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Robot Navigation System based on Three 
Optical Mice 

Master Thesis by Javier Herrero de la Cal 

Abstract - One of the most important aims for a 
mobile robot is to be able to localize itself in the 
field where it navigates. A dead reckoning 
procedure to support reliable odometry on a 
mobile robot with three optical sensors is 
presented in this report. 

This thesis presents the motivation to use 
this system and the justification to use three 
sensors. The optical sensors are studied as well. 

Moreover, the algorithm to calculate the 
position of the robot is proposed as a method to 
calibrate the sensors and the autocorrection of 
their own information. Finally some 
experimental results are presented and 
conclusions are drawn. 

• List of Symbols 

sx,i x movement for sensor i [pixel] 

Sy,i y movement for sensor i [pixel] 

Ra; Radius for each sensor [mm] 

Re Robot gravity centre position [mm] 

R; Sensor i position [mm] 

X; position in the x axis [mm] 

Y; position in the y axis [mm] 

di,j distance between sensor i and 

sensorj [mm] 

<p Robot rotation [radj 

'5; Disorientation of each sensor [radj 

rx,i Sensor i resolution in x-axis [ ~m ] 
pzxel 

ry,i Sensor i resolution in y-axis [ mm ] 
pixel 

• Symbol convection: 
The subscript refers either to the sensor { 1, 2, 

3} or to the robot gravity centre { c} . 
The superscript refers either to the sensors 

reference system {Rl, R2, R3} or to the robot 
reference system { C} or to the field reference 
system { F} . A further -1 in the superscript indicates 

the reference system refers to its previous origin 
and orientation. 

Example: R~1-1 : Position of the sensor 1 in its 

previous reference system. 

R[ : Position of the robot gravity centre 

in the field reference system. 

1. INTRODUCTION 

1.1 Background 
Since the beginning of the development of 

mobile robots, the localiz.ation of the robot has 
been one of the main problems for most of the 
applications. The knowledge of the absolute and 
the relative movements has been always important. 
For our particular purpose, consider the Robocup 
competition. Robocup is the football world 
championship for robots. The robots must be able 
to know their own position in the football field, as 
well as the other robots position. The aim of this 
thesis is to develop a system to solve the problem 
of robot positioning. 

Although there are different ways to localize 
the robot in the field, the most typical systems have 
been focusing in dead reckoning. Dead reckoning 
is a navigation method based on measurements of 
the distance traveled from a known point used to 
incrementally update the robot pose. Therefore, this 
leads to a relative positioning method, which has 
the problem of error accumulation, unlike for the 
absolute systems. 

Normally, mobile robots use dead reckoning 
based on odometry in order to perform their 
navigation tasks. Typically, odometry relies on 
measures of the space covered by the wheels 
gathered by encoders which can be placed directly 
on the wheels or on the engine axes, and then 
combined in order to compute the robot movement 
along the x and y axis and its change of orientation. 

The main problems which affect to an 
odometry system are the following [4]: 

• Systematic errors, caused by factors such as 
unequal wheel-diameters, imprecisely 
measured wheel diameters and wheel 
distance, or an imprecisely measured tread. 
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• Non-systematic errors caused by 
irregularities of the floor, bumps, cracks, 
wheel-slippage or sensor disruptions. 

This thesis presents a dead reckoning method 
which is robust towards non-systematic errors, 
since the odometric sensors are not coupled with 
the driving wheels. It is based on the measures 
taken by three optical sensors fixed on the bottom 
of the robot. With this system it is possible to 

estimate three parameters ( x [ , y [ , rp ). Actually 

there is no need of using three sensors, but, as 
shown further, we can get better results this way. In 
that case, an easier algorithm can be used and 
sensor data error correction can be implemented. 

1.2 Contributioris 
So far, there have been not so many 

publications about dead reckoning with optical 
mice. Therefore, this thesis contributes to the 
research on these systems and proposes a new 
algorithm and a new autocorrection system. This 
work studies all the different parts of the system, 
sensors, pose computing, calibration and 
autocorrection to globally understand this particular 
odometric system. 

1.3 Index 
1. Introduction. 
2. Motivation. 
3. Justification of a three sensors system. 
4. Study of optical mice sensors and selection 
5. Sensor Calibration. 
6. Computation of the robot position. 
7. Sensor error detection and correction. 
8. Experimental results. 
9. Discussion 
10. Conclusions and future work. 

2. MOTIVATION 

Classical dead reckoning methods, which use 
the data measured by encoders on the wheels (drive 
wheels or independent wheels) or on the engine
axis, suffer from two kinds of errors [4]: 

1. Systematic Errors 
a. Unequal wheel diameters. 
b. Average of both wheel diameters differs 

from nominal diameters. 
c. Misalignment of wheels 
d. Uncertainty about the effective 

wheelbase. 
e. Limited encoder resolution. 
f. Limited encoder sampling rate. 

2. Non-systematic errors 
a. Travel over uneven floors. 
b. Travel over unexpected objects on the 

floor. 
c. Wheel-slippage due to: 

• slippery floors 
• over-acceleration 
• fast turning (skidding) 
• external forces (interaction 

with external bodies 
It is difficult to reduce the number of error 

sources. However, the non-systematic errors can be 
reduced. The method presented in this thesis aims 
at this target. This is the main difference ~ith 
respect to the classical method of dead reckomng 
based on encoders. There are two main issues that 
cause non-systematic errors: slipping, which occurs 
when the encoders measure a movement larger than 
the one actually performed (e.g. when the wheels 
lose the grip on the ground), and crawling, which is 
related to a robot movement that is not measured 
by the encoders (e.g. when the robot is pushed by 
an external force, and the encoders cannot measure 
the displacement). 

The dead reckoning method based on optical 
sensors does not suffer from slipping, because there 
is not any contact (direct or indirect) between the 
sensor and the ground. Also the crawling is solved, 
since the mice keep on reading even when the robot 
moves due to external factors (e.g. pushing), 
without using its engines. Indeed, sensors detection 
does not depend on the motors, but on the real 
robot movement. On the other hand, the method 
runs into problems when the distance between the 
sensor and the ground becomes too large (see the 
study of the optical mice sensors and selection), or 
when particular surfaces are used. In fact, sensors 
very much depend on the surface properties (color, 
brightness, roughness, etc.). 

Another advantage of this method is that it is 
independent from the Kinematics of the robot. 
Thus, we can use the same system for different 
robots. The methods based on encoders depend on 
the configuration of the wheels. As a consequence, 
it is difficult to integrate the same system in 
different robots because of both geometrical and 
slipping reasons. 

The system needs three optical sensors 
(mice), and a USB hub, if we do not connect the 
three USB cable directly to the computer or to the 
system of data acquisition. It is also possible to 
develop an electronic board to establish a 
communication between the sensors and a 
microcontroller, by SPI. The data can then be sent 
via a USB cable to the computer or processed in 
the microcontroller directly, by using the same 
algorithm. 

These characteristics allow to build an 
accurate portable dead reckoning system, which 
can be used by all the mobile robots that operate in 
an suitable environment: the ground quality must 
allow the mice to measure the movements (indoor 
environments typically meet this requirement). 

Robot Navigation System based on Three Optical Mice 2 
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3. JUSTIFICATION OF A THREE SENSORS 

SYSTEM 

As mentioned before, the system uses three 
optical mice. In principle, two mice are enough, as 
shown in [ l ]. In fact only three axes are needed and 
with two mice four axes are available: three 
independent and one dependent of the other three. 
However, to minimize the errors, simplify the 
algorithms and correct the sensors position errors, 
the use of three sensors provides a considerable 
advantage. In fact, sensor errors can be only 
minimized, when using two sensors, as shown in 
[3], while three sensors allow the errors correction. 
On the other hand, the main disadvantage is the 
increase in the cost of the system. 

The next step in the problem is to know 
where the three mice should be installed. The final 

aim is to get three different values ( x [ , y [ , <p ) that 

represent the x and y position of the robot gravity 
centre and the rotation, with respect to the field 
coordinates system. Several configurations for the 
system are possible. Mounting the sensors 
equidistant on a circle is the optimum solution, as 
the robot movements push each sensor in a 
different direction. This way, the errors at each 
sensor, associated to the movement in the different 
directions, are minimized. Figure l shows the 
sensors locations and the different reference 
systems involved. 

y 

F x 

y 

Rl 

Fig. l. Allocation of the sensors and reference systems 
used in the method. 

Other configurations would give more 
relevance to some directions rather than to others 
and this is not optimal, in general. 

4. STUDY OF OPTICAL MICE SENSORS AND 
SELECTION 

4. 1 Introduction 
Today's PC mice involve two main 

technologies, being they mechanically or optically 
driven. The mechanical engine was the first 
introduced system (1960s), while the optical 
technology was introduced in the 1980s, but spread 
out in the first years of 2000. This report will show 
the optical mice technology, as they are used in our 
application. 

The main advantage of optical mice with 
respect to traditional mechanical systems for 
movement detection is the absence of moving parts 
that could be damaged by use or dust. Moreover is 
not needed a mechanical coupling of the sensor and 
the floor thus allowing the detection of movement 
in case of slipping and on many surfaces, including 
soft, glassy and curved pavements. However, 
optical mice are subject to problems with the 
different surfaces (glossy, mirrored, transparent ... ). 

Fig.2. Optical mice illuminate an area of the work 
surface with a LED, and the patterns seen are reflected 

onto the navigation sensor. 

The heart of an optical mouse is a low
resolution mini camera called a sensor. The 
navigation LED illuminates a surface, the light 
reflects off the surface, and is collected through the 
lens. Most mouse manufacturers use a visible red 
LED, while some also produce versions using an 
IR LED. 

When the mouse is moved the sensor takes 
continuous snapshots of the surface and compares 
the images to determine the distance and direction 
traveled utilizing digital signal processing (see [14) 
and [15)). The sensor not only is able to capture the 
x and y axis but also some data from the surface 
such as maximum vale of the pixels or the SQUAL 
(surface quality) [ 10). 

Robot Navigation System based on Three Optical Mice 3 
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4.2 Quality factors 
The quality of an optical mouse is defined 

by several parameters, which are different in each 
sensor. They are summarized in the following list: 

• Image sensor size (pixels) 
The optical sensor is essentially a small 

digital gray scale camera. How big the image is 
helps determine how fast you can move the mouse 
and maintain accurate tracking. If the image 
processor in the mouse is able to handle all the 
data, bigger images are generally better. Image 
sensor size varies from 16x16 pixels to 30x30 
pixels. 

• Resolution (counts/inch) 
The resolution of the mouse is determined 

by the optical properties of the focusing lens and 
the physical size of the image sensor. The mouse 
resolution is then further modified by the driver 
software on the processing device, where the 
sensitivity of the mouse can be decreased by 
ignoring very small movements. 

The optical resolution of the mouse is 
usually given in CPI (counts per inch). It can also 
be given in pixels per inch or (somewhat 
erroneously) in DPI (dots per inch). This refers to 
the pixels per inch of the camera, not of the device 
that receives the sensor data (e.g. PC desktop 
screen). The higher resolution is the minimum 
distance detected as a mouse movement. The 
resolution of common mice is 400-800 CPI. 

• Refresh rate (Hz or samples/sec) 
Besides the sensor size and resolution, the 

frequency with which the camera takes the 
snapshots is a quality parameter. It determines how 
far the mouse can be moved per second without 
losing the track of the reflected optical signal. 

Refresh rates are given in samples per 
second, Hertz, or (also somewhat erroneously) 
frames per second. As long as the image processor 
keeps up, faster refresh rates are better. Mouse 
refresh rates vary from 1500-7080 samples/sec. 

• Image detail (lens purity, light color, etc.) 
The quality of the lens has an impact as 

blurry lenses distort and corrupt the image that the 
sensor sees, making it more difficult for the image 
processor. The light color can affect the contrast of 
the surface (red brings out details better than blue) 
and the image sensor is designed to respond best to 
a certain light wavelength as well. 

For example, the Agilent ADNS-3080 
optical mouse sensor has this response curve for a 
given wavelength oflight [12]. 

0.9 

0.8 

:f 0.7 

i •.• 
! 0.5 

j :~ 
0.2 

0.1 

0 

/ 
/ 

olOO 

/ "'-
./ ~ '\. 

/ \. 

' \. 
'\ 

' 
" ""'-

800 700 800 1800 
-.lenglh(nrn) 

Fig.3. Relative responsivity vs. wavelength. 

The visible light spectrum is made up of 
electromagnetic waves of wavelength from -400 to 
-750nm.: 

Wavelength 
lbnge(nm) 

(100-400) 

400-450 

450-500 

500-570 

570-590 

590-610 

610-750 

Color 

Blue 

Green 
~----

Yellow 

orang;e 

Red 

LED's Available! 
(nm) i 

(none) 

"Blue" 463, 470, ! 
472 

I "(Jreen"524~52?J 
"Yellow" 588-

595 
. , .•.. . . .. ,_-,---- -~ 

"Orange" 605 

"Red" 625-630, 
660 

Table I. Wavelengths and LED's available to obtain 
them. 

So, red light at 630 nm works best (and is 
also very efficient power-wise, so that is what is 
used), near infrared at 850 nm would word OK, IR 
at 945 nm wouldn't work very well. Blue LED's at 
470 nm would work better than 850 nm near IR. 

• Image processing power (Mpixels/sec) 
The amount of processed data per second 

increases when increasing the image sensor size or 
the refresh rate. Mice with the same amount of 
image data processed per second should work with 
about the same accuracy, even if they have 
different sensor size and refresh rate. 

Image processing power is calculated by 
multiplying the total number of pixels in each 
image by the number of images per second. 

• Max speed (inches/sec) 
This is the maximum speed at which the 

mouse can move while keeping the tracking. Like 
resolution, sensor size, and refresh rate, the 
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maximum speed is determined by the tracking 
algorithm. This is an important parameter: if the 
maximum speed is too low, the sensor reads 
random values. Unfortunately, the tracking 
algorithm was not available and the maximum 
speed could not be determined. However, 
experimental tests were performed. 

• Max acceleration (g) 
The max acceleration represents how fast the 

mouse can change direction, given in units of 'g', 
the acceleration due to gravity on the Earth's 
surface. This also varies by image processor design 
and tracking algorithm, so this information can be 
obtained by manufacturer datasheets or by 
experimental tests. 

Glossy packaging (LED) Glossy packaging (Laser) 

Whiteboard (LED) Whiteboard (Laser) 

.- ... :••' 
.'- · . .,J ..... . . , .. , . .. .. 

• ia ... 

·; .... 
White Tile (LED) Whiteboard (Laser) 

Fig.4. Images taken by LED-based sensors and laser 
sensors in different surfaces. 

4.3 Laser Mice 
The laser mouse operating principle is 

basically the same as an LED-based optical mouse, 
except the laser mouse uses a laser diode as an 
illumination source. The coherent nature of laser 
light creates patterns of high contrast when its light 
is reflected off a surface. The pattern appearing on 
the sensor reveals details on any surface, even 
glossy ones that would look totally uniform when 
exposed to the incoherent LED illumination. The 
precision image sensor then has no difficulties in 
tracking on these patterns and calculating position 
and movement. With enhanced image contrast 

providing a 20-times improvement, the laser mouse 
can track on surfaces where a conventional LED
based optical mouse cannot. Basically, the reason is 
because the laser is a uniform tight beam, so it can 
reflect more detail from minor surface defects and 
textures. The Fig. 4 show three different images 
captured from both LED-based optical mouse and a 
laser mouse. 

4.4 Sensor selection 
Considering these general characteristics for 

the optical mice sensors, the most suitable one for 
our application must be chosen. Every quality 
parameter must be taken into consideration to 
choose the sensor. The most important parameter, 
however, is the maximum speed. The robots have a 
maximum speed of approx. 2 mis, which is a very 
high speed for our application. So, the sensor that 
admits the highest speed should be selected. 

Furthermore, the type of sensor has to be 
chosen. As mentioned before, there are two general 
kinds of sensors: the LED-based sensors and the 
laser sensors. For the experiments one sensor of 
each kind were chosen, in order to compare the 
results of each system. 

The selected LED-based sensor is the 
Agilent ADNS-3080. Characteristics are shown in 
[II] and [12]. The most interesting characteristics 
for our purpose are the following: 

• Image sensor size: 30x30 pixels. 
• Resolution: 400 or 600 CPI (programmable). 
• Refresh rate: 6469 Hz 
• Mpixel/s: 5.8221 1 

• Max speed: 1016 mm/s 
• Max acceleration: l 5g 

The selected laser sensor is the Agilent 
ADNS-6010. Detailed characteristics are shown in 
[13]. The most important parameters for our 
application are: 

• Image sensor size: 30x30 pixels. 
• Resolution: 400, 800, 1600 or 2000 CPI 

(programmable) 
• Refresh rate: 7080 Hz 
• Mpixel/s: 6.372 1 

• Max speed: 1143 mm/s 
• Max acceleration: 20g 

In the experimental results section the results 
obtained with these sensors are presented. 

A further consideration about the optical 
mouse sensors concerns the distance between the 
sensor and the ground. This is very important 
because the resolution changes with this distance. 

1Mpixel/s is calculated as the total amount of 
pixels of an image multiply by the Refresh rate 

Robot Navigation System based on Three Optical Mice 5 
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For instance, if the robot structure is such 
that the distance between the sensor and the ground 
can vary, the sensor resolution changes as well. 
The following chart shows the resolution 
dependence on the sensor position for the ADNS-
60 I 0 sensor: 
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Fig.5. Typical resolution vs. Z (distance from lens 
reference plane to surface) for different surfaces. 

5. SENSOR CALIBRATION 

In the introduction, two kinds of errors have 
been presented: systematic and non-systematic 
errors. 

In this and in the following sections, we 
present the method to reduce the number of 
systematic and non-systematic errors, respectively. 
The method to reduce the systematic errors is 
commonly known as calibration. 

To design the method to calibrate the sensor, 
the main causes of systematic errors must be 
considered: 

• Imperfections in the measurements of the 
position and orientation of the three mice 
with respect to the robot. 

• The resolution of the mouse, which depends 
on the work surface. 

• Different resolutions of each axis of the 
three sensors. Hence, six different 
resolutions. 
To reduce the systematic errors, several 

parameters related to the positioning of the three 
sensors must be calculated. These parameters 
are {Ra1, Ra2 , Ra3 } , the distance from the robot 

gravity centre to each sensor, {81, 82 , 83 } , the 

misalignment with respect to the ideal 120 degrees 
between the sensors (see Fig. I), 
and {r .. 1 ,ry1 ,r .. 2 ,ry2 , r .. 3 , ry3 }, the different 

resolutions for each axis. Although the 
manufacturer provides the sensor resolution, this 
feature is actually different in each case for each 
axis. 

The six first mentioned parameters are 
shown in the Fig. 6. 

Fig.6. Representation of six parameters which should be 
calculated at the calibration. 

The twelve parameters listed above are 
important to obtain the best results for the 
positioning. The three disorientations define the 
actual disorientation of every sensor reference 
system. Once that is known, the robot gravity 
centre position can be accurately computed. The 
three radii are important to calculate a more 
accurate robot orientation, while the resolutions 
lead to an accurate pixels-mm conversion. 

In order to estimate these parameters, we 
defmed a calibration procedure, which consists in 
two different measurements: translational 
measurement and rotational measurement. 

The translational measurement consists in 
moving the robot 1000 mm along a straight line, 
while one of the sensors keeps the y-axis 
perpendicular to the movement (not considering the 
unknown disorientation). This should be done a 
number of times (five runs in our case) for each 
sensor, in order to obtain a mean value. 

In the calibration the disorientation and the 
resolution of each sensor are determined in the way 
described further. After the straight movement, the 

six values {L sx.i' L sy,J are obtained for the 

measurement with the y-axis of sensor i (ideally) 
perpendicular to the movement direction. The 
disorientation can then be written as: 

(I) 

Robot Navigation System based on Three Optical Mice 6 
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1000 

Fig. 7. Schematic representation of experiment J. A I m long straight line has to be covered by the robot with its y-axes 
perpendicular to the movement direction. 

Once the disorientations are known, the 
resolution factors for each axis, relatively to the 
same test, can be calculated as follows: 

(2) 

1000 · sin(8;) 
ry,i = ~ 

L,,sy,; 
(3) 

These results can only be applied when the 
y-axis of each sensor is perpendicular with respect 
to the movement direction. That is, if the y-axis of 
sensor i is perpendicular to the movement 
direction, 81 , rx,I and r y,I can be calculated with 

the Eq. (1), (2) and (3). Anyway, }2sy,; is expected 

to be very small. Hence, it is not recommended to 

take into account the value of ry,; in the experiment 

because the amount of data available to calculate it 
is not enough. 

From now on, we ref er to the straight line 
movement experiment (see Fig. 7) as experiment J. 
Experiment 2 (3) is with the y-axis of sensor 2 (3) 
perpendicular to the movement. 

Considering the disorientations shown in the 
figure 5 and the 1000 mm straight line movement, 
the resolution parameters can be calculated as 
follows: 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

For the other two experiments the equations 
should be modified, considering the position of 
each sensor. 

As mentioned at the beginning of this 
section, one more experiment must be performed: 
the rotational measurement. This experiment 
consists in turning the robot around its gravity 
centre axis with an angle of 360 degrees, for five 
times without stopping. The five rotations are 
useful for deriving a mean value of the measured 
data. 

With this experiment, the distances from 
each sensor to the robot gravity centre are 
determined. During a rotation of the robot around 
its gravity center axis, the y-axis of each sensor is 
perpendicular to the movement direction. While the 
sensor y-axis is kept perpendicular with respect to 

the movement direction, }2sy,; = 0. However, it 

is not possible to have an ideal rotation. This brings 

the sensor to read Ls y,; * 0 

As shown in Fig. 8, with this measurement 
three different circumferences are obtained, one for 
each sensor. So, calculating the perimeter, the 
distance from each sensor to the robot's gravity 
centre is obtained with the following formula: 

Robot Navigation System based on Three Optical Mice 7 
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With this last experiment, the last 
parameters of the calibration were calculated. It 
was then possible to introduce them in the 
algorithm, to calculate the position of the robot 
gravity centre in the field. 

Fig.8. Different circumferences obtained with the 
rotational measurement to calculate the radii. 

6. COMPUTATION OF THE ROBOT POSITION 

Before describing the algorithm to calculate 
the robot gravity center position, all the reference 
systems that are used to compute the position must 
be defined. 

Field reference system {F}: Reference 
system fixed in the origin of the field (usually one 
of the corners of the field). The y-axis (x-axis) is 
parallel to the longest (shortest) side of the field. 

Robot reference system {C}: Reference 
system fixed to the robot gravity centre. It moves 
when the robot moves. The y-axis is oriented from 
the gravity centre of the robot to the one (supposed) 
of the sensor, without considering the 
disorientation obtained in the calibration. 

Sensor reference system {RI}, {R2}, {R3}: 
Reference system of each sensor. The reference 
system axes are the same as sensor axes. 

All these reference systems are shown in the 
Fig. 1. 

When describing the algorithm, the symbol 
convention shown at the beginning of this thesis is 
used. 
The algorithm presented in this thesis is based on 
matrix operations. The aim of the algorithm is to 
obtain the robot position and its rotation in the field 

reference system {x; ,y; ,q.i}. The method used is 

very simple and it has four general steps. First of 
all, the sensors displacements in the robot reference 
system have to be calculated. Then, the 
displacement of the robot gravity centre in the 

robot reference system is determined. The rotation 
is then calculated and, finally, the robot 
displacement and position in the field reference 
system are computed. These algorithm steps are 
analyzed in detail in the following part of this 
section. 

Fig.9. Robot movement and displacement vectors 

Firstly, the sensor displacements must be 
determined in the robot reference system. Indeed, 
the data read by the sensors refer to the sensor 
reference systems. Three of coordinates-change 
matrices are defined as follows: 

(11) 

(12) 

(13) 

To find the displacements of the three 
sensors in the robot reference system, the following 
matrix equations are used: 

{ 
C-1} { RI-I} Sx I Sxl c-1 = A1 · ii1-1 

Sy,I S y,I 
(14) 

l C-1} l R2-I} Sx2 Sx2 
C-1 = Ai . R2-I 

Sy,2 Sy,2 
(15) 

Robot Navigation System based on Three Optical Mice 8 
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{ 
C-1} { R3-I} S.r 3 S.r 3 
c-1 = A3 · R3-1 

s y,3 s y,3 

(16) 

The next step is calculating the displacement 
of the robot gravity centre in the robot reference 
system. This computation is straightforward in our 
case, thanks to the use of three mice, instead of two 
(minimum needed). The displacement is obtained 
by adding the three vectors of the sensor 
displacement in the robot reference system, 
calculated with Eq. (14), (15), (16), and dividing by 
three. The different resolutions for each axis of 
each sensor must be used in Eq. 17 in order to 
consider the differences among the sensors and 
obtain the result in millimeters. Therefore, the 
resolutions are multiplied by the data from the 
sensors in Eq. 17. 

{ 
Cl} [{ C-1} { C-1} Xe- =_!_· rx,1·sx,I + rx,2 · Sx,2 
C-1 3 C-1 C-1 

Ye r y ,I ·sy,I ry,2 ·sy,2 

(17) 

Fig.10. Vectors and method used to calculate the robot 
rotation with sensor 1. 

Finally, the robot displacement in the field 
reference system is calculated with one more 
matrix of coordinates change. This matrix is used 
to change the vectors from the robot reference 
system to the field reference system. This matrix 
changes at every iteration of the algorithm, since it 
depends on the robot rotation. Once the 
displacement vector is known, the final position is 
determined by taking into account all the vectors 
calculated in every iteration. Considering t as the 

actual iteration and t-1 the previous iteration, the 
following solving equation is obtained: 

{x:} ={x:} +[ co.s<p sinrp] · {x;~1 } (IS) 
YF YF -sm<p COS<p ye I 

c I e 1-l e 

To calculate the robot position in the field 
reference system, the rotation of the robot must be 
determined as well. In principle, it can be 
calculated by using only one sensor. However, a 
more reliable result is obtained when calculating 
the rotation three times, with each of the three 
sensors. The rotation calculation method for one 
sensor is shown in the Fig. 10. For the other two 
rotation measurements the method is the same. 

The method to calculate the rotation consists 
in calculating the new position of the sensor after 
the movement in the previous robot reference 
system. To do that, the system origin is translated 
to the new position of the robot gravity 
centre { C - 1). The rotation is easily determined by 

using the x and y values of this vector and 
subtracting the disorientation of the sensor. 

{ 
(C-1)'} {R · s:} { C-1) { C-1} x al • SID 01 r I . s I x I _ + .r, .r, _ e 

y~C-I)' - Ra1 • cos81 ry ,I · s;,11 y;-1 

(19) 

The robot rotation at every iteration can be 
now calculated. That is <p1,;, where t represents the 

iteration number and i the sensor used. 

Analogously, for sensor 2 and 3 the 
equations are the following: 

{ 
(C-1)'} {- Ra2 ·co{ ;r - 82 )} { • c-1) X2 = 6 + r.r ,2 sx,2 

(C-1)' (fr ) r ·SC-I 
Y2 - Ra

2 
. sin 

6
- 8

2 
y,2 y,2 

-{x;-1} 
C-1 

Ye 

1r - 1 2 [y(C-1)' J 
"P1,2 = 6- tan xf -l l' - 82 

(21) 

(22) 
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-{x~-1} 
C-1 

Ye 

_ -I 3 1r [y(C-1)' l 
(/)1,3 - -6-tan X~C-1)' - 03 

(23) 

(24) 

Finally, the mean value at each iteration is 
determined. When taking all the angles obtained in 
the previous iterations into account, the robot 
rotation in the field reference system is obtained. 

i=t 

rp=:L(/J; (26) 
i=I 

Eq. (18) and Eq. (26) give the position and 

the rotation of the robot {x: , y:, rp} in the field. 

7. SENSOR ERROR DETECTION AND 
CORRECTION 

In order to avoid some non-systematic errors 
at the sensors, an error detection and correction 
method is proposed. This method can be applied in 
one sensor in every iteration. When two of the 
three sensors fail, it is not possible to know which 
one gives the correct data and which two give the 
wrong data. 

The method is based on the control of the 
d~stances between the sensors. By checking these 
distances, an error is detected. A detailed 
description of the calculations involved in this 
method is presented in Appendix I. In this section 
is just described the method but without 
calculations. 

Fig. l l shows the distances between the 
sensors. These distances can be easily calculated 
once the parameters are known, after the 
calibration: If the data from a sensor is wrong, two 
of these distances change. The changing distances 
depend on the failing sensor. If sensor I fails the 
distance I .and ~e distance 3 change. By checking, 
at every iteration, whether those two distances 
match the ones previously calculated, the error is 
d~tected. Analogously, if the sensor 2 (3) fails, 
distance I (2) and distance 2 (3) change. The error 
margin change depending on the accuracy required. 

For this application the chosen error margin was 
±0.Smm. 

Fig. I I. Distances between sensors. 

The failing sensor position can be 
recalculated, knowing the position of, at least, one 
of the other two sensors. Indeed, only the position 
of one sensor is needed for this purpose. In fact, 
before computing the robot position L . s . } is ~ x,1• y,1 

corrected for the failed sensor. 

8. EXPERIMENTAL RESULTS 

In order to validate the proposed method and 
check its quality, several experiments were 
performed. 

The three ADNS-3080 led based sensors 
were installed in the bottom of the robot, as 
indicated in section 3. Particular attention was paid 
to keep the contact with the ground, by using 
flexible metal pieces to fix the system to the bottom 
of the robot. The distance between the camera lens 
and the floor was set to be 2.4 mm, as indicated in 
the sensor datasheet. The resolution of the sensors 
was set on 400 CPI. The chosen frame rate was 400 
frames per second. This is the frame rate of the 
acquisition system: a laptop, in our case. 

The given resolution reflects only a nominal 
value for the sensor characteristics, since it very 
much depends on the surface material and on the 
sensor distance from the floor. 

The first experiments were done for the 
calibration. The results are shown in Table II. 
These . results were obtained by taking the 
translational measurement for the calibration as 
described in Section 5, on a carpet. ' 
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Ra1 59.9mm ± 0.67 % 
Ra1 60.2mm ± 0.67% 
Ra3 58.1 mm ± 0.18 % 
01 0.00097 rad ± 0.88% 
02 0.00042 rad ± 0.66 % 
03 0.00146 rad ±1.11% 

ry I 0.0308 mm/pixel ± 6.66 % 
rv J 0.0280 mm/pixel ± 11.79 % 
rx.2 0.0295 mm/pixel ± 3.39 % 

rv.2 0.0293 mm/pixel ±2.39 % 
ry 3 0.0302 mm/pixel ± 6.36% 
rv3 0.0303 mm/pixel ± 2.15 % 

Table II. Parameters obtained from the calibration 
procedure. 

These parameters show that the resolutions 
suffer a considerable spread. This is the main 
problem of the system. In the translational 
measurement done for the calibration, resolutions 
varying as much as almost 12% were obtained. 
This is a very high spread, for an odometry system. 
As the application of the system for the Robocup is 
on a carpet, the resolution spread plays a 
fundamental role. 

The robot was moved manually in a straight 
line, by guiding it with a straight wooden stick. All 
the movements were made at the same speed, but 
with different sensors orientation. 

Several experiments at different speeds were 
also made on the carpet to check if the sensor 
resolution changed. The robot was moved in a 
straight line of 5000 mm, at 0.6 mis, 1 mis, 1.7 mis 
and 2 mis. The obtained resolution spread was 14 
% for the higher speed. The different experiments 
made at 2 mis indicate that the readings of the 
sensors some times are completely random during 
the robot path. 
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Fig.12. Robot gravity centre path on a flat surface with 
and without autocorrection. 
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Fig.13. Robot rotation on a flat surface with and without 
autocorrection. 

The benefits of the autocorrection algorithm 
are shown in Fig. 12 and Fig. 13. The former figure 
shows the path of a I m straight movement in two 
cases: when the autocorrection algorithm is and is 
not applied. The latter figure shows the rotation in 
the same two cases. 

In order to check the accuracy of the system, 
the UMBmark procedure was followed, as 
descr.ibed in [5]. The robot traveled along a path, 
drawmg a 4m x 4m square. So, the two basic 
movements were the following: a 4 m straight line 
movement and a 90° bend. When the robot reached 
the starting area, its absolute position and 
orientation were calculated with the dead reckoning 
system. This procedure was repeated five times in 
clockwise direction and five times counter
clockwise. Fig. 14 shows the errors measured in the 
UMBmark procedure, when making the experiment 
on a carpet, as for the Robocup competition 
application. 
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Fig.14. Results on the carpet for the UMBmark 
procedure. Deviations from the (0,0) point represent the 

differences between the initial and final point of the robot 
path. 
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Because of the errors shown in Fig. 14, the 

same experiments were perfonned on a flat surface 
to check whether better results could have been 
achieved. The errors measured for these 
experiments are shown in the Fig. 15. 
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Fig.15. Results on a flat surface for the UMBmark 
procedure. Deviations from the (0,0) point represent the 

differences between the initial and final point of the robot 
path. 

The dead reckoning accuracy for the 
movements on the carpet was measured to 
be Emax = 2889 mm. This is a high value for a dead 

reckoning system. For the movements on the flat 
surface, Emax = 121. 79 mm. This last value is 

comparable with the results achieved by other 
systems with the UMBmark procedure, as shown in 
[5]. 

Although in Section 4 two kinds of sensors 
were selected, a led based sensor and a laser sensor, 
the main experiments were done with the led based 
sensors. The laser based sensors were tested on the 
carpet as well, but unfortunately they did not work. 
In the following section, the concerning problems 
are discussed. 

9. DISCUSSION 

There are three main reasons why the system 
did not work properly on the carpet. The quality of 
the surface (carpet), the distance between the 
ground and the camera, and the speed of the robots. 
These points are discussed in this section. 

• The quality of the surface. This is the 
main source of error. As shown in Fig. 16, the 
optical signal, coming from the led, is focused and 
projected onto the surface by means of the first 
lens. The light is reflected from the surface to the 
second lens and then it is projected towards the 
camera. 

In our case, the nature of the surface is hairy, 
that is, far from the ideally flat case. So, the optical 
beam is scattered out and different wrong images 

are captured by the camera every time. Although 
the chosen sensor was capable to perfonn the 
tracking, it could not do that properly on the carpet. 
However, other sensors were tested and the 
tracking was worse with many of them. 

Fig.16. Path of the in the led based mouse. 

In Fig. 16 the light path inside the mouse is 
schematically shown. The reflections and 
refractions from the lens can be observed. Fig. 1 7 
shows a schematic representation of the real case, 
where the surface is not flat. 

Camera 
Lens 

Carpet 

Fig.17. Schematic representation of the scattering of the 
optical signal due to the hairy nature of the carpet. 

Fig. 18 shows the light path inside the laser 
mouse. The scattering problem plays an even more 
important role when the laser sensors were used. In 
that case, indeed, the optical beam is narrower, and 
the requirements on the surface smoothness are 
stricter. The tracking was not possible in this case. 

Fig.18. Path of the light in the laser mouse. 
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Moreover, the light emitted from the led 
illuminates a small area. Because of the hairy 
nature of the carpet, shadows are formed (see Fig. 
19) and this can alter the captured image. Points 
hidden by the shadow, at time t, might be 
illuminated at time t+ 1, contributing then to the 
image data. That makes the sensor tracking of those 
points not possible. 

Fig.19. Loss of tracking of points hidden by shadow in a 
simplified carpet. The zoomed area shows the new points 
which will appear in the picture taken for the time t + 1. 

• The distance between the ground and 
the lens. The distance between the surface and the 
lens changes at each time slot. As can be seen in 
Section 4, Fig. 5, the resolution of the sensors 
varies with the distance between the surface and the 
lens. As shown in Fig. 17, the distance between the 
points of reflection and the camera lens is variable. 
The estimated spread of such distance is 1 mm. 
That leads to a deviation of about 3% in the sensor 
resolution (see Fig. 5). 

• The speed of the robots. As described in 
Section 4, the sensor used can reach a speed up to 
1016 mm/s, while keeping the tracking. However, 
by changing the image fresh rate, the sensor can 
work at a higher speed. In our application, a data 
acquisition rate of 400 frames per second is used, 
which allows to increase the sensor speed. 
Nevertheless, the tests done at 2 mis (the maximum 
speed of the robots) confirm that the sensor is not 
reliable. Furthermore, when the speed is increased 
over I mis, the resolution decreases in a non linear 
way. 

All these factors affect to the resolution of 
the sensors. Also, we noticed that the resolution 
depends on the sensor orientation and speed as 
well. However, there is not a linear relation 
between the resolution and the sensor speed and 
orientation. Therefore, it is not possible to calibrate 
the sensor nor to find an analytical relation between 
such figures. 

10. CONCLUSIONS AND FUTURE WORK 

Taking these experimental results into 
account, we conclude that this system is not 
suitable for the robots involved in the Robocup. 
The main reason is due to the quality of the surface 
where the robots have to play (carpet). Moreover, 
the speed of the robots used in this application is 
high (up to 2.0 mis) and highly variable. 

On the other hand, the experimental results 
show that this system is accurate when used on flat 
surfaces. This is the most common application field 
for the indoor mobile robots. In these cases, the 
accuracy measured is comparable to the results 
obtained with the classical dead reckoning 
methods. In environments where the encoder-based 
systems suffer a bad grip on the ground (or other 
sources of error intrinsic of those systems), the 
systems based on optical mice are better. 

Beside this, these red light LED based 
sensors do not work properly on red surfaces. The 
emitted optical signal is ideally totally reflected and 
the image captured has a too poor quality to keep 
the tracking. 

The laser based sensors are not affected by 
the problem of the surface color. The laser emitted 
infrared light is reflected by all the surfaces with 
different colors and materials (even on mirrored 
surfaces or white boards). For most of the flat 
surfaces, this system is expected to give better 
response and more accurate measurements. For 
comparison, its characteristics are better and the 
images captured from the camera are more detailed, 
as described in Section 4. 

As mentioned at the beginning of the report, 
an advantage of these dead reckoning systems 
based on mice is the easy application in every 
robot. Then, the future work should focus on the 
implementation of the laser-mice based system for 
applications on robots moving on flat surfaces. 
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APPENDIX I 
CALCULATING THE VALUES FOR THE SENSOR ERROR DETECTION AND CORRECTION 

This appendix shows the calculations performed to autocorrect the movement of a sensor, as explained in 
Section 7. The aim is to check the distances between the sensors and compare them with the distances measured 
from the calibration data. So, first, the distances between the sensors must be calculated. 

Fig.20. Distances between the sensors. Fig.21. Angles needed to calculate the distances. 

Firstly, the angles shown in Fig. 21 { a 1 ,a2 ,a3} are calculated. 

Ra1 ·cosa1 = Ra2 ·co{
2
;n +81 -82 -a1) 

co{¥+81 -82 -a1) Ra1 
=--

cosa1 Ra2 

co{¥+81 -82 }cosa1 +sin(¥+81 -82 }sina1 

These calculations are equivalent for the angles a 2 and a3 : 
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(29) 

These angles provide enough information to calculate the distances between the sensors. 

distance1 = Ra1 ·sin a 1 + Ra2 ·sin( 
2

; 7r + 81 - 82 - a 1) 

distance2 = Ra2 · sina2 + Ra3 ·sin( 
2

; 7r + 82 -83 -a2) 

distance3 = Ra3 ·sin a3 + Ra1 ·sin( 
2

; 7r + 83 - 81 - a3) 

(30) 

(31) 

(32) 

Now, three more angles must be calculated before deriving the angles used to correct the position of the 
sensors. 

Fig.22. Representation of the angles calculated in the following calculation. 

a= (; -a 1) + (; -(2; 7r - 81 + 03 -a3)) = 7r - a1 -( 
2

; 7r - 81 + 03 -a3) (33) 

b = (; - a 2 ) + (; -( 
2

; 7r - 82 + 81 - a 1)) = 7r - a 2 -( 
2

; 7r - 82 + 81 - a 1) (34) 

c=(;-a3 )+(;-(2;7r -83 +82 -a2 ))=n-a3 -(2
;7r -83 +82 -a2) (35) 

After a robot movement, the new sensor positions, expressed in the robot reference system, are the 
following: 

(36) 

X2 = 6 + rx,2 ·sx,2 
{ 

c-1} {-Ra2 ·cos(7r -02)} { c-11 
C-1 7r r SC-I 

Y2 - Ra2 . sin( 6- 82) y,2 . y,2 
(37) 
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X3 = 6 + rx,3 ·Sx,3 
{

c-i} {Ra3·cos(tr+o3)} { c-1} 
C-1 tr r 5 C-I 

Y3 - Ra3 . sin( 6 + 03) y,3 . y,3 
(38) 

These positions are modified when an error is detected. With these values, the distances between sensors 
can be derived and compared with the distances calculated before. 

d1,2 must be compared with distance /. 

d1,3 must be compared with distance 3. 

d 2,3 must be compared with distance 2. 

(39) 

(40) 

(41) 

When distance I and distance 3 do not match the distances calculated in Eq. (39-41) (considering a 
margin of error of ±0.5 mm for our application), we detect an error from sensor /. 

Fig.23 Wrong measurement of sensor I and correction 

In order to correct the position of sensor I, the angle 01 must be calculated. But firstly the angle /Ji is 

calculated because 01 depends on it. 

R = tan -1 Y2 - Y3 ( 
C-1 C-1) 

M C-1 C-1 (42) 
X3 -X2 

If xf-1 - xf-1 = 0, /Ji blows to infinity. To avoid it, when xf-1 - xf-1 = 0, /Ji takes the following 

constant value: 

Robot Navigation System based on Three Optical Mice 17 



TU/e 

(43) 

The required value of 81 is: 

(44) 

With this angle, the position of sensor 1 can be corrected, since the position of sensor 3 is known. 

(45) 

Finally, the displacement vector for sensor 1 can be calculated and introduced in the algorithm of robot 
positioning. 

rz,I • sz,I _ x 1 a 1 • sm u 1 

{ 
( C-1)'} { C-1}" {R · s:} 

ry,I ·(si'.11
)

0 

- yf-1 - Ra1 ·cos<51 

(46) 

For the other two sensors, the operations are analogous and are presented in the following. If sensor 2 
fails, firstly both /32 and 82 must be calculated. 

·•··t.~;·:··.i::·········"·····"·"·········"··""' 
·· .. 

\~ ........ ~ ........ 
\'to 
i.\~ 

\, 

Fig.24. Wrong measurement of sensor 2 and correction 

[ 
C-1 C-1) /J =tan-I X3 -XI 2 C-1 C-1 Y1 -y3 

(47) 

A concrete value for the angle {32 must be used to avoid an infmitive value if yf-1 
- yf-1 = 0 . 

(48) 
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(49) 

With this angle, the position of sensor 2 can be corrected, since the position of sensor I is known. 

(50) 

Finally, the displacement vector for sensor 2 can be calculated and introduced in the algorithm of robot 
positioning. 

(51) 

If sensor 3 fails, the following equations are needed to correct its position. In this case, both p3 and 83 

must be calculated. 

Fig.25. Wrong measurement of sensor 3 and correction 

( 

C-1 C-1) -I Xt -Xi 
fi3 =tan C- 1 C-1 

Y1 - Yi 
(52) 

A concrete value for the angle p3 must be used to avoid an infinitive value if yf-1 
- yf-1 = 0 . 

(53) 

(54) 

With this angle, the position of sensor 3 can be corrected, since the position of sensor I is known. 
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{
xf-1 

}" = {xf-1
} + { distance 2 • cosB3 } 

Yc-1 yc-1 - distance · sinB 3 I 2 3 

(55) 

Finally, the displacement vector for sensor 3 can be calculated and introduced in the algorithm of robot 
positioning. 

(56) 
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