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Absfmcl-In this paper, we present a dead reckoning 
sensor to support reliable odometry on mobile mhots. This 
sensor is based on a pair of optical mice rigidly connected to 
the robot body and its main advantages are 1 )  this localization 
system is independent from the kinematics of the mbnt, 2) 
the measurement given by the mice is not subjeet l o  slipping, 
since they are independent frnm the traction wheels, nor to 
crawling, since they measure displacements In any direction 
3) it is a low-cost solution with a precision comparable to 
classical shaft encoders. We present the mathematical model 
of the sensor, ifs implementation, and some experimental 
evaluations using the standard UMBmark benchmark for 
odometry. 

I. INTKODUCTlON 

Since the very beginning of mobile robotics, dead reck- 
oning was used to estimate the robot pose, i.e., its position 
and its orientation with respect to a global reference system 
placed in the environment. Dead reckoning is a navigation 
method based on measurements of distance traveled from 
a known point used to incrementally update the robot 
pose. This leads to a relative positioning method, which 
is simple, cheap and easy to accomplish in real-time. 
However this approach has the main disadvantage of an 
unbounded accumulation of emors. 

The majority of the mobile robots use dead reckon- 
ing based on wheels velocity in order to perform their 
navigation tasks (alone or combined with other absolute 
localization systems [6]) .  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-axis. 'Ikese measures are then combined to 
compute robot movement along the x and y coordinates of 
a global frame of reference and its change of orientation. 
It is well-known that this approach to odomeuy is subject 
to: 

sysreniuric errors, caused by factors such as unequal 
wheel-diameters, imprecisely measured wheel diame- 
ters and wheel distance 161; . norr-systematic errors, caused by irregularities of the 
floor, bumps, cracks or  by wheel-slippage. 

Despite its intrinsic limitations, many researchers agree 
that odomeky is an imponant pan of a robot navigation 
system and that navigation tasks would be simplified 
having an improved odometry providing good shalt-term 
accuracy at very high sample rates. 

In this paper, we present a new dead reckoning sensor, 
based on the measures taken by two optical mice fixed on 
the bottom of the robot, which is very robust towards non- 
systematic errors, since it is not coupled with the driving 
wheels while measuring the effective robot displacement. 
In the following section, we briefly introduce the moti- 
vations for using this new method for dead reckoning. 
Section III, describes the geometrical derivation that allows 
to compute the robot movement on the basis of the readings 
of the mice while Section IV describes a simple procedure 
to calibrate the odometry system. The main characteristics 
of the mice and how they affect the accuracy and the 
applicability of the system are described in Section V, 
where we also report results related to some experiments 
showing the effectiveness of our approach. Section VI 
closes the paper by introducing a brief comparison of the 
system with related works. 

11. MOTIVATIONS FOR A NEW ODDMETRY SENSOR 

Classical dead reckoning methods, which use the data 
measured by encoders on the wheels or an the engine- 
axis, suffer from two main non-systematic source of er- 
rors: slipping, which occurs when the encoders measure a 
movement which is larger than the actually performed one 
(e.g., when the wheels lose the grip with 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 extemal force, and the encoders cannot measure the 
displacement because wheels are blocked and do not turn 
according to the wielded external force). 

Especially with recent developments in non-holonomic 
kinematics featuring omnidirectional wheels for traction, 
these methods measuring wheels displacement do not guar- 
antee reliable performance. In this scenario, our sensor 
provide a device that is independent from the kinematics of 
the robot, and so we can use the same approach on several 
different robots. In fact our dead reckoning method, based 
on mice readings, does not suffer from slipping problems, 
since the sensors are not hound to any driving wheel. Also 
the crawling problems are solved, since the mice go on 
reading even when the robot movement is due to a push, 
and not to the engines. 

Furthermore. this is a very low-cost system which can 
be easily interfaced with any platform, thus can be used 
to integrate standard odometry methods. In fact, it requires 
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left right 

Fi:. I .  The relative positioning of the two mice 

only two optical mice which can be placed in any position 
under the robot, and can be connected using the USB 
interface. This allows to build an accurate dead reckoning 
system, which can he employed on and ported to all the 
mobile robots which operate in an environment with a 
ground that allows the mice to measure the movements 
(indoor environments typically meet this requirement). In 
fact. the only issue by using this method is related to missed 
readings due to a floor with a bad surface or when the 
distance between the mouse and the ground becomes too 
large because of bumps and holes. 

111. HOW 1'0 COMPUTE THE ROBOT POSE 

In this section we present the geometrical derivation that 
allows to compute the pore of a robot using the readings 
of two mice placed below it in a fixed position. For sake 
of ease, we place the mice at a certain distance D, so 
that they are parallel between them and orthogonal w.1.t. 
their joining line (see Figure I). We consider their mid- 
point as the position of the robot and their direction (i.e., 
their longitudinal axis pointing toward their keys) as its 
orientation. 

Each mouse measures its movement along its horizontal 
and vertical axes. If the robot makes an arc of circumfer- 
ence, it can he shown that also each mouse will make an arc 
of circumference, which is characterized by the same center 
and the same arc angle (but with a different radius). During 
the sampling time, the angle a between the x-axis of the 
mouse and the tangent to its trajectory does not change. 
This implies that, when a mouse moves along an arc of 
length 1, it measures always the same values independently 
from the radius of the arc (see Figure 2). So, considering 
an arc with an infinite radius (Le,, a segment), we can write 
the following relations: 

?E = Icos(a) (1) 

g = Isin(a).  (2) 

From Equations 1 and 2, we can compute both the angle 
between the x axis of the mouse and the tangent to the arc: 

a = arctan ( S )  ~ (3) 

Y 

Y '  

i 

p 
I 

Fig. 2. Two difrcrcni paths lor which Ihc mouse rcadings are the same 

and the length of the covered arc: 

otherwise (4) 

We hypothesize that, during the short sampling period, 
the robot moves with constant translational and rotational 
speeds. This implies that the robot movement during a 
sampling period can be approximated by an arc of cu- 
cumference. So, we have to estimate the 3 parameters 
that describe the arc of circumference (i.e., the 3: and z/ 
coordinates of the center of instantaneous rotation and the 
rotation angle AOj, given the 4 readings taken from the 
two mice. We call ?ET and gT the measures taken by the 
mouse on the right, while 4 and g, a x  those taken by the 
mouse on the left. Notice that we have only 3 independent 
data; in fact, we have the constraint that the respective 
position of the two mice cannot change. This means that the 
mice should read always the same displacement along the 
line that joins the centers of the two sensors. In particular, 
if we place the mice as in Figure 3, we have that the x 
values measured by the two mice should he always equal 
ZL = 3%. In this way, we can compute how much the robot 
pose has changed in terms of Ax, Ay, and As. 

In order to compute the orientation variation we apply 

Pig. 3. 
otieniuion of thc mhot 

lhc angle arc of each mouse i s  equal to ihc change in the 
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Fig. 4. Thc triangle ma& up of ,he joining lines and the two radii 

the theorem of Camot to the triangle made by the joining 
line between the two mice and the two radii between the 
mice and the center of their arcs (see Figure 4): 

DZ = r: + r: - 2 Cos(y)rvri, (5 )  

where rI and r( are the radii related to the arc of circum- 
ferencec described respectively by the mouse on the right 
and the mouse on the left, while y is the angle between rr 
and rl. It is easy to show that y can be computed by the 
absolute value of the difference between a1 and ar (which 
can be obtained by the mouse measures using Equation 3): 

The radius r of an arc of circumference can be computed 
by the ratio between the arc length 1 and the arc angle 8. In 
our case, the two mice are associated to arcs under the same 
angle, which corresponds to the change in the orientation 
made by the robot, i.e. AB (see Figure 3). It follows that: 

y = la1 - 4. 

If we substitute Equations 6 and 7 into Equation 5 ,  
we can obtain the following expression for the orientation 
variation: 

1: + 1: - 2cos(y)l&, 
' sign(V, - V I )  (8) U 

AB= !/ 

The movement along the z and y axes can be derived by 
considering the new positions reached by the mice (w.r.t. 
the reference system centered in the old robot position) 
and then computing the coordinates of their mid-point (see 
Figure 5).  The mouse on the left stans from the point of 
coordinates (-f:Oj, while the mouse on the right stam 
from (4;O). The formulas for computing their coordinates 
at the end of the sampling period are the following: 

Fig. 5. The movemen1 made hy cach moue 

D 
T( (sin (a, + A@) - sin (a,)) sign(A0) + - 

2 

D 
T< (sin (ai +A@) - sin (mi)) sign(4B) - - 2 

x: 

y: = rY (cos (a-) - cos (n? +A@)) sign(Afl) 

xi 
y; = q ( c m ( a i )  -cos(ai +A@))sign(A@). 

= 

= 

From the mice positions, we can compute the movement 
executed by the robot during the sampling time with respect 
to the reference system centered in the old pose using the 
following formulas: 

(9) 

(10) 

x: + x; Ax = ~ 

Y: + Y; Ay = - 
2 

2 ' .  
The absolute coordinates of the robot pose at time t + 1 

(Xt+l; Yt+1: Ot+l)  can be compute by knowing the abso- 
lute coordinates at time t and the relative movement carried 
out during the period (t; t + 11 (Ax: Ay, A9j through these 
equations: 

(2')) x*+, = Xt + ! / 7 G G G C O E  (e, + arctan 

E+, = v, + ! / z T G s i n  (e, + arctall 

e,+, = &+as. 

IV. SIINSOK CALIBRATION PROCESS 

In the introduction, we have mentioned the fact that 
odomeuy is affected by two kind of erroIs: systemaric and 
non-systematic. In this section, we analyze the systematic 
errors that can affect our system and propose a calibration 
procedure in order to correct them. 
In our approach systematic errors can be generated by: 
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Pig. 6. Two miu. R red undcr a mohilu mhot. This 6 gure poina out all 
thc parameters that we must cslimale in order 10 use dametry with two 
mice. 

. imperfections in the measurements of the positions 
and orientations of the two mice with respect to the 
robot; . the resolution of the mouse, which depends from the 
surface on which the robot is moving; . different resolutions of the two mice. 

Our odomeeic system needs to know the value of 
some parameters related to the positioning of the two 
mice (see Figure 6): the distance between the two mice 
D, the orientation of the two mice U, and U~ w.r.t. the 
robot heading, and the angle 6 between the robot heading 
and the direction orthogonal to the mice joining line. If 
these parameters are not correctly estimated, systematic 
mors will be introduced. Moreover, we can estimate the 
displacement between the midpoint of the two mice and 
the midpoint of the two wheels, in terms of A x , ~ w  and 
Aynm,. 

In order to estimate these parameters we define a Cali- 
bration procedure which consists in two practical measure- 
ments: the rranslutioml measurement and the mtarional 
measurement. The translational measurement consists in 
making the robot travel (manually) 500 mm forward for 
ten times, and, for each time, storing the mice readings. 
At the end of the measurement u,e can compute the 
averages of the four readings: 27.y.L$~:C~, which allow 
us to estimate the mice resolutions kl. k, and the angle 
between the robot and the mouse heading 81 and ?rV: 

In the rotational measurement we take the mice readings 
after a counter-clockwise 360" revolution that the robot 
makes around its rotational axis; this process is repeated 
five times. The averages of these readings allow us to 
estimate the distances between the center of rotation C ,  
and the two mice (Pi and Pr), the angle between the mouse 
heading and the tangential to the circumference described 
during the revolution (il and i?), and the distance-hetween 
$e two mice projected to the x and y-axes (Ax, and 
AYm). 

.il = arctan (t) 
i, = arctaii (3 

f i r ,  = .F, cos(&) - 1'1 cos(&) (20) 
Ay,,, =  sin(&) ~ ~1 sin(&): (21) 

where $1 = bl + i j  and & = 8, + i,. 
From these data we can compute the other required 

parameters, i.e., the distance between the mice D ,  the angle 
8, and the displacement Axmw and Ay,,: 

D = 4- 

We can generalize the equations derived in the previous 
section, for odometry with two mice in arbitrary fixed 
positions. In order to achieve this, we need only to modify, 
from Equation 5 till the end of the corresponding section, 
the value of at $d a? by adding respectively the angle 
81 - 8 and 8, - 6. 

In this way, we compute the movement of the middle- 
point of the two mice C, =< Xm,Y,,e, >. If we 
want to compute the odometry w.r.1. the rotational center 
C, =< X,;Y,,e, >, we have lo apply the following 
formulas: 
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where D,, = JAx:,+Ay,, and e,, = 

arctan (k). 
V. EXPERIMENTAL RESULTS 

The performance of the odometry system we have de- 
scribed depends on the characteristics of the solid-state 
optical mouse sensor used to detect the displacement of 
the mice. Commercial optical mice use the Agilent ADNS- 
2051 sensor [ I ]  a low cost integrated device which mea- 
sures changes in position by optically acquiring sequential 
surface images (frames hereafter) and determining the 
direction and magnitude of movement. 

The ADNS-205 I sensor is essentially a tiny, high-speed 
video camera coupled with an image processor, and a 
quadrature output convener [21. A light-emitting diode 
(LED) illuminates the surface underneath the sensorreflect- 
ing off microscopic textural features in the area. A plastic 
lens collects the reflected light and forms an image on a 
sensor. If you were to look at the image, it would he a 
black-and-white picture of a tiny section of the surface 
represented as a matrix of 256 pixels. The sensor contin- 
uously takes pictures as the mouse moves at 1500 frames 
per second or more, fast enough so that sequential pictures 
overlap. Through an Agilent proprietary image-processing 
algorithm, the sensor identifies common features between 
these frames and determines the distance between them; 
this information is then translated into Ax and Ay values 
to indicate the sensor displacement. 

By looking at the sensor characteristics, available 
through the data sheet, it is possible to estimate the 
precision of the measurement and the maximum working 
speed of the device. In fact the Agilent ADNS-2051 sensor 
is programmable to give mouse builders (this is the primary 
use of the device) 400 or 800 cpi resolution, a motion 
rate of 14 inches per second, and frame rates up to 2,300 
frames per second. At recommended operating conditions 
this allows a maximum operating speed of 0.355 m/s  with 
a maximum acceleration of 1.47 m/s2 .  

These numbers reflect only nominal values for the sensor 
characteristics since its resolution can vary depending on 
the surface material and the height of the sensor from 

the floor. This variation in sensor readings calls for an 
accurate mounting on the robot and the calibration pro- 
cedure described in Section rV to reduce systematic errors 
in odometry before to apply the formulas described in 
Section III. 

In order to validate our approach, we take two USB op- 
tical mice featuring the Agilent ADNS-2051 sensor, which 
can he commonly purchased in any commercial store. We 
fix the mice to the robot body, trying to positioning them 
as described in Section ID, and taking care of making them 
stay in contact with the ground. We made our experiments 
on a carpet, like those used in the RoboCup Middle Size 
League. In order to identify the parameters of the odometric 
sensor, we performed the calibration procedure described in 
the previous section; the values of the parameters estimated 
through this process are reported in Table I. 

The preliminary test we made is the LlMBmark t e s ~  
which was presented by 151. The UMBmark procedure 
consists of measuring the absolute actual position of the 
robot in order to initialize the on-hoard dead reckoning 
starting position. Then, we make the robot travel along 
a 4x4 m square in the following way: the robot stops 
after each 4m straight leg and then it makes a 90" tum 
on the spot. When the robot reaches the starting area, we 
measure its absolute position and orientation and compare 
them to the position and orientation calculated by the dead 
reckoning system. We repeated this procedure five times in 
clockwise direction and five times in counter-clockwise. 

TABLE I 
Tiiii P A K A M P ~ E R E  ESTIMATED WITH THE CALIBRATION PROCEDURE 

vi 1.8Io +0.09% 
219" +1.09% 
-2.07' +1.02% 

Az,, 94" +1.13% 
Ay,, 57" i1.22% 
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In Figure N we can see the results obtained with the 
robot before the execution of the calibration procedure 
and after the sensor parameters have been identified. In 
the uncalibrated case, we set the parameters to default 
values, i.e., we assume that the mice are parallel and 
orthogonal w.r.1. their joining line, we assume 42Scpi for 
the resolution of both mice and we manually measure the 
distance between them and set it to 217 mm. 

As we can see, if we do not calibrate our system we can 
suffer from large systematic errors. while after calibration 
we manage to drastically reduce their influence. Borenstein 
proposed to euluate the influence of dead reckoning sys- 
tems, by dividing the errors into two clusters, one for the 
clockwise runs and one for the counter-clockwise runs, and 
then computing E,,,,,,,,, i.e., the maximum between the 
distances of the center of gravity of the two clusters from 
the origin. The measure of dead reckoning accuracy for 
systematic errors that we obtained is E,,,,,.,y,t = 729 nzm 
for the uncalibrated system and = 114 mm after 
the calibration procedure. This last result is comparable 
with those achieved by other dead reckoning systems tested 
with the UMBmark. 

' 

VI. DISCUSSION & CONCLUSION 
The fundamental idea of dead reckoning as the integra- 

tion of incremental motion information over time, which 
leads inevitably to the unbounded accumulation of errors, 
has been throughly investigated in literature. Specifically, 
orientation e rmn  will cause large lateral position errors, 
which increase proponionally with the distance traveled 
by Ihe robot. To address this issue, there have been a lot 
of work in this field for systematic error measurement, 
comparison and correction [6] especially for differential 
drive kinematics. 

First works in odomeuy error correction were done 
by using and external compliant linkage vehicle pulled 
by the mobile robot. Being pulled this vehicle does not 
suffer from slipping and the measurement of its displacing 
can be used to correct pulling robot odometry 141. In [6] 
the authors propose a practical method for reducing, in a 
typical differential drive mobile robot, incremental odom- 
etry errors caused by kinematic imperfections of mobile 
encoders mounted onto the two drive motors. 

Little work has been done for differenr kinematics like 
the ones based on omnidirectional wheels. In these cases, 
slipping is always present during the motion and classical 
shaft encoder measurement leads to very large errors. In [3] 
the Persia RoboCup team proposes a new odometric system 
which u'as employed on their full omni-directional robots. 
In order to reduce non-systematic errors, like those due 
to slippage during acceleration, they separate odomeuy 
sensors from the driving wheels. In particular, they have 
used three omni-directional wheels coupled with shaft 
encoders placed BO0 apart of the main driving wheels. The 
odometric wheels are connected to the robot body through 
a flexible structure in order to minimize the slippage and 
to obtain a firm contact of the wheels with the ground. 
Also this approach is independent from the kinematics of 

the robot, but its realization is quite difficult and, again, it 
is affected by (small) slippage problems. 

An optical mouse was used in the localization system 
presented in [lo]. In their approach, the robot is equipped 
with an analogue compass and an optical odometer made 
out from a commercially available mouse. The position 
is obtained by combining the h e a r  distance covered by 
the robot, read from the odometer, with the respective 
instantaneous orientation, read from the compass. The main 
drawback of this system is due to the low accuracy of 
the compass which results in another source for systematic 

Being odometry inevitably affected by the unbounded 
accumulation of errors. there are several works that pro- 
pose methods for fusing odometric data with absolute 
position measurements to obtain more reliable position 
estimation 171, 181. However, despite its limitations, a reli- 
able odometry system providing good shofl-term accuracy 
simplifies the navigation task and this is the reason we 
have presented this new dead reckoning sensor based on a 
pair of optical mice. As we said, the main advantages are 
good performances w the two main problems that affect 
dead reckoning sensors: slipping and crawling. Due to its 
characteristics, the proposed sensor can be successfully 
applied with many different robot architectures, being 
completely independent from the specific kinematics. In 
particular, we have developed it for our omnidirectional 
Robocup robots, which will be presented at Robocnp 2004 
and we are going to integrate in on our self-localization 
framework MUREA 191. 
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