Controller for Urban Intersections Based on Hybrid
Automaton
S. Hassan HosseinNia and Blas M. Vinagre

Vicente Milanés and Carlos González

Dept. of Electrical, Electronic and Automation Engineering,
Industrial Engineering School,
University of Extremadura,
Badajoz, Spain
Email: shossein@alumnos.unex.es; bvinagre@unex.es

Industrial Computer Science Department,
Instituto de Automática Industrial,
Consejo Superior de Investigaciones Cientí cas,
Madrid, Spain
Email: vmilanes,gonzalez@iai.csic.es

Abstract— In this paper, the problem of crossing the intersections is studied. A controller is designed based on a hybrid
automaton. The design procedure is presented into two cases,
problem crossing one automatic car and one manual car from
intersection is studied in case one. And following of two automatic
cars apart from their safe crossing (i.e. xing safe distance
between two automatic car), are studied case two. Simulation
is done by the model which is identi ed by the real data from
the car Citroen C3. Simulation results show the ef ciency of the
controller in both cases.

I. I NTRODUCTION
Future traf c systems could include vehicles that are automatically driven along smart highways and/or city roads
[1], [2]. Such automation of traf c movement, along with a
control infrastructure for the overall coordination and scheduling of traf c, could improve ef ciency, reduce travel time,
and prevent traf c deadlocks. Crossroad are one of the major
problems in controlling the ow of vehicular traf c in urban
environments. Approximately 50% of all traf c collisions
occur at crossroads, and over 60% are in urban areas [3].
There are two principal issues affecting the safety of traf c
at crossroads. One is poor visibility of the minor approaches
to a crossroad so that drivers may fail to yield when they
should. The other is inadequate traf c signaling in areas with
a continuing series of crossroads [4]. These two problems may
be a cause of vehicle collisions related to the “dilemma zone,”
i.e., the space from the crossroad to the point on the road
where it is dif cult for the driver to discern whether he should
accelerate, thus passing the crossroad before the other vehicle,
or decelerate to play it safe [4].
Many works has been reported during last two decayed.
Febbraro et.al., has been worked on modeling and control of urban transportation networks using hybrid Petri
nets [5],[6],[7]. Hybrid system design for formations of autonomous vehicles is proposed in [8]. In [9], the authors
considered the problem of scheduling automated traf c in a
city which can improve ef ciency of the system by decreasing
delays, increasing capacity, and easing congestion. Cooperative driving technology with intervehicle communication
is proposed to improve driving safety and ef ciency using

appropriate motion scheduling of all the encountered vehicles
in [10].
Recently, adaptive cruise control with Stop&Go maneuvers
and control of urban intersections using Fuzzy control are
presented in [11],[4]. In this work, adaptive cruise control
with Stop&Go maneuvers and control of urban intersections
is proposed using the hybrid techniques.
The rest of this paper organized as follows. Hybrid system,
and automaton will be brie y described in section II. Our
problem will be illustrated into two cases in section III, and
nally this paper will be concluded in section IV.
II. H YBRID S YSTEMS
The term hybrid systems is used in the literature to refer
to systems that feature an interaction between diverse types
of dynamics. Most heavily studied in recent years are hybrid
systems that involve the interaction between continuous dynamics and discrete dynamics. Many physical systems today
are modelled by interacting continuous and discrete event
systems . Such hybrid systems contain both continuous and
discrete states that in uence the dynamic behaviour . There is
a lot of interest in these kinds of systems today , since a large
number of systems are neither pure continuous nor discrete
but a combination . This is mostly due to the growing use
of computers in the control of physical plants but also as a
result of the hybrid nature of many physical processes .Such
systems are common across a diverse range of application areas. Examples include power systems [12], robotics [13],[14],
manufacturing [15] and air traf c control [16]. The study of
this class of systems has to a large extent been motivated by
applications to embedded systems and control.
Control problems have been at the forefront of hybrid
systems research from the very beginning. The reason is that
many important applications with prominent hybrid dynamics
come from the area of embedded control. For example, hybrid control has played an important role in applications to
avionics, automated highways, auto motive control, air traf c
management, industrial process control, and manufacturing
and robotics.

The dynamics of hybrid systems will be summarize with
a model called a hybrid automaton. A hybrid automaton is
a mathematical model for precisely describing systems where
computational processes interact with physical processes. Its
behavior consists of discrete state transitions and continuous
evolution. Hybrid automaton is a collection,
H = (Q; X; f; D; E; G; R)

(1)

where,
q 2 Q is discrete state,
X 2 Rn is continuous state,
Init Q Rn is initial state,
f : Q X ! T X is a vector eld,
D : Q ! P (X) is Domain,
E Q Q is a set of edges,
G : E ! P (X) is a guard condition,
R : E X ! P (X) is a reset map.
In the following, a hybrid controller will be presented using
hybrid automaton.

Fig. 1.

Experimental response for vlocity of the car Citroen C3.

The identi ed model and the experimental data are compared in Fig. 2. As it can be seen the identi ed model can be
acceptable for the simulation.

III. O UR PROBLEM
In this section, two cases are considered to model a safe
crossing. In the rst case it is assumed that there are one
automatic car and one manual car. The aim in this section is
to design a hybrid controller in order to have a safe crossing.
In the next case, two automatic cars and one manual car are
considered. In this is case, the automatic cars should have
safe crossing the same as previous case. Moreover, the second
automatic car should follow the rst automatic car. In the
next section the kinematic and dynamical model of the car
are described.
A. Model of the car
The modeled cars in this work are nonlinear single-track
models, commonly called bicycle model [17], upgraded by
steering wheel/wheel and longitudinal dynamics. Nonlinear
dynamics of the vehicle is described as:
x_ = vt cos(')
y_ = vt sin(')
'_ = vt L1

Fig. 2.

Comparison between indenti ed model and real data.

The expanded model of the car is shown in Fig. 3.

(2)

The longitudinal dynamics avoid the instant change in the
car speed. It is modeled by (3), based on the real data which
is carried out from the car Citroen C3 in "Instituto de Automática Industrial (IAI), Consejo Superior de Investigaciones
Cientí cas, Madrid, Spain". The experimental response of the
dynamical system based on the reference velocity is shown in
Fig. 1. This system can be modeled in many cases such as a
second order dynamic system, and can therefore be described
by the following differential equation:
vt
K! 2n
(3)
= 2
vd
s + 2&! n s + ! 2n
where vt , vd are velocity and reference velocity, respectively.
Based on the real data the unknown parameters are identi ed
as, K = 0:99; & = 0:69; ! n = 1:7:

Fig. 3.

Expanded model of the car

B. Case one: One automatic car and one manual car
Two checks must be made: whether a vehicle is driving
along the perpendicular road and whether it is entering the
crossroad. three unit vectors are de ned: the autonomous
vehicle's direction vector, the incoming manually driven vehicle's direction vector, and the common vector de ned as
the unit vector from the position of the autonomous vehicle
to the position of the manual one (see Fig. 4).Therefor,three

conditions have to be met to activate the crossroad controller
geometrically illustrated in Fig. 4 [4].
1) The absolute value of the dot product between the autonomous vehicle's unit direction vector (d1 ) and the
manual vehicle's unit direction vector (d2 ) must be less
than 0.707, i.e., the manual vehicle is traveling along the
perpendicular road.
2) The cross product of the autonomous unit direction vector
(d1 ) with the common unit direction vector (d12 ) must
be positive, i.e., the manual vehicle is in the right-hand
segment of the perpendicular road.
3) The cross product of the autonomous unit direction vector
(d1 ) with the manual unit direction vector (d2 ) must
be negative, i.e., the manual vehicle in the right-hand
segment of the perpendicular road is approaching the
crossroad.
The controller will also be activated when the cars are in
the radios of 30 meters of intersection point.

Fig. 5.

Hybrid automaton: crossing safely

G(q0 ; q1 ) = fX 2 R3 : (tM + 2)
tA
(tM +
2) & xiA < 30g;
G(q0 ; q2 ) = fX 2 R3 : (tM + 2)
tA
(tM +
2) & xiA < 5 & xiM < 5g;
G(q1 ; q0 ) = G(q2 ; q0 ) = fX 2 R3 : tA (tM 2)j tA
(tM + 2) 0g;
G(q1 ; q2 ) = fX 2 R3 : xiA < 5 & xiM < 5g;
R(q0 ; q1 ; X) = R(q1 ; q0 ; X) = R(q0 ; q2 ; X) =
R(q2 ; q0 ; X) = R(q1 ; q2 ; X) = fXg;

where, X is the continuous state and Q is the discrete
state in the hybrid automaton. The essence of the decision
making system can be explained with Fig. 5. This module is
an automaton where each state is a desired car behavior. The
transitions between states depend on processed information of
the position and speed of the cars involved in the crossing.
Position and speed of the automatic car are used to compute
xi
the time needed to cross the intersection where tA = vAA ,
Fig. 4.

Vector representation in the left-hand coordinate system.

1) Controller design: The controller is designed based
on the hybrid strategy. The dynamics of hybrid systems in
this case can be summarized with a hybrid automaton (as
illustrated in section II), which contains the following entities
:
Q = fq0 ; q1 ; q2 g;
X = (x; y; ') 2 R3 ;
Init = fq0 g fx 2 R3 : tA (tM 2)j tA (tM +2)
0g;
f = [ vt cos('); vt sin('); vt L1 ]; where x and y are
the coordinates, ' is the vehicle orientation, vt is the
velocity of guidance point and L is the distance between
front and rear axles.
D(q0 ) = fX 2 R3 : tA (tM 2)j tA (tM +2) 0g;
D(q1 ) = fX 2 R3 : (tM + 2) tA (tM + 2) & xiA <
30g;
D(q2 ) = fX 2 R3 : (tM + 2) tA (tM + 2) & xiA <
5 & xiM < 5g;
E = f(q0 ; q1 ); (q1 ; q0 ); (q0 ; q2 ); (q2 ; q0 ); (q1 ; q2 )g ;

xi

M
tM = v M
denote the arrival time to intersection i; and xiA ,
i
xM denote the distance to intersection i; and vA ; vM denote
the velocity of the automatic car and manual car, respectively.
As it is mentioned in Hybrid automaton, there are three
discrete states Q = fq0 ; q1 ; q2 g. q0 is the initial state of the
hybrid automaton which it is meant the car is in its normal
speed and follows the reference speed. q1 is the state which
the car starts to reduce its speed and q2 is the state that is
there is a risk of collision and the car will be reduce its speed
strongly and eventually it stop. Domain of each state is shown
in Figs. 6 and 7. domain of q0 can be easily determined by
Fig. 6 but domain of q1 and q2 will be determined by Figs. 6
and 7, simultaneously.
Finally, discrete reference input in each state will be
achieved as :

vd (t + 1) =

8
<

Vmax ; if Q = q0
0:9vd (t); if Q = q1
:
0:5vd (t); if Q = q2

(4)

where Vmax is the maximum value for the velocity and vt will
be achieved based on longitudinal dynamics i.e. Eq. 3.
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Simulation result: case one
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Domain of q1 and q2

2) Simulation result: Simulation has been carried out by
SIMULINK using state ow. Maximum velocity for automatic
cars are chosen as 30 Km=h . The simulation result is shown
in Fig. 8. The top gure shows the variation of the velocity
of each car during the crossing and the down one shows the
distance between each car to intersection, where the zero value
of this distance means the car is going to cross the intersection.
In this case the maximum velocity and distance between
automatic car and manual car to intersection are chosen as
(30 Km=h; 95 m) and (25 Km=h; 80 m), respectively. As
it can be seen from Fig. 8, there is risk of collision and the
decision block is decided to reduce the speed of automatic car
at t 12s and the cars are crossed safely.

C. Case Two: Two automatic cars and one manual car
In this case, there are two automatic cars and one manual
car which have to cross safely. Apart from that, rear automatic
car should always follow another one. Therefore, designing
procedure has two part, crossing and tracking.
1) Controller design: The crossing is completely the came
as previous section and is applied for both automatic car. In
order to design a controller to x a safe space between two
automatic car a hybrid strategy applied. Hybrid Automaton of
this controller is shown in Fig. 9.
The same as previous section hybrid automaton will be
formulate by (1), where
Q = fq0 ; q1 ; q2 g;
X = (xA2 ; yA2 ; ') 2 R3 ;
v A2
v A2
xA21 4( 10
+ 1)g;
Init = fq0 g fx 2 R3 : 4 10
f = [ vA2 cos('); vA2 sin('); vA2 L1 ];
v A2
v A2
D(q0 ) = fX 2 R3 : 4 10
xA21 4( 10
+ 1)g;
v A2
3
D(q1 ) = fX 2 R : xA21 < 4 10 g;
v A2
D(q2 ) = fX 2 R3 : xA21 > 4( 10
+ 1)g;
E = f(q0 ; q1 ); (q1 ; q0 ); (q0 ; q2 ); (q2 ; q0 ); (q1 ; q2 ); (q2 ; q1 )g ;

v

A2
g;
G(q0 ; q1 ) = G(q2 ; q1 ) = fX 2 R3 : xA21 < 4 10
v A2
3
G(q0 ; q2 ) = G(q1 ; q2 ) = fX 2 R : xA21 > 4( 10 + 1)g;
v A2
G(q1 ; q0 ) = G(q2 ; q0 ) = fX 2 R3 : 4 10
xA21
v A2
4( 10 + 1)g;
R(q0 ; q1 ; X) = R(q1 ; q0 ; X) = R(q0 ; q2 ; X) =
R(q2 ; q0 ; X) = R(q1 ; q2 ; X) = fXg:
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1 cross at t = 11:3 s when the manual car is about 12 meters
to cross the intersection number 1 and manual car will cross,
at t = 12:5 s when the automatic car No. 2 is about 7 meters
to this intersection. To test the performance of this controller,
speed of manual car is reduced at t = 15 s and it is increased
at t = 20 s in crossing intersection number 2 and automatic
cars adopted themselves to this variation by reducing their
speed. And, Automatic car No. 1 cross at t = 23 s when the
automatic car No. 2 is about 13 meters to cross the intersection
number 2 and automatic car No. 2 will cross, at t = 24:5 s
when the manual car is about 13 meters to this intersection.
As it can be seen both automatic car crossed intersections
safely. As it is mentioned before, the simulation is also veri ed
the acceleration limit and it is about remain in this margin.
Moreover, the distance between two automatic cars is xed
between its maximum and minimum value i.e. 16 < 13:57 <
12; after crossing. Therefore, the cars cross safely and second
automatic car is kept its distance in the allowed values.
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Domain of each state is shown in Fig. 10. In this case based
on the traf c law, the distance between two automatic car is
xed. In this law the safe distance is de ned: one car length
for every 10 Km=h of speed. This value is considered as
minimum distance and the maximum distance is the minimum
distance plus length of the car. Length of the car is considered
4 m (based on the length of Citroen C3 which is 3; 823mm).
There is no change of velocity if the distance is between the
minimum and maximum value i.e. the state q0 is active. If
the distance was less than minimum value the controller will
reduce the speed i.e. the state q1 is active. And If the distance
was more than maximum value the controller will increase
the speed i.e. the state q2 is active. Therefore, the reference
velocity will be achieved as:
8
< vdA2 (t); if Q = q0
0:9vdA2 (t); if Q = q1
vdA2 (t + 1) =
(5)
:
1:1vdA2 (t); if Q = q2

The same as previous section vA2 can easily obtained using
(3).
2) Simulation result: The simulation result is shown in Fig.
11. In this simulation intersection is considered as a segment
which its length is 5 meters. Acceleration is limited between
2 and +2 based on real data from IAI. The car model is
Citroen C3. Furthermore, It assumed there is two intersection
i.e. after crossing the rst intersection the cars should cross
another intersection about 100 meters later. Automatic car No.
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Simulation result: case two

IV. C ONCLUSION
An intelligent crossroad-traversing system aimed at improving traf c ow presented in this paper. The controller
is designed by hybrid automaton.The purpose of this paper
has been twofold: 1) Safely crossing from intersection and 2)
adaptive cruise control. Thus, our system is capable of not only
safe crossing the intersection but also keep the safe distance
between cars. Simulation result shows the ef ciency of the
controller. Real experiments are in progress.
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