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1. Introduction

Positioning systems are widely used today in many fields of applications. A similar
system is the Global Positioning System (GPS) [1]. It is a world-wide positioning
and navigation system, used for civil, as well as military purposes. It allows
comparatively precise determining of the location and route of persons, cars and
other vehicles, etc. The precision of the system is good enough for navigation
throughout the whole road map of the world and is even better for military
purposes.

However, this precision is far from adequate for other purposes, where smaller
areas with increased accuracy requirements apply, i.e., robot navigation for
industrial or service applications. Such scenarios require their own positioning and
navigation system in order to achieve adequate precision in a centimeter or even
milimeter range. Several types of systems covering these tasks have been developed
today, employing similar techniques to the common GPS system, but implemented
either with infrared or ultrasonic waves (or combination of both). Due to the
specific requirements in such applications and the search for economically adequate
solutions, radio waves are mostly used as a tool for synchronization rather than a
primary source of distance/coordinate information.
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2. Principles of operation

There are two primary and one auxiliary methods of determining objects’
coordinates in relation to a predefined (previously known) set of locations.

2.1. Triangulation

Triangulation is the process of determining the location of a point by measuring the
angles to it from known points at either end of a fixed baseline, rather than
measuring distances to the point directly (see Fig. 1). The point can then be fixed as

the third point of a triangle with one known side and two known angles [2].
C

Fig. 1. Triangulation

2.2. Trilateration

Trilateration is a method for determining the intersections of three sphere surfaces
given the centers and radii of the three spheres [3].

For the purpose of robot navigation in a small room and two-dimensional
plane, the task can be reduced to finding the intersecting points of just two
circumferences (Fig. 2).

Fig. 2. Reduced trilateration
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The solution is needed for a given plain where the mobile objects/robots move.
The intersecting points are two — C and C,, but if the reference points A and B are
chosen to be on the same side of the area of navigation then the solution is not
ambiguous but is clearly defined. Thus when the distance AB is previously defined,
and the two distances R; and R, are measured, the solution for the coordinates of C
is defined and trivial.

This is an easier and cheaper way to find objects’ coordinates because the
measurement of distances are easily achieved by measuring the time for an
ultrasonic wave to travel from two beacons (A and B) to the object (C) or vice versa.
Given the speed of sound in air (approximately 340 m/s at 20 °C), the distances r;
and r, are easily calculated.

2.3.Dead reckoning

This is a supplementary method for achieving better performance when the object is
temporary out of range (i.e., behind an obstacle). A very popular example is making
use of the encoders attached to robot’s wheels and giving the approximate number
of counts (that is, the distance) travelled by each of the wheels. This method works
very well on short distances and adds overall resilience to the system.

3. Implementation

3.1.Block diagram

The basic block diagram of our Ultrasonic Positioning System for Mobile Robots is
shown on Fig. 3. Modules designated as RsTy are ultrasonic transceivers. They are
implemented with separate coupled US transmitters and receivers (operating in
40 kHz band) in order to reduce the mode switching time (receive/transmit). The
transceiver modules have also operational amplifiers and a microcontroller for
intelligent control and automated response.

The PM (Processing Module) is synchronized with Object’s Transceiver using
RF (Radio Frequency) or IR
Processing Module (InfraRed) connection in order to
determine the start of R;, R,
measurement. As the speed of
infrared/radio pulse is much faster
than the speed of sound, its
propagation time is neglected. The
distances R; and R, are measured by
counting the time (in microseconds)
needed for the ultrasonic pulse
emitted from Object’s transceiver to
reach PM’s Transceivers or vice
versa. More about the direction
choice is explained below.
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3.2. Operation

There are two approaches to operating this system, and they are basically
equivalent.

e Given a Sync command from the PM, an ultrasonic pulse is emitted from
Object’s RTy and reaches PMs’ R,Ty-s at times Ty and T,. Then the radiuses R; and
R, are calculated:

R =V,T;.

In this case, the coordinates are calculated in PM and if the object is a robot or
a person who needs them, they have to be transmitted through the RF/IR connection
from PM to the object.

¢ Given a Sync command from the PM and sequential ultrasonic pulses from
the two PMs’ transceivers, the Object’s R, T receives the two pulses and counts the
times Ty and T,. Then distances are calculated using the same formula from above.
In this case, the coordinates or at least the raw data (Ry, Ry) are located in the
Object’s side and if the PM needs them, they have to be transmitted through Sync
connection.

The differences between the above two approaches are the following:

e The side that acquires the raw data (PM or Object)

e Scalability of the system

The first approach is more appropriate for a system that tracks few objects
(i.e., 1-5) while the second approach is better suited for a system that tracks
multiple objects simultaneously in real time.

e Objects’ speeds

If the objects being tracked are too fast, the second approach is not very
accurate as the object moves between the first and the second ultrasonic pulse
emitted by PM and thus the second distance (i.e. R,) is not completely relevant to
R:. In this case a single pulse emitted by the object (and received separately by
PMs’ transceivers) achieves better relevance and higher precision of the results.

3.3. Algorithms

In order to measure the times of arrival of the ultrasonic signal, the pulses have to
be detected. There are two main approaches for implementing US pulse detection:

¢ Detecting the envelope

Assuming t = 0 is the start moment of pulse transmission and Uy, is a
predefined comparator threshold value, the time-of-travel T of the ultrasonic pulse
is measured as shown on Fig. 4. A simple amplitude detector is used for this
purpose. In this case, if certain properties of the environment, such as reverberation
causes the signal to rise slowly, time T is different from the open-environment case
(reverberation free).
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Fig. 4. Measured ultrasonic pulse

o Detecting the signal itself

This is the method used in our ultrasonic position system for mobile robots,
because of its inherent resilience to reverberation. The idea is to count N pulses
from the beginning of the packet and then sample T. This also gives some time-
domain filtration and makes the system more noise-resilient. The principle is shown
on Fig. 5. The number of periods used is N=5.

s

Fig. 5. Detecting the signal itself

3.4.Method timerl_Tick

The main simulation function is the method timerl_ Tick, which is called on each
Timer Tick message. First, the data of ultrasonic pulses arrival times is received
from the device through the serial Portl connection. The lines that follow calculate
and display the playground x and y coordinates from the two times of arrival. This
is done using simple trigonometry, keeping in mind that the two beacons are
situated at a certain (known) height over the playground surface. The green dot is
displayed on main form’s Paint event handler.

private void timerl_Tick(object sender, EventArgs e)

{

byte[] buff = new byte[maxbufflen];
buff[0] = 1;
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buff[1] = (byte)vicommand;
buff[2] = (byte)v2command;

// Communication
serialPortl.BaseStream.Flush();
serialPortl.Write(buff, 0, 3);
serialPortl.Read(buff, 0, 4);

// Calculations

Lengths.x = buff[0] + (buff[1] << 8) - heightCorrection;

Lengths.y = buff[2] + (buff[3] << 8) - heightCorrection;

toolStripStatusLabell.Text = Lengths.x.ToString() + ", " +
Lengths.y.ToString();

double temp;
temp = (121 * 121 - 111 * 111 + Lengths.x * Lengths.x - Lengths.y *
Lengths.y) / (2 * Math.Sqrt(121 * 121 - 111 * 111));
if(temp > 0)
robotLocation.x = temp;
else
robotLocation.x = 0;
temp = Math.Sqrt(Lengths.x * Lengths.x - 111 * 11 - robotLocation.x *
robotLocation.x);
if(temp > 0)
robotLocation.y = (float)temp;
else
robotLocation.y = 0;
robotLocationGrid.x = robotLocation.x / fieldGridSize.x * Width;
robotLocationGrid.y = Height - robotLocation.y / fieldGridSize.y * Height;
toolStripStatusLabel2. Text = ((UInt32)robotLocationGrid.x).ToString() + ",
"+ ((UInt32)robotLocationGrid.y). ToString();
Refresh();
if (first 1=0)
{
robotLocationPrev.x = robotLocation.x;
robotLocationPrev.y = robotLocation.y;
robotLocationGridPrev.x = robotLocationGrid.x;
robotLocationGridPrev.y = robotLocationGrid.y;
first--;
}
1 if (++ct >=5)

ct=0;

robotVelocity.x = robotLocation.x - robotLocationPrev.x;
robotVelocityGrid.x = robotLocationGrid.x - robotLocationGridPrev.x;
robotVelocity.y = robotLocation.y - robotLocationPrev.y;
robotVelocityGrid.y = robotLocationGrid.y - robotLocationGridPrev.y;
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robotHeading = robotVelocityGrid;

toolStripStatusLabel3.Text = "vx =" + ((int)(robotVelocity.x)). ToString()
+", vy =" + ((int)(robotVelocity.y)). ToString();

robotLocationPrev.x = robotLocation.x;

robotLocationGridPrev.x = robotLocationGrid.x;

robotLocationPrev.y = robotLocation.y;

robotLocationGridPrev.y = robotLocationGrid.y;

}

robotLocationGridNext = robotLocationGrid + robotVelocityGrid,;
if (xtarg =0 || ytarg '=0)
{

destination = target - robotLocation;
alpha = Math.Atan2(destination.y, destination.x) -
Math.Atan2(robotVelocity.y, robotVelocity.x);

if (alpha < 0)
{

vlcommand = 50;
v2command = 30;

}
if (alpha > 0)

vlcommand = 30;
v2command = 50;

}
if(alpha == 0)

vlcommand = 30;
v2command = 30;

¥

if(Math.Abs(xnext - xtarg) < 100 && Math.Abs(ynext - ytarg) < 100)
{

vlicommand = 0;
v2command = 0;

}

¥
toolStripStatusLabel4. Text = ((int)(robotLocation.dispx())). ToString() + ", "

+ ((int)(robotLocation.dispy())). ToString();
¥

49



4. Limitations

There are several sources of limitation of implementations like the one described in
this article.

The first one is the properties of the signal itself. The ultrasonic pulse has a
central frequency of 40 kHz that is standard for most ultrasonic applications used
today. Due to the diffraction properties of small objects, using such waves limits the
precision to the order of wavelength /4 which for the given frequency is calculated:

~t. " 40000

The second limitation comes from the properties of the environment. Usually
there are lots of reflections from surrounding objects, floor, ceiling, etc. They create
interference with the primary signal and sometimes it may prove difficult to
distinguish between them. The reverberation is yet another property (for closed
environments) that may cause the signal level to rise and fall slowly thus leading to
the need of calibration of the system for each particular environment, even if AB
distance and the height of the beacons is the same.

5. Applications

The basic principles described in this article, as well as the method and algorithms
can be used in a vast variety of scenarios and solve many different tasks. Starting
with amusement applications (games, automated robot play) and continuing to the
fields of advertising, automated guides for museums, etc., and continuing to many
industrial applications, automated performance of different tasks in a common
environment, home appliances and robotics, artificial intelligence systems,
navigation in buildings, complex environments, etc. Each modern task, requiring
navigation can benefit from such a system (Fig. 6).

"2l Ultrasonic Mavigation E]@
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Fig. 6. Our ultrasonic navigation system for a mobile robot
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6. Future development

The future development of this project can be realized in several directions:

e Improving performance - reducing errors, increasing precision and
stability, range, etc.;

¢ Increasing the fields of application — creating and improving innovative
solutions, adding intelligent control to the existing ones;

e Embedding of the navigation system into existing robot applications —
merging data from various sensors and decision making is a challenging task and
contributes to the field of Artificial Intelligence.
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VY bpTpa3ByKoBas O3UIMOHHAS CUCTEMA
JUTsl MOOMJIBHBIX POOOTOB
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(Pezrome)

B mHacrosmiee Bpemsi pa3pabaThIBAIOTCS HECKONBKO THIIOB TO3UIMOHHBIX W
HABHUTAIIMOHHBIX CUCTEM JJISi MPOMBIIIJICHHBIX U CEPBUCHBIX POOOTOB, UCHONB3YS
TEXHUYECKHE CIOcOOBI, MoA00HbIe ['0bansHO# mosunmonnoi cucreme (GPS), Ho
OHHU OCYIICCTBISIOTLCS THO0 WHPPAKPACHBIMH, JTUOO YIBTPA3BYKOBHIMH BOJHAMH.
Hama ynpTpa3BykoBasi MO3HIIMOHHAS CHCTEMA I MOOMITBHBIX POOOTOB JIOCTHTAeT
aJICKBaTHON TOYHOCTH JIa)K€ B CAHTUMETPOBOM WJIM B MUJUTUMETPOBOM JMAaIla30He.
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IIporieccHbld MOy 3TOM CHEIUATU3UPOBAHHON MO3UIIMOHHOM CHUCTEMBI C
yIbTPa3ByKOBBIMU TpaHCHBEpAaMH IS MOOWJIBHBIX POOOTOB CHHXPOHH30BAH C
TpaHCHBEPOM (TTpHEMO-TIEpeIaTYUKOM) OOBEKTOB, U3MOJIB3YS PATHOYACTOTHI.

Pa3paborannas HaMu yIBTPa3BYKOBas IIO3WI[MOHHAS CHUCTEMa MOXKHO
MPUMEHSATEL B OOJBITIOM pasHoobOpasun crieHapueB. C e€ TOMOIIBI0 MOYKHO pelaTh
MHOXKECTBO pPa3HOOOpa3HBIX 3aJay, HA4YMHAS C HaBUTAlMEH CEPBUCHBIX H
MEPCOHAIHBIX POOOTOB (B TOM YKCiIe POOOTOB MIPYINEK, W T. 1.), a TAKXKE OHa
HaXOJWT NPUMEHEHHNE U B MHOTHX OTPACISIX MPOMBIIUIEHOCTH.
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