
Chapter 1
Autonomous robots

Both animals and robots manipulate objects in their environment in order to
achieve certain goals. Animals use their senses (e.g. vision, touch, smell) to
probe the environment. The resulting information, in many cases also en-
hanced by the information available from internal states (based on short-term
or long-term memory), is processed in the brain, often resulting in an action
carried out by the animal, with the use of its limbs.

Similary, robots gain information of the surroundings, using their sensors.
The information is processed in the robot’s brain1, often consisting of one or
several microcontrollers (see below), resulting in motor signals that are sent to
the actuators (motors) of the robot.

In this course, the problem of providing robots with the ability of making
rational, intelligent decisions will be central. Thus, the development of robotic
brains is the main theme of the course. However, a robotic brain cannot op-
erate in isolation: It needs sensory inputs, and it must produce motor output
in order to influence objects in the environment. Thus, while it is the author’s
view that the main challenge in contemporary robotics lies with the devel-
opment of robotic brains, consideration of the actual hardware, i.e. sensors,
processors, motors etc., is certainly relevant.

In this chapter, a brief introduction to sensors, motors, and processors (mi-
crocontrollers) will be given. The various hardware-related issues will be stud-

1The term control system is commonly used (instead of the term robotic brain). However,
this term is misleading, as it leads the reader to think of classical control theory. Clearly, con-
cepts from classical control theory are relevant in robots; For example, the low-level control of
the motors of robots is often taken care of by PI- or PID-regulators. However, autonomous
robots, i.e. freely moving robots that operate without direct human supervision, are expected
to function in complex, unstructured environments, and to make their own decisions concern-
ing what action to take in any given situation. In such cases, systems based only on classical
control theory are simply insufficient. Thus, hereafter, the term robotic brain (or, simply, brain)
will be used when referring to the system that provides an autonomous robot, however sim-
ple, with the ability to process information and decide upon which actions to take.
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2 CHAPTER 1. AUTONOMOUS ROBOTS

ied in greater detail in the second half of the course, which will involve the
construction of an actual robot.

The emphasis will be on two-wheeled, differentially steered robots, for
which the kinematics and dynamics will be considered in some detail. In ad-
dition, simulation of autonomous robots will be considered. Robotic brains
are commonly generated using evolutionary algorithms (EAs), involving the
evaluation of hundreds or thousands of individuals. Even though it is possible
to run an EA directly in hardware, it is often very time-consuming to do so.
Thus, fast and accurate simulations are needed. However, care must be taken
when using simulations in connection with robotics: First of all, it is impor-
tant that the simulated robot should only be given information that would be
available to its real (hardware) counterpart. Second, even if the first condition
is met, one should keep in mind that no simulation can capture all facets of
reality. Thus, validation of simulation results is absolutely essential.

In the first part of this chapter, the various physical parts of robots will be
described, and simulations will be considered in the second part.

1.1 Robotic hardware

Here, a brief introduction to various robot parts, namely sensors, actuators
(motors), and microcontrollers will be given. As mentioned above, in the sec-
ond half of the course, involving practical work with robots, a more thorough
analysis of the various hardware parts will be given.

1.1.1 Sensors

The purpose of sensors is to measure some physical characteristic of the robot
(for example, its acceleration) or of its environment (for example, the detected
intensity of a light source), and to turn this measurement into a signal that
can be used in the brain of the robot. Needless to say, there exists a great
variety of sensors for autonomous robots. Here, only a brief introduction will
be given, focusing on two fundamental sensor types that also are implemented
in the Matlab robot simulator (see Sect. 1.5 below), namely infrared proximity
sensors and digital optical encoders.

Infrared proximity sensors

An infrared proximity sensor (or IR sensor, for short), consists of an emitter
and a detector. The emitter, e.g. a light-emitting diode (LED), sends out in-
frared light, which bounces off nearby objects, and the reflected light is then
measured by the detector (e.g. a phototransistor). Some IR sensors can also be
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CHAPTER 1. AUTONOMOUS ROBOTS 3

Figure 1.1: A Khepera II robot. Note the IR proximity sensors (black rectangles), consisting
of an emitter and a detector. Photo by the author.

used for measuring the ambient light level, i.e. the light observed by the de-
tector when the emitter is switched off. As an example, consider the Khepera
robot (manufactured by K-Team, www.k-team.com), shown in Fig. 1.1. This
robot is equipped with eight IR sensors, capable of measuring both ambient
and reflected light. The range of IR sensors is quite short, though. In the
Khepera robot, reflected light measurements are only useful to a distance of
around 50 mm from the robot, i.e. approximately one robot diameter, even
though other IR sensors have longer range. In addition to proximity sensors,
there exists also IR sensors for ranging, which are based on triangulation, and
which return a distance measurement.

In Sect. 1.5.2, a computational model for a simple IR (proximity) sensor will
be given.

Digital optical encoders

In many applications, accurate position information is essential for a robot,
and there are many different methods for positioning, e.g. inertial navigation,
GPS navigation, landmark detection etc. (see below). One of the simplest
forms of position measurement, however, is dead reckoning, in which, as will
be discussed in detail below, the position of a robot is determined based on
measurements of the distance travelled by each wheel of the robot. This in-
formation, when combined with knowledge of the robot’s physical properties
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Figure 1.2: The left panel shows a simple encoder, with a single detector (A), that measures
the interruptions of a light beam, producing the curve shown below the encoder. In the right
panel, two detectors are used, making it possible to determine also the direction of rotation.

(i.e. its kinematics) allows one to deduce the current position and heading.
The process of measuring the rotation of the wheel of a robot is an example of
odometry, and a sensor capable of such measurements is the digital optical
encoder or, simply, encoder.

Essentially, an encoder is a disc made of glass or plastic, with shaded re-
gions that regularly interrupt a light beam. By counting the number of inter-
ruptions, the rotation of the wheel can be deduced, as shown in the left panel
of Fig. 1.2. However, in order to determine also the direction of rotation, a sec-
ond detector, placed at a quarter of a cycle out of phase with the first detector,
is needed (such an arrangement is called quadrature encoding, and is shown
in the right panel of Fig. 1.2).

Other sensors

As mentioned above, there exists many sensor types in addition to the two just
described. Ultrasound (sonar) sensors are often used instead of (or in combi-
nation with) IR proximity sensors. Sonars rely on time-of-flight measurements,
i.e. they deduce the distance to objects based on the time taken for an emitted
ultrasound signal to bounce off an object and return to the robot. Homing sen-
sors consists e.g. of two photocells placed at different locations on the body of
the robot, as shown in Fig. 1.3. The photocells detect the signal from either
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Figure 1.3: A homing sensor consisting of two photocells, whose readings depend on the
distance and angle to the light source.

an IR beacon or a (visual) light beacon, resulting in a reading (voltage) that
depends both on the distance and angle to the beacon, according to

V =
V0 cos θ

d2
, (1.1)

where d and θ are the distance and angle between the sensor and the light
source, respectively. The readings can be used by the robot in order to home
in on, for example, a charging station.

In addition to odometry based on digital optical encoders, robot position-
ing can be based on inertial sensors, i.e. sensors that measure the time deriva-
tives of the position or angle of the robot. Examples of inertial sensors are
accelerometers, measuring linear acceleration, and gyroscopes, measuring an-
gular acceleration. Essentially, an accelerometer consists of a small object, with
mass m, attached to a spring and damper, as shown in Fig. 1.4. As the system
accelerates, the displacement z of the small object can be used to deduce the
acceleration ẍ of the robot. Given continuous measurements of the accelera-
tion, as a function of time, the position (relative to the starting position) can be
deduced.

For robots operating in outdoor environments, positioning based on the
global positioning system (GPS) is often a good alternative. The GPS relies
on 24 satellites that transmit radio frequency signals which can be picked up by
objects on Earth. Given the exact position of (at least) three satellites, relative

c© 2007, Mattias Wahde, mattias.wahde@chalmers.se



6 CHAPTER 1. AUTONOMOUS ROBOTS

m

x

z

Figure 1.4: An accelerometer. The motion of the small object (mass m) resulting from the
acceleration of the larger object to which the accelerometer is attached can be used for deducing
the acceleration.

Figure 1.5: A typical reading from a (two-dimensional) laser range finder. The robot is
located at the intersection of the rays.

to the position of e.g. a robot, the absolute position (latitude, longitude, and
altitude) of the robot can be deduced.

Laser range finders commonly rely, like sonars, on time-of-flight measure-
ments, but involve the speed of light rather than the speed of sound. Thus,
a laser range finder emits pulses of laser light, and measures the time it takes
for the pulse to bounce off a target and return to the range finder. A typi-
cal laser range finder can emit beams in many directions, with a high updat-
ing frequency, resulting in an accurate local map of distances to objects along
the line-of-sight of each ray. A typical reading from a (simulated) laser range
finder, is shown in Fig. 1.5.

Other sensors include strain gauge sensors (measuring deformation), tac-
tile (touch) sensors measuring physical contact between a robot and objects in
its environment, and compasses, measuring the direction of movement.
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Figure 1.6: A conducting wire in a magnetic field. B denotes the magnetic field strength and
I the current through the wire. The Lorentz force F acting on the wire is given by F = I×B.

1.1.2 Actuators

An actuator is a device that allows the robots to take action, i.e. to move and
to manipulate the surroundings. Actuation can be achieved in various ways,
using e.g. electrical motors, pneumatic or hydraulic systems etc. In this course,
we shall focus solely on electrical, direct-current (DC) motors.

Note that actuation normally requires the use of a motor controller in con-
nection with the actual motor. This is so, since the computer (microcontroller,
see below) representing the brain of the robot cannot, in general, provide suffi-
cient current to drive the motors. The issue of motor control will be considered
briefly in connection with the discussion of servo motors below.

DC motors

Electrical direct current (DC) motors are based on the principle that a force
will act on a wire in a magnetic field if a current is passed through the wire,
as illustrated in Fig. 1.6. If instead a current is passed through a closed loop
of wire, as illustrated in Fig. 1.7, the forces acting on the two sides of the loop
will point in opposite directions, making the loop turn. A standard DC motor
consists of an outer stationary cylinder (the stator), providing the magnetic
field, and an inner, rotating part (the rotor). From Fig. 1.7 it is clear that the
loop will reverse its direction of rotation after a half-turn, unless the direction
of the current is reversed. The role of the commutator connected to the rotor of
a DC motor, is to reverse the current through the motor every half-turn, thus
allowing continuous rotation. Finally, carbon brushes, attached to the stator,
complete the electric circuit of the DC motor. There are types of DC motors
that use electromagnets rather than a permanent magnet, and also types that
are brushless. However, a detailed description of such motors are beyond the
scope of this text.

DC motors are controlled by varying the applied voltage. The equations
for DC motors can be divided into an electrical and a mechanical part. The
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Figure 1.7: A conducting loop of wire placed in a magnetic field. Due to the forces acting on
the loop, it will begin to turn. The loop is shown from above in the right panel, and from the
side in the left panel.
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Figure 1.8: The equivalent electrical circuit for a DC motor.

motor can be modelled electrically by the equivalent circuit shown in Fig. 1.8.
Letting V denote the applied voltage, and ω the angular speed of the motor
shaft, the electrical equation takes the form

V = L
di

dt
+ Ri + VEMF, (1.2)

where i is the current flowing through the circuit, L is the inductance of the
motor, R its resistance, and VEMF the voltage (the back EMF) counteracting V .
The back EMF depends on the angular velocity, and can be written as

VEMF = ceω, (1.3)

where ce is the electrical constant of the motor. For a DC motor, the generated
torque τg is directly proportional to the current, i.e.

τg = cti, (1.4)
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where ct is the torque constant of the motor. Turning now to the mechanical
equation, Newton’s second law gives

I
dω

dt
=
∑

τ, (1.5)

where I is the combined moment of inertia of the motor and its load, and
∑

τ
is the total torque acting on the motor. For the DC motor, the equation takes
the form

I
dω

dt
= τg − τf − τ, (1.6)

where τf is the frictional torque opposing the motion and τ is the (output)
torque acting on the load. The frictional torque can be divided into two parts,
the Coulomb friction (cCsgn(ω)) and the viscous friction (cvω). Thus, the
equations for the DC motor can now be summarized as

τg =
ct

R
V −

ctL

R

di

dt
−

cect

R
ω, (1.7)

I
dω

dt
= τg − cCsgn(ω) − cvω − τ, (1.8)

In many cases, the time constant of the electrical circuit is much shorter than
that of the physical motion, so the inductance term can be neglected. Further-
more, for simplicity, the dynamics of the mechanical part can also be neglected
(e.g. if the moment of inertia of the motor and load is small). Thus, setting
di/dt and dω/dt to zero, the steady-state DC motor equations, determining the
torque τ on the load for a given applied voltage V and a given angular velocity
ω

τg =
ct

R
V −

cect

R
ω, (1.9)

τ = τg − cCsgn(ω) − cvω, (1.10)

are obtained. In many cases, the axis of a DC motor rotates too fast and gener-
ates a torque that is too weak for driving a robot. Thus, a gear box is commonly
used, which reduces the rotation speed taken out from the motor (on the sec-
ondary drive shaft) while, at the same time, increasing the torque. For an ideal
(loss-free) gear box, the output torque and rotation speed are given by

τout = Gτ,

ωout =
1

G
ω, (1.11)

where G is the gear ratio.
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Figure 1.9: A servo motor (the Parallax standard servo). Photo by the author.

Servo motors

A servo motor is, essentially, a DC motor equipped with control electronics
and a gear train (whose purpose is to increase the torque to the required level
for moving the robot).

Servo motors use a potentiometer to determine the angular position (rota-
tion) of their output shaft. An example of a servo motor is the Parallax stan-
dard servo, shown in Fig. 1.9.

In a standard servo, the angle is constrained to a given range [−αmax, αmax],
and the role of the control electronics is to make sure that the servo rotates to
a given (by the user) set position α, and then shuts down. In servo motors, a
technique called pulse width modulation (PWM) is used: Signals in the form
of pulses are sent (e.g. from a microcontroller) to the control electronics of the
servo motor. The duration of the pulses determine the required position, to
which the servo will (attempt to) rotate, as shown in Fig. 1.10.

The limitation to a given angular range is, of course, not very suitable for
motors driving the wheels of a robot. Fortunately, servo motors can be modi-
fied to allow continuous rotation. In the second half of the course, a robot will
be built that uses Parallax continuous rotation servos, rather than the stan-
dard servos.

Other motors

There are many different types of motors, in addition to standard DC motors
and servo motors. An example is the stepper motor, which is also a version
of the DC motor, namely one that moves in fixed angular increments, as the
name implies. However, in this course, only standard DC motors and servo
motors will be considered.
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T

Figure 1.10: Pulse width modulation control of a servo motor. The lengths of the pulses
determine the requested position angle of the motor output shaft. The pulse duration is denoted
by T .

1.1.3 Microcontrollers

Sensors and actuators are necessary for a robot to be able to perceive its envi-
ronment and to move or manipulate the environment in various ways. How-
ever, in addition to sensors and actuators, there must also be a system for an-
alyzing the sensory information, making decisions concerning what actions
to take, and sending the necessary signals to the actuators. In autonomous
robots, this system most often consists of a microcontroller. Essentially, a mi-
crocontroller is a single-chip computer, containing a central processing unit
(CPU), read-only memory (ROM, for storing programs), random-access mem-
ory (RAM, for temporary storage), and several input-output (I/O) ports. In
many cases, microcontrollers are sold together with microcontroller boards
(or microcontroller modules, containing e.g. sockets for wires connecting the
microcontroller to sensors and actuators as well as control electronics, power
supply (battery) etc.

There exist many different microcontrollers, with varying degrees of com-
plexity, and different price levels, down to a few USD for simple microcon-
trollers. In the second half of this course, the Basic Stamp II2 microcontroller,
which costs around 50 USD, will be used, together with the Board of educa-
tion (BOE) microcontroller board.

As mentioned above, a separate motor controller is often used for robotics

2Basic Stamp is a registered trademark of Parallax, inc., see www.parallax.com
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Figure 1.11: A schematic representation of a two-wheeled, differentially steered robot.

applications, since the power source for the microcontroller may not be able
to deliver sufficient current for driving the motors as well. However, the mi-
crocontroller board used in this course is able to drive up to four (small) servo
motors, without any additional power source.

Since microcontrollers (normally) do not have human-friendly interfaces
such as a keyboard and a screen, the normal operating procedure is to write
and compile programs on an ordinary computer (using, of course, a compiler
adapted for the microcontroller in question), and then upload the programs
onto the microcontroller. In the case of the Basic Stamp microcontroller, the
language is a version of Basic called PBasic.

However, in the simulations carried out in the first part of the course, Mat-
lab will be used, and no attempt will be made to provide an exact model of
a microcontroller, since the simulated robotic brains will not be directly trans-
ferred from simulations to actual robots (i.e. the programs used in the robots
will be written separately). However, the simulated robots will be equipped
with brains that could, at least in principle, be transferred to a real robot. In
order for this to be possible, certain conditions, discussed in Sect. 1.5.1 below,
must be met.

1.1.4 Human-robot interaction

In addition to sensors and actuators, a robot should preferably also be equipped
with some means of communication or human-robot interaction (HRI). This is
an important topic in contemporary robotics, and it includes not only the prac-
tical issues involved in communication, such as e.g. face recognition, speech
recognition, speech generation etc., but also the perception (from the user’s
point-of-view) and social impact of various forms of HRI interfaces.

Advanced HRI is, however, beyond the scope of this course. The robots
that will be considered in the second part of the course will, however, be
equipped with a rudimentary microphone for simple communication.
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Figure 1.12: Left panel: Kinematical constraints force a differentially steered robot to move
in a direction perpendicular to a line through the wheel axes. Right panel: For a wheel that
rolls without slipping, the equation v = ωr holds.

1.2 Kinematics

Kinematics is the process of determining the range of possible movements for
a robot, without consideration of the forces acting on the robot, but taking into
account the various constraints on the motion.

1.2.1 The differential drive

A schematic view of a differentially steered robot is shown in Fig. 1.11. The
robot is equipped with two independently steered wheels and a third contact
point for support (e.g. a small teflon sphere in the case of the Khepera robot).
The position of the robot is given by the two coordinates x and y, and its direc-
tion of motion is denoted ϕ.

It will be assumed that the wheels are only capable of moving in the direc-
tion perpendicular to the axis through the body of the robot (see the left panel
of Fig. 1.12).

Furthermore, it will be assumed that the wheels roll without slipping, as
illustrated in the right panel of Fig. 1.12. For such motion, the forward speed
v of the wheel is related to the angular velocity ω through the equation

v = ωr, (1.12)

where r is the radius of the wheel.
The forward kinematics of the robot, i.e. the variation of x, y and ϕ, given

the speeds vL and vR of the left and right wheel, respectively, can be obtained
by using the constraints on the motion imposed by the fact that the frame of
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the robot is a rigid body. For any values of the wheel speeds, the motion of
the robot can be seen as a pure rotation, with angular velocity ω = ϕ̇ around
the instantaneous center of rotation (ICR). If the ICR is located at a distance
L from the center of the robot, the speeds of the left and right wheels can be
written

vL = ω(L − R), (1.13)

and
vR = ω(L + R), (1.14)

where R is the radius of the robot’s body (which is assumed to be circular and
with a circularly symmetric mass distribution). The speed V of the center-of-
mass of the robot is given by

V = ωL. (1.15)

Inserting Eq. (1.15) into Eqs. (1.13) and (1.14), L can be eliminated. V and ω
can then be obtained in terms of vL and vR

V =
vL + vR

2
, (1.16)

ω = −
vL − vR

2R
. (1.17)

Denoting the speed components of the robot Vx and Vy, and noting that Vx =
V cos ϕ, Vy = V sin ϕ, the position of the robot at time t1, for given vL(t) and
vR(t), is given by

X(t1) − X0 =
∫ t1

t0

Vx(t)dt =
∫ t1

t0

vL(t) + vR(t)

2
cos ϕ(t)dt,

Y (t1) − Y0 =
∫ t1

t0

Vy(t)dt =
∫ t1

t0

vL(t) + vR(t)

2
sin ϕ(t)dt,

ϕ(t1) − ϕ0 =
∫ t1

t0

ω(t)dt = −

∫ t1

t0

vL(t) − vR(t)

2R
dt, (1.18)

where (X0, Y0) is the starting position of the robot (at time t = t0), and ϕ0 is
its initial direction of motion. It is uncommon, however, to know the variation
of vL and vR with time a priori. Instead, the wheel speeds are obtained by
integrating the equations of motion for each wheel, taking into account (in
the case of DC motors) the voltage applied to each motor, as a function of
time. In other words, the dynamics of the robot must be considered in order
to determine its motion. This will be the topic of the next section.

1.3 Dynamics

The kinematics considered in the previous section determines the range of pos-
sible motions for a robot, given the constraints which, in the case of the two-
wheeled differential robot, enforce motion in the direction perpendicular to
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Figure 1.13: Left panel: Free-body diagram showing one of the two wheels of the robot.
Right panel: Free-body diagram for the body of the robot and for the two wheels. Only the
forces acting in the horizontal plane are shown.

the wheel axes. However, kinematics says nothing about the way in which a
particular motion is achieved. Dynamics, by contrast, considers the motion
of the robot in response to the forces (and torques) acting on it. In the case of
the two-wheeled, differentially steered robot, the two motors generate torques
(as described above) that propel the wheels forward, as shown in Fig. 1.13.
The frictional force at the contact point with the ground will try to move the
ground backwards. By Newton’s third law, a reaction force of the same magni-
tude will attempt to move the wheel forward. In addition to the torque τ from
the motor (assumed to be known) and the reaction force F from the ground, a
reaction force ρ from the main body of the robot will act on the wheel, medi-
ated by the wheel axis (the extension of which is neglected in this derivation).
Using Newton’s second law, the equations of motion for the wheels take the
form

mv̇L = FL − ρL, (1.19)

mv̇R = FR − ρR, (1.20)

Iwφ̈L = τL − FLr, (1.21)

and

Iwφ̈R = τR − FRr, (1.22)

where m is the mass of the wheel, Iw is its moment of inertia, and r its radius.
It is assumed that the two wheels have identical properties. The right panel of
Fig. 1.13 shows free-body diagrams of the robot and the two wheels, seen from
above. Newton’s equations for the main body of the robot (mass M) take the
form

MV̇ = ρL + ρR (1.23)
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and
Iϕ̈ = (−ρL + ρR)R, (1.24)

where I is its moment of inertia.
In the six equations above there are 10 unknown variables, namely vL, vR,

FL, FR, ρL, ρR, φL, φR, V , and ϕ. Four additional equations can be obtained
from kinematical considerations. As noted above, the requirement that the
wheels should roll without slipping leads to the equations

vL = rφ̇L (1.25)

and
vR = rφ̇R. (1.26)

Furthermore, the two kinematic equations (see Sect. 1.2)

V =
vL + vR

2
, (1.27)

and

ϕ̇ = −
vL − vR

2R
. (1.28)

complete the set of equations for the dynamics of the differentially steered
robot. Combining Eq. (1.19) with Eq. (1.21) and Eq. (1.20) with Eq. (1.22), the
equations

mv̇L =
τL − Iwφ̈L

r
− ρL, (1.29)

mv̇R =
τR − Iwφ̈R

r
− ρR (1.30)

are obtained. Inserting the kinematic conditions from Eqs. (1.25) and (1.26), ρL

and ρR can be expressed as

ρL =
τL

r
−

(

Iw

r2
+ m

)

v̇L, (1.31)

and

ρR =
τR

r
−

(

Iw

r2
+ m

)

v̇R. (1.32)

Inserting Eqs. (1.31) and (1.32) in Eq. (1.23), the acceleration of the center-of-
mass of the robot body can be expressed as

MV̇ = ρL + ρR =
(τL + τR)

r
−

(

Iw

r2
+ m

)

(v̇L + v̇R) = (1.33)

=
(τL + τR)

r
− 2

(

Iw

r2
+ m

)

V̇ ,
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where, in the last step, the derivative with respect to time of Eq. (1.27) has been
used. Rearranging terms, Eq. (1.33) can be written as

MV̇ = A (τL + τR) , (1.34)

where

A =
1

r
(

1 + 2
(

Iw

Mr2 + m
M

)) . (1.35)

For the angular motion, using Eqs. (1.31) and (1.32), Eq. (1.24) can be expressed
as

Iϕ̈ = (−ρL + ρR)R = (−τL + τR)
R

r
+ R

(

Iw

r2
+ m

)

(v̇L − v̇R) , (1.36)

Differentiating Eq. (1.28) with respect to time, and inserting the resulting ex-
pression for v̇R − v̇L in Eq. (1.36), the equation for the angular motion becomes

Iϕ̈ = (−τL + τR)
R

r
− 2R2

(

Iw

r2
+ m

)

ϕ̈. (1.37)

Rearranging terms, this equation can be expressed in the form

Iϕ̈ = B (−τL + τR) , (1.38)

where

B =
1

r
R

+ 2
(

IwR

Ir
+ mRr

I

) . (1.39)

Due to the limited strength of the motors and to friction, as well as other losses
(for instance in the transmission), there are of course limits on the speed and
rotational velocity of the robot. Thus, introducing a damping term in each
equation, the final equations of motion of the simulated robot will be

MV̇ + αV = A (τL + τR) , (1.40)

and
Iϕ̈ + βϕ̇ = B (−τL + τR) . (1.41)

Note that, if the mass m and moment of inertia Iw of the wheels are small
compared to the mass M and moment of inertia I of the robot, respectively,
the expression for A can be simplified to

A =
1

r
. (1.42)

Similiarly, the expression for B can be simplified to

B =
R

r
. (1.43)
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Given the torques τL and τR generated by the two motors in response to the
signals sent from the brain of the robot, the motion of the robot can thus be ob-
tained by integration of Eqs. (1.40) and (1.41). Numerical integration of those
equations will be described below, in connection with the description of the
ARSim robot simulator.

1.4 Localization

Localization (also known as positioning) is the process of determining the
position of a robot. Accurate localization is often essential in robot naviga-
tion, and there are many different ways of solving this problem. First of all,
however, it should be noted that it is a difficult problem: For a robot equipped
only with, say, wheel encoders and a laser range finder, the position can be up-
dated using dead reckoning (see below), but this form of localization requires
frequent calibration, which can be obtained by matching the readings of the
laser range finder to readings stored in the memory of the robot. However, in
an arena with few salient landmarks, the laser range finder may not always be
able to match its readings to a stored landmark.

Of course, in recent years, the introduction of the global positioning sys-
tem (GPS) has meant a simplification of the localization problem. However, in
many situations, (standard) GPS is not sufficiently accurate, or simply not ap-
plicable since the GPS signal is too weak to penetrate buildings (this problem
can be solved, however, see [6]).

Despite its limitation, dead reckoning based on the readings from odome-
ters is an important method for localization which will now be described in
some detail.

1.4.1 Dead reckoning

If a differentially steered robot is equipped with odometers (e.g. in the form of
wheel encoders), and if the initial position of the robot is known, its location at
time t can be estimated using dead reckoning. This term is an abbreviation of
deduced reckoning, and refers to a method for localization that does not use
any external references, such as landmarks detected by the sensors of the robot.
If the speeds vL and vR of the left and right wheel can be sampled continuously,
the position and direction of the robot are easily obtained from Eqs. (1.18).

However, without frequent recalibration (using e.g. landmarks), position-
ing based on dead reckoning suffers from a gradually increasing error or odo-
metric drift. There are several factors contributing to the odometric drift. First
of all, in practice, the odometers can only be sampled at given times, separated
by the sampling time ∆t. Letting ∆xL = vL∆t and ∆xR = vR∆t denote the dis-
placement of the wheels during the time (small) interval ∆t, the position and
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direction of motion of the robot changes according to

∆S =
∆xL + ∆xR

2
, (1.44)

∆ϕ = −
∆xL − ∆xR

2R
, (1.45)

so that
∆X = ∆S cos(ϕ + ∆ϕ), (1.46)

∆Y = ∆S sin(ϕ + ∆ϕ). (1.47)

The integrals in Eqs. (1.18) will thus be replaced by sums, resulting in an error.
Furthermore, other sources of error include misalignment of the wheel axes,
wheel slip (the kinematic equations were derived assuming that the motion of
each wheel is a pure rotation), and inaccuracies in the measured wheel radii.

The addition of a compass can improve the accuracy of dead reckoning. On
the other hand, it is common that the readings of a compass are significantly
disturbed by nearby sources of electromagnetic radiation, both in the environ-
ment and on the robot itself. Thus, before a compass can be used, the effects
of the environment and the placement of the compass on the robot must be
carefully considered.

1.5 Simulation of autonomous robots

Simulations play an important role in research on (and development of) auto-
nomous robots, for several reasons. First of all, testing a robot in a simulated
environment can make it possible to detect whether or not the robot is prone
to catastrophic failure in certain situations, so that the behavior of the robot
can be altered before it is unleashed in the real world. Second, building a
robot is often costly (for example, most laser range finders cost around 10,000
USD or more). Thus, through simulations, it is possible to test several designs
before constructing an actual robot. Finally, it is common to use biologically
inspired computation methods, such as evolutionary algorithms, in connec-
tion with the development of autonomous robots. Such methods require that
many different robotic brains be evaluated, which is very time-consuming if
the work must be carried out in an actual robot. Thus, in such cases, simula-
tions are often used (even though the resulting robotic brains must, of course,
be thoroughly tested in real robots, a procedure which often requires several
iterations involving simulated and actual robots).

There are several simulators for autonomous robots, some of which also
involve evolutionary algorithms. In this section, a simple Matlab simulator,
ARSim, will be introduced. This program will be used throughout the course
and, in particular, in connection with the generation of robotic behaviors.
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Initialize 1. Obtain sensor readings

2. Process information

3. Compute motor signals

4. Move robot

6. Check termination criteria

5. Update arena

Figure 1.14: The flow of a single-robot simulation. Steps 1 through 6 are carried out in each
time step of the simulation.

1.5.1 General issues

In Fig. 1.14, the general flow of a single-robot simulation is shown. Basically,
after initialization, the simulation proceeds in a stepwise fashion. In each step,
the sensors of the robot are read, and the resulting signals are sent to the robotic
brain, which computes appropriate motor signals that, finally, are sent to the
motors. Given the motor signals, the acceleration of the robot can be updated,
and new velocities and positions can be computed. Changes to the arena (if
any) are then made, and the termination criteria are checked.

Timing of events

As mentioned earlier, simulation results in robotics must be validated in an
actual robot. However, in order for this to be possible, some care must be
taken regarding steps 1-3. To be specific, one must make sure that these steps
can be executed (on the real robot) in a time which does not exceed the time
step length in the simulation. Here, it is important to distinguish between
two different types of events, namely (1) those events that take a long time to
complete in simulation, but would take a very short time in an actual robot,
and (2) those events that are carried out rapidly in simulation, but would take
a long time to complete in an actual robot.

An example of an event of type (1) is collision-checking. If performed
in a straight-forward, brute-force way, the possibility of a collision between
the (circular, say) body of the robot and an object must be checked by going
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Dt

Read first
IR sensor

Read second
IR sensor

Process information,
compute motor output

Transfer motor
signals

Figure 1.15: A timing diagram. The boxes indicate the time required to complete the corre-
sponding event in hardware, i.e. a real robot. In order for the simulation to be realistic, the
time step ∆t used in the simulation must be longer than the total duration (in hardware) of all
events taking place within a time step.

through all lines in a 2D-projection of the arena (see Fig. 1.17), at every time
step. Of course, there are ways to avoid checking for collisions with far-away
objects, but the point is that collision-checking may nevertheless be very time-
consuming in simulation whereas, in a real robot, it amounts simply to read-
ing a bumper sensor or a whisker, and transferring the signal (which, in this
case, is binary, i.e. a single bit of information) from the sensor to the brain
of the robot. Events of this type cause no (timing) problems at the stage of
transferring the results to a real robot, even though they may slow down the
simulation considerably.

An example of an event of type (2) is the reading of sensors. For example,
an IR sensor can be modelled using simple ray-tracing (see below) and, pro-
vided that the number of rays used is not too large, the update can be carried
out in a matter of microseconds in most simulators. However, in a real robot
it might take longer time, for several reasons. The reading of an IR sensor in-
volves very little computation compared to the reading of a camera with, say,
640 × 480 pixels, but the transfer of the reading from the sensor to the robotic
brain is a potential bottleneck. As an example, consider the Khepera robot
(see Fig. 1.1). In its standard configuration, it is equipped with eight IR sen-
sors, that are read in a sequential way every 2.5 ms, so that the processor of
the robot receives an update of a given IR sensor’s reading every 20 ms. The
updating frequency is therefore limited to 50 Hz. Thus, a simulation of a Khep-
era robot using, say, a time step of 0.01s (updating the simulated sensors with
a frequency of 100 Hz), would be unrealistic.

In practice, the problem of limited updating frequency in sensors can be
solved by introducing a Boolean readability state for each (simulated) sensor.
Thus, in the case of a Khepera simulation with a time step of 0.01s, the sensor
values would be kept constant for two time steps before being updated.

Step 2, i.e. the processing of information by the brain of the robot, must
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also, in a realistic simulation, be carried out sufficiently fast, so that the three
steps (1, 2, and 3) together can be carried out within the duration ∆t (the sim-
ulation time step) when transferred to the real robot. An example of a timing
diagram for some robot (not Khepera) is shown in Fig. 1.15. In the case shown
in the figure, two IR proximity sensors are read, the information is processed
(for example, by being passed through an artificial neural network), and the
motor signals (voltages, in the case of DC motors) are then transferred to the
motors. The figure shows a case which could be realistically simulated, with
the given time step length ∆t. However, if two additional IR sensors were to
be added, the simulation would become unrealistic: the real robot would not
be able to complete all steps during one time step.

For the simple robotic brains considered in this course, step 2 would gener-
ally be carried out almost instantaneously (compared to step 1) in a real robot.
Similarly, the transfer of motor signals to a DC motor is normally very rapid
(note, however, that the dynamics of the motors may be such that it is pointless
to send commands with a frequency exceeding a certain threshold).

To summarize, a sequence of events that takes, say, several seconds per
time step to complete in simulation (e.g. the case of collision-checking in a very
complex arena) may be perfectly simple to transfer to a real robot, whereas a
sequence of events (such as the reading of a large set of IR sensors) that can
be completed almost instantaneously in a simulated robot, may simply not be
transferable to a real robot, unless a dedicated processor for signal processing
and signal transfer is used.

Noise

Another aspect that should be considered in simulations is noise. Real sensors
and actuators are invariably noisy, on several levels. Furthermore, even sen-
sors that are supposed to be identical often show very different characteristics
in practice.

In the literature, there are several different investigations on the role of
noise in robotic simulations. An important result is reported in [17], where
it was found that the best results (concerning transfer of simulation results to
actual robots) are obtained if the noise level in the simulations matches the
noise level in the actual robot. The realization that some noise must be added
is quite trivial, but the fact that simulations are able to exploit excessive noise
levels in a way not available to a real robot is quite important.

Sensing

In addition to correct timing of events and the addition of noise in sensors and
actuators, it is necessary to make sure that the sensory signals received by the
simulated robot do not contain more information than could be provided by
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the sensors of the corresponding real robot. For example, in the simulation of
a robot equipped only with wheel encoders (for odometry), it is not allowed
to provide the simulated robot with continuously updated and error-free po-
sition measurements. Instead, the simulated odometers, including noise and
other inaccuracies, should be the only source of information regarding the po-
sition of the simulated robot.

1.5.2 Components of ARSim

The autonomous robot simulator ARSim, which allows simulation of two-
wheeled, differentially steered robots with circular bodies (and circularly sym-
metric mass distribution), was written in Matlab, and has been tested for Mat-
lab versions 6.5.3 and 7.0.4. The flow of an ARSim simulation basically follows
the scheme shown in Fig. 1.14.

The present version of ARSim supports only two sensor types, IR sensors
and wheel encoders.

Arena

ARSim is a two-dimensional simulator, in which all arena objects are repre-
sented as polygons. An example, containing six arena objects, is shown in
Fig. 1.17. Four of the objects form the walls of the arena, and the other two
represent obstacles. Note that arena objects may take any polygonal shape, i.e.
there is no requirement that the objects should be rectangular.

IR Sensors

For the IR sensors, a simple ray-tracing method is used in which, for each ray
emanating from the sensor, the reading is based on the distance to the nearest
object along the ray. The method is illustrated in Fig. 1.16. Let ϕ denote the
current direction of motion of the robot (assumed to be differentially steered),
and let α denote the relative direction of the IR sensor. The ith ray is emitted in
the direction βi given by

βi = ϕ + α −
γ

2
+ (i − 1)δγ, (1.48)

where N is the number of rays and δγ is given by

δγ =
γ

N − 1
, (1.49)

where γ is the opening angle of the sensor. Let r denote the sensor range, and
di the distance to the nearest object along ray i. If di ≤ r, the contribution ρi to
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Figure 1.16: The right panel shows a robot equipped with two IR sensors, and the left panel
shows a blow-up of the left sensor. In this case, the number of rays (N ) was equal to 5. The
leftmost and rightmost rays, which also indicate the opening angle γ of the IR sensor are shown
as solid lines, whereas the three intermediate rays are shown as dotted lines.

the total reading of the sensor for this ray is given by (see [17])

ρi = min

(

cos κi

(

a

d2
i

+ b

)

, 1

)

, (1.50)

where a and b are non-negative constants and

κi = −
γ

2
+ (i − 1)δγ. (1.51)

If di > r, ρi = 0. Note that it is assumed that κi ∈ [−π/2, π/2]. The total reading
s of the IR sensor is obtained as

s =
1

N

N
∑

i=1

ρi. (1.52)

In the standard version of ARSim, no sensory noise is added. However, the
equations above can easily be adjusted to accomodate noise, e.g. by adding a
small, normally distributed random number to the reading s.

Wheel encoders and odometry

In addition to IR sensors, ARSim robots may be equipped with odometry. A
slightly simplified model is used in this case: the actual wheel encoders are
not simulated. Instead, the actual values of the wheel speeds (vL and vR) are
used, and the displacement of the robot in one time step (of duration ∆t) is
computed as

∆xL = vL∆t + εN(0, σo), (1.53)
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∆xR = vR∆t + εN(0, σo), (1.54)

where N(0, σo) denotes normally distributed random numbers with variance
σo, and ε determines the noise level. Thus, the terms proportional to ε model
the odometry errors. Given ∆xL and ∆xR, the changes in the position and
direction of the robot are computed as in Eqs. (1.44)-(1.47).

DC motors

The motors implemented in ARSim are standard DC motors of the kind de-
scribed in Sect. 1.1.2 above. In ARSim, both the electrical and mechanical
dynamics of the motors are neglected. Thus the torque acting on the motor
shaft axis is given by Eqs. (1.10). Gears are implemented in ARSim, so that the
torques acting on the wheels is given by Eqs. (1.11). As was the case for the IR
sensors, no noise is added to the motor torque τ .

Motion

Once the torques acting on the wheels have been generated, the motion of the
robot is obtained through numerical integration of Eqs. (1.40) and (1.41). In
ARSim, the integration is carried out using simple first-order (Euler) integra-
tion. For each time step, V̇ and ϕ̈ are computed using Eqs. (1.40) and (1.41),
respectively. The new values V ′ and ϕ̇′ of V and ϕ̇ are then computed as

V ′ = V + V̇ ∆t, (1.55)

ϕ̇′ = ϕ̇ + ϕ̈∆t, (1.56)

where ∆t is the time step length. The value of ϕ is then updated, using the
equation

ϕ′ = ϕ + ϕ̇′∆t, (1.57)

The cartesian components of the velocity are then obtained as

V ′
x = V ′ cos ϕ, (1.58)

V ′
y = V ′ sin ϕ. (1.59)

Finally, given V ′
x and V ′

y , the new positions X ′ and Y ′ are computed as

X ′ = X + V ′
x∆t, (1.60)

Y ′ = Y + V ′
y∆t. (1.61)
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Figure 1.17: A typical screenshot from an ARSim simulation. The black lines emanating
from the two IR proximity sensors of the robot are the rays used for determining sensor read-
ings.

Robotic brain

While the physical components of the robot, such as its sensors and motors, of-
ten remain unchanged between simulations, the robotic brain must, of course,
be adapted to the task at hand. In ARSim the processing of information takes
place in the BrainStep function. By default, this function implements a sim-
ple random-walk behavior, in which the robot follows a straight-line trajectory,
interrupted by sudden, random turns, but the function can, of course, easily
be modified.

1.5.3 Using ARSim

The simplest way to acquaint oneself with ARSim is to run and dissect the test
program distributed with the program. In order to do so, start Matlab, move
to the right directory and write

>> TestRunRobot

and press return. The robot appears in a quadratic arena with four walls and
two obstacles, as shown in Fig. 1.17. The robot is shown as a circle, and its di-
rection of motion is indicated by a thin line. The IR sensors (of which there are
two in the default simulation) are shown as smaller circles. The rays used for
determining the sensor readings (three per sensor, per default) are shown as
lines emanating from the sensors. In the default simulation, the robot executes
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1,000 time steps of length 0.01 s, unless it is interrupted by a collision with an
obstacle or a wall.

As mentioned above, the flow of the simulation basically follows the struc-
ture given in Fig. 1.14. The first lines in the TestRunRobot.m file are devoted
to adding the various ARSim function libraries to Matlab’s search path. The
arena objects are then created and added to the arena. Next, the brain of the
robot is created (by a call to CreateBrain), and the setup is completed by
creating the sensors and motors, and adding them to the robot.

Before the actual simulation starts, the plot of the arena (including the
robot) is created. Optionally, a variable MotionResults, storing information
about the robot’s motion, can be created. ARSim then executes the actual sim-
ulation. Each time step begins with the sensors being read. Next, the robotic
brain processes the sensory information (by executing the BrainStep func-
tion), producing motor signals, which are used by the MoveRobot function.
Finally, a collision check is performed.

In normal usage, only a few of ARSim’s functions need be modified, namely
CreateBrain, in which the parameters of the brain are set, BrainStep,
which determines the processing carried out by the robotic brain, and, of course,
the main file (i.e. TestRunRobot in the default simulation), where the setup
of the arena and the robot are carried out. Normally, no other Matlab functions
should be modified unless, for example, one wants to, say, modify the plot pro-
cedure. Note that plotting of the rays involved in the computation of the IR
sensor readings is off per default. It can be turned on by setting the param-
eter ShowSensorRays to true. A brief description of the Matlab functions
contained in ARSim is given in Appendix A.
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