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Abstract

In this paper a new method for measurement of proposed is mobile object coordinates. For measurement of spatial coordinates of
the object combination of different methods was use. With the on object mounted low-frequency ultrasonic transducer emitted signals
are picked up by two ultrasonic receivers. Position of the object is determined by the binaural method. For improvement of accuracy and
noise robustness the delay time of the ultrasonic signals is determined on-line using correlation processing. Algorithm for tracking of
ultrasonic pulses in the time domain was developed. Analysis of the measurement uncertainties and the results of experimental

investigation are presented.
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Introduction

In many fields for determination of the coordinates of
various moving objects the laser based, television and
ultrasonic system are used [1-4]. These systems differ in a
performance speed, amount of the information obtained,
accuracy and of course in price. There are a big variety of
ultrasonic systems used for similar purposes. The
advantages of ultrasonic systems are simplicity in use, low
sensitivity to the dust, fog or poor vision conditions caused
by environmental factors and a relatively low price.

The objective of ultrasonic mobile object position
measurement is to determine two coordinates — X and y in a
selected axis system. There are two different fields of
application. The first is where the emitted ultrasonic signal
is reflected from a moving object and reflected signal is
received by two or more receivers. This method is often
fused or mobile robots [5-7]. The second field is where the
ultrasonic signal emitted by the on a mobile object
mounted ultrasound transducer and received by two
receivers. This principle is called as a binaural method. In
this method the sender emits a short ultrasonic pulse and
two receivers placed at some distance pick-up these
signals. The object coordinates are calculated from the
ultrasound propagation times between the transmitter and
receivers.

In this paper a new method for measurement of mobile
object coordinates at long distances (up to 20 m) is
proposed. In the ultrasonic coordinate measurement system
combination of different methods was used:
the binaural method for determination of
moving object coordinates;
the coded ultrasonic sequence for signal
generation;
the cross-correlation method for
processing.

The objective of the work presented is to determine the
reliability and potential accuracy of such measuring
system.

signal

Problem and approach

For localization of a mobile object one of the simple
principle used is a binaural method [8-11]. For realization
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of this method in air by means of ultrasonic waves an
ultrasonic signal transmitter and two receivers placed at
some distance from each other are necessary. The
transmitting ultrasonic transducer must be mounted on a
mobile object (Fig.1).
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Fig.1. Measurement principle of the coordinates of a moving object

Then the coordinates of the mobile object at the point
X, Y can be calculated according to
c
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where c is the ultrasound velocity, t., t, are the measured
delay times of the ultrasonic waves from the transmitter till
the first and second receivers, ty is the complete parasitic
delay time in electronic and acoustic units, Ly is the
distance between the receivers.

Though it is a simple principle, but implementation of
the binaural approach for measurements of coordinates at
long distances meets some problems.
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The ultrasonic unit mounted on a mobile object must
be autonomous. Therefore there is a problem of a
synchronization between the mobile unit and the fixed
basic unit. To solve this problem the infrared signal is
used. The mobile unit includes also the ultrasonic
generator, which operates in a stand-by mode. When it
receives the infrared signal from the basic unit, then it
transmits the ultrasonic signal.

The second problem is the signal propagation at long
distances. The signal amplitude depends an a signal
frequency as 1/f, where f is the signal frequency.
Therefore, a relatively low-frequency ultrasonic transducer
(40 kHz resonance frequency) is used. To compensation of
attenuation and diffraction of ultrasonic waves the time
varying gain is used.

In a measurement system workplace may be different
electrical and other equipment. They emit periodical or
white noise during the measurement. To overcome these
problems it was proposed to use coded ultrasonic signals
and correlation processing, which should be carried out on-
line.

Additional measurement errors are due to temperature
dependence of the ultrasound velocity in air and influence
of air turbulence or convection flows. The ultrasound
velocity variations caused by the temperature are
compensated using a temperature sensor. Then the
ultrasound velocity C is calculated according to:

c=Ar-T+Br, )
where Ar and Br are the some parameters, T is the
temperature calculated from the temperature sensor data.

In order to reduce measurement errors caused by air
turbulence, it is necessary to accumulate and average a few
measurement results. In medium range applications (20 m)
the length of the received ultrasonic signal may reach up to
30000 sampling points. Processing of such sequences
using conventional cross-correlation algorithms takes too
much time and is not suitable for on-line measurements.
For the solution of this problem the advanced cross-
correlation method for estimation of the delay time of
ultrasonic signals was developed. The essence of this

method is that the calculation of the cross-correlation
function was splitted into two steps:

o during the first step the coarse delay time
estimation of the received ultrasonic signal is
obtained;

e during the second step the position of the signal in
the time domain is found by means of the
conventional cross-correlation algorithm in the time
domain, but calculations are carried out only in a
very narrow window.

Solution of the described problems in the ultrasonic

measurement system of mobile object coordinates was
given in [12].

Implementation

The developed ultrasonic measurement system
consists of the mobile unit with the transmitter of
ultrasonic waves, IR receiver, digital signal processor
(DSP) and the basic unit with two ultrasonic receivers, IR
generator and DSP (Fig.2).

The ultrasonic pulse is generated using commercial 40
kHz piezoelectric resonant transmitters. The transmitter in
the mobile unit is triggered by infrared signal, which is
generated and sent by the basic unit. The infrared signal
consists of 20 pulses with the repetition frequency 36 kHz.
In order to avoid the influence of an acoustic noise the
ultrasonic signal is the phase manipulated 40 kHz M-
sequence. The M- sequence consists of 32 elements,
duration of each element is 5 periods of the carrier. The
ultrasonic receivers are placed at the distance Ly=Im from
each other, which is called the base distance. The received
signals are amplified and digitised by the analogue-to-
digital converter in the basic unit. The digitised signals
from the basic unit are processed in DSP using the cross-
correlation method. The basic unit is connected to the host
PC type computer by the serial RS232 interface.

The ultrasonic system is controlled using service and
demonstration program. This program is used for set up of
meter parameters, demonstration of the correct
performance and for experimental measurements.
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Fig.2. The generalised structure of the ultrasonic measurement system of mobile object coordinates.
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The measurement process of mobile objects
coordinates is performed according to the algorithm
presented in Fig.3.
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Fig.3. The algorithm to the measurement of the mobile object
coordinates

E

The result of this algorithm are coordinates of the
object X, and Y, calculated from Eq.1.

Experimental results

The objective of the experiments was estimation of the
measurement accuracy in closed spaces and determination
of potential limits of measurements [13]. The
measurements were performed in the following steps:

e calibration of the system;
acquisition of the reference signal at the given
position;
measurements at the prescribed points along a few
directions parallel to the measurement base at
various distances from the ultrasonic receivers.

The aim of the -calibration of the system was
estimation of the parasitic delay time t; in electronics and
acoustics. For this purpose the reference signal was used.
The reference signal was acquired at the distance L=1 m in
front of the first receiver. The example of the reference
signal is presented in Fig.4.

The distance between the transducer and the first
receiver is determined by the cross-correlation method. The
parasitic delay time t; was determined by comparing
mechanical and ultrasonic measurements and calculated
according to the formula

L
o=t —=> 3)
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Fig.4. The reference signal coded with M-sequence at the distance 1 m
in front of the first receiver

where t;; is the measured delay time from the transmitter
till the first receiver; L is the mechanical by measured
distance between the transmitter and the first receiver, C is
the ultrasound velocity calculated from Eq.2.

Experimental investigation was carried out in a closed
hall. During the experiments measurements were
performed at the distances 10 and 20 meters in the y-axis
direction and up to 10 m with a step 2m in the X-axis
direction. The actual positions of the mobile unit were
determined by means of mechanical measurements. At
each point ten measurements were carried out. Using a
solid-state sensor DS1820 the measurement of the air
temperature was carried out.

The absolute error of measurement results is presented
in Fig.5. In this figure Xyean and Ymean coordinates represent
the mean values of with ultrasonic system measurements
coordinate’s results and X, and Yy, - the mechanically
measured coordinates. The results are presented at different
distances - 10 and 20 m. The absolute error along the X-
axis does not exceed 8 cm and from the y-axis — 13 cm in
the range of the distances up to 20 m from the receivers
and up to £10 m from the symmetry axis.

The uncertainty of measurements of spatial coordinates
was characterized by a standard deviation [14]. In our case
the position of the active beacon is given by two — X and y
coordinates, therefore the total uncertainty was determined
from the uncertainties of measurements of X and y
coordinates:

S(%,Y) = s? (0 +5%(Y) - )

The spatial distribution of these uncertainties is
presented in Fig.6.

The experimental standard deviation of the
measurements results with the ultrasonic system does not
exceed £0,09 m.

The real sector of the coordinates measurement, is
determined from the measurements results at different
points. This determined sector is shows in Fig.7. In the
near zone this sector depends on directivity patterns of the
used ultrasonic receivers. The selected receiver’s
directivity pattern width was +45° degrees. To cover
0-180° sector in the horizontal plane the measurement
system must be turned.

The parameters of the proposed ultrasonic system are
achieved with the base distance 1 m. To achieve better
metrological results a longer measurement base should
used.
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Fig.5. Absolute measurements errors of the ultrasonic system at different distances
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where u(c), u(Ly) are the standard uncertainties of the
velocity of sound and the distance between the receivers;
u(ty), u(ty) are the standard uncertainties of the times of
ﬂlght when tlztml—td and tzztm2—td.

The sensitivity coefficients of the coordinates x and y
are given by

oX 2X
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Fig.7. Sector in which measurements of coordinates may be 1 y
performed ‘i ﬁ 7
. W, (y)= Y " 2
Uncertainties of measurements LY = oL, - 2y
The coordinates of the mobile object can be calculated Lo
according to Eq.1. Because all parameters are independent oy X+ B
and uncorrelated then the standard uncertainties of the Wy (y) = X =" y

coordinate’s measurements can be obtained from Eq.1 as
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Taking into account Eq. 5, 6 and 7 we obtain
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where the standard uncertainties of the delay times can be
determined as

u(t;) = yu*(te) +u’(tg),

U(ty) = U’ (te2) +U°(tg)-
U(te1), U(tey) are the standard uncertainties of the delay time
calculated by cross-correlation method; u(ty) is the
standard uncertainty of complete parasitic delay time.

The calculated standard uncertainties are: u(L,)=0.29
mm, U(t;)=1.9 ps, u(te)= 1.9 us, u(ty)= 1.9 us, u(c)=0.18
m/s.

The numerical values of the -calculated and
experimentally determined measurement uncertainties in X
and y directions are presented in Table 1.

©

Table 1. The calculated and experimentally determined measurement

uncertainties
Calculated standard Experimental
Coordinate (x,y) uncertainty standard uncertainty
m U(X), U(y), UE(X)’ UE(Y),
mm mm mm mm
(0,10) 4,11 1,71 9,86 1,15
(5,10) 4,9 3,48 6,65 4,14
(10,10) 6,77 7,94 8,1 8,6
(0,20) 8,22 3,38 19,1 1,6
(5,20) 8,66 4,33 14,2 3,5
(10,20) 9,83 6,7 16,7 8,45
The experimental standard uncertainty of the

measurements results obtained by the ultrasonic coordinate
meter was calculated as:

u(k) = (10)

where k are the values of the measurement results, K is the
mean of the N measurements.

Conclusions

The analyzed ultrasonic method for measurement of
mobile object coordinates can reliably determine spatial
coordinates in the range of the distances up to 20 m from
the receivers and up to & 10 m in a lateral direction. High
robustness and the good accuracy of measurements were
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achieved due to application of ultrasonic coded sequences
and correlation processing, which is carried out on line by
a digital signal processor.

References

1. Tsujimura T., Yabuta T. Object detection by tactile sensing method
employing force/torque information. IEEE Transactions on robotics
and Automation. 1989. Vol.5. No.4. P.444-450.

Watanabe S., Yoneyama M. An ultrasonic visual sensor for three-
dimensional object recognition using neural networks. IEEE
Transactions on robotics and Automation. 1992. Vol.8. No.2. P.240-
248.

3. Nishida Y., Aizawa H., Hori T., Hoffman N., Kanade T.,
Kakikura M. 3D ultrasonic tagging system for observing human
activity. Proceedings of the 2003 IEEE/RSJ Int. Conference on
Intelligent Robots and Systems. Las Vegas, Nevada. October, 2003.
P.785-791.

Maeda M., Ogawa T., Kiyokawa K., Takemura H. Tracking of
user position and orientation by stereo measurement of infrared
markers and orientation sensing. Proceedings of the Eight Int.
Symposium on Wearable Computers. 2004. Vol.1. P.77-84.

5. Kazys R. Smart ultrasonic sensor for semi-autonomous robots.
Proceedings of the 6th UK Mechatronics International Conference.
Skovde, Sweden, Pergamon, Amsterdam. 1998. P.489-492.

6. Wu J.,, Chan W., Thomas G. Rapid and accurate inter-robot
position determination in robot teams. IEEE Transactions on
Instrumentation and Measurement. 2001, Vol.50, No.1, p.163-168.

7. Kuang W. T., Morris A. S. Using short-time fourier transform and
wavelet packet filter banks for improved frequency measurement in a
Doppler robot tracking system. IEEE Transactions on
Instrumentation and Measurement. 2002, Vol.51, No.3, p.440-444.

8. Kuc R. Biomimetic sonar recognizes objects using binaural
information. J. Acoust. Soc. Amer. 1997. Vol.102(2,Pt.1). P689.

9. Peremans H., Adenauert K., Van Campenhout J.M. A high-
resolution sensor based on tri-aural perception. IEEE Trans. Robot.
Automat. 1993. Vol.9(1). P.36.

Peremans H. Broad beamwidth ultrasonic transducers for tri-aural
perception. J. Acoust. Soc. Amer. 1997. Vol.102(3). P.1567.

KazZys R., Svilainis L., MazZeika L. Application of orthogonal
ultrasonic  signals and binaural processing for imaging of
environment. Ultrasonics. 2000. Vol.38(1-8). P.171-175.

KaZys R., MaZeika L., Sliteris R., Tumiys O. Application of
ultrasonic binaural method for measurement of spatial coordinates.
Ultragarsas. 2002. Vol.44. No.3. P.29-31.

Kazys R., MaZeika L., Tum$ys O. The experimental investigation
of spatial resolution of ultrasonic coordinate meter. Ultragarsas.
2002. Vol.42. No.1. P.29-31.

Expression of the uncertainty of measurement in calibration.
Publication reference EAL-R2. European cooperation for
Accreditation of Laboratories, 1999.

10.

11.

12.

13.

14.

R.Kazys, L.Mazeika, O.Tumsys
Mobiliy objekty koordinaciy matavimas ultragarsiniu metodu
Reziumeé

Pasitilytas naujas mobiliy objekty koordinaciy ultragarsinis
matavimo metodas. Erdvinéms koordinatéms matuoti panaudota keliy
skirtingy metody kombinacija. Judanciame objekte sumontuoto
zemadaznio ultragarsinio siuntiklio spinduliuojami signalai priimami
dviem ultragarsiniais émikliais. Objekto koordinatés nustatomos
binauriniu metodu. Kad bty tiksliau nustatomos koordinatés ir pageréty
signaly atsparumas triuk§mui, ultragarsiniai vélinimo laiko signalai
fiksuojami naudojant koreliacini apdorojima realiuoju laiku. Tam
sukurtas naujas signaly apdorojimo algoritmas. Straipsnyje pateikti
eksperimentinio tyrimo rezultatai ir jvertintos Siuo algoritmu nustatyty
objekty erdviniy koordina¢iy matavimy neapibréztys.

Pateikta spaudai 2008 11 27
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