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Abstract—Freeway traffic flow and safety are the main
subjects of the current highway traffic operation in an
intelligent transportation system. The traffic flow model and
traffic safety evaluation model were studied in this paper to
analysis the traffic operation under a new traffic rule of
variable traffic flow density. The classic car-following model
is used to describe the traffic flow under the intelligent
traffic system, and the variable traffic flow density is derived
according to the constraints of the left overtaking. The
corresponding interval values of average speed discrete
degree are obtained to score the traffic safety degree. Then
cellular automata is used to simulate the model, finding that
traffic flow remains unchanged, while the safety of the traffic
increases.
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. INTRODUCTION

Intelligent transportation systems (ITS) is the future
research of the transport system, which applies the data
communication and transmission technology, electronic
sensor technology, control engineering technology to the
entire surface traffic system to establish effectively an
integrated transport management system with advantages
as large scale, real-time, accurate, and efficient.

Research on traffic flow includes car following theory,
fluid dynamics simulation, vehicles queuing theory,
Cellular Automata (CA) and so forth. Kinetic methods
and mathematical model are used to explore the following
car’s state when the car can only drive in a single lane in
car following thoery[1]. Fluid dynamics simulation is
proposed by British scholar Lightill and Whitham[2].
Traffic flow is regarded as a kind of fluid and the law of
the traffic flow is studied under the conditions of a high
traffic density on a long road tunnel. Vehicles queuing
mainly discusses the vehicle queue length and the chain
reaction[3], which can be adapted to the different sections
and the intersections of a road. Cellular automata is
mainly used to simulate a variety of traffic flows through
the movement of the unit cell. At present, it is combined
with many other theories and has been used in many
aspects[4,5].

Traffic safety is mainly to establish a safety evaluation
system which includes a comprehensive analysis of
vehicle data, grading within a certain time. Literature [6]
introduced multiple heterogeneous data sources for
highway traffic safety assessment. Literature [7] evaluated
the traffic safety of highway based on the traffic speed.
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Literature [8] researched the traffic flow model by Agent
technology, genetic algorithms, etc.

I[I.  TRAFFIC MODEL IN INTELLIGENT

TRANSPORT SYSTEM
A. Steady and Balanced Traffic Density

When the distance between two vehicles, denoted as
X;;.1, Is longer, the attractive force during the overtaking,

denoted as F, is smaller. While the difference of driving

speed between the two vehicles, denoted as u i is
bigger, the attractive force will be %reater. Therefore, the
attractive force can be expressed as™"

F=ku ;. /%, Q)
where k is a positive proportionality factor. X;,;; and
Uj . can be concluded according to the distance and
speed between two vehicles as following:

dx; dx;,
X =% =X = " g )
Then the circular motion law can be expressed as
d?x (t u; . X
M 12( ) =k IS K it (3)
dt X X

jj-1 jj-1
where M is the weight of the vehicle.

The traffic flow velocity can be derived by integrating
the above equation as following:

u =%In(|xj —xH|) 4)

As for the steady and smooth traffic flow, the
distances between the vehicles are the same, marked as d.
Then the traffic density is given by

1

L+d
where L is the length of the vehicle.

When there are relatively fewer vehicles, driving
speed of the vehicle and the traffic density can reach the
maximum u_. and critical density , . Similarly, the

traffic density also has a maximum value p_ , and the

velocity at this moment is u=0. Therefore, during one
overtaking, the change of traffic flow speed can be
expressed as the function of traffic density as follows

p= ®)



Uppa s 0<p<p,

In(p,,, / (6)
maxu’pc Spspmao(
IN(Pper 1 £c)

The function of the traffic flow can be concluded
according to the basic theory of traffic flow

q=up U]

B. Variable Traffic Flow Density

However, the traffic density is not necessarily a
constant value in our daily life. If the whole highway is
taken as the study object, and the traffic inflow and
outflow are the same, namely,

Qin (t) = Qout (t) (8)

Thus, the traffic density can be expressed as the
function related to the rate of overtaking and changing
lanes. The rate of changing lanes is marked as K(t),

which will not change because of the different lanes, but
change with the time. Reference [3] gives the rate of times
of overtaking through simulations, and measures the
numbers of overtaking and ciphers out the rate of times of
overtaking and the overtaking rate. Lane changing only
happens on the neighboring lanes, and each
lane-changing on the left must be followed by a
lane-changing to the right according to the rule of driving
on the right. Then, traffic density must conform to the
following relation:

pi(t+1) = p(t) - k() (p, (1) — o, (1))
—k®(p (1) =4 (1)
Here, p,(t)is used to indicate the traffic density on the

u(p) =

©)

lane i at momentt, i=2,3,...,n—1.
When i =1, the traffic density is given by
2 (t+)= Pi t- k(t)(pl t- P> (1) (10)

When i = n, the traffic density is given by
P (t+D) = p, () -k®(p, ) - p,u (V) (A1)
As for the double-lane highway, overtaking needs to
change from the right lane to the left and then change
from the left lane back to the right, and the lane-changing
can be expressed with a matrix, as follows:

-k k
e R e O

The factors in the matrix represent the probability of
changing lanes. According to the rule of driving on the
right, it is necessary to give a limitation to the times of
changing lanes. The total number on the left lane is 0, if
the overtaking vehicle speed up to the maximum of the
left lane and then run at a constant speed, we mark the

speed limit on the left laneas u' (U’ =U,,) then:

max —

DU ) =0 (13)

When we decide the initial value of traffic density, we
may use the steady and smooth traffic flow as the initial
value on the right lane, and infer the changes of the traffic
density during the whole process according to it.

In contrast with the steady and smooth traffic flow, the
traffic density here includes the overtaking limits while
the relation between traffic velocity and traffic density
remain the same. So, we can also infer the traffic velocity

according to the equation (12). Finally, we define the
traffic density on the whole way, taking the rule of driving

on the right and overtaking on two lanes into
consideration. The equation is as follows:
p]_(t)umax +p2(t)ulmax ’Ospgpc
q=1[UIn p’"(atx) +U' L, In pL(atx)] (14)
2 P2 P <P Py
IN( P | P2)

With the help of the references [10], we set the speed
limit as u,, =100km/h, the average length of vehicles

as L=4m , the greatest traffic density as
P =1pcu-km™ | the critical traffic density as

p. =0.25pcu-km™ . Substitute them into the above

equation and we will get the changes of traffic flow on a
highway in simulation. The driving speed, traffic density
and traffic flow value can be indicated as the following
tables.

TABLE I. SIMULATION VALUES OF TRAFFIC FLOW, TRAFFIC
VELOCITY AND TRAFFIC DENSITY

Traffic
density
Traffic
velocit 100 100
y
Traffic
flow
Traffic
density
Traffic
velocit

y
Traffic

flow 22.10 | 18.01 | 1287 | 6.84 0

In order to indicate the process of the changes, we
alter the critical density, the maximum speed, and get the
changing tendency of the traffic velocity and traffic flow
under several conditions. The change function is
demonstrated as the following figures.

The diagram of relationship between Traffic flow and density
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Figure 1. Relationship between traffic flow and density

It can be seen that driving speed remains constant
before the state of critical density and the traffic flow goes
up like a rocket, then the driving speed becomes slow
down, while the traffic flow decreases after a period of



increasing. When the traffic density tends to maximum,
both the traffic velocity and the traffic flow tend to
become zero, which is consistent with the situations in our
daily life.

The speed limit on the overtaking lane is set as
U« =120km/h, and the steady and smooth traffic flow

is adopted as the initial value of the density on the right
lane. After setting the traffic density on the lanes, we can
get the values of traffic flow, traffic velocity and traffic
density. And a change function of traffic flow is
demonstrated in the following diagram.

The diagram of relationship between Traffic flow and density
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Figure 2. Relationship between traffic flow and density

C. Traffic Safety Model on average speed discrete
degree!!

The traffic performance of a vehicle with others is
considered in the freeway. A wvehicle is inclined to
overtake another vehicle when it has a faster speed. Less
the speed a vehicle is, less the percentage of overtaking
the vehicle ahead is, more percentage of being overtook
by the vehicle rear is. So reducing the discrete degree
between the vehicles can reduce the possibility of an
accident.

The point speed of a vehicle at the section observation
is used to express arithmetic mean value Vv,

V:Zn:vi In
i=1

In order to study the distribution of the traffic flow,
speed discrete degree is defined firstly as

SD = \/Zn:(vi -V)?/(n-1)

~Inacertain time t, the vehicle gets through the section
I of the freeway. With the ahead and rear sections with

the same distance L to the section i as boundaries,
there are two segments, respectively, R andR,.

When driving distance is very short, average speed of
a vehicle is equal to the instantaneous velocity. According

to all the vehicles’ speeds Vv, in the segmentR andR,,
the point speed of a vehicle through segment i at the
time t and the vehicle numbersn,,n, in segments R and

R, , the average speed discrete degree (ASD) is define d
as

(15)

(16)

ASD :\/Z (v, =v)*/(n, +n,) 17
i=1
According to the average speed of China freeway, the
speed discrete degree, regression model of speed discrete
degree and accident times of a hundred million vehicles
per kilometers( n-10°-veh™-km™ )are analyzed as
following

AR = 9.5839¢" %P (18)

In order to show the relation between the speed

dispersion and the number of accidents, the curve of the
speed dispersion is demonstrated as follows.
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Figure 3. Relation between speed dispersion and accidents frequency
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From the above figure, it can be seen that the number
of accidents becomes bigger with the increase of speed
dispersion, which complies with the practical situations.
The bigger the number of accidents becomes, the lower
the safety degree will be.

The number of corresponding accidents at different
levels given by FHWA-RD-99-174 is given in the table I1.

TABLE Il. STORY RATES CORRESPONDING TO DIFFERENT
SECURITY
Ml s mes 0% e o’
1 good [0,46]
2 moderate [46,144]
3 bad [144,276]

TABLE I1l. SPEED STANDARD DEVIATION CORRESPONDING
TO DIFFERENT SECURITY LEVELS

security security Speed standard deviation
degrees levels

1 good [0,28.36]

2 moderate [28.36,49.60]

3 bad [49.60,76]
security  security speed dispersion
degrees levels

1 good [(1£—V),/804.29 + (11 —V)?]

2 moderate  [/804.29 + (u—Vv)?,/2401+ (1~ V)?]

3 bad [\2401+ (1 —V)? /369177 + (11 —V)?]
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Substituting the number of accidents into the equation
of speed dispersion and the number of accidents, we can
get the corresponding speed standard deviations as O,
28.36, 49.60, 79. The speed standard deviations of



different security levels can be derived as Table I11.

In order to score the safety degrees, we need to score
the corresponding security levels of the speed dispersion
as follows:

When (u-v) < ASD </804.29+ (u—v)* , the score of

the speed dispersion is between 80-100.

When /804.29 + (1 —Vv)? < ASD < /2401+(u—v)? , the

score of the speed dispersion is between 60-80.

When /2401 + (12 —V)? < ASD < /3691.77 + (- V) , the

score of the speed dispersion is between 0-60.

I1l.  NUMERICAL SIMULATION BASED ON

CELLULAR AUTOMATA

A. Simulation Results of Traffic flow

By the rules of the intelligent systems set above, the
situations by Matlab is given according to the prevailing
road conditions. Since cellular automata are very widely
used to simulate a variety of discrete and random natural
phenomena, we introduce cellular automata to imitate
actual vehicle simulation in the specific simulation.
Cellular automata includes cellular space, cellular state,
state neighbors and spatial movement rulest™.

The evolution rules of the CA can be described as

f:CC" >CC: () o)~ oy(t+1)
jeNCi ()
where Y is the number of NC. NC,(t) is the state of
i-th adjacent cellular at time t and o (t) is its

parameters.
Sine the neighbor CC" of each CA may cast a light
on status numbers, total structure of CA is expressed as
cCt)=[)o;® (20)
jeCs
Applying part-changing rules to all CA in the net, then
following cast could be calculated by polynomial
G:CC® »CC®:C(t) > C(t+1) (21)
Thus the whole structure of CA can be obtained at any
time t. We get large dates and show them as follows.
The simulation diagram relationship between Traffic flow and density
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Figure 4. Simulation results of traffic flow
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The simulation diagram of relationship between Traffic flow and density
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Figure 5. Simulation between traffic flow and density

B. Numerical Simulation of the Traffic Safety

Based on the above ASD model, numerical
simulations of cellular automata is used to obtain the
traffic volume and speed of evaluation, vehicle safety in
the intelligent systems 2,

Because vehicle safety is a priority in the intelligent
systems, that is, all actions of a vehicle are carried out in
order to obtain security. But this can only be guaranteed
when the safety of scores is greater than 60 without
considering unexpected situations, such as a flat tire,
snow and slippery nature disasters. Then we introduce the
correction factor in the traffic flow to correct the impact
velocity dispersion and vehicle speed on the pitch with the
appropriate degree of safety. Actual wvehicle driving
safety Z' under intelligent control system can be
expressed as

Z'=C (wyv+w,d)+b (22)

From non-intelligent system control schematic
diagram, it can be found that the change of the safety is
decreased with increasing traffic density, and vehicle
safety has a period of stability in the region with the
safety degree greater than 60. The safety degree is
stabilized to 80 with the traffic density, then the correction
coefficient is expressed as

80 4
60 3

Therefore, actual vehicle driving safety in the

intelligent system can be expressed as

(23)

Z’:%(wvv+wdd)+b (24)

To compare the safety between intelligent and
non-intelligent control system, the safety degree of the
two cases are put together and the comparisons are as
follows.

It can be clearly seen from the figure, the vehicle
running under the security control of the intelligent
system is significantly lower than one with no intelligent
system safety. This also demonstrates the model is
efficient.



The diagram of relationship between Traffic security and density
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Figure 6. Simulation results of traffic safety

IV. CONCLUSIONS

The traffic flow model and traffic safety evaluation
model were studied in this paper. Using car-following
model as the basic model, we studied the changes of
highway traffic flow under balanced traffic density and
variable density. In both cases, traffic flow trends to be the
same with the roughly maximal traffic density. For
security issues, model of average speed discrete degree is
used to score the safety. The higher the velocity dispersion
is, the bigger the number of accidents is, and the lower the
degree of safety is. Finally, we made numerical simulation
for traffic flow and safety with cellular automata.
According to the results of numerical simulations, in
intelligent systems, traffic on the highway still meet the
basic traffic flow equations, and the safety of the vehicle
is somewhat elevated. It can be concluded that traffic flow
remains unchanged, while the safety of the traffic
increases in intelligent systems. And the intelligent
transportation system can determine the vehicle's pitch,
overtaking conditions, speed control.
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