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Abstract— In this paper, an accurate long-distance position
measurement system using laser range finders (LRFs), which
can be used for surveys in construction fields is proposed. Since
the LRF is a sensor which can measure distance to surfaces of
objects by radiating laser beams from itself and receiving the
reflected ones, data obtained from the LRF are nothing more
than the contours of objects. For this reason, we adopted
cylindrical shaped objects since the contour, a circular arc, is
invariant against rotation. Therefore, this research aims to fit
circles to the arc-shaped contours of the cylindrical objects and
estimate their accurate center positions by applying the least
square method and maximum likelihood estimation. If we know
the radius of the cylindrical object in advance, the
aforementioned two methods become non-linear problems. For
this reason, we applied the Newton-Raphson method to solve
these non-linear equations. We improve the angular resolution
of the LRF by using a pan unit, and reveal that the maximum
likelihood estimation can give us the most accurate center
position. Additionally, we implemented proposed position
measurement system in an actual construction field.

I. INTRODUCTION

eal-time position measurement for specified objects such

as humans or mobile robots by using LRFs is an

important task in the research area of so called Intelligent
Space (iSpace) which is a space with distributed sensors and
actuators [1] [2]. Position measurement using LRFs can also
be applied to surveying tasks in construction fields.

In most construction fields, we often need to put a mark on
a certain position and, in most cases, these surveying tasks are
performed by a Total Station [3]. Although this device can
survey with high accuracy, it has several disadvantages: /. it
is impossible to track multiple objects at once, 2. it is
impossible to track in real-time, and 3. it is too expensive to
purchase or even to rent. To overcome such problems, we
propose a position measurement system using LRFs as shown
in Fig. 1.

In the proposed system, a worker moves in the construction
field, carrying a reference bar and it is detected by multiple
LRFs set at a higher position than human height. This
real-time position measurement system is low-cost according
to the price of the LRF, and can measure multiple positions at
once when multiple reference bars are used, which leads to
working hour efficiency. Also by carrying a mobile display
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Fig. 1 Proposed position measurement system using LRFs.

device (e.g. a PDA or laptop), and displaying the positions of
the reference bars on a map, the workers can easily gain
information on where they are and where objective points are
in the construction field through a wireless network.
However, since data from the LRFs are nothing more than
the contour of the reference bar, we need to estimate its center
position based on its contour. For this reason, we adopted
cylindrical shaped reference bars, which will make the
contour of the reference bar a circular arc irrespective of the
direction from which it is scanned. Therefore, this research
aims to fit circles to the arc-shaped contours of the cylindrical
reference bars and estimate their accurate center positions.
Fitting a circle or an ellipse to the observed data points
from sensors is a hot topic in the research area of mobile robot
navigation and computer vision. In the former case, natural
products with geometric features such as a circle or an ellipse
are widely used as landmarks of environments. Landmarks
such as tree trunks or power poles are usually scanned by
LRFs mounted on a mobile robot in order to correct its
self-localization [4], [5]. In the latter case, since circular or
spherical objects in 3D space are generally projected to an
ellipse when they are captured by a camera, an ellipse fitting
in the 2D image plane is useful to analyze 3D positions of the
objects. This is one of the basic processing techniques in
pervasive applications including robot vision [6]-[9]. These
circle or ellipse fittings are collectively called geometric
fitting and there are three main methods to solve this: the
Hough transformation [10], the least square method (LSM)
[11], and the maximum likelihood estimation (MLE) [12].
However, the Hough transformation is known to require
considerable computational resources and consume a huge
amount of memory since accurate geometric fitting needs
high-density cells. Therefore, we adopted the other two
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Fig. 2 A system configuration of the proposed position measurement system.
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Fig. 3 A system configuration by combining RT-components.

methods; the LSM and the MLE to fit a circle equation to
observed data points from an LRF.

Additionally, since we already knew the radius of the
reference bar, the parameters we needed to search for were
the center position only. Therefore, there is a possibility that
we can estimate the center position more accurately when we
specify the radius in advance. In the aforementioned two
research areas, there are no works in which the LSM and the
MLE are applied with known radius.

Moreover, proposed position measurement system should
have a capability to flexibly expand measurable area
according to the size of the construction field and to easily
construct a network among all LRFs and display devices. So
we implemented the proposed position measurement system
by using RT-Middleware [13] which is being developed by
the National Institute of Advanced Industrial Science and
Technology (AIST) in Japan. RT-Middleware is a software
platform which can be easily used to construct a complex
system like a robot by combining each modularized
functional component called RT-component. It provides an
execution environment to construct whole system by
connecting all RT-components distributed on the network
transparently, exceeding a wall of different OSs and
programming languages. This transparent connection is done
by CORBA (Common Object Request Broker Architecture),
a distributed object middleware.

In this paper, as a basic research, we focus on making use
of single LRF, and aim at establishing an algorithm to fit
circles to the arc-shaped contours of the cylindrical reference
bars and estimate their accurate center positions and also
establishing the most basic position measurement system
using RT-Middleware.

II. SYSTEM CONFIGURATION

The proposed position measurement system basically
consists of three modules as shown in a left side of the Fig. 2:
data acquisition from an LRF, position measurement process,

TABLEI
1/0 INFORMATION OF EACH RT-COMPONENT

Component Input Output
Distance
LRF — Reflected intensity
Sensor information
Position Distance Center position
measurement Reflected intensity Contour data
Sensor information Background data
Center position
Visualization Contour data —
Background data
TABLEII
SPECIFICATION OF UTM-30LX
Model Number UTM-30LX

Laser diode 2=870[nm]
0.1[m]-30[m], 270[deg]
0.1[m]-10[m] :+30[mm]
10[m]-30[m] :+£50[mm]
0.25[deg]

Light source
Measurable area

Measurement accuracy

Angular resolution

and visualization of surveying results. We established each
RT-component so that it will correspond to each module’s
function. By connecting each RT-component and activating
them as shown in Fig. 3, the whole system will be configured.
Also we describe 1/O information of each RT-component in
Table I. Details of each RT-component are described below.

A. Data acquisition from an LRF

An RT-component in charge of data acquisition from an
LRF outputs both a distance to an object’s surface and the
reflected intensity of each scanning step. We used the
UTM-30LX, LRF in our system, from Hokuyo Automatic
Co., Ltd. A specification of the UTM-30LX is shown in Table
11 [14].

B. Position measurement process

An RT-component in charge of the position measurement
process receives the aforementioned data from the LRF
component and outputs the center position, contour data of
the object, and background data. This RT-component consists
of three steps as shown on the right side of Fig. 2: background
subtraction, clustering of foreground objects, and estimation
of the center position of each foreground object. Background
subtraction is a step to distinguish moving objects
(foreground) from static objects (background). After
clustering moving objects by using a nearest neighbor method,
we fit circles to the arc-shaped contours and estimate their
accurate center positions by using the aforementioned two
methods; the LSM and the MLE. Details of these two
methods are described below.

1) Least square method (LSM): Generally, the equation of
a circle in 2D plane can be expressed as

x'+y’ =2ax-2by+a’ +b’ -1’ =0, (1)

, where a and b are the center position and r is the radius of the
circle. The LSM for a circle is a method for estimating
parameters a, b, and » which will minimize the square sum of
the error J,¢ [11] expressed as
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where (x,,y,),a=1,.,N are the observed data points

belonging to the contour of the reference bar.

2) Maximum likelihood estimation (MLE): The MLE for a
circle is a method for deciding the parameters a, b, and r so
that the observed data can most easily be obtained from the
assumed noise model [12]. In other words, the MLE is a
method for deciding the parameters a, b, and » which will
maximize the likellhood of each data point
(x,,y,),a=1,.,N . In this paper, we assumed that each data
point obtained from the LRF had an independent error
described by a Gaussian distribution with mean 0 and
standard deviation . Then, the likelihood of each data point
(x,,y,),a=1,.,N can be expressed as

(XX Vi V)
v ZXP[*(X(X*;CH)Z/ZO'ZJ gxp[f(ya *fa)z/202:|

= X
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e (5.5 0.5 ] 20 |
) (27[0'2 )ZN

where (X,,)is the true position of (x,,y,) . To maximize
this
—log[p(x,,....xy,¥,,..., ¥y )] . After taking a logarithm of both

likelihood  p(x,,....xy,¥,,...»y) , We minimize

sides of (3) and removing a constant term which doesn't
contribute to minimization, the MLE is equal to minimize

following equation J,, defined in (4).

szi[@, %) i 2| @

However, here we have to fulfill (1) as a constraint. After
removing the restraint condition by using Lagrange's method
of undetermined multipliers, finally the MLE for a circle is
equal to estimate parameters a, b, and » which will minimize
J,. expressed as

N (x(f +y,° =2ax, —2by +d’ +b’ —r2)2
I :Z 2, 2 2 ®)
S X +y=2ax,~2by, +d +b
Since the radius of the reference bar is given in advance,
parameters which should be demanded become only a and b.
However, in this case, both the LSM and the MLE become
non-linear problems. In order to solve these non-linear
equations, we applied the Newton-Raphson method since it is
known to have a faster convergence than other Gradient
method, Conjugate gradient method or Levenberg-Marquardt
method if its initial value is close to the true value of a and b.
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Fig. 5 An example of measuring the center position of the cylindrical
reference bar. The unit of x and y are in [mm], and an LRF is set at the origin
indicated by a green point. Red points represent background data, black
points represent the contour of the reference bar, orange points represent a
superimposed circle, and blue point represents measured center position.

Although we can apply the estimated center positions of the
LSM and the MLE with unknown radius to the initial value of
the Newton-Raphson method, these estimated positions are
known to separate from the true value of a and » when the
noise of the arc-shaped contour becomes pronounced [15].
For this reason, we applied the estimated center positions of
the Constant Distance Method (CDM) [16] as the initial value
of the Newton-Raphson method. This method defines a
position advanced by a constant d from the cluster’s center as
a center position of the object (x,,,¥,,) as shown in Fig. 4.

The CDM can estimate an object’s center position with a
certain amount of accuracy irrespective of its shape.

C. Visualization of surveying results

In order to visualize surveying results and make it easier
for workers to understand, we used a visualization component
which was developed by using a graphical tool gnuplot [17].
This component receives data from position measurement
process component and displays the surveying results as
shown in Fig. 5.

III. EXPERIMENT

A. Experimental setup

In order to evaluate estimate errors of the proposed
non-linear LSM and non-linear MLE with known radius, and
also for comparison the CDM used as the initial value of these
two non-linear methods, we performed outdoor experiments
by using a single LRF (the aforementioned UTM-30LX) and
a cylindrical reference bar whose radius was set to be 250 mm.



Fig. 6 An experimental scene upon a flat ground which consists of squared
tiles. We put the cylindrical reference bar along a line in front of the LRF from
6[m] to 30[m] by 2[m] intervals. Intersections of each tile are used as a
reference of a global coordinate.
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Fig. 7 A comparison of estimate errors of three methods. Blue, red, and green
points represent estimate error of the CDM, the LSM, and the MLE in turn.

Since scanned data from the LRF significantly change
depending on the material of the surface, we attached a white
paper, which has high reflectance in an infrared region, to the
cylinder’s surface.

This time, we performed experiments upon a flat ground as
shown in Fig. 6 in order to avoid unexpected errors derived
from slight swings of human hands. Also this flat ground
consists of squared tiles and we regarded each intersection as
a reference of a distance from the LRF. We put the cylindrical
reference bar along a line in front of the LRF from 6 m to 30
m by 2 m intervals. The reason why we started measurements
from 6[m] is that the LRF, UTM-30LX was reported to output
shorter distance than an original value in an adjacent area to
the LRF.

We evaluated estimate errors of the aforementioned three
methods: the CDM in which a constant d was set to be 250
mm, the non-linear LSM, and the non-linear MLE with
known radius. Estimate error E is defined as

E:\/(XW ~a) +(Y,-b) (6)

where (a,b) is the estimated center position of the cylindrical
reference bar and (X,,Y,,) is a position where we put the
cylindrical reference bar.

B. Consideration of each method’s estimate error

Estimate errors of the aforementioned three methods are
shown in Fig. 7. The horizontal axis represents the distance
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(a) (b)
Fig. 8 The cylinder’s contour scanned (a) at a near distance, (b) at a far
distance. We can see that noise around the circle’s edge became pronounced
and the contour became no longer an arc-shaped at a far distance indicated
by two red circles.
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Fig. 9 Estimate errors of the CDM (a) at a near distance, (b) at a far distance.
Depending on the increase of distance, the error in a depth direction
decreases.

from the LRF and the vertical axis represents the estimate
error of each method. Moreover, an error bar shows the
standard deviation of the estimate error at each distance.
From Fig. 7, although we revealed that the non-linear LSM
and the non-linear MLE with known radius which are the
novel approaches to estimate the center position of the circle
gave fewer errors than that of the CDM, we can say that
depending on the increase of distance from the LRF, the error
of the CDM tends to decrease and each error of the LSM and
the MLE tends to increase. An explanation to these
experimental results is described below based on observed
data at different distances from the LRF as shown in Fig. 8.

From Fig. 8, we can see that although the contour of the
cylindrical reference bar remained arc-shaped at a near
distance, noise around the circle’s edge became pronounced
and the contour became no longer arc-shaped at a far distance.
This is because a reflection from the circle’s edge becomes
only a slightly diffused element in a far distance, which
makes both the S/N ratio and the shape of the contour worse.
Finally, it became a linear shape at more than 20 m.
Additionally, we can see that data points belonging to the
contour decreased at a far distance. This is because an angular
resolution of the LRF set as 0.25 deg, which makes a density
of a laser beam sparse at a far distance from the LRF. These
two phenomena are considered to be the reason why each
error of the LSM and the MLE tends to increase at a far
distance.

Also with respect to the CDM, the tendency with which its
error tends to decrease at a far distance is considered to be due
to the aforementioned collapse of the contour’s shape and
also a constant d set to be the same value as the radius of the
cylinder, 250 mm as shown in Fig. 9. At a near distance, since
the contour is the arc-shaped, the center of the cluster is
placed further away from the contour, which makes the
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Fig. 10 Estimate errors of the three methods with a reflected beam intensity
filter whose filtering threshold was set to be 0%, 40%, and 80% represent by
the continuous, the broken, and the dotted line in turn. The sharp rises at more
than 28[m] are considered to be due to an extreme lack of the number of data
points. The error bars are omitted to avoid confusing.

estimated position advanced by 250 mm from it pass over the
true center position and the estimate error in a depth direction
increases. On the other hand, since the contour is no longer
arc-shaped but a linear shape at a far distance, the center of
the cluster gets closer to the contour, which makes the
estimated position also get closer to the true center position.

In the next two subsections, we try to improve the accuracy
of the LSM and the MLE by dealing with aforementioned two
phenomena; collapse of the contour’s shape and the decrease
of data points belonging to the contour, in turn.

C. Reflected beam intensity filter

In order to improve accuracies of the proposed non-linear
LSM and non-linear MLE with known radius at a far distance,
we focused on eliminating data points with large noise which
cause a collapse of the contour’s shape and obtaining
arc-shaped contour. Since S/N ratios of such data points are
worse than the others, we implemented a reflected beam
intensity filter which eliminates data points whose reflected
beam intensities are less than a % of the highest intensity in
the contour. Estimate errors of the three methods with a
reflected beam intensity filter whose filtering threshold was
set to be 0%, 40%, and 80%, respectively, are shown in Fig.
10.

From Fig. 10, we can see that by increasing the threshold of
the filter, the estimate errors of the CDM tend to decrease and
those of the LSM and the MLE tend to increase. With respect
to the CDM, since the contour become a linear shape by
eliminating data points with large noise arising around the
circle’s edge, the center of the cluster gets closer to the
contour, which makes the estimated position also get closer to
the true center position. On the other hands, even though the
shape of the contour becomes accurate, estimate errors of the
LSM and the MLE become worse. This is considered to be
caused by the elimination of valuable data points belonging to
the contour.

D. Improving an angular resolution by a pan unit

From the previous discussion, it is considered that the
accuracy of the LSM and the MLE are strongly dependent on
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Fig. 11 (a) A combination of the LRF and the pan unit. (b) Obtained data by
using the pan unit.
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Fig. 12 Estimate errors of the three methods with pan unit. The angular
resolution of the LRF was improved about 17 times.

the number of the data points or the length of the contour
regardless of the accuracy of the contour’s shape. Since we
can make the length of the contour longer by using multiple
LRFs, here we consider increasing the number of data points
belonging to the contour by improving the angular resolution
of the LRF using a pan unit.

In order to increase the number of data points, we set the
moving head pan unit SPU-01 which can pan by the angular
resolution of 0.015 deg from SUSTAINable Robotics beneath
the LRF as shown in Fig. 11 (a). Since the angular resolution
of the LRF can be improved about 17 times by using the pan
unit, by using 17 different scanned results, we can observe a
dense contour as shown in Fig. 11 (b). Estimate errors of three
methods with the pan unit are shown in Fig. 12.

From Fig. 12, we can say that estimate errors of the LSM
and the MLE significantly decrease by improving the angular
resolution using the pan unit. Especially, estimate errors of
the MLE are stable through all distances and are less than 12
mm. Moreover, we could decrease the variance of the
estimate error at each distance compared with Fig. 7, which is
necessary for surveys in construction field to determine the
measured position precisely.

E. An application to surveys in construction fields

We applied the proposed position measurement system to
construction fields as shown in Fig. 13. In the system, the
LREF is set at a higher position than human height by using the
tripod stand and also kept horizontal by using the leveling
system. The data acquired from the LRF are sent to the
processing computer in which the center positions of the
cylindrical reference bars are estimated. Then, the estimated
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Fig. 13 Proposed position measurement system for surveys in construction
fields.

center positions are sent to the mobile display device and the
worker can easily gain information on where the current
measured position is and where objective positions are in the
construction field through a wireless network.

Moreover, the worker can easily construct the proposed
position measurement system even based on different OSs
because the system is implemented by using RT-Middleware.
For this application the system is implemented based on
Windows XP for the processing computer and Ubuntu 8.04
for the mobile display device.

IV. CONCLUSION

This paper proposes an accurate long-distance position
measurement system for cylindrical objects using LRFs
which can be used for surveying tasks in construction fields.
This long-distance position measurement system is superior
to conventional measurement systems such as a Total Station
from the point of view of ease of use, cost-efficiency, and
working hour efficiency. However, the most important part of
the algorithm is how to estimate the center position of the
cylindrical reference bar based on observed data points from
the LRF, so we adopted three methods: the CDM, the
non-linear LSM with known radius, and the non-linear MLE
with known radius. We revealed that the non-linear LSM and
the non-linear MLE with known radius (these are the novel
approaches to estimate the center position of the circle) gave
fewer errors than the CDM. Especially, we achieved the
estimate error of the non-linear MLE to be less than 12 mm
for a wide range of distances by using the pan unit and
improving the angular resolution of the LRF. Also we applied
the proposed position measurement system to construction
fields.

In our future work, we intend to create a more complete
position measurement system where multiple LRFs are
available. In principle, circle fitting of both the LSM and the
MLE tends to be more accurate when an arc-shaped contour
becomes longer, so using multiple LRFs and making the
arc-shaped contour longer will give us a more accurate center
position of the cylindrical reference bar.
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