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Abstract. For decades, the General Motors (GM) car following model has received a great deal of attention and pro-
vided a basic framework to describe the interactions between vehicles on the road. It is based on the stimulus-response
assumption that the following vehicle responds to the relative speed between the lead vehicle and itself. However, some
of the empirical findings show that the assumption of GM model is not always true and need some modification. For
example, the acceleration of the following vehicle is very sensitive to the sign of the relative speed and because of no
term in the model that directly represents the leader’s acceleration, the follower’s response to the leader’s acceleration
can be retarded. This paper offers a new car-following model that can be considered as a variant of the GM model that
can better capture car following behavior. The new model treats the follower’s acceleration as a proportion of a weight-
ed sum of the leader’s acceleration and the relative speed between the lead and following vehicles. This paper compares
the new model with the original GM model numerically and the characteristics of the new parameters in the model
are investigated. It is also shown that the new model overcomes the shortcomings of the original GM model identified
in this paper and gives us more instruments to capture the real-world car-following behavior.

Keywords: car-following behavior; microscopic traffic flow models; GM model; sensitivity; stability.

Introduction accelerating or decelerating) from the lead vehicle; / and
m are parameters to be calibrated; a(l, m) is a positive
constant whose value depends on the two parameters /
and m. In this model, the follower’s acceleration at time
t+0 monotonically increases with respect to (w.r.t.) its
own speed at the time whereas monotonically decreases
w.r.t. the distance headway between the two vehicles at

time ¢ and is also proportional to their speed difference.

The car-following behavior is one of the most common
traffic phenomena on the road. A number of car-follow-
ing models have been developed to capture the behavior
of how a following vehicle or follower adjusts its own
speed when the speed and position of the lead vehicle
or leader - immediate front one - change.

The following General Motors (GM) model pro-
posed in Gazis et al. (1961) gives the acceleration of ve-
hicle n+1 following vehicle n:

. (kn+1(t+6))m
X, (t+8)=a(lm) .
(t+3)=a(lm) ) 0]

(%, (£) = 201 (), (1)

where: x,(t) is the position of the nth car; x, (t) and
X1 (t) respectively represent the speed and accelera-
tion/deceleration of the nth vehicle at time t; 3 is the

time lag of the follower’s response to the stimuli (e.g.

X

All terms before the speed difference is usually known
as the sensitivity coefficient and denoted as:

(x,,+1(t+5))’" |
(%, (£) =y (£))

Therefore, model (1) can be written as the earliest
form of the GM model (Chandler et al. 1958):

Fop (£40) =M, (£) = %1 (1)) (1)
which is known as a linear car-following model in Farhi
(2012). Gazis et al. (1959) and Herman et al. (1959) re-

A=a (2)
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spectively investigated the connection between the mod-
el and the flow-density relationship proposed in Green-
berg (1959) and the stability of this model. The reason
why the above models are called GM model is that they
were developed in the General Motors’ laboratory (Gazis
2002). Until now the findings given in Chandler et al.
(1958) are still the footstone of microscopic traffic flow
models. A great deal of research has been performed on
the calibration and validation of the GM model (Brack-
stone, McDonald 1999). Among those the most notable
are May and Keller (1967), Heyes and Ashworth (1972),
Ceder and May (1976), who presented the combination
of  and m values for a single state of traffic. In addition,
Treiterer and Myers (1974) and Ozaki (1993) presented
different combinations of / and m values for different
states of traffic, such as acceleration, steady state, and
deceleration. Despite the enormous efforts to obtain
optimal values of [ and m, the empirical findings still
deviate from the GM model because the car following
behavior varies for different traffic conditions and the
optimal values of / and m obtained from empirical data
represent averages for various drivers.

On another hand, a great deal of literature has been
contributed to the improvement of the GM model or
investigation of many other aspects of the car following
behavior, such as Lee (1966), Gazis (1967), Tolle (1974),
Zhang and Jarrett (1997), Chakroborty and Kikuchi
(1999), Aw et al. (2002), Nagel et al. (2003), Simdes et al.
(2010), Tordeux et al. (2010), Ge et al. (2011), Ge and
Sun (2012). Subramanian (1996) found that drivers react
faster in the deceleration phase than in the acceleration
phase and Ahmed (1999) assumed that drivers behave
differently in car-following and free flow states and im-
proved Subramanian’s model by adding traffic density
in the sensitivity term. Siuhi and Kaseko (2010) argued
that the GM family models have three limitations:
(1) identical reaction times for all drivers; (2) a single
value for each of the model parameters; (3) drivers are
able to perceive even small stimulus. One of the key as-
sumptions of the GM model is that the follower must
decelerate when the leader’s speed is smaller than the
follower’s, and that the follower must accelerate when
the speed of the lead vehicle is larger than the follower’s.
However, the recently-available microscopic vehicle tra-
jectory data (e.g. Next Generation SIMulation - NGSIM
data) show that this is not always true and needs some
modifications (Alexiadis et al. 2004). Koutsopoulos and
Farah (2012) gave a flexible framework for modelling
the car-following behavior that relaxes some limitations
and assumptions of the GM model and showed that the
latent class model performs better than the previous
ones. As discussed above, while the GM car following
model has provided a basic framework for most car fol-
lowing models and has been improved continuously in
the past six decades, it still falls short in describing vari-
ous car following behaviors and for certain traffic condi-
tions. Therefore, the basic assumptions of the GM model
need further relaxation. This paper intends to improve
the GM model by incorporating some car following fea-

tures that have not been captured by the basic premise
or existing variants of the GM model.

The car-following model (1) considers the effects
on the follower’s acceleration of three types of factors, i.e.
speed difference, gap and follower’s speed. Let us look at
a special but common phenomenon: the relative speed
between the lead and following vehicles is zero and the
acceleration of the leader is nonzero, where the follow-
er’s acceleration is nonzero. Under the circumstances the
follower’s acceleration given by model (1) is always zero;
it should be noted that the response time is already em-
bedded in model (1). However, in real-life traffic like this,
the follower’s acceleration is usually nonzero and the two
vehicles might have the same or similar accelerations.

In addition, since there is no term in the model (1)
that directly represents the leader’s acceleration, the fol-
lower’s response to the leader’s acceleration is retarded,
and it takes the follower longer than actually needed
to gradually catch up the leader’s behavior. This can be
shown by two examples with the same initial conditions
below:

Initial positions: x,, (0)=12.81m, xn+1(0)=0m;
Initial speeds: x,, (0) =X, (0) =13.42m/s.

It is further assumed that:
—att =0, 1, 2 and 3 second, the leader’s accel-
erations are respectively —1.2 m/s?, 0.6 m/s%,
0.6 m/s? and 1.2 m/s? and the acceleration in
each second is uniform;
— the leader accelerates at the rate a(t) = 1.25 m/s?
at t = 30 s for 5 s and then decelerates at
a(t) = -1.25 m/s? at t =100 s for 5 s;
and the lead vehicle travels at a uniform speed during
the rest of the time horizon [0, 150]. The follower’s re-
action time 0 is assumed to be 1 s. The two examples
distinguish from each other in the following way:

Example 1 (Ex. 1): m =0, [ = 1.25 and o = 9.15.
Example 2 (Ex. 2): m = 1,1 =1.25 and o = 0.68.

As shown in Fig. 1a, the lead vehicle decelerates
first and then accelerates to the initial speed in the first
4 seconds. Consequently, the distance headway between
the two vehicles decreases at first and then increases;
they finally reach a steady state. In Ex. 1, the distance
headway between the two vehicles recovers its initial
value whereas the distance headway in Ex. 2 is 12.44 m
when it gets stabilized. Comparing the two examples
suggests that the distance headway from the GM model
(1) can be different even when the speeds of the two
vehicles are the same at the steady states. The property
is determined by the structure of the model. There is no
intention to make further discussion here on this issue
and the reader of interest may refer to Tordeux et al.
(2010), Zhang and Jarrett (1997).

What is concerned here is that the follower’s re-
action to the leader’s acceleration is so slow that the
distance headway between them increases (decreases)
promptly when the lead vehicle is in a state of accelerat-
ing or decelerating constantly. This is demonstrated by
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Fig. 1. Solution profiles in Examples 1 and 2: a — acceleration
profiles; b — profiles of the distance headways between
the lead and following vehicles

the distance headway profiles in Fig. 1b, in particular at
t =30 s and ¢ = 100 s when the lead vehicle respectively
accelerates and decelerates for 5 s. A more detailed ob-
servation follows.

The distance headway between the two vehicles
increases quickly when the lead vehicle is accelerating
at a(t) = 1.25 m/s? for 5 s at t = 30 s. Until a steady
state is reached, the distance headway ceases to increase.
It takes longer time to stabilize in Ex. 1 than in Ex. 2;
the distance headway in Ex. 1 is much larger than that
in Ex. 2. It is arguable that the leader’s acceleration has
been embedded implicitly into the model by the terms
of (the temporal change in) the leader’s speed, but it is
clear that the follower is not so sensitive to that. As a
result, the distance headway increases promptly. In Ex. 1,
the distance headway even increases to an unacceptable
level. To save space, we put the profiles of the speeds in
Fig. 4, together with the speed profiles from the other
examples.

Furthermore, the distance headway decreas-
es sharply when the lead vehicle is decelerating at
a(t) = -1.25 m/s? for 5 s at t = 100 s. This may be also
due to the fact that model (1) does not incorporate the
leader’s acceleration directly.

So far, we have identified the three shortcomings of

the GM model (1):

— First, it always defines the follower’s acceleration
as zero whenever the speeds of the lead and fol-
lowing vehicles are equal even when the leader’s
acceleration is far from zero.

— Secondly, the follower in this model sounds not
sensitive enough or in time to the leader’s accel-
eration so that the stable gap between the two ve-
hicles can be too big after the leader continuously
accelerates for a while, or the gap decreases too
sharply when the lead vehicle decelerates.

— Another concerning property of the model is that
the follower’s acceleration at time #+9 is always
greater than zero even when the lead vehicle is
sharply decelerating at time ¢ as long as the dif-
ference in speed between the two vehicles is posi-
tive.

In the car-following behavior, a variety of stochastic
factors play their roles (e.g. Wagner 2012) but all the
above-identified shortcomings of the GM model (1) are
not due to the stochasticity. Therefore, it is necessary to
overcome them by refining the modelling of the car-
following behavior. On another hand, we are not say-
ing that the GM model (1) is wrong but want to make
it work better by refining it. This paper is proposing a
variant of the GM model by embedding the leader’s ac-
celerating behavior directly into Equation (1). Section 1
formulates such a model that removes these shortcom-
ings, which can be considered as a variant of the GM
model (1). Section 2 numerically compares the varied
GM model with the original one. The last section closes
the paper up with some concluding remarks.

1. Model Formulation and Analysis

1.1. Modelling

To investigate the relationship of the follower’s accel-
eration to the leader’s acceleration, let us first look at a
set of NGSIM data, which was obtained from the I-80
data set of NGSIM for the time interval from 5:00 am
to 5:15 am. To exclude the impacts of merging/diverging
on the freeway, only the data for those pairs of vehicles
traveling along section of the freeway for a significant
time interval were extracted and a total of 39 pairs of
vehicles are in the dataset. Fig. 2a shows the scatter plot
of the follower’s acceleration at time #+0 versus the speed
difference at time t between the lead and following ve-
hicles, where the time lag J is assumed to be 1 second.
Fig. 2b depicts the scatter plot of the follower’s accelera-
tion at time ¢ + & and the leader’s acceleration at time
t. They show that the follower’s acceleration is related
to the speed difference between the lead and following
vehicles and the leader’s acceleration. In fact, the coeffi-
cients of correlation for (a) and (b) are respectively 0.495
and 0.798 (Fig. 2).
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Fig. 2. The relationship of the follower’s acceleration (af(t+6)) to the speed difference from the leader and to the leader’s
acceleration: a - the follower’s acceleration v.s. speed difference from the leader; b - the follower’s v.s. leader’s acceleration

To overcome the above-identified three shortcom-
ings of the GM model, we base on the analysis results of
the NGSIM data above and propose the following new
car-following model, which directly adds the leader’s ac-
celeration times & weighted by a positive coefficient 3 to
the ‘speed difference’ term in model (1), i.e.:

. (’kn+1(t+5))m
xn+1(t+8):oc X
(xn(t)—xn+1(t))
(%, (£) = %, (£) + BO%, (1)), B> 0, 3)

where: B is a parameter that may differ from driver to
driver or vary in different traffic conditions (e.g. traf-
fic densities around). All other parameters in model (3)
have the same definitions as in model (1), which can be
associated with Equation (5) in Sasaki (1959). Kometani
and Sasaki (1958) assumes that the spacing between two
successive vehicles in queue depends on the velocities of
those vehicles, from which it is derived that the speed
difference at time ¢ between them is proportional to the
acceleration of the following vehicle (Kometani, Sasaki
1958) or a weighted sum of the accelerations of both of
them but respectively at t and ¢ + & (Sasaki 1959).

Model (3) can be considered as a variant of the
original GM model (1). There are two ways to explain
the varied GM model. First, the follower’s acceleration at
t + d is proportional to the difference between the lead-
er’s approximate velocity at t + & (i.e. x,, (t)+[385€n (t))
and the follower’s speed at ¢ (i.e. J'Cn+1(t)). If the lead
vehicle accelerates at a uniform rate in the time period
[t,t + 8] then x,, (t) +0%,, (t) represents the leader’s real
speed at t + d.

Secondly, the follower’s acceleration at ¢ + § is pro-
portional to a weighted sum of the speed difference of
the two vehicles at t and the leader’s speed change in the
following short period of lenght equal to 8. f = 1 means
that the short period is [t, £ + 3 ].

Integrating Equations (2) and (3) gives:

oy (£40) =M, (£) = Ky (1)) +2BO%, (£). (3)

As we know, A reflects the follower’s sensitivity to
the speed difference between the two vehicles. A6 can

be regarded as the follower’s sensitivity to the leader’s
acceleration or AP the coefficient of the follower’ sensi-
tivity to the speed increment of the lead vehicle within
the period [t, t+0].

1.2. Analysis

This subsection is to check whether model (3) has re-
solved the above-identified shortcomings of the original
GM model (1). First, when the speed difference between
the two vehicles is zero but the leader’s acceleration is
nonzero, the follower’s acceleration given by model (3)
is proportional to the leader’s acceleration, i.e.:

Xy (£4+8)=2B3%, (t), B >0, (4)

whichis zero only if A = 0.1 = 0 means that x,,, (t + 6) =0
holds or that the distance headway between the two
vehicles is infinite. The term x, (t+8):0 is an ex-
ceptional case, which may not be a situation we tend to
model. When the distance headway is infinite, it is un-
necessary to use the model to determine the follower’s
acceleration since the lead vehicle has no influence over
the follower at all. Therefore, the new model can ensure
that the following vehicle responds to the leader’s ac-
celeration in time.

In addition, Equation (3') implies that, since the fol-
lower’s acceleration equals a weighted sum of the speed
difference between the two vehicles and the leader’s ac-
celeration, the follower’s acceleration may be more likely
to become negative when the leader’s deceleration is big.
If their speed difference is very small then the leader’s
sharp deceleration will decrease the follower’s accelera-
tion quickly. Consequently, the new model can better
capture the car-following behavior than the original one
when the leader decelerates but its speed is higher than
the follower’s.

In the new model, the follower’s sensitivity to the
speed difference between the two vehicles is determined
by A while the follower’s sensitivity to the leader’s ac-
celeration is determined by ABJ, see Equation (3'). The
introduction of B gives us one more instrument to cap-
ture the follower’s sensitivity to the stimuli from the lead
vehicle.
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In terms of stability, the new model has the follow-

ing properties:

— Property 1: The new model is as stable as the
original model.

Analysis: A steady state means that the lead-
er’s acceleration equals zero, which makes the
new model become the original one. Therefore,
the new model is as stable as the original one.

— Property 2: At a steady state, the speed-density
relationship derived from the new model is the
same as that from the original one.

Analysis: At a steady state the leader’s ac-
celeration is zero, hence both new and original
models become the same. Therefore, their speed-
density relationships are identical.

— Property 3: Under certain conditions, a steady
state derived from the new model can ensure
that the bigger the speed is the larger the distance
headway is.

Analysis: Since at a steady state the speed-
density relationship derived from the new model
is the same as that from the original one, the re-
lationship shall ensure that this property holds.

1.3. A Discussion on Impacts of Each Parameter

The original model (1) has 3 parameters (i.e. o, [ and m)
and the introduction of the new model (3) brings one
more parameter 3. The role of a is clear since it linearly
amplifies the effects of the leader’s behavior on the fol-
lower. To observe the effects of the other three param-
eters, let us assume that the follower’s acceleration at t+8
be a function of these parameters so we can differentiate
Equation (3) with respect to (w.r.t.) each of them. In the
following analysis, it is assumed that o is a constant.

First, the derivative of the follower’s acceleration at
t + d w.r.t. | is given by:

Sl et

(5, (£) = 2y (£) + BOE, (1)) (5)

It can be concluded from formula (2) that A > 0. It
is interesting to see that the sign of the above expression
depends on the distance unit used. Suppose that the ‘me-
ter’ other than ‘kilometer’ is used and then the distance
headway between the two vehicles must be greater than 1
meter since the length of a vehicle plus the safe distance
between the two vehicles should be greater than 1 meter
at least. Therefore, In(x,,(t) - x,,,,(£)) > 0. Note that wheth-
er the follower is accelerating or decelerating depends
on the sign of x, (t) — X ?t) +B3x,, (t) . Integrating
this point with Equation (5) shows that the increase in
I'will result in the decrease in the follower’s acceleration
when the follower is accelerating and increase the fol-
lower’s acceleration when the follower is decelerating.

Secondly, the derivative of the follower’s accelera-
tion w.r.t. m is:

03,1 (£+3)

P =AIn(%,,, (£+8))x

(5, (£) = %,y (£) + BO%, (1))

This also shows that the choice of the dis-
tance unit affects the sign of the above expression. If
In(x,,,,(t + 3)) > 0, the increase in m will result in the
increase of the follower’s acceleration when the follower
is accelerating. However, if In(x,,,,(t + 8)) < 0, the fol-
lower’s acceleration is a decreasing function of m when
the follower is accelerating.

Thirdly, the derivative of the follower’s acceleration
w.r.t. B is given:

0%, (1 +3)

op
This suggests that the follower’s acceleration is an
increasing (decreasing) function of parameter § when
the leader is accelerating (decreasing). In other words,
the increase in B will amplify the effects of the leader’s
acceleration on the follower’s one.
Another thing worth discussing is what factors may
affect the parameter value of . Let us define B in the
following form:

=28%,(t). (6)

B= Bo > (7)

where: m,, [, and B, are the parameters that need to be
calibrated, m,, > 0, 3, > 0 but [, may be positive or nega-
tive; v,(x,,(t)) denotes the equilibrium/steady-state speed
of vehicle n expected by the follower, which is related to
the speed limit, traffic situation, road or weather condi-
tions, etc. The ratio of the speed of vehicle # to the equi-
librium speed tends to reflect how much the follower is
eager to accelerate: the smaller the ratio is, the more the
follower wants to accelerate.
Integrating Equations (2) and (7) gives:

(xnﬂ (t+8))m

M=apy——m—x

i)
1

-, *

(2 (£) =20 (£))

This shows that the sensitivity is proportional to the
expected speed of the following vehicle at t+8 and in-
versely proportional to the ratio of the speed of vehicle n
to the equilibrium speed. Furthermore, if [ < I then the
sensitivity is inversely proportional to the distance head-
way between the two vehicles; if [, > I then the sensitivity
is a monotonic increasing function in the distance head-
way. Therefore, the values of [, and  may depend on the
distance headway between the two vehicles.

Now let us investigate how B, /, and my, affect the
acceleration of the follower. First, we get:

O (t+8) 1. .
FnaBTO) L B, (1) 6"
Be BT

(8)
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This implies that the increase in B, will amplify the
effect of the leader’s acceleration on the follower’s one.

The following is the derivative of the follower’s ac-
celeration w.r.t. parameter [

0%, (£+3)
al,

Note ABd > 0. Suppose that the distance unit used
here is meter and then In[x,(f) - x,,,,(t)] > 0. Therefore,
the increase of I, will result in the increase (decrease)
of the follower’s acceleration when the leader vehicle is
accelerating (decelerating).

The derivative of the follower’s acceleration w.r.t.
parameter my, is given by:

=ABIn(x, (t) - x,. (£))3%, (£). ()

3%,y (£+3) x,(t) ..
—— 2 = ABIn| ————|b .
o, o e (0] %a(t)- 00

Suppose that the ratio of the speed of vehicle n to
the equilibrium speed greater (less) than one implies
that the lead vehicle is decelerating (accelerating) and
then the right-hand side of Equation (10) is nonnegative.
This suggests that the follower’s acceleration is an in-
creasing function in m,. When the leader’s speed fluctu-
ates around the equilibrium speed, the vehicle normally
tends to accelerate or decelerate at a low rate and the
follower’s acceleration will also fluctuate.

In summary, it is interesting to notice that the di-
rection of the effects of the parameters I/, m and [ de-
pends on the distance unit used in the model. The sec-
ond finding is that the increase in B (or ) will amplify
the effect of the leader’s acceleration on the follower’s
one. Thirdly, when the ratio of the speed of vehicle n
to the equilibrium speed is close to one or the distance
headway between the two vehicles is near one distance
unit, the change in the parameters J, [, or m,, nearly has
no influence over the follower’s sensitivity to the stimuli
from the lead vehicle.

2. Numerical Experiments

2.1. A Comparison between the New Model
and the Original One

The same initial conditions and time lag of response as
in Exs 1 and 2 are used here. Three more examples are
set as below:

Example 3 (Ex. 3): m =my=0,1=1.25,1,=0.275,
o = 9.15, By = 1. The only difference from Ex. 1 is that
the new model is used.

Example 4 (Ex. 4): m =1, my,=0,[=1.25, ], =0.06,
o = 0.68, By = 1. The only difference from Ex. 2 is that
the new model is used.

Exs 3 and 4 do not consider the effects of the equi-
librium/stable speed of vehicle #n expected by the follow-
ing vehicle n+1 (i.e. v,(x,(1)).

Example 5 (Ex. 5): m = 1, my = 0.025, [ = 1.25, [, =
0.06, o = 0.68, B, = 1. All parameters and variables in
model (3) are considered in this case. It is also assumed
that the speed limit of the road of interest is 13.42 m/s

in the first 30 s of the time horizon of interest, then be-
comes 19.67 m/s and returns to 13.42 m/s at ¢ =100 s.

Adding the profiles of accelerations and the dis-
tance headways from Exs 3-5 to Fig. 1 gives Fig. 3. Note
that the profiles of the leader’s accelerations are the same
in all examples, hence the leader’s speed profiles in the 5
examples are identical. Fig. 4 gives the speed profiles of
all these examples.

Comparing all profiles in Fig. 3 shows that the fol-
lower modeled in the new model (3) is relatively more
sensitive to the leader’s acceleration than in the original
model (1). In addition, it takes model (3) less time than
the original one to reach a steady state after the accel-
eration or deceleration of the lead vehicle. Furthermore,
the distance headway between the two vehicles does not
increase too much and stays within a reasonable range
when model (3) is used. The profiles in Fig. 4 show that
the follower’s speed can increase quickly up to the lead-
er’s speed level when model (3) is used.

The follower’s speed or acceleration fluctuates when
it nears that of the lead vehicle, as shown in Figs 3 and
4. The fluctuations gradually disappear and then a steady
state is reached. However, the original model does not
produce this kind of fluctuations. Therefore, the new
model seems more capable of capturing the real-life car-
following behavior.

a)

604 e
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30 2

x(t) = X1 (£) (m)

T T
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Fig. 3. A comparison of the new model (3) to the original
model (1): a - profiles of the distance headways between
the lead and following vehicles; b - acceleration profiles
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2.2. The Impacts of the New Parameters

This subsection intends to observe the impacts of the
newly-introduced parameters on the follower’s accelera-
tion. The examples in this subsection have the same ini-
tial conditions as the previous ones. It is also assumed
that the speed limit of the road of interest is 13.42 m/s
in the first 30 s, then becomes 19.67 m/s and comes back
to 13.42 m/s at t =100 s.

First, we investigate the impacts of I,

Example 6 (Ex. 6): Suppose m =1, m; = 0.025, | =
1.25, oo = 0.68 and B, = 1. To observe how the follower’s
acceleration changes as I, varies, we set ], to three differ-
ent values, i.e. 0.03, 0.06 and 0.12.

Equation (7) says that the larger [, is the more sen-
sitive the follower is to the acceleration of the lead ve-
hicle [Note that the distance unit used is meter]. In other
words, the larger [, means that it takes the follower less
time to adjust his or her own speed to the same level as
the leader.

Therefore, the larger [ is, the smaller distance
headway in steady state is when the leader is accelerat-
ing whereas the larger the distance headway in steady

x(f) = X1 (£) (m)

5 T T T T T
0 30 60 90 120 150

Fig. 5. Profiles of the distance headways between the lead
and following vehicles based on the settings in Ex. 6

state is when the lead vehicle is decelerating. This has
been demonstrated in Fig. 5.

In Equation (3'), 8x,(t) is the leader’s speed incre-
ment within the period from ¢ to #+3 and has the same
unit as the speed difference between the two vehicles.
Therefore, . and A are comparable. Fig. 6 gives their
profiles, from which we can see that f is always no less
than one whichever value p takes. Therefore, the follow-
er is always more sensitive to the leader’s speed incre-
ment than the speed difference between the two vehicles.
As mentioned before, the original GM model allows the
follower to accelerate as long as the speed difference
between the lead and follower vehicles is positive, even
though the leader is sharply decelerating. The modified
model (3) has corrected this problem and enables the
follower to respond to the leader’s decelerating behavior
more quickly.

Equation (8) means that the increase in I, makes
B or AP increase; accordingly, the follower’s sensitivity
to the leader’s acceleration increases. Fig. 6 also clearly
shows that the larger distance headway is the less sensi-
tive the follower is to the speed difference between the
two vehicles and the leader’s acceleration, which is also
consistent with the real-life car-following behavior.

Secondly, let us investigate the impacts of m,.

Example 7 (Ex. 7): Assume m = 1, [ = 1.25, ], =
0.06, a = 0.68, B, = 1 and m, takes three values: 0.00125,
0.025 and 0.5. Then we will observe the impacts of the
value of m, on the distance headway between the two
vehicles and the sensitivity coefficients A and Ap.

The profiles of the resulting distance headways
from Ex. 7 are depicted in Fig. 7. The figure shows that
the larger m; is the more sensitive the follower is to the
leader’s acceleration. That is, the larger m is the less
time it takes the follower to adjust its speed to the same
one of the lead vehicle.

The profiles of A and AP derived from Ex. 7 are
shown in Fig. 8. It can be seen from Fig. 8 that in the
new model the follower is more sensitive to the leader’s
speed increment than the speed difference between the

1.0 1 — A

""" AP (Ip=10.03)
0.9 1 e 1B (lo = 0.06)
0.8 -=== AB (lh=0.12)
0.7 1

AP

T T
120 150

Fig. 6. A comparison between the follower’s sensitivity to the
speed difference between the two vehicles and that to
the leader’s acceleration, based on the settings in Ex. 6
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two velocities. It is also clearly revealed in Fig. 8 that the
larger the distance headway is the less the follower’s sen-
sitivity is to the speed difference and the leader’s accel-
eration, which is similar to what has been found in Ex. 6.

In Ex. 7, as shown in Fig. 8, when the speed is con-
stant the change in m, has little impact on A since the
ratio in the denominator in Equation (7) is normally
equal to 1 in this situation. Hence, there are few impacts
of m, on the follower’s speed and the distance headway
between the two vehicles.

Finally, let us consider the impacts of 3.

Example 8 (Ex. 8): Assume m = 1, m, = 0.025, | =
1.25, I = 0.065 and o = 0.68. To observe the impacts of
Bo» we set B, to be 0.5, 1, and 1.47. Then, let us analyse
how the profiles of the distance headways between the
two vehicles and the sensitivity coefficients A and Af
change when B, moves from one value to another.

The profiles of the distance headways from this ex-
ample are shown in Fig. 9. The figure shows that the

30
—— my=0.00125

1) = Xy (1) (m)

5 T T T T T
0 30 60 90 120 150

Fig. 7. Profiles of the distance headways between the lead
and following vehicles in Ex. 7

x(t) = Xp41(£) (m)

5 T T T T T
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Fig. 9. Profiles of the distance headways between the two
vehicles in Ex. 8

larger B, is the more sensitive the follower is to the
leader’s acceleration. In other words, the larger B is the
more quickly the follower completes the adjustment at
his or her speed to the same one of the lead vehicle.

The profiles of A and AP derived from Ex. 7 are
shown in Fig. 10. It can be seen from Fig. 10 that, same
as in Exs 6 and 7, the larger the distance headway is the
less sensitive the follower to the speed difference and
the leader’s acceleration, which matches the real-life car-
following behavior well. Fig. 10 also shows that 3, can
take a very flexible role well in the model because it can
directly and efficiently adjust the follower’s sensitivity to
the leader’s acceleration.

As shown in Fig. 10, the follower is less sensitive at
Bo = 0.5 to the acceleration or speed increment within a
8-long period than to the speed difference between the
two vehicles, which makes the distance headway become
very large for the middle part of the time horizon of
interest (see Fig. 9).

1.0 4

0.9 —
""" AP (mg=0.00125)
0.8 e 0B (mg = 0.025)

07 ] —eme AB (M= 0.05)

2B

0.6 4

0.5+

> A

S

0.4 4

0.3 s v e e,

02 T T T T T
0 30 60 90 120 150

Fig. 8. A comparison between the follower’s sensitivity to the
speed difference between the two vehicles and that to
the leader’s acceleration, based on the settings in Ex. 7

—
S T 1B (Bo=0.5)
124 AB(Bo=1)
' --m 2B (Bo=147)
1.0

0.0 T T T T T
0 30 60 90 120 150

Fig. 10. A comparison between the follower’s sensitivity to
the speed difference between the two vehicles and that to
the leader’s acceleration, based on the settings in Ex. 8
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Summary

Among the various car-following models developed in
the past half a century, the family of GM car following
model has received the most attention and provided a
basic framework to capture the car-following behavior.
It is based on the stimulus-response assumption that the
following vehicle responds to the relative speed between
itself and the leading vehicle. However, some of the em-
pirical findings show that the assumption of GM model
is not always true and need some modification. This
paper identified three shortcomings of the GM model:

— First, it always yields zero for the follower’s ac-
celeration whenever the speed difference between
the lead and following vehicles are zero even
when the leader is accelerating sharply.

— Secondly, the follower in this model sounds not
sensitive enough to the leader’s acceleration so
that the stable gap between the two vehicles can
be too big after the leader continuously acceler-
ates for a while, or the gap decreases too sharply
when the lead vehicle decelerates.

— Thirdly, the follower’s acceleration at time #+0 is
always greater than zero even when the lead ve-
hicle is sharply decelerating at time ¢ as long as
the difference in speed between the two vehicles
is positive.

We are not saying that the GM model is wrong but

offer a modification to it so it can work better.

To overcome these shortcomings, we have pro-
posed in this paper a new car-following model con-
sidering the leader’s acceleration directly, in which the
follower’s acceleration at time ¢t + 8 is proportional to
the speed difference between the two vehicles at time
t plus the leader’s acceleration at time ¢ with a well-de-
signed weight. It has been shown that the new model
overcomes the shortcomings of the previous GM model
effectively and gives us more instruments to capture
the realistic car-following behavior. A series of numeri-
cal experiments have been carried out to compare the
varied and original GM models and the characteristics
of the newly-introduced parameters in the new model
are further discussed. However, the calibration of these
new parameters, which may not be independent of each
other, are remained for the future work.

The examples in this paper show that there may ex-
ist different steady states in which the following and lead
vehicles have the same speed while they maintain differ-
ent distance headways. This means that there exists more
than one density value associated with the same speed,
which is contractive to the argument that a GM model
corresponds to one speed-density function. Ge and Sun
(2011) has addressed this issue.

In the recent years, the direct effects of accelera-
tion of the lead vehicle have attracted ever-increasing
attention in modelling the car-following behavior. Siuhi
and Kaseko (2010) showed the need for separate mod-
els for acceleration and deceleration responses to ad-
dress their identified shortcomings of the GM model.
Yu et al. (2013) took into account distance headway,
relative speed and the leader’s acceleration to refine the

speed-difference-based car-following models. In addi-
tion, as more and more powerful intelligent devices are
embedded in transportation infrastructure (e.g. roads)
and vehicles, the following vehicle will have more and
more ways to perceive the leader’s changes in position,
speed, acceleration, etc; hence the following drivers can
respond to these stimuli more quickly and precisely.
Therefore, the research on this issue is doomed to at-
tract more and more researchers’ efforts and attention
in the near future.
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