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J. Pérez and J. Alonso
Industrial Computer Science Department, Instituto de Automática Industrial (CSIC), La Poveda-Arganda del Rey,
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SUMMARY
Artificial intelligence techniques applied to control processes
are particularly useful when the elements to be controlled
are complex and can not be described by a linear model. A
trade-off between performance and complexity is the main
factor in the design of this kind of system. The use of fuzzy
logic is specially indicated when trying to emulate such
human control actions as driving a car. This paper presents
a fuzzy system that cooperatively controls the throttle and
brake pedals for automatic speed control up to 50 km/h. It is
thus appropriate for populated areas where driving involves
constant speed changes, but within a range of low speeds
because of traffic jams, road signs, traffic lights, etc. The
system gets the current and desired speeds for the car and
generates outputs to control the two pedals. It has been
implemented in a real car, and tested in real road conditions,
showing good speed control with smooth actions resulting in
accelerations that are comfortable for the car’s occupants.
KEYWORDS: Fuzzy control; Road vehicle control;
Longitudinal control; Autonomous vehicles; Intelligent
transportation systems.

1. Introduction
Poor visibility, not maintaining a safe distance, and ignoring
traffic signals, all of which can be associated with excess
or inappropriate speed, are some of the main causes of
traffic accidents.1 Indeed, inappropriate speed is the reason
for a third of fatal or serious accidents2 and most urban
accidents involving pedestrians. Article 50 of the first section
of the Spanish Traffic Code reads: ‘The maximum speed
that vehicles must not exceed on urban traffic ways and on
highways through urban areas is established with general
character at 50 kilometres per hour. This limit may be lowered
on especially dangerous sections of highways through urban
areas by agreement of the municipal authority with the
registered owner of the highway, and, in urban traffic
ways, by decision of the competent organ of the municipal
corporation’.3
In areas such as school zones, where the speed limit may
be 20 km/h, it is very important for safety that an appropriate
speed be maintained. While this aim is being taking into
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account by the automotive industry, and different systems
have been developed to adapt the speed depending on the
environment, they are useless in urban areas. For instance,
the Audi A4 adaptive cruise control (ACC) allows preselection of a suitable road speed only between 30 km/h
and 198 km/h. The new Ford Mondeo presents a cruising
speed that is adjusted to any speed above 32 km/h. And
likewise, the Honda Accord ACC is activated at over 30 km/h.
These systems are very useful on highways, but they are
inappropriate for urban roads where speed adaptations are
needed at under 30 km/h.
To improve these commercial systems by installing this
feature in a vehicle, the throttle and brake pedals need to be
automated. Several studies have tackled this problem. Solutions for controlling both pedals in the literature have been
based on complex mathematical models of a comprehensive
autonomous longitudinal system,4 neural networks,5 genetic
algorithms6 or fuzzy logic.7–10 Approaches to cruise control
(CC) or ACC have generally focused on highway use, and
have been tested for desired speeds between 60 and 100 km/h
because, at low speeds, this kind of system usually behaves
differently11,12 since the time gaps tend to be greater and actions on the pedals more strongly affect the car’s dynamics.13
Stop-and-go systems are able to manage low ranges of
speeds, stopping the car when needed.14 Usually these
systems are based on time gaps between cars,15–17 but they are
not as useful as CC systems in situations in which the speed
has to be reduced and then maintained without the presence of
a car in front, such as school zones where there must be time
to react to unpredictable or other sudden events, such as a
pedestrian crossing in front of the car or a traffic light turning
red.
The use of fuzzy logic for control systems has two main
advantages. (1) Fuzzy controllers do not need an exact
mathematical model of the system they are to control.
This characteristic is particulary important when dealing
with systems such as cars which are difficult to linearize.
Fuzzy logic obviates the need to use complex approximate
models that are either not very computationally efficient
if they are realistic, or not very realistic if they are
computationally efficient. (2) The aim is not to use a
mathematical representation of the system but to emulate the
behaviour of human drivers and their experience, mimicking
their reactions. In addition, the users’ subjective knowledge
can be built into the system, which is an undeniably useful
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Fig. 1. Autonomous Citroën C3 Pluriel.

feature for emulating human behaviour18 since it must not be
forgotten that the human is the most nearly perfect driving
machine ever devised.
In the present communication, we describe a speed control
system capable of managing the throttle and brake pedals
of cars at speeds under 30 km/h, as is appropriate for
urban environments where driving involves constant speed
changes within a low range of speeds because of traffic jams,
road signs, traffic lights, etc. It is based on fuzzy logic,
is installed in real vehicles, and has been tested on real
roads. A fuzzy controller was designed and implemented to
manage the throttle and brake pedals, then installed in a car
with the capacity of operating the two pedals via software.
It acts on the throttle via an analogue card, and on the
brake by means of an electro-hydraulic system connected
to the car’s internal brake circuit. Its testing in a real car
showed its capability of maintaining a desired speed and
changing the speed. In trials performed at speeds between
10 and 40 km/h, the system presented good behaviour for
use in urban driving, where speed changes at low speed are
constant.

2. Equipment and Infrastructure Used
This section describes the system as mounted on a car
in order to conduct the trials. The work was done at the
Industrial Automation Institute (IAI) research centre as part
of the AUTOPIA programme. AUTOPIA was created to
build on the extensive experience of IAI in the development
of autonomous robots and fuzzy control, with the goal of
transferring autonomous mobile robot control technologies
to computer-aided vehicle driving.
The system is mounted on a Citroën C3 Pluriel which is
equipped with the necessary devices to perform autonomous
driving.19 Figure 1 shows the distribution of the systems
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used by the car. The input equipment consists mainly
of:
• A double-frequency global positioning system (GPS)
receiver running in real time kinematic (RTK) carrier
phase differential mode that supplies 2 cm resolution
positioning at a refresh rate of 5 Hz. An autonomous
uncorrected GPS receiver that calculates its position
with accuracy between 10 and 20 m. When it receives
positioning error correction data from a ground GPS base
station, this precision can be increased to 1 or 2 cm. This
correction signal is defined in ref. [20], as are the update
rate requirements which where always satisfied in the
present work.
• Wireless local area network (LAN) (IEEE 802.11) support
that will allow the GPS to receive positioning error
corrections from the GPS base station. Because of this,
the positioning error will always be between 1 and 2 cm.
• An inertial measurement unit (IMU) Crossbow IMU
300CC placed close to the centre of the vehicle.
• Car odometry supplied by a set of built-in sensors in the
wheels, whose measurements can be read by accessing the
controller area network (CAN) bus of the vehicle. This was
implemented by means of a CANcard2.6. Specifically, we
read the car’s wheel-speed data.
An on-board computer is able to request values from each
of the input devices with which to compute the fuzzy
controller’s input values. This then performs the inference
process to yield output values to apply to each pedal. The
devices that make it possible to act on the throttle and brake
of the car are an electro-hydraulic system capable of injecting
pressure into the car’s anti-block braking system (ABS),
and an analogue card which can send a signal to the
car’s internal engine computer to demand acceleration or
deceleration.
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Fig. 2. Aerial view of ZOCO.

The experiments were carried out in a private driving
circuit at the IAI facilities called ZOCO (Spanish acronym
of ‘driving zone’), which represents an inner city area, with
a combination of straight-road segments, curves, and 90
crossings. Figure 2 shows an aerial view of ZOCO.

membership functions are singletons. Therefore, the crisp
value of yout of an output variable y is calculated as

yi wi
yout = 
,
(1)
wi

3. ORBEX Fuzzy Coprocessor
The controller is based on a computational model of a
fuzzy coprocessor named ORBEX (Spanish acronym for
Fuzzy Experimental Computer), which had been developed
previously at the IAI.21,22 ORBEX allows several forms of
driving to be defined to emulate different types of driver
(calm, quick, brusque, etc.), or to adapt the driving to traffic
conditions (platoons, overtaking, etc.). These strategies can
be defined and implemented by means of if . . . then . . . rules
in quasi-natural language, for instance:
If speed error more than null or acceleration more than
null then throttle up
Where the words in italic are fuzzy variables,23 the words in
bold are ORBEX language keywords, and the words in plain
script are linguistic variable values. The variables to the left
of the term then are input variables, and the variables to the
right are output variables. The ORBEX engine performs the
fuzzy computations and assigns crisp values to the output
variables, which are later used as input for the car actuators.
Let us now show an outline of the relevant features of the
fuzzy controller. The general form of the rules in ORBEX is:
if x [or/and z] then y [and w]
where x and z are fuzzy propositions-conditions for input
variables, y and w are fuzzy propositions-conclusions or
actions for output variables, and ‘[ ]’ stands for repetition
(this means that a rule can have several conditions and
several conclusions). The t-norm minimum and the t-conorm
maximum are used to implement and and or operators,
respectively. Mamdani-type inference24 is used, and the
defuzzification operator is the centre of mass.
The values of the fuzzy variables are taken from a set of
fuzzy partitions, represented by membership functions of a
variety of shapes: triangular, trapezoidal, Gaussian or even
Sugeno’s singletons.25 The designer sets the membership
function shape by experience.18 In our system, all output

where wi represents the weight of the ith rule and yi is the
value of the output y inferred by the ith rule. The weight
of a rule represents its contribution to the global control
action (calculated as the minimal degree of current crisp input
value membership of its respective fuzzy partitions). Sugeno
et al.26 proved that a fuzzy system modelled with singleton
consequents is a special case of a fuzzy system modelled with
trapezoidal consequents and can do almost everything the
latter can (a singleton represents a discrete value). To quote
from that paper: ‘From a theoretical point of view, we do not
need a type-I controller (trapezoidal consequents) unless we
want to use fuzzy terms in the consequents of fuzzy rules’,
which is not our case. They also state that such a fuzzy system
‘is simple for identification and yet has a good approximation
capability’. Singletons are very commonly used in practical
control system applications.27–29 Figure 3 is a block schema
of the fuzzy control algorithm developed.
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4. Throttle and Brake Fuzzy Controller
Fuzzy logic is used to emulate the behaviour of human
drivers. The aim of the present work was to control both
throttle and brake of the car to obtain good behaviour in
keeping a constant speed and in changing the current speed.
To this end, two parameters are used as controller inputs:
(1) Speed error: the difference between the current and the
desired speed in km/h.
(2) Acceleration: the time derivative of the speed at instant t.
The controller gives two output signals, one for the throttle
and one for the brake. These outputs are normalized in the
sense that a value of 1 represents stepping on the pedal at
maximum effort, and 0 represents stepping on the pedal at
minimum effort. Trial results showed us that values above 0.5
applied to the throttle pedal produce very high accelerations
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Fig. 3. Fuzzy control schema.

Fig. 4. AUTOPIA speed control schema.

of the car, whereas, as was noted above, the aim is to achieve
driving that is comfortable for the occupants of the car. In
the same way, in order to avoid what can even be dangerous
decelerations, values above 0.2 are not recommendable to
apply to the brake.
In the following, we shall describe the input and output
variables, the fuzzy membership functions used to codify
them, and the rule base used to infer the output values to
apply to the throttle and brake pedals. Figure 4 is a block
schema of the overall speed control system.
4.1. Speed Error
As was noted above, this variable is the difference between
the current and the desired speed in km/h, as given by
expression (2). Its meaning is as follows. If it has a positive
value, the desired speed is greater than the current speed,
and vice versa. To represent this fuzzy controller input, three
trapezoidal membership functions were defined, as can be
seen in Fig. 5 (top). They represent linguistic values that are
positive when the desired speed is greater than the current
speed, negative when the desired speed is lower than the
current speed, and null when the desired and the current
speeds are approximately the same.
Speed Error = Desired Speed − Current Speed
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4.2. Acceleration
This is the time derivative of the speed at instant t as
given by expression (3). It was also represented by three
trapezoidal membership functions, shown at Fig. 5 (bottom);
the linguistic labels defined to this input are positive, when
the car is accelerating, negative, when the car is decelerating
its speed, and null, otherwise.
acceleration =

Current Speedt − Current Speedt−1
.
t

(2)

where Current Speed is calculated using the wheel speed
variables (from the two back wheels of the car) read from
the CAN bus of the car, taking the Current Speed value to be
the mean of the readings. Desired Speed is obtained from a
reference map saved in the computer. In particular, once the
vehicle’s position has been determined by means of a fusion
of GPS and IMU signals,30 the on-board computer takes the
desired speed from a table in which each road segment has its
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own allowed speed assigned. To speed up our performance
of the experiments, the Desired Speed was input into the
computer by means of the keyboard.

Fig. 5. Fuzzy controller inputs membership functions.
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4.5. Throttle rule base
The core of a fuzzy control system consists of its fuzzy rules.
In our case, they are:
• R1 : if speed error is positive then throttle t00
• R2 : if speed error is negative and acceleration is positive
then throttle t01
• R3 : if speed error is negative and acceleration is null then
throttle t02
• R4 : if speed error is negative and acceleration is negative
then throttle t04
• R5 : if speed error is null and acceleration is positive then
throttle t00
• R6 : if speed error is null and acceleration is null then
throttle t01
• R7 : if speed error is null and acceleration is negative then
throttle t01.

Fig. 6. Fuzzy controller output singletons.

The value t if obtained from the GPS signal which allows
to have a global precise time signal.

4.3. Throttle
This output is defined by singletons in the interval [0 0.5].
ORBEX will infer a throttle value via the defuzzification
procedure, yielding a crisp value used to activate the analog
card connected to the throttle pedal. This output value
represents increments to the voltage to be sent to the engine’s
internal controller. Its voltage range is 0–5 V. The singletons
used to define this output are showed in Fig. 6 (top). They are
labelled t00, t01, t02 and t04, denoting singletons at values
0, 0.1, 0.2 and 0.4, respectively.

4.4. Brake
This output is defined by three singletons in the interval
[0 0.2]. The final value inferred by ORBEX represents the
normalized pressure for the hydraulic system to send to the
car’s braking system. The singletons used to define this output
are also shown in Fig. 6 (bottom). They are labelled b00,
b01 and b02, denoting singletons at values 0, 0.1 and 0.2,
respectively.

The control surface that is defined by this rule base is shown
in Fig. 7 (left).
4.6. Brake rule base
The rule base used to control the brake is the following:
• R8 : if speed error is negative then brake b00
• R9 : if speed error is nullthen brake b00
• R10 : if speed error is positive and acceleration is positive
then brake b02
• R11 : if speed error is positive and acceleration is null
then brake b01
• R12 : if speed error is positive and acceleration is negative
then brake b01
The control surface that is defined by this rule base is shown
in Fig. 7 (right).

5. Results
Several tests were performed to check the behaviour of the
designed controller. Figure 2 shows the map of the private
driving circuit at the IAI facilities, which represents an inner
city area with some irregularities, such as slopes of up to
3%, which help us to test the accuracy of the controller
in different situations. The main aim of these experiments
was to test the behaviour of the controller in two of its
principal tasks: keeping a constant speed, and changing the

Fig. 7. Throttle (left) and brake (right) control surfaces.
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Fig. 8. Results keeping a constant speed of 25 km/h.

current speed. five experiments were carried out – four of
them with the target of maintaining two different constant
speeds between 10 km/h and 25 km/h, and one with the
purpose of studying the behaviour when the desired speed
changes. In the experiments, the car was steered manually
around the test circuit, but the throttle and brake pedals were
under automatic control. The results of the experiments of
reaching and maintaining a constant speed were compared
with a human driver’s behaviour, with the comparison
summarized in a table. Three of the experiments are analyzed

in detail – those related to maintaining the constant speeds
of 10 km/h and 25 km/h, and that which involved speed
changes.
One of the experiments consisted of reaching and maintaining a constant speed of 25 km/h for 30 s. When the car
reached approximately 18 km/h, the automatic gear change
changed gear from first to second, leaving all the rest of
the run in second gear. The results of this experiment are
shown in Fig. 8, with the speed of the car (top), and the
inputs (middle) and outputs (bottom) of the fuzzy controller.

Fig. 9. Results keeping a constant speed of 10 km/h.
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Fig. 10. Results with changing speeds.

The average speed error once past the first five seconds was
±0.9 km/h. As can be seen in the figure, the brake was hardly
used at all to maintain the desired speed – the throttle alone
was enough.
Another experiment consisted of reaching and maintaining
a constant speed of 10 km/h for 30 s. The entire run in this
case was done in first gear. The results are shown in Fig. 9.
The average speed error once past the first five seconds was
±0.71 km/h. The brake was used more than in the previous
case because actions on the throttle when the car is in first
gear are very rapidly reflected in the speed of the car.
The last experiment involved several speed changes. The
actions taken are shown in Fig. 10. The car’s automatic
gear change has changed gear when necessary between first,
second and third. One observes the good behaviour of the
controller in this figure, with smooth speed changes.
Hence, Figs. 8, 9 and 10 have shown that the controller
presents good behaviour in different situations. It is able to
maintain a constant speed with a very low error, taking into
account the error associated with the measurement of the
different variables. It is also able to change the current speed
without brusque actions, being able to reach a desired speed
in one step, and with no accelerations above 2.5 km/h/s in
absolute value.
A human driver used the pedals to adapt the car speed
to different target speed requirements – 10 km/h, 15 km/h,
20 km/h and 25 km/h – during 60 s in order to compare its
performance results with the obtained with the automatic
control. The same speed requirements were given to the
controller. Table I presents a comparison of the average
speed errors determined once past the first five seconds
(measuring only once the system reaches the steady-state)
for the different speed requirements. In the table it can
be seen that the controller’s behaviour is similar that the
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Table I. Comparative table.

Speed
Speed
Speed
Speed

Error at 10 km/h
Error at 15 km/h
Error at 20 km/h
Error at 25 km/h

Human driver

Designed controller

±0.63 km/h
±0.88 km/h
±0.72 km/h
±1.22 km/h

±0.71 km/h
±0.98 km/h
±0.84 km/h
±0.9 km/h

human driver’s one in most of the cases, even improving
the measurement obtained at 25 km/h. This tests show
that the performance of the designed controller is a good
approximation to the human behaviour.
A human driver used the pedals to accomplish the different
target speeds – 10 km/h, 15 km/h, 20 km/h and 25 km/h –
for 60 s in order to compare the results of the performances
obtained with those obtained by the automatic controller,
which was set up to do experiments those same targets. Table I
presents the comparison of the results of the human driver
to those of the automatic controller. It shows for each of the
speed targets the average speed error obtained by the human
driver and by the automatic controller. The speed error is
computed after 5 s have passed, so avoiding measuring while
the system is reaching the steady-state. It can be seen that
the controller’s behaviour is similar that the human driver’s
one in most of the cases, even improving the measurement
obtained at 25 km/h. This tests show that the performance of
the designed controller is a good approximation to the human
behaviour.
6. Conclusions
We have described a real application of fuzzy logic to
intelligent transportation systems. A fuzzy controller was
designed and implemented to control automatically the speed
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of a real car equipped to allow the throttle and brake pedals
to be operated via software.
The fuzzy controller was designed with the purpose of
being able to maintain a constant speed, and to change the
speed in order to adapt it to some features typical of urban
traffic in general, which involves many speed changes within
a very low range of values, e.g. between 10 km/h and 40 km/h.
Another purpose was to provide smooth speed control actions
for the vehicle’s occupants to have a comfortable ride. The
controller design considers the difference between the current
and the desired speeds, and the acceleration, both taken from
the car’s CAN bus.
The controller was tested on a real car in a private circuit.
The results showed that the behaviour of the system had
attained both objectives: the average absolute error was less
than 1 km/h, and the absolute maximum acceleration was
around 2.5 km/h/s, thus ensuring the vehicle’s occupants a
comfortable ride. The comparison table of the behaviour of a
human driver and the automatic controller shows a negligible
performance difference. So it is consider that the controller
can be a good alternative in the tedious task of very low speed
driving in urban zones.
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