A Study on World Map Building for Mobile Robots with Tri-Aural
Ultrasonic Sensor System

Hyoung Jo Jeon and Byung Kook Kim

Department of Electrical Engineering
Korea Advanced Institute of Science and Technology
373-1 Kusong-dong, Yusong-gu, Taejon 305-701 Korea

Abstract

A new tri-aurael ultrasonic sensor system s suggest-
ed to build more accurate world maps for mobile robots
with less scanning. In ordinary single sensor system-
s, the inherent beam-width of sonar fransmiiler caus-
es ambiguity in sensing direction. Dual sensors may
be used to discriminate plane and corner with several
scans. However, the proposed method uses triple sen-
sors, and achieves more accuracy with less scanning.
Stmulation studies and ezperimental results reveal the
performance of the proposed method.

1 Introduction

In the area of mobile robot navigation, recognizing
environments and building world maps are necessary.
Among several range sensors, the ultrasonic sensor is
most popular, because it has advantages of low cost,
small size, low power, and simple hardware construc-
tion. However, it has major disadvantage, the inherent
beam width of sonar, which causes ambiguity in sens-
ing direction.

The beam-width of sonar transmitter causes mis-
matches between the line-of-sight and the real loca-
tion of object. To reduce these mismatches, sev-
eral methods are suggested such as grid analysis in
the systematic sense to solve the misinterpretation of
data[l], probability function including uncertainty of
data[2][3], etc. Nevertheless, there are still problems
such as errors that have the dimensions of grid, scan-
ning time requirements, etc.

In the generation of a world map, it is useful to dis-
criminate environment into planes, corners, and edges.
An edge can be detected only when the angle between
the line-of-sight of transducer and the location of edge
is small. So, an edge can be easily differentiated from
corner or plane[4][5]. However, using the simple dot
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Figure 1: TOF dot patterns of a single ftransducer
produced by the plane and corner reflectors.

map method, plane and corner can’t be distinguished
as shown in Fig. 1. To overcome this problem, Boz-
ma and Kuc proposed a method discriminating corner
and plane with a single sonar sensor[4], by parameter-
izing the arc formed when the sensor scans across an
object. However, in this method multiple scannings
are required at two different positions.

On the other hand, a method using two sensors is
suggested by Barshan and Kuc[6]. In this method sin-
gle location of mobile robot is enough to discriminate
corner and plane, by using amplitude information as
well as time information(TOF). Also it is usable for
the full range of sensor angles where reflected signal
can be detected. Nevertheless, at least two scans are
required in the same location. Since one of features of
sonar is slower propagation velocity than other medi-
a such as laser, vision, etc, increase in scanning time
results in slow recognition of environment.

In fact, a study about tri-aural sensor system is
already proposed by Peremans and Campenhout[7].
They also utilize three ultrasonic sensors, one trans-
mitting and three receiving. In this method, it is suffi-
cient to distinguish an edge or a plane/corner with one
measurement, but, still it needs at least two measure-

—=3000—



ments with different locations to discriminate a plane
and a corner.

In this paper, a new tri-aural ultrasonic sensor sys-
tem is suggested, which can recognize its environment
more precisely with less scanning. The central sensor
acts as both transmitter/receiver, and left and right
side sensors act only as receivers. As described in Sec-
tion 2, by considering oblique an gle characteristics and
using triple sensors, only one measurement is neces-
sary to discriminate a plane and a corner. In addi-
tion, triple receivers achieve the correction of errors in
sensing direction[8].

2 Tri-Aural Sensor System
2.1 Physical Model

When the radius of transmitter a is larger than the
wavelength of sonar beam, the sonar beam is trans-
mitted almost straight-forward. As illustrated in Fig.
2, a sonar beam is divided into two regions of the near
zone(Fresnel zone) and the far zone(Fraunhofer zone).
In the near zone, the shape of beam is approximated
as a cylinder with radius a, and this zone is extend-
ed to the distance of %Li In the far zone, the beam
diverges with half angle 6o as

0.61A
go = sin~! T (1)

In fact, the region we are interested is the far zone,
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Figure 2: Beam Pattern

where the pulse is transmitted as like a plane wave.
The amplitude pattern can be described as[6)

—20°
p(ﬂ) = pmaxemp_s_g' (2)
0

The amplitude has a Gaussian form with standard de-
viation of fg/2.

As depicted in Fig. 3, when a pair of identical sen-
sors are used as one for transmitter, and another for

receiver, the amplitude of signal arrived at the receiver
is described as a product of two beams, given as[6]

—20%  —20%
A(gl 1 92) — Amaw EEP-ETIE,:BP 02 2 (3)
0 0

where #; and 6, are the oblique angles of the trans-
mitter and the receiver, respectively. Amaz is the am-
plitude that is observed when 8, = #5 = 0, that is, the
transducers are pointed at each other.

Assuming that the reflectors are composed of s
mooth surfaces that act like mirrors, a transmit-
ting/receiving (I'/R) transducer can be viewed as a
separate transmitter(Z’), and a virtual receiver(R').

Figure 3: A pair of identical transducers
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Figure 4: Reflection model of plane and corner

As illustrated in Fig. 4, for the reflection from a plane,
measured angle in the clockwise direction is 6, =10
whereas 8, = —0. Also for a corner, 0 = g, = 0.
Substituting these values in Eq. (3) yields the same
amplitude characteristics for both plane and corner[6].

402
A.(B) = Amazemp—gz— (4)
0

2.2 Plane/Corner Differentiation Algo-
rithm

As indicated by Eq. (4), plane and corner cannot
be differentiated with a single transducer. Hence, to
discriminate corner from plane, the difference in the
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sign of § of the virtual receiver must be exploited by
using multiple sensors. For this purpose, we propose
a tri-aural sensor system where the central sensor acts
both as transmitter/receiver, and left and right side
sensors act only as receivers, as depicted in Figs. 5
and 6.

Using this configuration, amplitudes Acc/, Acrs,
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Figure 5: Tri-aural sensor system

Figure 6: Tri-aural sensor configuration

Acr can be obtained and exploited for the differentia-
tion procedure as shown in Fig. 7. The corresponding
ranges Zceon,Zer,Zor will be used for determining
the inclined angle @ later. Amplitudes of reflected sig-
nal received by two side sensors are the same for plane,
and not the same for corner, when varying the incli-
nation angle 8.
For a plane, we get

Amplitude Amplitude

0 theta 0 theta
Plana Comner

Figure 7: Amplitude graphs
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The maximum amplitude of each transducer occurs
at 8 = 0, that is, when the sensor system faces the
plane normally. Rotation of the transmitter decreases
amplitude.

For a corner, we get

—46?
Acer = Amaxea:pg—z (6)
0
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60
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[0}

The maximum amplitude of center receiver occurs
when the sensor faces the corner normally, i.e., # = 0.
For the left receiver, it occurs at § = 6,, and for the
right receiver § = —#8,.

When a noise is present, the actual amplitude

Amplitude Ampiitude

Figure 8: Amplitude graphs with noise effects

measurement shows statistical variation that can be
modeled by additive random noise n.

Ameas(8) = A(B) +n (7)

The noise can be described by a probability density
function having zero-mean and variance ¢?. Ampli-
tude curves incorporating noise are redrawn in Fig. 8.

The following equation is applied to discriminate
corner from plane in wider range of 6.

If |Acr-—Acr/| > 60 , then the object is a CORNER

(8)
For the near range of # = 0, a corner cannot be dif-
ferentiated from plane in this proposed method. How-
ever, after multiple scans with different sensor direc-
tions as described in Section 2.3, a line is placed whose




length is proportional to # for the plane, and a dot is
placed for the corner. Hence, plane and corner can be
discriminated for all angles.

2.3 Range and Direction

It is assumed that the environment is composed of
only corners, planes, and edges. To estimate the value
of #, we employ the three range measurements from
three transducers as

Foer = 28 (9)
Zerr = /AR? + d? — 4Rdsind
Zer = A/4R? +d? 4+ ARdsinf

From the above equations, R and @ are calculated as

= ‘{C;C’ (10)

IZ%'R" _Z%'L’ (11)
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However, the angle of the surfaces defining one corner

with respect to the transducer line-of-sight cannot be

determined due to the physics of reflection.

For a corner, the oblique angle @ between the trans-
ducers and the corner allows us to place a dot on a
sonar map, corresponding to the point of intersection
of surfaces defining the corner. In a case of plane, it
can be conjectured there is a flat surface of certain
length. Therefore, for a plane a line is placed at the
surface of the plane and its length is calculated as

= sin”

[ = Rtanf (12)

As mentioned in Section 1, the reflected signal from
edge is detected when the oblique angle is small, and
the amplitude of reflected signal is smaller than the
other cases. Therefore, for an edge or a corner, a dot
is placed. For a plane, which is the last case, a line is
placed.

3 Simulation and Experimental Re-
sults

For simulation, impulse response simulation mod-
el is used[5]. In Fig. 9, a simulation result of single
sonar system(a traditional method) is depicted, and
the upper graph (a) is the case of using high threshold
level, and the lower one (b) is for using low threshold
level. In this graph, the error is increased with lower
threshold level.

Fig. 10 is the graph when using the tri-aural sen-
sor system. It shows a dot for detecting a corner, and
a solid line for detecting a plane or failing to detect
a corner. The solid line has the length of Eq. (12).
In this case, in spite of using low threshold level the
error is not increased, but, the detectable region is
increased. Hence, more accurate recognition of envi-
ronment is achieved.

The tri-aural sensor system was implemented us-
ing three Polaroid sensors, Part No. 604142 [9]. The
frequency of sonar transmitted by this transducer is
50kHz. After receiving, the sonar signal was amplified
by the Auto-Time-Gain amplifier included in Polaroid
Ranging Circuit Board, Part No. 615077, and final-
ly converted to digital signal through A/D converter
with 312.5kHz rate. A 32-bit monoboard microcom-
puter MVME 133 by Motorola is used for main pro-
cessing, and connected to IBM PC via RS-232C for
editing, compiling, downloading the program as well
as user interface. The set-up of experimental equip-
ment is depicted in Fig. 11.

In Fig. 12 a data from a plane environment is

(b) low threshold level

Figure 9: Global map using one sensor with different
threshold

plotted. The upper graph is a result by the tradition-
al method using single sensor, and the lower graph
shows the result using tri-aural sensor system. The
error of traditional method is proportionally increased
as @ grows, but the error is not increased in the graph
of the proposed method until certain degree of angle,
about 12° ~ 15° which is similar to simulation.

For a corner environment, the degree error was cor-




(b) low threshold level

Figure 10: Global map using tri-aural sensor system
with different threshold RS
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the map, if the data is confirmed as a corner, a dot o T BN
was placed after correction of degree by 6, and if not, S sl e ST L |
a line was located properly according to . The re- a2 E
gion about the intersecting point of corner was not 24 - s e e L
distinguished as corner, as described before in Section L i
3.2, but the length of line placed at the intersecting e | 3l
point was shorter than the result from the traditional W SRTVAIR - s 0, =
method. Hence, it is enough to describe the point of ? i R & -
intersection of surfaces defining the corner. Figure 12: Map from plane reflector

In Fig. 14, an experimental result at a corridor is
| shown, as a general case being composed of complex
" reflectors. The sensor system is located in the cen-
" ter of the corridor. The surface of corridor is not so
smooth, which causes some diffused reflections. Com-
paring with the two previous graphs, the discrimina-
tion was not accomplished enough for longer distance,
but the accuracy of map was improved by the correc-
tion of direction. Since the data was obtained using @ 2 3
low threshold level, edge was detected as not one point 3 = T0 Senser
but several points. However, the correction of point 2
location was achieved by certain amount of degrees in
the proposed method. In the upper graph, it was de-
tected as some objects is at the bottom and the left of
middle, but in the lower graph it was corrected. Also
the shape of plane located at left-middle and right- e T
middle was detected more correctly in the proposed Figure 13: Map from corner reflector
method.
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Figure 14: Global map

4 Concluding Remarks

A new tri-aural sensor system is developed for
building more accurate world maps. It achieves the
correction of direction and the discrimination of plane
and corner with less scanning. By using the cen-
tral transducer as transmitter/receiver, and both side
transducers only for receivers, it results no addition-
al scanning at different location. Nevertheless, it
achieves detecting the oblique angle of the reflector
and discriminates corner and plane using amplitude
information as well as the time information. After
discrimination it places a dot for a corner, a line for a
plane. Therefore, it results more accuracy in the map
making.

As shown in Fig. 14, in measuring objects locat-
ed at long distance, the discrimination is not accom-
plished, and there is not so much difference from sin-
gle sensor system. However there are some Improve-
ments on the measurements of plane reflectors. Be-
sides, there are errors caused by diffused reflection,
but the effect is decreased by degree correction in the
graph using tri-aural sensor system.

In this study, with less scanning, tri-aural sensor
system achieves more accuracy between the real world
and the sonar map. However, there are still some
problems such as failure of discrimination at long dis-
tances, the error caused by multiple reflection, and
so on, as shown in global map, Fig. 14. Further re-
searches are necessary for the analysis of combining
frequency[10] and time domain information, or includ-
ing the process of multiple reflections[11] for better
recognition about environments. The suggested sys-
tem can make two dimensional map horizontally, but,
if the transducers is added vertically, then three di-
mensional one can be obtained.
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