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Abstract. Fast and accurate self-localization is one of the most important problems in autonomous mobile robots. In this paper, an analysis by synthesis
method is presented for optimizing the self-localization procedure. In the
synthesis phase of this method, the robot's observation of the field is predicted
using the results of odometry. It is done by calculating the position of the landmarks on the captured image. In the analysis phase, the local search algorithms
find the exact position of the landmarks on the image from which the best
matching coordinates of the robot are determined using a likelihood function.
The final coordinates of the robot are then obtained from the odometry sensor,
using an integrated delay compensation and correction technique. Experimental
results show that precise and delay-free results are achieved with a very low
computational cost.

1 Introduction
Self-localization is one of the most challenging problems in the field of autonomous
mobile robots. Accuracy of the obtained localization data directly affects the quality
of the mission to be done by the robots. In most cases, self-localization must be done
in a dynamic, uncertain environment containing a great amount of noise. Such an
environment leads to use reliable and precise sensors for data acquisition.
The common sensors used in this field are omni-directional and frontal cameras
[3] [13], odometry [4] [7], ultrasonic sensors [6] [12], laser range finders (LRF) [10]
[19], and infrared (IR) field surface detectors. Among these, the vision and odometrybased self-localization techniques are currently implemented in most mobile robotic
projects [3] [4].
Vision-based self-localization suffers from several disadvantages such as high
computational cost, low sample rate, unacceptable delay and inadequate accuracy.
According to this, vision techniques are currently used together with other
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self-localization techniques such as odometry [3]. Several techniques have been developed to fuse odometry and vision outputs together in order to gain more precise
and real time results, such as Kalman filter, Markov and Monte Carlo Localization
(MCL) [17] [18] [19], and Complementary filtering [20]. In these techniques, vision
and odometry algorithms run independently and another module is responsible for
fusing their results and calculating the final position and orientation.
In this paper we have introduced a new approach to perform data fusion. In this
approach, one of the sensors (usually the simpler sensor) is used to predict another
one. This is called the synthesis phase. The position of the landmarks which appear on
the captured image is predicted based on the results of the odometry sensor. Having
this information, a fast local search can be performed in order to determine the exact
position of the landmarks. This is similar to tracking methods except that in tracking,
the search is done around the last position of the landmarks on the image. The search
area in tracking techniques needs to become wider as the velocity of the robot increases while in our method the search area around the predicted position remains
constant. The results of the search algorithm are then converted to the robot coordinates by a probabilistic map matching technique. An integrated delay compensation
and correction method is then implemented to obtain the final coordinates of the robot.
The approach has been tested in the RoboCup scenario in which robot positioning
is usually a requirement for successful coordination and overall team behavior. The
team PERSIA obtained the 3rd place in the middle size league of RoboCup 2003 Italy.

2 Description of the System
Fig. 1 shows the block diagram of the designed self-localization system. In this
method, localization data is provided from two sources: omni-directional camera and
the odometry system.
RoboCup MSL Field
Omni-Directional Camera

Odometry

Delay Measurement

Synchronization

Landmark Search

Field Estimation

Map Matching
Delay Compensation
Final Position and Orientaton

Odometry Correction

Fig. 1. Block diagram of the self-localization algorithm
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The procedure first synchronizes the output of odometry with the camera and then
predicts the position of the landmarks on the image based on the synchronized
odometric results. Having a preliminary knowledge about the position of the landmarks, the procedure then refers to the image and performs an exact local search to
calculate the accurate position of each landmark in the image. The calculated parameters form a local feature map which is matched to the global field map using a likelihood function that is maximized at the most probable coordinates of the robot. Finally
an integrated delay compensation and correction technique is used to synchronize the
two sources and also eliminate the delay of the final output. Further parts of this section describe the function of each module in detail.
2.1 Odometry
An approach to decrease the cumulative errors of the odometry sensors is presented in
[7] by separating the driving and odometry wheels which increases precision of the
sensor to a great extent. In the present method, odometry provides the preliminary
estimation of the robot coordinates which is then improved by the further parts of the
system using vision-based techniques. It is also used to eliminate the delay caused by
the vision module.
2.2 Omni-Directional Camera
In many systems, vision is used as a proper complement to cooperate with odometry.
However, the vision-based localization is robust enough to be implemented individually. The reason for fusing odometry and vision is high amount of delay, low precision and heavy process of the vision-based techniques.
Omni-directional cameras are preferred to frontal cameras because they can provide the robot with 360° observation range [13] [16].
Another shortcoming of the vision-based techniques is their delay, which is generated partly by the camera and its interface hardware and driver and partly by image
processing algorithms. A high amount of delay can easily cause the control system
that uses the localization data as its feedback to diverge. Our vision hardware is composed of a camera and a hyperbolic mirror. The delay of such system is measured to
be around 100 milliseconds.
2.3 Field Estimation
After synchronizing the odometry results with the current captured frame, the next
step towards linking these two sources is to predict the position of the landmarks on
the image, based on the odometry generated coordinates. This can efficiently decrease
the amount of needed computations, by avoiding the search algorithms from searching a large area of the image which contains no useful landmarks. This also simplifies
the search algorithm for each specific landmark because the search area rarely contains other landmarks to be confused with the desired one.
The function that maps the surface of the field to the captured image is a radial
transform. Under this transform, the viewing angle of the objects around the robot
remains unchanged on the image, while their distance from the center of the image is
not linearly related to its real value. Also, every line which is perpendicular to the
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field surface appears as a radial line in the captured image. According to this phenomenon, the field can be predicted as a set of distances and angles which describe
each landmark as it appears in the polar coordinate system placed on the center of the
image. The following objects are defined as landmarks; goal vertical bars, intersections between goal inner corners and the field surface, and poles.
The field prediction function is not only used to predict the position of the landmarks in the image, but also it forms the global feature map of the field in the map
matching procedure.
2.4 Landmark Detection Algorithms
It is very complicated to search the image for a landmark while having no knowledge
of its position because almost every landmark in the MSL field consists of blue and
yellow parts and can not be simply distinguished from others according to its color.
Another problem which occurs during the landmark detection is the possibility of
having a landmark occluded by another landmark or robots. For example the poles
may be occluded by the goal sides from some observation points inside the field.
These problems can be solved by performing a local search around the result of
field prediction procedure for each landmark. According to this predicted position, a
proper search region can be defined for the detection algorithm that is not related to
the velocity of the robot. For most of the landmarks, the search region contains no
other landmarks. The region sometimes contains part of the neighbor landmark, so the
detection algorithm in the worst case should only distinguish between two neighbor
landmarks. This will result in further simplification of the algorithms which indeed,
efficiently decreases their computational cost.
2.5 Map Matching
After finding the exact position of each landmark on the image, another module is
needed to calculate the position and orientation of the robot. Two methods for performing this task are discussed in this section.
In the first method, the robot coordinates are calculated by triangulation as in [8].
One of the drawbacks of the triangulation method is the high sensitivity of the algorithm to incorrect input parameters. The reason for this sensitivity is that the triangulation algorithms use no means of redundancy in their calculations. Obviously, the
robot can localize itself by knowing the position of at least 3 landmarks on the image.
The triangulation methods typically use 3-5 parameters to calculate the robot coordinates while more than 15 parameters can be easily derived from the image.
The second method is the probabilistic map matching, which is designed to take
advantage of redundancies in the input parameters to reduce the sensitivity of the
algorithm to incorrect inputs which may be generated due to noise and occlusion. In
this method the best match between the landmark detection results and the global field
map is found using maximum likelihood estimation.
In order to compare the feature parameters in the global field map with the detected
parameters, a maximum likelihood similarity measure is defined. The function must
be designed so that it is not affected seriously if one or more parameters are presented
incorrectly. Such a function can be composed as (1) in which S and S' are vectors of
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the measured and estimated features (angles and distances) and Ni(.) is the ith normal
function defined in (2) for comparing corresponding elements of Si and S'i. αi presents
the acceptable error range in the compared parameters. Using trial and error, the
proper αi for distances is found to be 0.02 and for angles is found to be 0.1.

L( S , S ′) = ∑ N i ( S i − S i′)

(1)

N i ( x) = e −α i x

(2)

2

Fig. 2 shows the result of applying the likelihood function for comparing a set of
features calculated from a typical point with the global field map.

Fig. 2. The likelihood function is used to find the position of the robot

Applying the maximum likelihood measure to all possible coordinates of the robot
will need a great amount of computations. In order to decrease the computational cost
of the algorithm, the matching can be done in a neighborhood of the odometric coordinates of the robot.
2.6 Global Search
The final coordinates of the robot in the introduced algorithm are the vision-improved
version of the odometric coordinates. Since odometry is only capable of tracking the
displacement and rotation of the robot, the system must be initialized once with the
correct coordinates in order to be able to localize the robot. In this case the local
landmark detection algorithms are temporarily substituted with a global detection
algorithm for a limited number of landmarks. It is known from the features of omnidirectional cameras that both goals can always be viewed in a region which is restricted between two circles. A good approach is to detect the vertical goal bars on a
circle inside this area, using an edge detector that finds the edges of the blue and yellow regions.
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3 Experimental Results
In order to verify the improvement of the technique introduced in this article, we have
compared several features of the analysis by synthesis technique with the previous
version of the self-localization algorithm used by the robots. This algorithm is similar
to many of the current algorithms in its performance, accuracy and computational
cost. In this algorithm, the landmark detection is done by region growing and the coordinates of the robot are calculated using the triangulation method. Both algorithms have
run on a 1.2 GHz Pentium III notebook. In the following sections two test procedures to
compare accuracy and computational cost of the algorithms are introduced.
3.1 Accuracy
The accuracy of the self-localization systems can be compared based on two parameters; the average of error and its standard deviation. The standard deviation of the
localization error is important because in many systems, a medium constant error is
more acceptable than a lower value but rapidly varying one. The average values and
standard deviation of position and orientation errors are given in Table 1.
Table 1. The average and standard deviation of the localization errors

Old Method
New Method

Position Err.
Avg. (cm)
24
3.2

Position Err.
SD (cm)
12
0.7

Orientation
Err. Avg. (deg)
5.1
1.5

Orientation
Err. SD (deg)
2.4
0.3

3.2 Computational Cost
Computational cost of self-localization algorithms is the most important factor in
implementation of the mobile robots because these algorithms are computationally
much more expensive than the other algorithms running on the CPU of the robot. The
analysis by synthesis method has reduced this usage to a great amount. In order to
compare the computational cost of the algorithms the performance indicator of Windows 2000 is used.
Another feature of the algorithms which should be compared is the constancy of
their amount of computations during the game. This feature can be measured by determining the CPU usage of both algorithms when localizing the robot in different
positions inside the field. A comparison of CPU usage between the algorithms is
made in Table 2. Three typical points inside the field are selected for this comparison,
which are center of the field, inside the goals and near the poles.
Table 2. Comparison of CPU usage between new and old methods

Old Method
New Method

Center of the Field
53%
39%

Inside the Goals
82%
36%

Near the Poles
64%
42%
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4 Conclusion
Joint vision-odometry self-localization of moving robots has attracted the attention of
many researchers. In this work, the performance of the mobile robot self-localization
is improved by proposing a new method called analysis by synthesis. In this method,
the vision sensor of the system is first predicted (synthesized) using the odometric
coordinates of the robot. The image is then analyzed based on the preliminary prediction to achieve more accuracy in the robot coordinates. An integrated correction and
delay compensation module then corrects the coordinates which are obtained from
odometry sensor and obtains the final coordinates of the robot. This method has not
only reduced the computational cost of the self-localization algorithm but also increased the precision and reliability of the outputs. Experimental results clearly verify
the improvements.
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