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Abstract 
While navigating, most autonomous mobile robots view 
things only in front of them and, as a result, they may 
collide with objects moving from the side or behind. To 
overcome this problem, an Active Omni-directional 
Range Sensor System has been presented, that is capable 
of obtaining the omni-directional range data on navigation 
environment through the use of a laser conic plane and a 
conic mirror. Based on this system configuration, we 
proposc a self-localization algorithm. The proposed 
algorithm to estimate the current position and head angle 
of mobile robots utilizes the registered range data obtained 
at two positions; current and previous and matches the 
two range informations. To show the effectiveness of the 
proposed algorithm, a series of simulations was conducted 
under various navigation conditions. The results show that 
the proposed algorithm is very efficient in processing, and 
can be effectively utilized for self-localization of mobile 
robots in unknown environments. 

1 Introduction 
Many researchers have tried to navigate mobile robots 
using external and internal sensors. Research into the 
vision sensors[ I]-[6], which have a relatively high level of 
resolution, is being actively carried out throughout the 
field. However, most robots view things only in front of 
them and as a result, they may collide with obstacles 
moving from the side or behind. Thus, we proposed an 
active omni-directional range sensor system[7], equipped 
with a conic mirror and a CCD camera, and a conic laser 
plane, for application in the navigation of a mobile robot. 
The sensor system creates a two-dimensional depth map, 
in nearly real time, once an image is captured by adopting 
the triangulation method. The depth data are measured by 
the sensor system; this is essential not only in the 
navigation of the mobile robot, but also in the self- 
localization process, estimating the robot's absolute 
position and direction. 

The mobile robots must estimate its current position 
and head angle when they navigate in environments. The 
localization methods include a dead reckoning with a 
wheel encoder, an inertial navigation system using a gyro, 
a CCD camera and a landmark, and a beacon navigation 
system. The dead reckoning[8] and inertial navigation 
systems are used to measure the acceleration or velocity 
of the mobile robot at every sampling time. The current 

position is calculated by aggregating the increments over 
the time history of movements. These methods have the 
advantage in that the robot position can be continuously 
calculated, but they have drawback in that the position 
error accumulates due to wheel slippage and deformation 
when the mobile robot travels over a long distance. To 
overcome the shortcoming, many researches have been 
made to find the robot position by using a CCD camera 
and a landmark[9][10]. However, as the camera is located 
farther way from the mark, the errors of the position 
variables tend to increase, and the method may not be 
used in the environment such as too dark or bright, or 
smoky environment. Recently, the beacon navigation 
system employs optical wave[l 11 or sound wave[12][13]. 
In these methods, the measurement error grows as the area 
of the triangle formed by corner cubes or ultrasonic 
transmitters becomes larger. The position measurement by 
these methods becomes even unreliable when the mobile 
robot is located outside the triangle since they yield 
unacceptable amounts of errors. Several researches[ 141- 
[ 181 have tried to localize a mobile robot using a matching 
technique, which compares the range data, obtained by 
ultrasonic sensor or laser range finder, with an 
environment model. These model-based methods are, 
however, not suitable for dynamically changing 
environment or complex environment. Therefore, it is 
required to develop a localization system that can 
accurately estimate the mobile robot's current position in 
complex and unknown environments. 
In this paper, we propose a new self-localization 
algorithm for mobile robots navigating in unknown 
environment using an active omni-directional range sensor. 
The proposed algorithm estimates the current position and 
head angle of a mobile robot by registration of the range 
data obtained at two positions; current and previous and 
by matching the two range data. In this algorithm, we 
reduces the processing time by using a function defined as 
a measure of features representing shape complexity of 
the navigation environment. To show the effectiveness of 
the proposed algorithm, a series of simulations was 
conducted under various environment conditions. The 
results show that the proposed algorithm is very efficient 
for self-localization of mobile robots navigation in 
unknown environments. The proposed algorithm is found 
to be especially capable of estimating mobile robot's head 
angle, which is regarded as a main cause of an 
accumulated error. 
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2 Active Omni-Directional Range Sensor 

2.1 Sensor system configuration 
The proposed sensor system is primarily divided into the 
laser source part and the CCD camera detection part, as 
shown in Fig. 1. The laser source part consists of a laser, 
which is the light source, and also the instrumental and 
control parts that send the laser in all potential directions. 
The camera detection part, consisling of the conic mirror, 
the CCD camera and the filter is used to obtain omni- 
directional views of the environment. The centers of the 
laser source and the conic mirrcir are aligned with the 
vertical axis, and the laser source rotates around the center 
of the axis. By doing so, a conic laser plane is formed, and 
after being reflected from, the conic mirror, the laser image 
is captured through the camera. The captured image is 
then used to obtain a two-dimensional depth map of the 
surrounding environment by using the triangulation 
method. The proposed sensor system, set up for a mobile 
robot, is shown in Fig. 2. Since li30th of a second is 
needed to capture the image, a laser motor rotating at over 
1800 rpm is required to make a laser beam plane within 
this time. To obtain the three-dimensional depth map of 
the robot's surroundings, a hi~;h-resolution(0.2"/pulse) 
stepping motor is needed for scanning the conic laser 
plane vertically. In addition, it is used a diode 
laser(634nm-l2mW), a monocular CCD camera( 1/2"), a 
band-pass filter(630nm) and a personal computer, IBM- 
PC/586(75Mhz) as the main controller. 

2.2 Measurement error of the sensor system 

Experiments are undertaken to evaluate the depth 
measuring accuracy of the implemented sensor system. 
That is, 25 reference points are chosen at intervals of 10 
cm within the effective measurable distance and the zenith 
angle of the laser beam QL is desiznated as 90". Also, the 
experiments are conducted ten times, to evaluate the 
repeatability of the sensor system. The sensor system was 
found to have a mean measurement error of 30.1 mm and 
a standard deviation of error is 9.86. Furthermore, the 
measurement error increases as the distance from a target 
object increases. Consequently, the sensor system was 
found to have about a mean measurement error of 30.1 
mm in the effective measurable distance, which is 
considered to be an acceptable measurement error for 
locating a mobile robot in navigation. 

System 

2.3 Experimental Results of Two-dimensional 

To evaluate the performance of the proposed sensor 
system, a two-dimensional depth map for mobile robot 
navigation has been sought. To reduce the image noise 
captured by the conic mirror, a ti30 nm band-pass filter 
was attached. The zenith- angle of the laser beam $L was 
fixed at 90". Fig. 3(a) illustrates the experimental 
environment. Fig. 3(b) shows the actual dimensions of the 
navigation environment and the experimental data 

Range Data Measurement 

measured by the sensor system. The azimuth angle is 
divided at intervals of 0.5 degrees and, to obtain a single 
pixel point that corresponds with each azimuth angle, 
thinning image pre-processing and the center of gravity 
method are used. The maximum measurement error is 
found to be 78.0 mm and the mean measurement error is 
21.3 mm. Also, the process for calculating a two- 
dimensional depth map was conducted one hundred times 
to evaluate the performance of the sensor system's 
processing time. As a result, the mean value of the 
processing time is found to be 85.4 msec, or nearly real 
time. 

conic mirror 

laser Dl 
Fig. 1 The schematic diagram of the proposed sensor 

system 

Fig. 2 The proposed sensor system, mounted on a mobile 
robot 

3 The Proposed Self-Localization Method 
In this research, we propose a new self-localization 
algorithm of which estimates the current position and head 
angle of a mobile robot by making registration of the 
range data obtained at two different locations; current and 
previous, in unknown environments. We assume that 
objects surrounding the robot are rigid and represented as 

1604 



@ obstacle l(circular column), 
0 obstacle 2(rectangular column) 
(a) The experimental environment 

Actual Data - Measured Datd 

Obstdde 1 Obstacle 2 
(cylinder) 

I i ~ 1 0 0  L 

I -200 

.*50[ 

Unit ciii 
-300 

(b) Measured two-dimensional depth data 

Fig. 3 Experimental results of two-dimensional depth 
data measurement 

continuous points. And, we represent the range data 
obtained at two positions, as free-form curves. To estimate 
the motion parameter of the mobile robot, an optimization 
technique can exccuted from the two registered curves; 
which minimizes the normal distances from points on one 
curve to those of the other. Linear least-squares method is 
probably the most commonly used optimal technique[ 191 
for parameter estimation. However, least-squares 
estimators assume that the noise disturbing the data is of 
zero mean. Sometimes even when the data contains only 
one datum, least-squares estimators may be completely 
perturbed. The range data, obtained from the sensor 

system during robot's navigation, include outliers such as 
noise, occlusion and appearance. Least-squares estimators 
may can fatal errors for parameter estimation in this kind 
of work. Consequently, more robust optimal approach is 
required, and therefore the M-estimator technique is 
adopted which does not need to know a priori 
corresponding points for matching of two curves. Also, 
we will show that matching process time can be 
drastically reduced if of optimal matching points are 
determined. The optimal matching points can determined 
with consideration of size and shape complexity of 
segments of interested navigation environment obtained 
from segmentation process of the range data. 

3.1 Free-form curve registration 
When the mobile robot navigates, it is Euclidean 
transformation between two curves which indicate range 
data obtained from the sensor system at current and 
previous positions: 

-b c 
T = T ( a , b , c , d ) = [ l  a d ]  (1) 

0 0 1  

where a, b, c, d represent euclidean motion parameters, 
and T is transformation matrix between two curves. 

As shown in Fig. 4, P, becomes a pixel point (x~, y,, I)' 
on the image plane where t represents the transpose of a 
vector. The distance between an arbitrary point P(xo, yo) 
and the line Ax + By + C = 0 is given by: 

Axo +By, +C 

4 m  d =  

We then set a line along the normal direction at a control 
point P,(x,, yJ on the curve, obtained at previous position, 
to define a distance on the image plane as shown in the 
figure. The normal line intersects the curve, obtained at 
the current position, at a point which the tangential line is 
defined. The distance d, between a control point P,(x,, yJ 
and the tangential line AT + Ba + C, = 0 is given by: 

(3) 

The distance between the tangential line and the control 
point of the registering curve defines a error function: 

e = (di)' (4) 

If many points on the curve are used, the partial 
derivatives of the error function with respect to the motion 
parameters give a least-square form. However, the range 
data, obtained from the sensor system during robot's 
navigation, include outliers such as noise, occlusion and 
appearance. Thus, least-square estimators may cause fatal 
errors for parameter estimation in this work. Consequently, 
robust optimal approach is required, and we adopted the 
M-estimator technique which does not need to know 
corresponding points for matching of two curves. Then, a 
error function is redefined as following iterative form: 

e, = C wk, (dk,12 (5) 
* 
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where w is the weight function, and CT is the standard 
deviation of errors at k-1 time step. 
In most cases, the curve, obtaincd at previous position, 
converges to the curve, obtained at current position, in 2-3 
iterations. Eq. (6) is Huber's func:tion[20] and the partial 
derivatives of the error function with respect to the motion 
parameters can be derived by: 

CM:(A,Y+B~Y): C,,,,(B,X-A,Y)(A,*+B,~) C":A,(A,X+B,~) ~ N : B , ( A , ~ + B ~ J ~  

c w , ( B ,  1- A,yj(A,x + B,y) c w , ( B ,  1 - A,y j' w,A,(B,x - A,y)  c y B , ( B , i  - AJ) 

7 W. 4 B, 

I 

- p C , A .  -1 ' - z w , c , n  j 
(7) 

We can iteratively refine the motion parameters using Eq. 
(3) through Eg.(7). Then, x , ,  yr and OR, the pose of the 
mobile robot, can be estimated by the following 
equations: 

x, =-e @a> 
y, =-d (8b) 

eR = -tan-' (e) 
However, if many points for matching two curves are used, 
it gives rise to the long processing time, and disturbs in 
the navigation of the mobile r,obot. To overcome this 
problem, we propose a new niethod which reduces a 
matching process time due to determination of optimal 
matching points. The optimal matching points have been 
determined by size and shape complexity of segments 
obtained from a segmentation of range data. 

3.2 Determination of the opimal matching points 
A main requisite for successful registration is degree of 
evidence of features the registered data. That is, if 
existence of features of the datz. is evident, it may good 
performance of the registration. In this research, to 
estimate the motion parameter of the mobile robot, 

normal search direction 
tangential line 
( A , x  +B,y + C,= 0 ) 

if the range data 

c8mhol point 

f 
P t ( Y , > Y , )  cume of the range data 

at previous position 

Fig. 4 Error distance between two fiee-form curves 

. . L t - s q u a r e s  line fit 
// ( y = A x + B )  

Orthogonal distance ( en!) Segment (m) . 
r-th point 

Fig. 5 Orthogonal distance between data and fitting line 

registration of two curves obtained at current and previous 
positions are executed by an optimization technique 
approach minimizing the normal distances from points on 
one curve to the other. Accordingly, the degree of 
evidence of features the registered data is in proportion to 
a standard deviation of the registered data in normal 
direction. To implement this concept we define Cfi which 
is a measure of features representing the shape complexity 
of segments obtained from segmentation of the range data. 
We will show that the use of this C'can reduce processing 
time of the registration since it provide a method of 
finding the optimal matching points determined from C' 
To calculate C, segmentation of the registering range data 
should be conducted, and a following assumption is 
needed: 

It is assumed that all pixels within 2 pixels of 
the captured image are continuous points, and 
consist of one segment. That is, since the 
measurement resolution of the sensor system 
per one pixel is 40.1 mm, e v e y  points within 8 
cm form one segment. 

Segmentation of the range data by the assumption above 
has an effect on noise reduction. Hereupon, as shown in 
Fig. 5, line y=Ax+B is fitted in one segment by least- 
squares method and the line parameters can be obtained 
bv: 

(9) 

where x, y are the position value of the points which 
consist of one segment. 
The average of orthogonal distances between the actual 
data and the fitted line, d,,, is given by 

where N,, is the number of data which consist of one 
segment. 
C, the feature measure of the segment is defined as 
follows: 

1 4, +Rm, >1 
10Rm, 

where R,, is the minimal measurement resolution of the 
proposed sensor system. 
Therefore, N,, the number of optimal matching points 
with respect to the segment, is given by 
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obtained in consecutive time frame and matching these 
two data. 

where m is the number of the segment , k is the number of 
iteration, de is the matching error. 

4 Self-Localization 
To evaluate the performance of the proposed self- 
localization algorithm, the following simulations have 
been conducted. In this simulation two-dimensional range 
data of an arbitrary shape and range data obtained from 
the proposed sensor system in a hallway were used. In the 
case of range data without outliers and with 30% outliers, 
the general M-estimator and the optimal matching points 
determination method were adopted for estimation of the 
mobile robot's pose. It is assumed that xl, yl and OR, pose 
of the mobile robot at current position, are 500 mm, -200 
mm and 20" with respect to those of the mobile robot at 
the previous location. Figs. 6 show the simulation results 
of the motion parameters estimation in the case of range 
data without outliers. The figures show that, the motion 
parameters are successfully estimated within 10 iterations. 
The convergence of the proposed method is found to be 
fast enough to use in actual environment. Figs. 7 show the 
simulation results of the motion parameters estimation in 
the case of range data with 30% outliers. Most of the 
outliers are occlusion or appearance of obstacles, because 
other noise in the captured image has been removed by a 
band-pass filter, installed within the sensor system. 

5 Conclusions 
In this research, an Active Omni-directional Range Sensor 
System has been built, that can obtain an omni-directional 
range data through the use of a laser conic plane and a 
conic mirror. The sensor system was found to have a 
mean measurement error of 30.1 mm, in the effective 
measurable region, and a mean processing time of 85.4 
msec, or nearly real time. To process these measured data 
for environment modeling, we proposed a self-localization 
algorithm for mobile robots navigating in unknown 
environments. The proposed algorithm estimates the 
current position and head angle of a mobile robot by a 
registration of range data obtained at two positions; 
current and previous and matching those two data. To 
reduce the processing time of the registration and 
matching, we defined C,  as a measure of the range 
segment features, and proposed a method of determining 
optimal matching points. To evaluate performance of the 
proposed self-localization algorithm, simulations have 
been conducted. The results indicate that the estimation 
errors of mobile robot localization in a hallway, are 1 1.66 
mm, 5.06 mm and 0.06'. The processing time of  the 
proposed algorithm is 4.32 sec for 10 iterations with on 
Pentium PC. The implication of these simulation results is 
that the proposed algorithm can estimate the position and 
head angle of a mobile robot by registering of range data 
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