. (2). Nevertheless, the situation de-
scribed by Eq. (2) is much different from the re-
al world and it cannot depict the phenomenon of
high-density traffic since in Eq. (2) the driver
has nothing to do with the relative spacing be-
tween the pair of the vehicles. In order to make
the model more applicables a term of 1/Ax is in-
troduced into the sensitivity coefficient (¢ —
¢/Ax). That iss the closer each other the vehi-
cles are, the higher the sensitivity coefficient is.
Therefore, Eq.(2) becomes

AovCe —T)
AxCe—T)

Where Ax is the spacing between two vehicles.
In 1960, Edie modified the model again. He
thought that the velocity of the vehicle itself in-
fluences the behavior of its driver. Thus the
GHR model can be more generally written as:

a,(t)=c (3

a, ()= cop DT
" A Ce—T)
Where v, is the speed of the nth vehicle; and

m > [ are constants to be determined.

The most vital part of the GHR model is the
specification of the parameters 72 and /. In their
experiments for the investigation of the sensitivi-
ty of the traffic macroscopic relationships ob-
tained from Eq. (4), Gazis et al. (1961) divid-
ed the traffic flow into two parts: congestion and
non-congestion.  Through analysis of 18
datasets> they found the most favorable combina-
tion of m and / was m =0 to2, and [ =1 to 2.
In the following 15 years, a large amount of
work on the definition of the ‘best” combination
of m and [ was done, but without an uniform
result. There are possibly two reasons accounting
for this: the complexity of traffic itself, and the
measurement methods taken in the experiments.
Much more data have been obtained under special
conditions, such as lower velocities and stop-start
that cannot reflect car-following behavior in gen-
eral situations. This hinders people from the ex-
tensive applications of the GHR model. A sum-
mary of valuable combinations of the parameters
m and [ is given in the following table (Brack-

stone et al. » 1999.)

4>

Table 1 Valuable combinations of the parameters m and ! in the GHR model

Source m /A Note

Chandler et al. (1958) 0 0

Herman & Potts (1959) 0 1
Deceleration without the use of brakes/

Hoefs (1972) 1.5/0.2/0.6 0.9/0.9/3.2 Deceleration with the use of brakes/ Ac-
celeration

Treiterer&Myers (1974) 0.7/0.2 2.5/1.6 Deceleration/ Acceleration

Ceder &May(1976) 0/0 3/0~1 Uncongested/ Congested

Ozaki (1993) 0.9/-0.2 1/0.2 Deceleration/ Acceleration

2. Optimal velocity (3V) models

The OV model is another kind of stimulus-
response model. As we know, when the driver
receives a surrounding stimulus, he computes the
desired velocity first instead of acceleration. The

mathematical formula for that behavior is given
by:
a, —cL V() — o ()] 3

Where V&( ;) represents the desired velocity

of the nth vehicle at time z. In the GHR model,
Vésied( 1) equals the velocity of the front vehi-
ces i.e.» v,+1(z). In the OV model, howev-
er> the desired velocity is considered to be rele-
vant to the relative spacing, that is, V() =
VPCAx, (7). Thus

a,(t)=cL VP (Az, (D) — v,()] 6)

It can be inferred from the OV model that
the driving strategy of the driver is to maintain a
safe velocity according to relative position, while
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the driver in the GHR model keeps a safe dis-
tance according to relative velocity. There are
many specific forms of VP (Azx, (), and the
following is a popular choice:

0 Ax<Axy
VP (A =< f(Ax)  Axy<Ax<Axp (7)
Vo Azp<Ax

The simulations ( Sugiyama et al.,» 1998 )
showed that the OV model might reproduce
many aspects of traffic flow, though the Eq. (7)
is a little bit over-simplified. For instance, by
Ax<Ax, it means the traffic is under congestion
and the vehicles should stop driving: and when
Axp<<Ax the traffic flow density is lower and
thus the vehicle can run at its maximum speed.

3. Collision avoidance (CA) models

The CA model is also called the safe distance
model. Different from the GHR model, this
model is aimed at obtaining a safe following dis-
tance instead of describing a stimulus-response
type function. According to the models collision
would be unavoidable if the distance is shorter
than the safe distance and the behavior of the
front vehicle is unpredictable. On the basis of the
Newtonian movement law, the original equation
(Kometani et al. » 1959) could be expressed as

follows:

AxCe—TO=av’ (e =T+ B2 () +
an(t)erO (8)

Subsequentlys Gipps (1981 ) modified the
CA model by introducing some mitigating factors
such as safe reaction time T/2 Ccollision could be
avoided within this reaction time), the braking
rates of — 1/20,(b, is the expected maximum
braking rate of the nth vehicle)» the braking rate
of the front vehicle of —1/267 (6™ is the possi-
bly maximum braking rate of the front vehicle
predicted by the nth vehicle). By using psycho-
logical method in studying the behavior of the
drivers Winsum ( 1999 ) suggested that the safe
driving distance is correlated with the time head-
way I,:

DP: tp‘Uz' (9)

Where D, refers to the safe distances and 2, is
independent of the vehicle speed. The study also
showed that the value of z, changes along with
the driving skill and relates to the weather and

the state of the driver(e. g. fatigue). If the dis-
tance to the front vehicle is smaller than D,, the
driver will choocse to decelerate until D, is
reached. The deceleration can be described as:

a;=cTTCy+d+e (10>

Where TTC, represents the TTC ( Time-to-
Collision) estimated by the driver; ¢ and d are
constants, and € is a random error term.

The CA model works well in describing the
propagation of disturbances in traffic flow. It
may be calibrated according to the instinctive
judgement on the behavior of the driver, and
need only the parameters b, and 4~ in most cas-
es. As a result; The CA model is widely applied
to traffic simulation models including UK Dols
SISTM model, SPEACS model; INTRAS mod-
el and so on. However, there are many problems
at the same times> such as the concept of “ safe
headway”. In fact, it is not a totally valid stand-
ing point. The driver might take the behavior of
several front vehicles into account and predict to
what extent the front car might decelerate on this
basis.

4. Fuzzy-logic models

The fuzzy-logic model is a milestone in the
history of car-following theories. In substance,
the vehicle behavior is actually the behavior of its
driver. Thus an accurate description of the driver
characteristics is of great significance to the effec-
tiveness of the model. As is well known, the
logical thought of a human being is cursory and
qualitative and consequently the delivery and re-
ceipt of information is not precise. Hence, the
concept of fuzzy logic fits the human observa-
tion> thinking, understanding> and decision-
making processes much better.

In the fuzzy model, the driver is abstracted
as a fuzzy controller with the status of the front
car as its input and the decision made through a
series of thinking as its output. The first fuzzy
model was put forward by Kikuchi et al.,
(1992) who tried to ‘fuzzify’ the GHR model.
The inputs are Ax> Av and a,+;» divided into
6, 6 and 12 ‘fuzzy sets’ s respectively, with dif-
ferent membership functions. Take the fuzzy as-
sertion “the distance is too close” as an example.
When Ax<<0.5, the corresponding membership
degree is 1; while Ax =2, the distance is not so
short and thus the membership degree is set to 0.
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A value of Ax € (0.5, 2) also has its corre-
sponding membership degree in (0, 1). When
the membership degree of the model input is de-
termineds we can derive an equivalent fuzzy out-
put via a reference machine. For instance, the

rule:

If Ax="ADEQUATE ",
Then a,,; =(Av;, +a, 12T/

where T( =1)is the reaction time> Y(=2.5)is
the expected time of the driver to catch up with
the front vehicle. Assume Ax7 ADEQUATE ,
a; will change by translating the membership
function up or down according to the extent of
deviation from ADEQUAIE . Compared with
the GHR models this model may reflect reality
better but some problems still exist. For exam-
ple; the vehicle acceleration is often hard to be
measured, and its linear dependence upon Ax is
extremely small. In recent years, lots of research
efforts have been made on the fuzzy model of
traffic flow, but little has been done on the
membership function itself> which, in a sense; is
the most important part of the model. Further-
more> real traffic situations are so complex, lead-
ing a huge number of fuzzy rules, which in fact
block up the comprehensive applications of this

model.

STABILITY ANALYSIS

For all types of models, stability analysis is
definitely an important issue. It determines if the
model has an applicable value. As we knows
when a system is disturbed, there will usually be
three possible responses: 1. the disturbances
tend to be damped; 2. the disturbances are re-
strained; 3. the disturbances are enlarged. For
the first two cases> the system (and> equivalent-
ly, the model of the system) is regarded as sta-
ble. For the last case we say the model is unsta-
ble. In car-following models, the stability analy-
sis distinguishes two types: the local stability and
the asymptotic stability (Gartner et al. » 1998).
The local stability is focused on the response of a
vehicle to the disturbances of its front vehicle,
while the asymptotic stability is concerned with
the propagation of the disturbances among a pla-
toon of vehicles. Before discussing them in de-
tail, we would like to point out that (1) for con-

venience, the discussion will be confined to a sin-
gle-lane linear car-following model; (2) in real
situation, car-following behavior is extremely
common and generally stable.

Local stability

We modify the Eq. (1) by using a differen-
tial form as follows:

Where x; and x; denote the positions of the fol-
lowing vehicle and the leading vehicle, respec-
tively. Let 1 = 1" and D = ¢T» Eq. (11)can

then be rewritten as follows:

2/(t)=Dlx, (=1 =2,z —=1)] (12>

By Laplace transform and inverse Laplace trans-
form for Eq. (120 (Chandler et al. > 1958; and
Kikuchi et al.» 1992.) we can obtain the ana-
lytical solutions for the position, velocity, and
acceleration of the following vehicle. The solu-
tions are so complicated that the description of its
physical characteristics is relatively difficult to be
extracted from them. Under some specific initial
conditions, however, the solutions could be sim-
plified. Assume the following wvehicle and the
leading vehicle both initiate at a speed w, and
then the acceleration of the following vehicle can

be expressed as below:

a/(s)=L '"LD(D+ se) s ] (13>

As is well known in modern control theories, the
stability of Eq. (13) can be depicted by the roots
of D+ se’ =0. Obviously, the roots will be dif-
ferent with the different values of D. Only when
the real part of the root is negative, will the fol-
lowing vehicle’ s acceleration be stable. The fol-
lowing conclusions were drawn by setting the
root as s = a + ib(Gartner et al. » 1998):

1 If D<<e '(=0.3680), then a=<<0, b=
0. In this case the motion of the following vehi-
cle is non-oscillatory and the acceleration of it is
exponentially damped.

2D If e '<D<n/2, then a<0,b>0, the
motion is oscillatory with exponential damping to
an ultimately stable driving speed.

3) If D=7/25 then a =0,56>0, the mo-
tion is oscillatory with a constant amplitude.

4) If D>7w/25 then a>0,56>0, the mo-
tion is oscillatory with an increasing amplitude.
By invoking the meaning of ¢ and T defined in
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Eq.(2) and D = ¢T we can draw a conclusion
from the above analysis that both the over-sensi-
tiveness and the over-sluggishness of the driver
response to the speed change of his front vehicle
are dangerous for driving. From the solution for
the relative spacing between two vehicles, we
can also find that its stability is also determined
by the roots of D + s¢' =0. For example, if D
<e !5 the change of the relative spacing is non-
oscillatory. Using U, V5 to represent the start
and the stop speeds of the pair of the vehicles,
respectively, we have the following equation:

AS:%(V—U) (14
Where AS denctes the relative spacing change
due to the motion disturbances of the front vehi-
cle. It can be inferred from Eq. (14) that if the
leading vehicle stops, that is V=0, then AS =
— U/c¢. So the following vehicle may avoid a
collision only when the relative spacing is not less
than U/c¢. On the other hand, however, for
road occupation efficiency the relative spacing
should be as small as possible. So the value of ¢
should be large enough within the stable limit.
Ideally, the best choice of ¢ is CeTD 1.
Consider the following equation used to de-
scribe more general car-following behaviors:

.i’f(‘[):D%[xz(‘[—l)—xf(‘[_l)],
m=051,2,°"" (15)

Eq. (12) is a special case of Eq. (15) with m =
1. Similarly, the stability of Eq. (15) can be de-
rived by the roots of Eq. (12):

D+ s"e' =0. 16>

The analysis based on different values of m
showed that all of these roots are larger than zero
when 71 is even,» which implies that local stabili-
ty may be reached only when 72 is odd. The re-
sult also indicate that an acceleration response di-
rectly proportional to relative spacing stimulus
will result in unstable driving behaviors.

Asymptotic stability
In fact, each of a platoon of vehicles behaves
similarly as a single vehicle. As a result> we have

.i’,l+1(t):C[.i'n(t - T)_.i‘n-yl(t - T):l’
7n=051,2,"""> N (17)

Where N is the number of the vehicles in the

platoon. Any specific solution to these equations
depends on the velocity of the leading vehicle in
the platoon, denoted by ug» and the two param-
eters ¢ and T'. For any relative spacing> if a dis-
turbance grows in amplitudes then a “collision”
would eventually occur somewhere back in the
platoon of vehicles.

By using the Fourier analysis, the velocity of
a vehicle can be expressed as follows (Ceder et
al. ’ 1976 ) :

u,l(t):ao-i-f,,ei‘“’, 7n=051,25"""> N

(18
Substituting Eq. (18) into Eq. (17) yields

'u,l(t):a0+|:1+ (%)2+
2(2 )sinCwr] et (19)

In the case of asymptotic stability for a platoon of
vehicles, the disturbance should be attenuated in
propagation. So the amplitude of u, should de-
crease with n increased. Therefore we can derive
the following inequality:

2 >2sin(wT) (200
Assume w0, then ¢ must satisfy the following
inequality:

cT<%[lim(cuT)/sin(wT):| QD

w0
Accordingly, the asymptotic stability is guaran-
teed for all frequencies where this inequality is
satisfied. Notice that the local stability without
oscillation results in the asymptotic stability.

CONCLUSIONS

The car-following models have been devel-
oped for more than 40 years, from the coupled
differential equation models in the 50s’ to the
fuzzy models in the 90s’ . The steering ideology
has been changed and the psychological charac-
teristics of human drivers have been considered in
the models. Although the models fit real traffic
situations better when the human factors are in-
troduced into them, there are still some prevalent
problems. The following two are the key points.
First, the models are usually mainly based on the
rationality of the driver» who can perceive the
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distance, velocity, and acceleration correctly.
Nevertheless, psychological researchers found
that the roughly estimation of the status of the
front vehicle is often influenced by heuristic hu-
man behaviors, with adaptability and flexibility.
Second> many models take into account opti-
mization, while in fact drivers may not following
this principle. And,> though some models intro-
duce factors like noise to minimize the discrepan-
cy between traffic practice and those models,
they are still based on some flawed assumptions.
Presently, the acceptable viewpoint is that
drivers have their own expected satisfactory de-
gree of their driving behavior. When the satis-
factory degree is reached, the state of the vehicle
will be kept by its driver and the vehicle will not
go forward to the optimal level. Bore (1999)
brought forward a significant theory, i.e., the
Task Scheduling Theory to describe that phe-
nomenon. According to the Task Scheduling
Theory, drivers do not observe the front cars all
the time of driving to control their own accelera-
tion responses they instead just take a glance at
the front vehicles time to time to judge their ap-
propriate behaviors.

The car-following theory is an attractive re-
search field in transportation projects. If the sin-
gle-lane car-following model succeedss it may be
able to be extended to multiple-lane cases and the
study on overtaking and turning will have a solid
foundation. At present> most research work fo-
cus on the stability analysis of car-following mod-
els and the implication of each of the relationships
to macroscopic flow properties. The models
would be much more applicable if such factors as
“personal motivation” and “ attitude” could in-
volved to explain the individuality of drivers.
This should be a quite promising research direc-
tion.
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