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Abstract—The goal that a car be driven autonomously is far in
the future and probably unreachable, but as a first step in that
direction, adaptive cruise control (ACC) and Stop&Go maneuver
systems are being developed. These kind of controllers adapt the
speed of a car to that of the preceding one (ACC) and get the car
to stop if the lead car stops. This paper presents one such system
and related experiments performed on a real road with real cars.
The driving system gets its input via an RTK DGPS device and
communicates its positions to one another via a wireless local area
network link. It outputs signals controlling the pressure on the
throttle and brake pedals. The control system is based on fuzzy
logic, which is considered best to deal with processes as complex
as driving. Two mass produced Citroën Berlingo electric vans
have been instrumented, providing them with computer controlled
actuators over the brake and the throttle to achieve human-like
driving. The results of the experiments show that the behavior of
the vehicles is very close to human and that they adapt to driving
incidences, increasing the safety of the driving and permitting
cooperation with manually driven cars.
Index Terms—Fuzzy control, global positioning system, intelligent control, road vehicle control, wireless local area network
(WLAN).

I. I NTRODUCTION

A

UTOMATIC vehicle speed control is presently one of the
hottest research topics throughout the automotive industry
as a whole [1] and particularly in the intelligent transportation
systems field [2]. The goal of such automation is to improve
the safety of the occupants of the car by relieving the human
driver of tedious tasks that could lower attention, as well as to
make the traffic flow more efficient [3]. Cruise control (CC)
systems, with the capability of maintaining a user preset speed,
were the first step in this direction. The next step was adaptive
CC (ACC) systems, which add the capability of keeping a safe
distance from the preceding vehicle to CC [4]. Both systems are
now on the market, and several cars come equipped with them
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[5]. Highways are the most common scope of applicability of
such systems [6], [7].
The main limitation of conventional ACC systems is that they
do not manage speeds under 30 km/h because only the throttle
is used for this task and, consequently, they are inhibited in
traffic jams or urban driving. Extensions of ACC with Stop&Go
capability are being researched to overcome this drawback [8].
Stop&Go driving is a typical maneuver in city streets. Throttle
and brake pedal automation is needed to install this feature
in a vehicle. This feature makes ACC useful in urban driving
and dense traffic situations, when it is all the more necessary for preventing and averting rear-end collisions and major
accidents [15].
ACC research started in Europe with the PROMETHEUS
project (1986–1994) that involved several European car manufacturers. This project used scanning radars, and vehicle automation was limited to throttle pedal control only. Mitsubishi
was the first firm to introduce ACC in its Diamante model
in 1995. In Europe, Daimler–Chrysler launched the Distronic
ACC S-Class in 2000. The current focus of research into speed
control is on augmenting the ACC systems with Stop&Go
capabilities. This requires the collection of fine data, which can
be acquired from several sensors, such as radar [9], laser, vision
[10], [11], or a combination of the three [12]. Another way
to input data into embedded vehicle systems is, as in our case
[13], wireless communication, which provides a lot of system
information (even more than could be acquired using the car’s
own sensors [14]).
The procedures for controlling both pedals can be based on
hard mathematical models of a complete autonomous longitudinal system [16]. Also, artificial intelligence (AI) techniques
can be used to emulate human driving. Neural networks [17],
genetic algorithms [18], or fuzzy logic [19]–[21] are some of
the available AI tools for automating driving jobs.
The use of fuzzy logic for control systems has two main
features. The first of one is that these kinds of controllers do
not need an exact mathematical model of the system to control.
This characteristic is very important when we have to deal with
difficult-to-linearize systems such as cars. Fuzzy logic avoids
using approximate models that are very complex and lowly
efficient if they are very realistic or lowly realistic when they
are efficient. The second feature of the fuzzy control is that it
does not pretend to use the mathematical representation of the
systems but to emulate the behavior of the human driver and
his experience, mimicking his reactions. It also permits adding
to the system the subjective knowledge of the users, which
is certainly a very useful characteristic for emulating human
behavior [22].
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In this paper, we present an ACC system extended with
Stop&Go capabilities. It is based on fuzzy logic, installed in
real vehicles, and tested on real roads. This paper deals with real
experiments, and thus, it is greatly conditioned by our facilities.
Currently, our longest straight-line path is about 300 m, which
do not permit high speed over an extended period of time. The
experiments here included show speeds of 20 km/h.
II. C OOPERATIVE T HROTTLE AND B RAKE
F UZZY C ONTROL
This paper is a part of AUTOPIA project of the Instituto
de Automática Industrial (IAI), whose objective is to develop
an automatic car. The very name of the project implies that
we consider this goal to be out of our reach in the near
future. The used approach is to use fuzzy logic to emulate the
behavior of human drivers. Our group has been working on
fuzzy logic for many years, and we consider it an appropriate
tool for control applications, taking into account that people
have always controlled processes whose mathematical models
are not known (i.e., driving a car).
We have already developed an ACC system extended with
stop and go capability [23]. First, we used the throttle only
and then we included the brake [24]. The aim of this paper is
to describe a global system, named Stop&Go+ACC, in which
the two speed actuators (throttle and brake) act cooperatively.
Besides, we explain how the inclusion of the brake affects the
previous throttle-only ACC.
The usual sequence of driver actions for slowing down to
match the speed of a preceding slow car is as follows.
1) Step off the throttle.
2) Use the engine brake.
3) Step on the brake when the headway is not reduced fast
enough.
These actions are implemented as fuzzy rules for the
Stop&Go+ACC system, achieving car control even if the preceding car brakes.
In general terms, the Stop&Go+ACC will involve joining the
brake and throttle controllers, although a tuning up procedure
will be necessary to synchronize and permit throttle-brake
cooperation. First, we will review the existing controllers, and
then, we will explain the changes needed to implement the
humanlike actions in the control system.
A. Fuzzy ACC
This paper is based on a computational model of a fuzzy coprocessor, named ORBEX [25], that we had previously developed at the IAI. ORBEX can write fuzzy rules with information
supplied by experts in a near natural language. For instance:
if speed_error more than null or acceleration more than
null then accelerator up
Where the words in italics are fuzzy variables [26], [27],
the words in bold are ORBEX language key words, and the
words in plain script are linguistic values of the variables. The
variables to the left of the term then are input variables, and
the variables to the right are output variables.

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 singletons [28]. The designer sets the membership function shape by
experience [22]. In our system, all output membership functions
are singletons, so (1), shown in the following, calculates the
crisp value yout of an output variable y:

wi yi
i

yout =
(1)
wi
i

where wi represents the weight of the i-rule, and yi is the
value of the output y inferred by the i-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).
B. System Architecture
Formally, a distinction can be made between four vehicle
speed control layers in manual driving: a mechanical layer (the
pedals and all its associated physical mechanisms), an actuation
layer (the human foot that steps on the pedal), a sensorial layer
(the human senses) that allows the driver to obtain information
about the vehicle and the environment, and a reasoning layer,
that is, the human brain.
The cars used in our research are electrical Citroën Berlingo
vans, which were originally equipped with an automatic gearbox, a classical hydraulic brake system, and a electronic throttle, composed by a potentiometer attached to the pedal that
sends an analog signal to the motor controller. Therefore, when
the accelerator is stepped on, an electrical signal is sent to
the car’s internal computer, which was also original Berlingo
equipment, that makes the motor move with proportional
power.
Then, we can define a similar human-based four-layer hierarchical control architecture to automate the action of the throttle
and the brake emulating human driving.
1) The mechanical layer. This is the same as described
for the human driven car.
2) The actuation and electronic layer. As the human one, it
is composed of three components: an industrial computer
to host the control software, an analog output card that
sends to the internal car computer a signal that emulates
the throttle, and an actuator that moves the brake pedal.
The brake is a common hydraulically assisted one, and it
is actuated by attaching a dc motor to the pedal, powered
and controlled from the PC through both control and
power cards.
3) The sensorial layer. Three sensors form this layer. The
first is a double frequency GPS receiver, running in carrier
phase differential mode that supplies 2-cm resolution
positioning at a refresh rate of 10 Hz. The data supplied
by the GPS receiver is used for calculating the attitude
of the car. This attitude allows determining which is the
circulation lane and which other cars affect the normal
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Fig. 1.

Schematic description of the hardware setup.

Fig. 2.

ACC fuzzy controller input membership functions. (a) time_gap_error. (b) speed_error. (c) d_time_gap. (d) acceleration.

circulation. The second sensor we use is a wireless local
area network (WLAN) system (IEEE 802.11), which provides information about the position of the other car that
circulates in the driving zone. In our case, the second car
used for performing the experiments are also equipped
with a GPS receiver and a WLAN system, and therefore,
it sends its position continuously to the ACC equipped
one. This is compatible with the information provided
by sensors such as artificial vision [29] or laser scanner.
The last sensor is an analog input card that acquires the
information from the speedometer of the vehicle.
4) The control layer. This is the longitudinal car control
system, based on fuzzy logic. It maintains the speed (CC)
and adapts to lane speed (ACC).
A schematic description of the hardware setup is shown
in Fig. 1.

1625

C. Throttle Controller
The newly developed controller is based on the existing ACC
controller, although this does not use the brake [8]. Briefly, it
has four input variables, one output variable, and five rules.
1) Speed error: This is the difference between the current
speed and the user-preset speed. It is given by (2). It
is represented by the linguistic variable speed_error,
whose membership function shapes are illustrated
in Fig. 2(b).
Speed Error = Current_Speed − Preset_Speed

(2)

2) Acceleration: This is the derivative of the speed at instant
t. It is given by (3). It is represented by the linguistic
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variable acceleration, whose the membership functions
are shown in Fig. 2(d).

Accelerationt =

Current_Speedt − Current_Speedt−1
∆t

(3)

A digital Fourier filter is applied to this variable with
a sampling rate of 10 Hz, a filtering cutting rate of 1 Hz,
and four coefficients.
3) Time_gap_error: This is given by (4) below. It has a
related linguistic variable named time_gap_error whose
membership function shapes are shown in Fig. 2(a).
Time Gap Error = Time_Gapcurrent − Time_Gaptarget .

(4)

Current time_gap or time headway: This is the time it
would take to catch up with the preceding vehicle at the
current speed. It is expressed mathematically as
Time Gapcurrent =

xPursued − xPursuer
νPursuer

(5)

where xPursued and xPursuer are the GPS coordinates of
the lead car and the controlled tail car along the reference
trajectory, respectively, and νPursuer is the speed of the
controlled rear car.
Target time gap: This is the time-headway that the
ACC should keep from the preceding vehicle. It should
be between 1 and 2 s in commercial ACCs.
4) Derivative of time_gap: This is the variation of the current
time gap with time (6). Its related linguistic variable is
named d_time_gap, and its membership functions are
shown in Fig. 2(c).

Derivative of Time Gapi =

Time_Gapi − Time_Gapi−1
. (6)
∆t

As this variable is very unstable, it has to be stabilized,
in this case, with another Fourier filter, which is very
appropriate for our purposes.
The nucleus of the fuzzy control system is made up of fuzzy
rules. In our case, they are
R1 if speed_error more than null then throttle up;
R2 if speed_error less than null and time_gap_error more
than near then throttle down;
R3 if acceleration more than null then throttle up;
R4 if acceleration less than null and time_gap_error far
then throttle down;
R5 if time_gap_error near and d_time_gap negative then
throttle up.
These rules are indicative of some ORBEX engine features.
The control designer can assign the same linguistic values to
different variables. In our case, speed_error and acceleration
have the same linguistic value “null,” but its meaning is different for each variable, as shown in Fig. 2(b) and (c).

The values “up” and “down” of the output throttle are defined
by singletons [−1] and [+1], respectively. ORBEX infers a
linguistic value for throttle values from every rule and blends
them via the defuzzification procedure, yielding a crisp value
used to activate the analog output card connected to the throttle
pedal. This output physical value represents increments to the
voltage to be sent to the engine internal controller. Its voltage
range is 0–5 V.
Additionally, we should make a couple of appointments
concerning the features of the controller.
A parallelism exists between the fuzzy controller and a
classic proportional-derivative: We could say that the rules
involving the speed_error behave like proportional component
of the control and that the rules involving the acceleration
behave like a derivative component. This means that, when the
speed of the car is not at the desired value, the speed_error rules
adjust the throttle pressure, and the acceleration rules smooth
out the actuation of this command, just like the damping effect
of a D-control term.
As we can see, the rule set is a subset of the complete fuzzy
inference matrix. The use of an incomplete inference matrix
is only feasible when there are situations when some of the
elements of the complete set of rules reflect situations that are
impossible or have no interest for our control purposes. In our
case, because we know the system to model behavior (a human
driver) and the working requirements (traffic laws), we have
enough knowledge to deal with this rule selection, generating
good practical results, as shown in the experiment section.
D. Brake Controller
In order to control the brake pedal, as a human driver
would do, we have extended the above ACC fuzzy controller.
First, we extended only the CC part with the brake control.
This extended CC controller includes the rules for the throttle
plus new rules for the brake. There is a duality between the
throttle and brake rules. In fact, the brake rules are derived
from the throttle rules by substituting the action “throttle
up” for “brake down” and “throttle down” for “brake up.”
The joint controller has to coordinate the actions of throttle
and brake, namely, to avoid simultaneous actions. This is
achieved by defining the membership functions of the “nullb”
values involved in brake control (Fig. 3) according to the
respective functions of the “null” values involved in throttle
control (Fig. 2).
For the speed_error variable in the throttle controller, the null
membership function is a triangle defined by the parameters
−15, 0, and 20. The equivalent definition of the “nullb” membership function in the brake controller is a trapezoid defined by
the parameters −14, 0, 3, and 25. In the joint controller, these
definitions assure the following facts: 1) The brake is released
before the throttle is stepped on when the car is traveling at a
speed lower than the target, and 2) the throttle is released before
the brake is stepped on when the car is traveling at a speed
higher than the target. Additionally, the slopes of the “nullb”
function are smoother than the slopes of the “null” function,
this assures that 3) the throttle is fully released before the brake
starts to act.
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Fig. 3.

Brake CC fuzzy controller input membership functions. (a) accelaration. (b) speed_error.

Fig. 4.

ACC extended with brake pedal input membership functions. (a) d_time_gap. (b) time_gap_error.

For the acceleration variable, the shape of the “nullb” membership function assures that the brake pedal is released when
deceleration is satisfactory for control purposes.
Finally, the brake rules added to the ACC throttle controller
are (using brake only for the CC part of the ACC):
R6
R7
R8

if speed_error more than nullb then brake down;
if speed_error less than nullb then brake up;
if acceleration less than nullb then brake up.

The first rule (R6 ) acts when the current speed is higher
than the preset CC speed and works cooperatively with the first
throttle rule (R1 ). The second rule (R7 ) is the complementary
rule and interacts with the second throttle rule (R2 ). The last
rule (R8 ) forms the derivative part of the control system,
smoothing the speed adaptation maneuvers and actuating cooperatively with the fourth throttle rule (R4 ). Finally, note
that the definition of the brake controller does not fully mimic
the throttle controller: The dual rule of R3 (R9 ) has been
suppressed because it is not necessary.
The output of the brake controller, named brake is also
defined as singletons in a similar way than the throttle one
and has two linguistic labels “up” and “down” defined at
−1 and +1, respectively. After defuzzification, this controller
generates a crisp value that indicates the position command for
the dc motor that controls the brake pedal. Then, its physical
interpretation is the increment for the angular position (degrees)
of the motor attached to the brake pedal with a pulley. Its range
is 0◦ –240◦ .
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E. Extension of ACC With Brake Pedal Actuation
Fuzzy Controller
Now, we are going to explain how to add the full braking
capability for the ACC. The desired performance for this controller is expressed in the following four points.
1) ACC will automatically manage the throttle and the brake
pedals.
2) The brake pedal will act on the ACC only when the speed
reduction produced by fully releasing the throttle (engine
braking) is insufficient.
3) Stop&Go maneuvers will use the throttle and the brake
pedals.
4) The ACC works like a classical CC when there is no
preceding car in the lane.
This controller extends the union of the throttle-only ACC
and the throttle plus brake CC. The extension includes the
headway variable in the braking rules. Therefore, a new rule
has been added and two rules have been modified:
R10 if time_gap_error near and d_time_gap negative then
brake down;
R11 if speed_error more than nullb then brake down;
R12 if speed_error less than nullb and time_gap_error
more than near then brake up;
R13 if acceleration less than nullb and time_gap_error far
then brake up.
The first rule R10 represents the need for braking when the
distance between the controlled car and the leading car is “near”
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Fig. 5. ACC and Stop&Go maneuver. First experiment.

enough. This distance is reduced as the “negative” membership function of the d_time_gap variable indicates [Fig. 4(a)].
Rules R12 and R13 release the brake pedal, depending on
the time_gap_error. They keep the brake pedal down as long
as necessary. The definition of the membership functions for
the input variables (Fig. 4) has been refitted to fine tune the
cooperation between the brake and throttle controllers for ACC
and Stop&Go maneuvers.
Finally, a minimum headway distance has been defined at
high level in order to stop the car when the precedent car is
stopped, for example, in a traffic jam. This minimum distance
has been set at 10 m, measured from the ACC car GPS antenna
to the GPS antenna of the precedent one. The real distance
between the front of the car and the rear of the other is about
4 m. The reason for including this stopping distance on the
system is that, when the car is approximating the stopped fore
one, the speed is reducing (it tends to 0), in order to maintain
the selected safe time gap. If only the time distance would be
considered (if speed is 0 time headway tends to infinite), the
car never stops, and it will collide with the precedent one at low
speed. Therefore, this is the reason why it is necessary to add
a shortcut in the approximation distance that will make the car
stop when it is near enough in distance headway. This allows us
to perform a pure stop and go operation. This distance is also
used for safety reasons in order to minimize the effect of the
GPS positioning delay.

To summarize, the full ACC control using the throttle and the
brake is made up of the five rules set out in Section II-C and the
last four rules.
III. R ELATED R ESULTS
In this section, we present an experiment that shows the
behavior of the AUTOPIA Stop&Go+ACC system. Two vehicles are involved in it: Babieca, always manually driven, and
Rocinante, always automatically driven. In the tests, Babieca
is tracked by Rocinante. The differences between them are the
initial conditions and the unpredictability of manual driving.
Note that both vehicles can be moved automatically, should it
be necessary, but we have preferred to drive one manually to
verify that our controller can interact with manually driven cars.
An analysis of the experimental graphs (Fig. 5) shows how
the components of the Stop&Go+ACC controller are conveniently chained to run the cruise according to established
targets, changing conditions, and increasing, namely, unpredictable human actions.
In the graphs shown in Fig. 5, the x-axis represents the time
in seconds. The top graph shows the pressure on the throttle and
brake throughout the trip. This pressure has been normalized
between 0 (pedal fully released) to 1 (pedal fully depressed).
The second and third graphs show the time headway in seconds
and the gap headway, in meters, between the cars, respectively.
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Fig. 6.
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Stop caused by a sudden braking action of the fore car.

The bottom graph represents the speed of each car in kilometers
per hour.
The experiment shown in Fig. 5 represents a classical situation of a vehicle in free circulation (Rocinante) that comes
near a traffic jam (Babieca). The first vehicle adapts its speed to
the traffic situation, stopping if necessary. The initial conditions
of the experiment are the following: Both cars are placed in
the same lane and direction, stationary and 67-m apart. The
targets are the following: Speed is 30 km/h, time headway is
4 s, and minimum gap headway is 10 m. Rocinante starts
driving along its lane, and the initial conditions allow CC
control. As Rocinante accelerates, the distance from Babieca,
which is still stationary, decreases, and the control switches to
ACC, adjusting the speed to keep a safe distance. As the time
headway decreases, the pressure on the throttle decreases too.
Around second 10, headway is dropping fast, and the extended
ACC is activated to slow the vehicle down using the brake.
Rocinante continues reducing speed until it is 10 m behind
Babieca. At this point, the experiment is reproducing a traffic
jam situation. The second graph shows that the headway error
can become negative (−3 s). This means that Rocinante is
only 3 s away from Babieca, which is less than the target
headway. This error is not meaningful at this point, because,
as the speed is extremely low, the control has switched from
ACC to Stop&Go, for which the relevant parameter is the
gap in meters. The third graph shows that Stop&Go keeps
Rocinante stationary 10 m behind Babieca from second 20 to
second 35, more or less. Babieca then starts moving, followed
by Rocinante. This automatic control behavior is very similar to
human driving: The driver accelerates until an obstacle appears
in its path, then releases the pressure on the throttle to slightly

reduce speed, and, if this reduction is not enough, applies the
brake until the car stops without crashing into the vehicle in
front. These results demonstrate the safety of this system.
Fig. 6 shows the effect of a sudden braking when ACC is
engaged.
IV. C ONCLUSION
The automation of the throttle and brake pedal of a car
allows testing a wide set of automatic control operations. ACC
systems are presently commonly installed in vehicles, adding
the functionality of maintaining speed and adapting it to the
precedent vehicle. However, these systems have an evident
limitation: Only use the motor braking for reducing speed;
the brake pedal is not automated, and, consequently, it is not
capable of managing the speed in stop and go situations. In this
paper, we have presented an extension of the ACC functionality
where both speed actuators are controlled from a fuzzy system,
obtaining management very similar to human behavior and
speed maintenance and reduction, and the capability to drive the
car in traffic jam situations. Some experimental tests with real
vehicles have been performed in order to show the performance
of the system.
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