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Abstract: Previously we examined 1/f noise for a simple cellular automata model. For illustrative purposes we considered a specific
case of approaching a city. The case involves a traffic light where one continues on the main road, into which additional cars are
entering at the light. At this intersection an alternative route begins, which is longer but into which no additional cars are entering. In
this paper we add a modified “Slow to move” model. We check the influence of different percentage of cars which have slow to
continue values, on the overall velocity and flux. We calculate the Fourier transform of the average velocity for each traffic light
cycle. All the cases can be written as 1/f2. We check by least squares the value of a. We compare qualitatively our results to
experiments. When we do not assume cars which are “delayed”, the results differ from experiment, but when we introduce the delay
mechanism, the results are similar to the experimental values. These values give a close to one, this is called pink noise. We consider
too different densities of cars. There are different characteristics for low densities mid range and high densities. We wish to point out
that when the autonomous cars, i.e. cars without a human driver, will enter into use, the simple case without delayed cars will
become dominant and so the noise will have brown sections at some densities instead of pink sections.
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1. Introduction the output when the inputs are lexicographically

) . o ordered. This will become clearer when we will
Observations show that at high enough densities . .
. explain the rules which we use.
traffic behaviour becomes complex. Therefore, )
. . The most basic model, for traffic, was the paper by
cellular automata, which was first studied by Ulam . o .
. Biham et al. [3]. In that model a density is assigned to
and von Neumann [1], is one of the most prevalent ] ] . ] ] ]
. o ] a one dimensional chain of sites wherein particles are
methods for evaluating traffic. This is because of their o o . ) ]
. . . distributed satisfying this density. At each time step
speed and complex dynamic behaviour. An important

contribution to the field was that of S. Wolfram [2]
who introduced classifications, used in this study. The

each particle can move to the right provided that that
site is not occupied. This model enabled to distinguish

] ) between free flow at low densities and a jammed
elementary cellular automaton is a collection of cells . ) . o
. . region at high densities. A more realistic model was
arranged on a one dimensional array. Each cell can
o . suggested by Nagel and Schreckenberg [4] who
obtain just two possible numbers: one and zero. The ) )
) o ) introduced several modes for the car velocity. A
“time” is discreet and at each time step all the cell )
different approach was taken by Takayasu and
values are updated synchronously. The value of each .
. . . Takayasu [5] who introduced the effect of delay by
cell depends just on the values in the previous step of . .
i . allowing a car to move only if the next and after the
that cell and its two neighbours. Wolfram names each .

. . next site are empty. More recently Nassab et al. [6]
elementary cellular automaton with a binary numeral, . o . . ) )
) ) ) introduced additional connection sites into what is
which he calls: “rule”. This value results from reading )

essentially the Nagel and Schreckenberg model.

) . In a previous study [7], we examined a specific
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calculations the “slow to start” model [8]. In our
model each time a car moves a certain percentage is
unable to move. We wish to stress that this gives us a
delay just as in the two previously described models
and seems to us simpler. In our opinion this justifies
using our model.

To make our exposition clearer we describe in a
shorter version our previous study. The rules we used
are taken from the cellular automata model as
proposed by Gershenson and Rosenblueth [9]. Our
main interest in this paper is the power spectrum of
the average velocity over a cycle which gives us the
main contribution to the noise. All the cases can be
written as 1/f* where we check a using least squares.
This will be clarified in the section dedicated to
calculating the noise.

2. The Model

We will deal here only with the “microscopic”
models that were we consider each individual vehicle.
Our highways are represented by an array of cells,
each cell has the values zero or one. One represents a
vehicle and zero represents an empty portion of the
highway. We assume that the magnitude of a cell
corresponds to the average length of a vehicle. We
assume that we have two traffic lights. At the first
light we have two ways to proceed, straight or through
a bypass. At the second light the two routes merge
again. After the first light there is a possibility of
additional cars to enter the main road. These cars are

removed when approaching the city. This procedure
ensures that overall the number of wvehicles is
preserved. In Fig. 1, we show the layout of our model.

In this figure “IN 1 is the main car movement and
we assume that the main outflow (“OUT 1) of cars is
the same as the number entering. The first junction is
light 1 and after the intersection, additional cars enter
(“IN 27), this is the same number of cars as leaving at
“OUT 2”. This procedure keeps the overall number of
cars constant. At light | we have the possibility of cars
to move to the bypass at light 2 and they again
combine with the main road.

The rules, which are the same as used by
Gershenson and Rosenblueth [9], are given in Table 1.

In the next figure (Fig. 2) we show schematically
how the rules which are used in our calculations are
implemented.

In this paper we have one modification, which is
quite significant. Previously the model enabled a car
to move if there was an empty space in front of it. In
this study we assume that a certain part of the cars do
not follow into the empty space in front of them. This
is equivalent to having some cars which are slower to
move than others. This is a more realistic model than
the one we used in our previous study. We have a
parameter telling us what part of cars do not move
even when they could move according to our rules.
We denote this parameter by crr, and it changes

between zero and one.
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Fig. 1 The movement of vehicles.
Table 1 Wolfram rules used in this model.
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Fig. 2 The movement of vehicles.

In the discussion section we will point out that
when in the future traffic will be dominated by self

driven cars, we will return to our older model.
2.1 Measures

The density, p, is given by the number of “ones (i.e.
vehicles) divided by the general number of cells.
Initially we take this value to be the same for the three
sections. In this study we are interested only in the
region beyond the second traffic light. Here we are

interested only in the equilibrium values. The
velocities are given by the number of cells which
change in one step from 0 to 1.

In our calculation, space and time are just abstract
quantities. Still if concrete numbers are desired, one
can quote [9] that one cell represents five meters, and
a time step represents a third of a second, which gives
us about 50 km/hour, roughly the speed limit within a
city.

3. Noise

Traffic noise is one of the most important sources
of noise pollution. It is well known that this is a health
hazard. In this study we wish to check the frequency
distribution of the noise. It was shown by Ref. [5] that
we obtain 1/f noise. Let us explain here this term: “1/f
noise” refers to the phenomenon of the spectral
density, S(f), of a stochastic process having the form:

S(f) = const./f?

When a = 0 we say that we have white noise. If a =
1 we say we have pink noise. If a = 2 we say we have
brown noise. To understand better this term seen Refs.
[10-11]. An Indian group [12] made measurements in
a number of selected locations from busy roads of
Aurangabad and obtained a mostly pink noise in a
large range of frequencies. To obtain S(f) we make the
Fourier transform of the velocities. To perform our
Fourier transform we take the averages over each light
cycle and study the frequencies of these averages over



4 Influence of Delayed Start on 1/f Noise in Vehicular Traffic Patterns

all the cycles taken in our calculations. We compare
the results to the 1/f% by a least square test.

4. Results and Discussion

We used a fixed grid: The main road was comprised
of 1,200 cells, the “by pass” 300 cells and the distance
between the two lights was 120 cells. We used the
“green wave” regime. As we have just two lights it
was shown by Gershenson and Rosenblueth [9] that in
this case one does not get different results using the
“self-organizing” regime.

The number of cycles we have to use in order to
obtain significant results depends on the parameter
that we wish to calculate. For calculating the velocity
or the flux 32,000 cycles give quite accurate results
but for the noise calculations we need 128,000 and
sometimes even 256,000 cycles. We determine the
number of cycles needed by taking a second sample,
with different random numbers, and comparing the
values thus obtained.

We introduce a vehicle on the first intersection for
40% of the steps and we eliminate the same number of
vehicles on the last point of our main route, again per
unit time.

On this first intersection we enable cars to go by the
bypass for a longer time then on the main road. We
denote by jw the additional time one can go on the
bypass per light cycle. As the cycle is composed of 12
steps, the jw can have the numbers between 1 and 12.

In Fig. 3, we give a as function of jw for crr = 0
and crr = 0.5. The density which we use in this figure
is p = 0.55. It is interesting to note that for crr = 0.5
and there is no change as we change jw.

In the next two figures we show the results for three
cases of “delayed start”. We denote by crr, the part of
vehicles which are delayed. The crr = 0 figures
appeared in our previous paper, here we show the
change with crr. The purpose of showing them here is
to understand better the effect of delay mechanism. In
Fig. 4 we show the change in velocity of the main
road, after the second traffic light (vt), as function of

the car density. In this case we assume the same
duration of the red and green lights at the first
intersection.

We see in this figure that the average velocity
changes from free flow to the jammed region at about
p = 0.6, for the case that there is no part which is
delayed. For higher crr the change is a little earlier
and more abrupt. In the next figure (Fig. 5), we show
the change of the appropriate a flux as function of the
density for different crr.

In this figure we see very clearly the lowering of the
flux for higher crr.

We averaged the velocities over a traffic light cycle
and studied the power spectrum. The value we are
interested in is a, in the expression 1/f. In Fig. 6 we
show the results for two cases, the case of no slow to
start cars and in the case of 50 percent delayed to
continue cars. The difference between these two cases
is striking.

This is an interesting result. For the crr= 0 case,
when we increase the density so that we reach the
transition from free flow to the jammed region the
noise shoots up from white noise to brown noise and
then settles in the region of pink noise. This result
does not correspond to a real situation where a is close
to one [12]. We see clearly that for the crr = 0.5 the
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Fig. 3 The change in alpha as a change in jw.
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Fig. 4 The change in velocity as function of the density.
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Fig. 5 The change in flux as function of the density.
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Fig. 6 The values of a as a function of density.
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Fig. 7 avalues as function of change in probability of slow
to start values for low densities.

result is much more similar to the experimental results.
In the next figures we examine the delayed effect in a
different way. In Fig. 5 we show the values of /al pha;
for the low densities. This is the region of free
movement therefore there is no significant change for
different delayed scenarios.

In Figs. 8 and 9 we present the results for a at mid
range densities and for high densities.

We see in Fig. 8 that even a very small percentage
of cars which are slow to start results in a being closer
to the pink noise just as that given by the experimental
results [12].

In Fig. 10 we present the fluxes for three densities,
low, mid and high values.

Considering these figures, we can say that our
calculations give us a wide range of information
which can be applied for specific cases. It shows us
the importance of modifying the simple rule by adding
the “slow to move” rule. This rule enables us to avoid
the complication of having different velocities. The
advantage of the method and results given here is in
the simplicity of the model. As we approach the
jammed region the traffic load fluctuates widely and
exhibits self similar structure. Therefore it is quite
understandable that one obtains a = 1. Thus our results
for a are consistent with those by Takayasu and
Takayasu [5]. And also the paper by K. Fukuda et al.
[13] which is concerned with data traffic, but
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Fig. 9 The values of a as a function of change in

probability of slow to start at high densities.
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Fig. 10 The values of flux as a function of change in probability

according to F. Mayinger [14] that should give the
same kind of results.

However, in conclusion, we would like to say that
the method used here will give us the noise for the self
driven cars if we assume that no delay to move cases

will be found. That means that we should expect that

CIT

of slow to start at different densities.

the self driven cars will change the noise spectra from

pink noise to brown noise, in part of the densities.

Acknowledgments

We wish to thank Professor Charles Korn for

valuable discussions.



Influence of Delayed Start on 1/f Noise in Vehicular Traffic Patterns 7

References

[1] von Neumann, J. 1966. Theory of self-reproducing
automata, edited and completed by Arthur Burks.
University of Illinois Press.

[2] Wolphram, S. 1986. Theory and application of cellular
automata. World Scientific.

[3] Biham, O., Middleton, A. A., and Levin, D.
1992. ”Self-organization and a Dynamical Transition in
Traffic Flow Models.” Phys. Rev. A 46: R6124.

[4] Nagel, K., and Schreckenberg, M. 1992. “A Cellular
Automaton Model for Freeway Traffic.” J. Phys. |
France 2: 2221.

[5] Takayasu, M., and Takayasu, H. 1993. “1/f Noise in a
Traffic Model.” Fractals 1: 860-6.

[6] Nasaab, K., Schreckenberg, M., Ouaskit, S., and
Boulmakou, A. 2005. “1/f Noise in a Cellular Automaton
Model for Traffic Flow with Open Boundaries and
Additional Connection Sites.” Physica A 354: 597-605.

[7] Thieberger, R. 2015. “Cellular Automata Model for a
Specific Traffic Regime and 1/f Noise.” Computer
Technology and Application 6: 30-6.

[8] Nishinari, K., Fukui, M., and Schadschneider, A. 2004. “A
Stochasic Cellular Automaton Model for Traffic Flow
with Multiple Metastable States.” J. Phys. A 37: 3101.

[9] Rosenblueth, D. A., and Gershenson, C. 2011. “A Model of
City Traffic Based on Elementary Cellular Automata.”
Complex Systems 19: 305-22.

[10] Procaccia, I., and Schuster, H. G. 1983. “Functional
Renormalization Group-Theory of Universal 1/f Noise in
Dynamical Systems.” Phys. Rev. 28A: 1210-2.

[11] Erland, S., Greenwood, P. E., and Ward, L. M. 2011. “1/f*
Noise Is Equivalent to an Eigenstructure Power Relation.”

Europhysics Letters 95: 60006.

[12] Patange, K. B., Khan, A. R., Behere, S. H., and Shaikh, Y.

H. 2011. “Traffic Noise: 1/f Characteristic.” Int. Journal
of Artificial Life Research 2: 1-11.
[13] Fukuda, K., Takayasu, M., and Takayasu, H. 2013. Traffic
and Granular Flow’01. Springer, 389-400.
[14] Mayinger, F. 2013. Mobility and Traffic in the 21st

Century. Springer, 278.



