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Hysteresis phenomena of the intelligent driver model for traffic flow
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We present hysteresis phenomena of the intelligent driver model for traffic flow in a circular one-lane

roadway. We show that the microscopic structure of traffic flow is dependent on its initial state by plotting the
fraction of congested vehicles over the density, which shows a typical hysteresis loop, and by investigating the
trajectories of vehicles on the velocity-over-headway plane. We find that the trajectories of vehicles on the
velocity-over-headway plane, which usually show a hysteresis loop, include multiple loops. We also point out
the relations between these hysteresis loops and the congested jams or high-density clusters in traffic flow.
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Traffic jams are very annoying in daily life and have at-
tracted considerable attention of the community of physicists
for years [1]. Numerous studies of the dynamics of traffic
jams have accumulated over the decades. Most of them study
the transition from free flow to the congested state or the
dynamics of relaxation of congested traffic flow [2,3]. The
traffic flow is a complex system containing many particles
with strong interactions, so it certainly shows some com-
plexities such as self-organization and initial sensitivity.
However, there is little research concerning the effects of the
initial state on traffic flow. Therefore, we concentrate on this
problem and explore the dynamics of traffic flow.

The dynamics of traffic flow have been discussed in a
variety of traffic models, such as car-following models, cel-
lular automaton models, and hydrodynamic models [4]. Re-
cently, the most widely used car-following model is the op-
timal velocity model proposed by Bando et al. [5]. By this
kind of optimal velocity model, the effects of fluctuations of
the leading car and the explicit delay time in the formation of
traffic jams are analyzed, and the hysteresis loop of a single
vehicle is introduced to describe the motion of cars and the
dynamics of fully developed jams [6-9]. The bifurcation
phenomena of optimal velocity model are also explored
[4,10]. However, the optimal velocity model does not contain
the driver’s response to the relative velocity with respect to
the leading car, and collision accidents could not be avoided
in this model [11]. So Treiber and co-workers proposed an
intelligent driver model [12-15], which is still a type of car-
following model including the response of the driver to the
relative velocity with respect to the leading car. The intelli-
gent driver model is more closely approximate to what driv-
ers actually do and is easy to calibrate, accident free, and
reproduces the empirically observed phenomena [1]. This
model also has an equivalent macroscopic version called the
nonlocal, gas-Kinetic-based traffic model [1,13]. Here we
adopt an intelligent driver model to explore the effects of the
initial state on traffic flow and use the microscopic diagram
of vehicles to study the structure of traffic flow.

As shown in Fig. 1, we consider N vehicles running on a
circular one-lane roadway of length L. The driver of vehicle
a continuously changes velocity according to its own veloc-
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ity v,, headway (netto distance) s,=x,_,—x,—[,, and rela-
tive velocity with respect to its leading car, Av,=v,~V,_|,
as follows:

o[\ (ee)f_(reama)]
dt V0. Sy

where a, is the maximum acceleration, x, is the coordinates
of vehicle a, [, is the length of vehicle «, v, is the desired
velocity of vehicle «, s, is the actual netto distance, ¢ is the
acceleration exponent, and 5(v,,Av,) is the minimum de-
sired netto distance which varies dynamically with the veloc-
ity and relative velocity:

[ v vAv,
S0,Av,) =500+ 510\ T +To0 + ——=, (2)
Vo,a 2Vaaba

where s, and s, , are the jam distances describing the gap
between cars in a traffic jam, T, is the safe time headway,
and b, is the desired deceleration. In the rest, we explore the
case of identical cars with the following parameters by nu-
meric simulation: v(,=vo=20 m/s, sg,=50=1.5m, s,
=5,=0m, T,=T=12s, a,=a=0.8 m/s%, b,=b=1.8 m/s’,
l,=1=5 m, and 6=4. The simulation step is equal to 0.1 s.

FIG. 1. Sketch map of traffic flow in a circular one-lane road-
way. There are two congested jams C; and C, and two free flows F
and F,. There are n; and n, vehicles in /| and F,. The length of the
free flow is s; and s,, respectively. Vehicle « departs from C; and
changes its speed according to its own velocity v,, headway, and
the relative velocity with respect to its leading car, v,_;.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.76.016105

DAHUI, ZIQIANG, AND YING

20 feg
®
@ o O Scattered initial state
16 L ® + Congested inital state
@ ®
£ o
212+ +
8 &
9]
4 [}
o 8r ]
2 ®
X 4r %o,
@@®@®@
Sg
0 . . . @@@@@eﬁ@@@@@@@e‘a
0.0 0.2 0.4 0.6 0.8 1.0

Mean density of whole lane

FIG. 2. The average velocity of final traffic flow over the mean
density pz%l, where N=150, and the length of lane L ranges from
750 to 30 000 m. The simulation results of 3 X 103 steps are identi-
cal to that of 3 X 10° steps. Although the system starts from totally
different initial states, the average velocities at every density are
approximately the same as each other, which are also approximately
same as that of the nonlocal, gas-kinetic-based traffic model’s
result.

Without loss of generality, we consider the effects of two
kinds of initial conditions, which are called the congested
initial condition and the scattered initial condition, on the
dynamics of traffic flow. The congested initial condition is
that all vehicles are set in one large cluster with zero netto
distance and zero initial velocity. On the contrary, the scat-
tered initial condition is that all the vehicles are positioned in
the lane with the same netto distance s=1£\,—l and their ve-
locities range from O to 1 m/s randomly.

Figure 2 shows that the average velocities of traffic flows
almost equal each other. Nevertheless, they evolved from a
scattered or congested initial state with the same density. But
the microscopic structures of the traffic flows are entirely
different as shown in Fig. 3, whose vertical axis is the frac-
tion of congested vehicles denoted by 77=1%, where 7 is the
total number of congested vehicles in jams and the horizontal
axis is the mean density of the whole lane. Figure 3 shows a
typical hysteresis loop, which implies that the number of
congested vehicles in the traffic flows is different if their
initial state is different. Given p<<p,;~ 0.2, the initial con-
gested vehicles completely dissolve and the free flow cannot
form any traffic jams. When the density satisfies the condi-
tion 0.2~ p.<p<p.,~0.5, the initial congested vehicles
cannot completely dissolve and form one moving extended
traffic jam with 7., but the scattered initial state will not
develop into traffic jams spontaneously. If the density is
larger than p., and smaller than p.;~0.715, the traffic jam
spontaneously emerges from the scattered initial state which
is described as a second-order phase transition in Refs.
[1,12,13]. And the fraction of congested vehicles, 7,, from
the scattered initial state is smaller than that of the congested
initial state—i.e., 7,<<7,.. When the density is p3<p<p.
~0.78, the different initial states lead to the same fraction of
congested vehicles, while, if the density is larger than p_y, all
the vehicles are in jams, for the effect of jam distance s ,.
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FIG. 3. The fraction of congested vehicles (7) over density,
where N=150, and the length of lane range from 750 to 30 000 m.
The simulation results of 3 X 10° steps are the same as that of 3
X 10° steps, where the solid line is the sigmoidal fit to the fraction
of congested vehicles formed by the scattered initial state with R?
=0.98719. The results show a typical hysteresis loop and imply that
the initial state has an important effect on the microscopic structure
of traffic flow.

The results in Fig. 3 give us the main conclusion that the
initial state has an important influence on the structure of the
traffic flow produced by the intelligent driver model. How-
ever, nin Fig. 3 is an average quantity and cannot reveal the
elaborate structure of traffic flow. So we draw the trajectories
of each vehicle on the time-over-location plane as shown in
Fig. 4. Given two moderate densities p=0.35 and p=0.65,
the diagrams indicate that congested initial state induces only
one large backward-moving traffic jam, whereas the scat-
tered initial state could lead to several small backward-
moving traffic jams, which causes the difference between 7,
and 7.

In order to quantitatively lay out the difference of traffic
flows developed from congested and scattered initial states,
we draw the trajectories of vehicles on the velocity-over-
headway plane, which exhibits the time course that vehicles
leave and get into high-density clusters or congested jams
clearly [9]. Due to the simple structure, we investigate the
behavior of traffic flow from the congested initial state at
first (see Fig. 5). Given that the density is larger than p.4
~0.78, the trajectory is one point with zero velocity, which
means that no vehicle can move due to the jam distance s .
When the density ranges from p.,~0.2 to p.,~0.78, the
trajectory forms one hysteresis loop with zero-velocity point,
which implies that the congested jam has not dissolved com-
pletely. Combining the fact that the congested fraction is
larger than zero in Fig. 3 with the fact that hysteresis loops
do not change from 3 X 10° to 3 X 10° simulation steps, it can
be drawn that the congested jam is stable. In this case, the
vehicle departs from the congested jam at first, gets into the
free-driving region, and then enters the same backward-
moving jam, which is similar to the time course of fully
developed jams in Ref. [9]. Additionally, the smaller the den-
sity is, the larger the loop is, which indicates that more con-
gested vehicles dissolve and the maximum speed becomes
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FIG. 4. Trajectories of each vehicle on the time-over-location plane, N=150, in the first 1000 m of the circular one-lane and 1000 steps
after 3 X 10° simulation steps. The Density in (a) and (b) is 0.35 (p,; <p<p,,) and that in (c) and (d) is 0.65 (p.,<p<p.s). (a) and (c)
describe the traffic flow from scattered initial state, which include several high-density clusters or jams. (b) and (d) describe the traffic flow
from congested initial states, which include only one large congested jam.

larger while the density decreases. When the density is
smaller than p.;~0.2 and larger than p.~0.17, the trajec-
tory is one hysteresis loop without a zero-velocity point, and
the congested jam entirely dissolves with a high-density
cluster region in the traffic flow. The trajectory shrinks to one
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FIG. 5. Hysteresis loops on the velocity-over-headway plane
induced by the congested initial state with different densities. Since
the hysteresis loops do not change from 3 X 10° to 3 X 10° simula-
tion steps, these loops are stable.

point again when the density becomes further smaller and all
the vehicles are running with approximately equal netto dis-
tance at the same velocity. If the traffic flow becomes
sparsely enough, the trajectory becomes into one line, which
means that all vehicles are not constrained by the leading
vehicle. The hysteresis loops of vehicles exhibit the relax-
ation process of a congested traffic jam: the jam partially
dissolves at high density; the jam completely dissolves with
high-density clusters at a lower density; the jam completely
dissolves and the vehicles move constrained by the leading
car; the congested jam utterly dissolves and vehicles run
freely.

Now, we investigate the hysteresis loop of traffic flow
from the scattered initial state. When the density is larger
than p.;, the hysteresis loop from the scattered initial state
overlaps that from the congested initial state [see Fig. 6(a)],
which is apparently consistent with the result of Fig. 3. If the
density is smaller than p,;, the hysteresis loop shrinks to one
point, which means that all vehicles are running without
high-density and sparse waves. When the density ranges
from p.; to p.;, we find an interesting phenomenon, which
has not been reported in the previous literature and is quite
different from the results of the optimal velocity model, the
trajectories of vehicle on the velocity-over-headway plane
are multiple loops [see Figs. 6(b) and 6(c)]. These multiple
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FIG. 6. Hysteresis loops at different densities on the velocity-over-headway plane. S corresponds to the scattered initial state and C to the
congested initial state. (a) p=0.75. There is only one hysteresis loop, which is the overlapped hysteresis loop from different initial state. (b)
p=0.35. The congested initial state leads to one loop with a zero-velocity point, whereas the scattered initial state induces multiple loops
without a zero-velocity point (see the inner graph). (c) p=0.65. The congested initial state leads to one hysteresis loop, and the scattered
initial state results in multiple loops with zero-velocity points. The multiple hysteresis loops in (b) and (c) are transient results of traffic flow
induced by the scattered initial condition; the simulation step is 3 X 10°.

loops mean that one can drive at different speeds and even
the headway or density is same. This phenomenon can ex-
plain what happens in reality; for instance, the following car
can move at a high speed with small headway if the velocity
of the leading car is high.

Actually, the hysteresis loop reflects the microscopic
structure of traffic flow. In order to make sure of this point,
we explore the one loop first. In fact, each hysteresis loop
exhibits four states of the vehicle’s motion: staying on the
jam with minimum speed v,,;,, getting away from the jam to
free flow and acceleration, moving at maximum speed v,,,,y»
deceleration and getting into a jam. If the traffic flow has
high-density clusters without a congested jam, we can get
Uin=> 05 otherwise, v,,;,,=0. Once the vehicle departs from
the jam, it speeds up until it reaches the maximum velocity
Unax Which is determined by the actual headway and relative
velocity with respect to its leading car. The vehicle cannot
maintain the maximum speed for a period. To illustrate this
point, we assume that some vehicles move at v,,,, in time
interval [fy,7;] and we can get U 1=Upmax— Umar
—va_],,o)eﬁ("’()) (B is constant) for the intelligent driver

model and x,_;=x,+d (d is constant related to v,,,,) for the
optimal velocity model. However, these formulas cannot
hold during whole interval [#,7;] [16]. Then, the vehicle
slows down immediately until its speed decreases to v,,;,. As
a consequence, the same moving process of vehicles in the
same free flow corresponds to the same hysteresis loop, and
different moving processes of vehicles in different free flow
causes different hysteresis loops on the velocity-over-
headway plane. At the same time, the same free flow leads to
the same moving process of vehicles since all vehicles obey
the same rule and start from v,,, in the traffic flow. There-
fore, the multiple hysteresis loops indicate that there are sev-
eral different free flow in the traffic flow.

Before the traffic flow reaches its steady state, the con-
gested jams or high-density clusters will vary along with the
evolution of traffic flow, which results in a change of the free
flow in the traffic flow and hysteresis loops on the velocity-
over-headway plane. As far as the optimal velocity model is
concerned, the hysteresis loops for transient traffic flow
change drastically and look like multiple loops because of a
short relax time, and there is only one hysteresis loop for the
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FIG. 7. Multiple hysteresis loops in Fig. 6(b) merge into one hysteresis loop after 3 X 107 simulation steps which is about 830 h or
30 days (upper graph). And the traffic flow includes several completely free-flow high-density clusters (b). Plots of velocity and headway
against time are shown in (c) and (d), which are similar with that of optimal velocity model [17]. (c) is the results from the scattered initial

state and (d) is from the congested initial state.

final steady state. Concerning the case of the intelligent
driver model, there are observable multiple hysteresis loops
in the transient traffic flow because of the long time of re-
laxation. These transient multiple hysteresis loops may
merge into one stable hysteresis loop or several different
stable hysteresis loops through a very long relaxation time.
Actually, the multiple hysteresis loops in Fig. 6(b) merge
into one hysteresis loop after about 3 X 107 simulation steps
relaxation. The final traffic flow from the scattered initial
state has several completely the same congested jams and
free flow, whereas traffic flow from the congested initial state
has only one larger congested jam and longer free flow;
therefore, the hysteresis loop of traffic flow from the scat-
tered initial state is smaller than that from the congested
initial state as shown in Figs. 7(a) and 7(b). Figures 7(c) and
7(d) show the results of velocity and headway against time
from the scattered initial state and congested initial state,
which are similar with that of the optimal velocity model and
there is a series completely the same pulses. The results
mean that there is a series of completely the same jams or
only one back-moving jam in the road. After about 10° steps
simulation, the traffic flow from the scattered initial state
with density 0.65 evolves into its steady state. The multiple
hysteresis loops in Fig. 6(c) do not merge into one hysteresis
loop but three different hysteresis loops in the steady state of

traffic flow as shown in Fig. 8. These three different hyster-
esis loops correspond to three different congested jams. The
plot of velocity and headway over time shows three different
pulses in one period, which is quite different from that of the
optimal velocity model. In this steady state of traffic flow,
every different congested jam will move at the same velocity.
Otherwise, the jams will merge into larger jams, and the
number of vehicles in any congested jams is maintained as
constant which means that the number of vehicles that depart
from some jam is equal to that to get into the same jam in
any time interval. For example, the average number of ve-
hicles entering congested jam C, in Fig. 1 in the unit time
interval equals P101=:_:nL]EjEFIUj=ﬁEjEF1 v; and the aver-
age number of vehicles leaving C, in the unit time interval
equals pzvzziﬁjepz v;. If Fig. 1 shows some steady state of
traffic flow, the following formula holds:

iE va=l2 Vo (3)

SlaeFl s2aeF2

If the congested jams are more than those in Fig. 1, the
above formula changes into the following:
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FIG. 8. Multiple hysteresis loops in Fig. 6(c) evolve into their
steady state after about 10° simulation steps. (a) The results of 5
% 10° and 8 X 10° overlapped. (b) The traffic flow includes several
different free flow and congested jams. (c) Plot of velocity and
headway over time include three different pulses, which indicates
that there are three different jams in the road.
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— 2 0= X U= = a (4)

Actually, the final steady state of traffic flow in Fig. 8 abides
the above formula. According to the simulation results, the
quantities of different free flow in the steady state of traffic
flow are 0.26+0.03, 0.25+0.02, and 0.26+0.02, respectively.
In a brief word, in the case of the scattered initial state, there
are multiple hysteresis loops in the transient of traffic flow,
and these multiple hysteresis loops may converge into only
one hysteresis loop or several different hysteresis loops in
the final state of traffic flow.

In this paper, we report the hysteresis phenomena of the
intelligent driver model and find that the microscopic struc-
ture of traffic flow produced by the intelligent driver model
is dependent on its initial state. It is observed that traffic flow
from the scattered initial state could experience different sce-
narios as the density increases: free flow without density
wave, traffic flow with several high-density clusters (mul-
tiple hysteresis loops without zero-velocity point), traffic
flow with several different congested jams (multiple hyster-
esis loops with zero-velocity point), traffic flow with one or
several completely same free flow (single loop with zero-
velocity point), and all vehicles congested. On the contrary,
to relax that one pinned localized cluster, which is also called
the congested initial condition here, the traffic flow under-
goes another route as the density decreases: all vehicles con-
gested, traffic flow with a solo congested jam, traffic flow
with a solo high-density cluster, proportionally distributed
traffic flow, and free traffic flow.

Comparing with the results mentioned above, the fraction
of congested vehicles of optimal velocity model is indepen-
dent on the initial state of traffic flow, and the trajectories of
vehicles have only one hysteresis loop on the velocity-over-
headway plane [18]. It is obvious that the difference is
caused by the hypothesis about the acceleration of the two
models. From the simulation results in this paper, the hypoth-
esis of the intelligent driver model is closer to the facts in the
real world.
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