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ABSTRACT

It is well known that the sonar return of the monaural time of flight (TOF) sonar sensor is
charactetised by a wide noise matgin. This investigation was therefore aimed at developing a sonar
sensor model based on the monaural model which could localize more precisely and instantly or
in real-time at least, a point target in an umknown 2D space. Experimenting with different
microcontroller driven transducer configurations and echo modes lead to the formulation of this
proposition: A collinear monaural sonar triplet operating in the multiple echo mode offets ample
opportunity for the development of an embedded software for the instant localization of a poins
target. Accordingly, an embedded software named a geometric filter was developed and imple-
mented thus producing an intelligent TOF sonar ranging triplt. A localization test with the triplet
highlighted an error bound of 0.0 to - 2.5c¢m and 0.0 to 8.5cm in the X and Y ditection of the
horizontal plane of the triplet respectively. When the localization software was reviewed, it was
possible to localize point targets with a precision of less than 2.5cm, thus, supporting out proposi-
tion. In addition, this study hypothesizes that the epicentre of reflected sound energy does not
always coincide spatially with the initiating point.

Key words: monaura! model, real time localization, sensot model, intelligent TOF sonar
ranging triplet, point target, geometric filtet.

RESUME

Les recherches ont déja montré que le retour sonar du type temps de vol monaural est caractérisé
par une marge d’erreur importante. Cette recherche a eu pour objectif de modéliser un capteur basé
sur le modéle monaural qui pouffait localiser plus précisément et immédiatement ou en temps réel,
un point cible dans un espace 2D inconnu. L’expérience avec différentes configurations de
capteurs et modes d’écho conduite par un microcontréleur a conduit i la formulation de cette
proposition: un triplet des capteurs monauraux et alignées, fonctionnant en mode muldple échos
offre une opportunité de développement d’un logiciel intégré pour une localisation instantanée
d’un point cible. En conséquence, un logiciel intégré appelé filtre géométrique a été réalisé, produi-
sant ainsi un triplet sonar intelligent du type temps de vol. Un test de localisation avec ce ttiplet
montre une marge d’erreur de 0,0 2 2,5 cm et de 0,0 4 8,5 cm respectivement dans les sens X et Y
du plan hotizontal du triplet. Quand le logiciel de localisation a été passé en revue, il a été possible
de localiser des point cibles avec une précision de moins de 2,5 cm, confitmant ainsi notre proposi-
tion. En outre, l’hypothese de cette étude est que Iépicentre de la réflexion de I’énergie sonote ne
coincide pas toujours dans Pespace avec le point qui Iinitie.

Mots clés: modéle monaural, localisation en temps réel, modéliser un capteut, triplet sonar intelli-
gent du type temps de vol, point cible, filtre géométrique
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1. INTRODUCTION
The time-of-flight sonar sensors(referred to through-
out this text as TOF sonars) have so far enjoyed enot-
mous popularity amongst sensor expetts and mo-
bile robot enthusiasts because of its simplicity and
low cost. It has been used with various degrees of
success for obstacle avoidance and navigation of
mobile tobots in a mapped 2D space. Its main draw-
back remains its relatively poor ranging capabili-
ties. This is because the simplest form of a TOF
sonar sensot in which the ultrasonic transducer
functions both as a transmitter and a receiver of
ultrasonic energy is plagued with the following
problems:-
1. Data association ptoblem due to the wide vis-
ibility angle. In other words, the origin of a
sonar return can at best be any point on a circu-
lar arc defined by a radius equal to the sonar
return and the visibility angle.

2. Cross-talk when two or more sensots are used.

3. Weak energy retutns and poor hardware tim-
ing can introduce significant ertots.

4, A specula target may not be seen if it is not
properly oriented.
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For these reasons, it has been pretty difficult to
use the monaural sonar for precise and instant or
real time  localization of any point on a target in
2D space. Expectedly, the point in question should
correspond to the epicentre of reflected ultrasonic
energy and it is what is referred to throughout this
text as a point target. Evidently, the problem of
localizing an object in an unknown 2D space will
become even more tractable if point tatgets ate pre-
cisely localize.

As faras localization in 2D space with the monau-
ral sonar is concerned, some outstanding efforts have
been made[1],[2]. However, the methods proposed
by these authors, generally require a considerable
amount of a priori data collection and processing
before any point can be localized. The scale of data
collection and processing prescribed is usually not
practicable on a small mobile robot whose compu-
tational capacity is normally limited by that of it’s
on-board micro-controllers. Other schemes such as
those proposed Leotnard and Durant Whyte [3],
and Wijk and Christensen [4] are applicable only
to what is generally referred to as localization of a
previously mapped terrain. Another important
contribution tackled the issue of localization with

Visibility angle

Fig 1.1 . The simple beam (or monaural) TOF sonar model
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a monaural sonar from the point of view of build-
ing up an occupancy grid map [4] which is usually
associated with a bulky localization code[6]. None
of these systems can localize a point (the simplest
geometric objecd) in 2D space within a fraction of a
second or instantly if the terrain in question had
not been previously mapped. In other words, these
systems can not be implemented on a mobile ro-
bot that has to petform autonomous navigation
tasks in unknown environments. No doubt, so
many important efforts have been made towards
localization with the time of flight sonar that are
not strictly speaking based on the monaural model.
As such, it has not been found necessary to review
them.

It is for this reason that it was found necessary to
investigate the capacity of the simplest form of the

TOF sonar (the monaural sonar) to localize a point

in 2D space with a precision relevant to the naviga-
tion of a small mobile robot in an unmapped 2D
terrain. Specifically, therefore, this investigation
was aimed at developing a TOF sonar system based
on the monaural model (Fig.1.1) that is capable
of localizing instantly or in rea/ time a point (or
more precisely a point target) in- 2D space. Natu-

rally, the static performance of the system envis-
aged has to be to be assessed for a start. It is ex-
pected that this effort would contribute to the
problem of real time localization or autonomous
navigation in 2D space of small mobile robots
equipped with only the monaural TOF sonars as
on-board external ranging sensors.

2. MATERIALS AND METHODS

The ranging and obstacle avoidance facilities on the

MERLIN (Mobile Experimental Robots for Locomo-
tion and Intelligent Navigation) tovers of - the ARS
lab, the University of Applied Science, Weingarten
- Germany, were used for this investigation. The
Metlin rovers are car-like mobile robots (Fig 2.1)
each having four monaural sonar transducers (three
in front and one at the rear) that are energized by
the Polaroid® 6500 module. The Polaroid module
is designed to operate one or more monaural sonar
transducer units. The operation of the module is
controlled by an Infineon™ 167CR-LM micro-con-
troller via relays. In other words, the sonar system
in question is opetrated by an embedded software.
The original system developer is PHYTEC™
Messtechnik GmbH, Germany.

Fig. 2.1 .The MERLIN Rover of the ARS Lab , The Uhiversity of Applied Sciences,

Weingarten Germany.
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2.1 Programming the Merlin’s sonar module for
multiple echo operation.

The next issue that had to be tackled was related to
the following questions: How many monaural
transducers should be used (using just one has ob-
viously not been successful so far)? What should
be the spatial configuration of the transducers? Are
there possibilities of incorporating an embedded
software to improve the efficiency of ranging? It
was therefore obvious that some preliminary in-
vestigations had to be done to obsetve the sonar
return data when two or three sonar transducers
are operating firstly, in the single echo mode and
secondly, in the multiple echo mode using arbitral
targets. These investigations revealed that the so-
nar return pattern is related to the geometry of
the target. It was also observed that a sizeable
amount of sonar return data can be generated
when the module is operating in the multiple echo
mode. The size of this data was judged to be quite
handy in the sense that it can be used as code data
for an embedded softwatre that could provide a
better picture of the nature and range of a target
within few seconds. Hence, it was decided that
the on-board the MERLIN
should be programmed for multiple echo recep-
tion. Thereafter, a localization algorithm would
have to be developed after carefully studying the
data pattern generated by the multiple echo sys-
tem. Another preliminary investigation also indi-
cated that the visibility angle &, of each transducer
used was approximately 20°. This value lies within
the range of 15 and 30° as reported in eatlier inves-
" tigations. What actually limits the visibility angle
is definitely a subject for further investigation.

sonar transducers

An cxplanation of the operation the Polaroid Mod-

ule is freely available on the net. So it is just suffi-
cient to state here that each of the four transduc-
ers was programmed to receive four echoes before
switching on to the next after every 325ms. The

e
-
o

Fig. 2.2

Sonar transducers
T before and after
- alignment
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controller had an embedded code to compute the
range of a target. The code was also capable of
disctimination targets that were 11cm apart. Theo-
retically, the minimum possible discrimination be-
tween two targets associated with the Polaroid sys-
tem in question is just below 8cm but we settled
for 11cm because a preliminary investigation indi-
cated that above this value the discriminated values
were mote consistent and accurate for perpendicu-
lar targets. The time interval between two switch-
ing actions allowed for a maximum range of about
552 ¢cm for each transducer. ’

2.2 Ranging experiments and observations

In other to develop a localization code, it was nec-
essary to conduct some localization tests with sim-
ple geometric objects and study the data emanating
theteof. First of all, the transducers in front of the
Merlin were aligned so as to make them perpen-
dicular to the centreline of the robot, (see Fig. 2.22
and 2.2b). A length of 14.5 cm was adopted as the
distance between the two transducers. Thereafter,
range measurements were taken for the following
tatgets: two specula planes - one of them inclined, 2
concave and then a convex surface, both with a
radius of curvature of 15cm, and finally an approxi-
mate point target represented by a cylinder of di-
ameter 15mm (see Fig, 2.3). In experiment (¢), 2 rec-
tangular target had its two edges roughened with
sand paper. The data collected for each of these
situations are displayed in Appendix A.

After a careful study of the data issuing from these
experiments, it was evident that the targets could
be classified as follows: -

o Point Targets- seen by at least, two transducers:
These are edges or objects of length of at least 7mm
— the approximate wavelength of the ultrasonic ra-
diation in operation. Because of the relatively small
spatial separation of the transducers, an edge is in-

(b}

The sonar transducers in front of the Metlin before (a), and after (b) alignment
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{d)

(e)
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Fig. 2.3. Graphical Representations of the tests conducted with the Sonar triplet.

dicated by the closeness in value of either the first
or second sonar return detected by two adjacent
transducers. An extract of the data recorded for
experiment (f) is shown in Fig. 2.4. We can ob-
serve a correspondence between the second return
of the first transducer and the first return recorded
by the second transducet, i.e. 185 and 182cm re-
spectively. We can also suspect another correspond-
cnce between 229 and 236.m. It must be empha-

Q"‘

sized however, that if a correspondence is obsetved
we must not rush to conclude that an edge or a
point target has been seen. For example (Fig 2.4 b),
201 and 202 are close enough but there are chances
that this data pair may not be emanating from the
same point since the two transducers are quite close
to each other and the second return of transducer

1(SenTTagl) is less than the first return of transducer
2 (Sen2Tagl).

ey

c> Typical data from Experiment (d).

Fig. 2.4. Data Extracted from Appendix A
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e Perpendicular Plane Target: Expectedly, it was
observed that.if a perpendicular plane target is'lo-
cated symmetrically within the field of view of the
three transducers, at least tyo sonar returns are al-
ways equal and a third sonar return is also always
equal to the others or at most 1.0 cm more.

e Convex surface: The data recorded for a convex
surface was very similar to that recorded for a
plane. This may be due to rounding since the data
was “floored” in code, or the fact the two sensofs
at the edges of the triplet may have picked up re-
turns from side lobs or weak signals which ate er-
ror prone. This abnormality may also be traced to
inherent alignment problems of the system that was
used.

e Concave surface: Charactetistically, the transducer
at the middle of the triplet always recorded a sec-
ond return which is about the minimum discrimi-
nation more than the first return.(see Fig. 2.4c).
This can be explained by the fact that multiple re-
flections are possible and at least two successive ech-
oes can be generated. This makes the detection of
concave surfaces relatively  easier.

What has been observed so far suggests that as long
as a point target is within the view of at least two

Cos¢, = %rzd (r22 +d?-r’

transducers of the triplets, a data correspondence
would appear as illustrated in Fig. 2.4 thus provid-
ing us with a candidate point target that can be lo-
calized in 2D space. This assertion, assumes that the
returning echoes are both of high and approxi- :
mately equal energy because of reasons advanced
in section 1. A candidate point target identified as-
such can be localized(determining it’s x, y coordi-
nates ) in 2D space by #riangulation. To do this,
the two transducers in question and the point far-
get must be associated with a rectangular frame of
reference as shown in Fig. 2.5. In this Figure, 1
and 12 are the range values detected by sonar trans-
ducer 1 (T1) and transducer 2 (T2) respectively.
Point P is any point target and 4 is the distance
between the transducers. Accordingly, the follow-
ing equations are valid : :

COS(‘PZ):%;’,(Z (r12 +d*? —rzz). o o ...(2.;

Hence the cootdinate of the point target will be
given by

P(x, y)=r,Cospy , 1, Sindy )....... ... (2.3

Fig. 2.5 Triangulation met-od to determine the coordinates of a Point Target, P
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Theortetically, a point target localized this way,
would be relatively less erroneous compared with
the localisation of a single monaural transducer.
We can confirm the validity of a position localized
by triangulation by verifying whether it lies
within the sonar visibility angle &, of any of the
two transducers in question - that is;

9 -9, _, _<%ﬂ. e eee—

(2.4

If the data of experiments (b) and (¢) are compared
we also realize that the sand paper made the edges
more “visible” because not a single data correspond-
ence was observed in experiment (b) but we ob-
served a correspondence between 229 and 236 as
shown by Fig 2.4b. This suggests that the edges of
the target can be made to be “sonar friendly” ei-
ther by sticking sandpaper or thin cylinders of at
least, 7mm on its edges. Done this way, the edges
are always going to be “seen” even if the surface
between the edges can not be seen because of its
orientation,

In a nutshell, we can conclude that the data from a
collinear TOF sonar triplet can be used to localize

at least, a point tatget. This lead to the formulation
of the following proposition: The sensor model
illustrated geometrically by Fig. 2.6 can be used to
localize a point target if converted into an embed-
ded software. It consists of three equally spaced
collinear transducers. Attached to this model is a
mobile rectangular reference frame originating from
the mid-point of the leftmost transducer (A). This
model also assumes an imaginary limit (define by
the width of view) within which a point target can
be localized by the method illustrated by Fig. 2.5.
Furthermore any sonar return not found between
the minimum and maximum possible return of the
triplet will be considered not to have been “seen”.
The minimum and maximum return should be de-
termined a prioti and systematically implemented
in software. Eventually, it is also expected that this
model would be capable of recognising and localiz-
ing planes as well as concave and convex short pro-
files with cord length less the width of view. Since
an embedded signal processing and filtering algo-
rithm is envisaged this model has been given the
name, The Intelligent TOF Sonar Ranging Triplet
Sensor Model, The distance between a pair of trans-
ducers is indicated as D.. in Fig 2.6.

WIDTH OF VIEW

Fig 2.6. Geometric Model of the Intelligent TOF Sonar Ranging Triplet Sensor
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3. IMPLEMENTING THE INTELLIGENT
TOF SONAR RANGING TRIPLET SEN-
.SOR MODEL

3.1 Localization Algorithm for the TOF Sonar
Intelligent Ranging Triplet

The next logical task of this investigation was to
attempt an implementation of the Intelligent TOF
Sonar Ranging Triplet sensor model thus obtain-
ing what may be named as a Intelligent TOF So-
nar Ranging Triplet . The implementation of this
model should permit the localization of a point
target. As indicated in the previous section, locali-
zation in this case simply means getting the X and
Y coordinates of a point target. This was in effect,
a task that consisted of developing and implement-
ing an algotithm (as an embedded software) that se-
lects and then confirms candidate point targets, us-
ing equations 2.1 through 2.4. Accordingly, the
three sonar transducers in front of the Merlin rover
and associated electronic modules constituted our
sonar triplet system. The distance between each pair
of transducers of the triplet was maintained at
14.5cm. The width of view as defined by the sen-
sor model illustrated by Fig, 2.6 was also conven-
iently chosen to be 29cm.

The candidate point selection module of the locali-
sation code was based primarily on the “geomet-
ric” logic table illustrated in Fig. 3.1. Two adja-
cent transducers can “see” two point targets in any
of the eight possible scenarios depending on the
visibility angle, the distance between each point
target and the transducers, the distance between the
points and the spatial separation of the transduc-
ers. A single transducer will not be able to discrimi-
nate between two point targets within its view if
the distance between them is less than the mini-
mum discrimination, which in this case, is 11cm.
However, if another target or-another epicentre of
reflected enetgy is 1lcm beyond the first, this
would be indicated by another return of 1lcm
greater than the first.

A pair of return was considered to have originated
from a candidate point if its absolute difference is a
value considerably less than the precision we seek
to achieve. From the same figure, the following
situations are obvious: -
e The first sonat return recorded by both
transducers, A and B, suggests a candidate
point (cases illustrated by 1, 2, 4, 8).

146

The first sonar return recorded by trans-
ducers A and the second return by B sug-
gests a candidate point (illustrated by 3).

The second sonar return recorded by  trans-
ducers A and the first return recorded by B
suggests a candidate point (illustrated by ).

The sonar returns recorded by both trans-
ducers are from two different point targets
(illustrated by 5). In this case, the algotithm
will detect no second return for both trans-

~ ducers.

The two transducers records the same value
of their respective first and second sonar
returns. This should happened if the target
is perpendicular to the axis of the sensor
(llustrated by 7).

3]

5)

7]

Fig. 3.1. Eight possible view configurations of
two point targets
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Fig. 3.2 Diagram illustrating the geometric filter

A candidate point selected as such is localized by
triangulation and thereafter confirmed by imple-
menting equation 2.4 as inaicated eatlier. An erro-
neous sonar return recorded by any of the two
transducers due to, for example, weak signals would
normally translate into a longer range value and as
such will distort significantly the localization tri-
angle thereby throwing off significantly a point
localized within the visibility cone  of any of the
two transducers (See Figure 3.2). Theoretically
therefore, this sensor will find it difficult to locate
point targets with erroneous returns. In other
words, this procedure filters out noisy data. The
minimum range detectable by this model is given
by:-

(d/2)G cotan(a/Z) =4lem. .o (3.1

This value in any case, is close to the minimum
range of the standard Polaroid 6500 module; ( 30
cm). The implementation of this procedure as~an

embedded software was given the name geometric .

Jilter. Obviously, just two transducers can select
and confirm a candidate point target. However,
since the long term vision of this system is also to
identify and localize short line segments, the tri-
plet remains the best choice. The localization algo-
rithm  therefore has 7 poss;ble ways of selecting a
candidate point — noting that case 5 is excluded.

For the purpose of locating the closest point, it

Doint
I et

-—x..ﬂ%\%

position

was decided not to scrutinize data beyond the sec-
ond echo detected by each of the transducers. How-
ever, it would not be wise to rush to a conclusion
that each transducer of the sonar triplet should be
programmed to detect only two echoes. A third or
fourth (or more) echo may carry hidden informa-
tion on the target in question that is yet to be dis-
covered. We can therefore summatize all the pos-
sible candidate point targets of the triplet as shown
in Fig. 3.3. A localization code was subsequently
developed taking into consideration all these facts.
A flow chart of the algorithm implemented is
illustrated on Appendix B. It can be seen from the
flow chart that attention was focused essentially
on identifying the edges of a rectangular target.

First sonar retumn | Second sonar return | Thitd sonar retum

Transducer A Sen1Tag1v

Sen1Tag2

Transducer B

q

Sen2Tagl - Ser2Tag2
el

M

/ he
Transducer C ge‘naTagQ

SendTagl

-
s
1
1
i
!

Fig. 3.3. Selecting candidate points
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3.2 Localization tests with the monaural sonar
ranging triplet
The first test (Linear Data Consistency ‘Test, Fig.
3.4) that was carried out was to determine the ac-
curacy as well as the consistency ot repeatability
of localizing an edge (conveniently chosen to be an
edge of a rectangular box- or a rectangular edge)
along the width of view and a range along the Y-
axis extending from 100 to 300cm. A measure-
ment interval of 5cm in the X-direction and 100cm
in the y-direction wete adopted for this test. The
second test (Edge Data Consistency Test — Fig. 3.5)
was done to ascertain whether a point tatget (con-
veniently chosen to be the
box- or a rectangular edge) would maintain con-
sistent data irrespective of its otrientation. This test
is important because the system is expected to lo-
calize a point target in a random manner. Begin-
ning with 15°, an angular increment of the same
value was maintained. The Y-interval was again
maintained 100cm in the range between 100 and
250cm. These tests were in effect, calibration tests
that should normally be done for any instrument
system,

At this juncture, it is important for us to highlight
the precision of the entire test system. The meas-
urements tools (rulers, chalk markers, general pur-
pose measuting tape, chalk board protractor) that
were used had a precision of at least. 5mm for lin-
ear measurement and 1.5° for angular measutement.
The horizontal and verticai straightness of each
* transducer was just over lmm per 50mm length.
A rectangular target was used for all the tests. The

Fig. 3.4 Linear Data Consistency Test

edge of a rectangular

three sonar transducers are supposed to be on a
straight line but the alignment in both the vettical
and horizontal direction was not better than 2mm
per 50mm. The transducers were positioned with
the aid of rulets and markers each with a precision
of approximately 1.5mm.

3.3 Observations

The data obtained for the Anear data and angular
consistency test were tabulated as shown in Appen-
dix C. According to this data, the maximum errors
associated with the X and Y coordinates (X_error
and Y _error) are — 8.0cm and 2.22 cm respectively.
The corresponding mean errors and standard de-
viations are 3.64,.2.13, 1.72 and 0.48 respectively.
A chart illustrating the error pattern of the range
considered is shown on Fig. 3.6. The chatts sug-
gest a fair level of consistency in the errors recotded.
However, in the second part of the ranging triplet,
that is, between the centreline and third sensor, the
X _error is lower and appears to be more consistent
than within the first range (0 — 15cm).

Turning our attention to the angular consistency
test of Fig. 3.5., the overall picture of the error
pattern is also presented in Fig. 3.7. The maximum
errors associated with the X and Y coordinates are
—7.56 cm and 2.39 cm respectively. The correspond-
ing mean errors and standard deviations are 3. 41,
2.64 and 1.45 and 0.66 respectively. Taking into
consideration the fact that the precision of our ex-
perimental system is 0.5cm, we can conclude that
the mean errors associated with both coordinates
of the ranging triplet is 3.5cm and I1.5¢cm respec-

Edge or Angular Data Consistency

Fig. 3.5 .
T¢st

148 -
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tively. By the same logic, the corresponding X and
Y standard deviations of the errors are 2.5 and
0.5cm respectively. Another important observa-
tion in both tests is that the Y-crrors are basically

positive (overestimation) while the X-errots are ba-
sically negative or underestimation. Furthermore,
the data seems to suggests that errors are minimal

when the orientation of an edge is 90°.

Linear Data Consistency test: Localization Error of the X-coordinate
2
'0
b A
a W *§~
1[]\/ 20 / 40
-2 ——y = T00CH
E JW\ ' e e g = TROCHE
o -4 ~ =i - mgm my = 200cH
! - —n —y = 250cH
B — e =y = 300cH
. \‘7 /
-3 e
-10
Linear increments along the mobile x-axis

2)

Fig. 3.6 (a). Lincar data Consistency test; error distribution

— ey = 00K
- ifx =y = T50cH
i e 4 = 2O
¥ = 250c
e 4 = JOOCHE

Linear Data Consistency Test: Localization Error ofthe Y -
coordinate

d

2
oy
2
*
>

'] p

i .. .8 )
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a 10 20 30 40
Lineay increments along the mobile x-axis

b)

'Fig. 3.6(b). Linear data Consistency test; error distribution
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Angular Data Consistency Test: Localization Error of the X-coordinate
2 .
+
*',ﬂ’ P
T e F“"—'P———'* T g
I 0 A 4 80 80 7 100
-2 —7 = % gy =y = 100cm
Lo - &, - - g« Y =150cm
g & ey T y
3, e d ~ s — e Y = 2000
* & /,-f*"_‘:-‘-::\ . & y = 250cm
-6 _/V*"
- \//
-10
Clockwise angular increments
2)
" Fig 3.7(a). Angular Data Consistency test, etror distribution
Angular Data tmlsistency Test: Localization Error of the Y-
coordinate
3
g T,
k-t el gk
bl 2 ».é”‘ﬁ — By, "-\.“ —*—y=10&:m
g P afiee _‘—-_*;::'Hvi*‘_ —=—y = T50cH
ml f e e W@ R - .,,‘ g - g -y =200¢m
> ¢ o ~ o e ey = 350¢HE
D T Y T T —
0 20 40 60 60 100
Clockwise Angular increments

b)

Fig 3.7(b). Angular Data Consistency test, error distribution

3.4 Discussions

Evidently, autonomous navigation in - an unknown
2D space could be greatly hampered if the heading
of a target is not known within an error bound of
at most 5°. From what has been ‘obsetrved so far;
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this ranging system (without any calibration) can
be used to localize point targets if a precision on
both the x and y axes of about Gem is satisfactory.
In other words, a rectangular target with a breadth
of at least 70cm can be localized satisfactorily, speak-
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ing within the context of 5° maximum heading
precision,

However, our concern her: is the localization of
small mobile robots whose maximum length is less
than 50cm. Does this suggest that this method can-
not be applied to such robots? Not necessarily!
First of all, we must point out that at its best, this
ranging triplet can localize a point target within an
etror bound of less than 1cm. Moteover, the one-
sided nature of the errors (especially X_errors) sug-
gests that  their sources are more systematic than
random. In other words, we observed an error
quarto-ellipse (Fig 3.8) instead of an error ellipse.
These errors can be easily traced to the selection of
candidate points. Considering the range in ques-
tion (40cm to 550cm) as well as the spatial separa-
tion of the transducers, the maximum absolute scpa-
ration to qualify a pair of returns as a candidate
point can be estimated to be just below 2.5cm. Stick-
ing on to this value however, could introduce sig-
nificant errors because such a wide separation could
also be due to weak energy sonar returns. As a
matter of fact, the maximum separation chosen
should reduce as the range increases since there is a
greater likelihood of recording weak signals.

Another possible reason could be that the epicen-
tre of reflected energy does not always coincide
spatially with the point target causing the reflec-
tion. Besides, it has already been pointed out that
the simple beam model is far from being an ideal
inverted symmetrical expanding spherical cone.

For these reasons, the localization software was
carefully reviewed (or calibrated) taking into con-
sideration these obsetvations. As a result, the Intel-
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ligent (TOF) sonar ranging triplet was able to lo-
calize with a precision of approximately 2cm (See
Fig3.8 and data in appendix C). This value is quite
reasonable because a better precision is hardly ob-
tained even when ranging perpendicular target.
because of  reasons such as variations in tempera-
ture/ humidity as well as some inherent hardware
timing problems associated with the time of flight
sonars, or in short, when working with poor qual-
ity sonats.

This is also an indication that 2 precisely built tri-
plet operating with a carefully thought localization
software could lead to a precision of less than 1.0cm.
Howevet, it is doubtful whether a precision of less
0.7cm (7mm) is obtainable with the Polaroid TOF
sonar system because the wavelength of the ultra-
sonic sound associated with this system is about
7mm. Hence, the very fact that we have a high
chance of achieving a precision of 1cm indicates that
we are on the right track towards achieving an in-
stant ot real #ime localization of a point target with
the Intelligent monaural sonar ranging triplet.

4. CONCLUSIONS AND SUGGESTIONS

The following conclusions can be drawn from  this
investigation: -

1. The monaural sonar sensor model proposed
will localize a point target in 2D space with
a precision of less than 2cm if both hard
and software are carefully developed.

2. The same system can be used to discrimi-
nate between concave, convex and plane tar-
gets. Indeed, the same system can be used
to localize short profiles or line segments

The orror quarto-ofipse
contd de squeezad boyond
this size with detter
focaliization algorithm and
code revipw

Error quarto -wiipse

, SError

Fig. 3.8 Narrowing of the error guarto-ellipse as a result of calibration
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30 3

Uncertainties{cm)

Bounded uncertainties of the triplet vesus the
unbounded uncertainty single sonar

miaxinm x
uncertainty of a

gingle sonar
= = = 'maximumy

uncertainty of a
single sonar

e YANFOTILIINY X
uncertainty of the
ranging triplet

— - — - -maximum y
uncertainty of the
ranging triplet

1 — - - — - Achievalle x and y

Sonar returns {cmj

unicertainty

Fig 4.1 The undetlining advantage of using a ranging triplet

cotresponding to these geometric forms.
The consistent and relatively high under-
estimation of the X cootdinate of the un-
calibrated sensor suggests that the geom-
etry associated with monaural sonar is nei-
ther conic nor symmetric as illustrated in
Fig 1.1.

A graphic illustration of the primary advantage of
using a triplet as opposed to a single sonar trans-
ducer is illustrated by Fig: 4.1. We observe that
when just a single sonar transducer is used in the
single echo mode, the maximum X and Y uncet-
tainties increase with the distance ranged and are
boundless. The uncertainty associated with the
X axis is more than ten times that of the y axis for
the visibility angle in question i.. 20°. Fig 4.1 also
tells us that a rudimentary monaural ranging tri-
plet bounds the X and Y uncertainty to values
between 0 and 8cm and 0 and 2 cm respectively

and that the attainment of a unified uncertainty -

bound between 0 and lem is feasible.

Accordingly, it is being suggested that the charac-
tetistics of the triplet arranged on an arc be investi-
gation and it performance compared with a
collinear triplet. It is also important that this
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work is confirmed with well aligned high quality
monaural sonars modules. The localization algo-
rithm may also be developed using probabilistic
tools. Furthermore, this investigation has also ex-
posed a hypothesis that the epicentre of reflected
sound energy does not always coincide with the
point initiating the reflection. This conclusion
should be of interest to sound wave propagation
physicists.
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APPENDIX A-Experiments with a collinear sonar triplet

- - .

s

Fig. A2. Inclined plane - less than10°
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Fig. A5. Concave Cylindrical Surface

cylinder - HyperTerminal

R g ol i e

Fig. AG. Inclined plane — more than 10° with edges made “yisible” with sand paper

156



JOURNAL OF THE CAMEROON ACADEMY OF SCIENCES Vol. 5 No.2 & 3 (2005)

‘SentTagl= 103cn

SenlTagl='173cn SenlTag2< 185cn
Sen2Tagl=182cm Sen2Tag2= 236cm
sIenaTaglnsl SendT 2= 228cn

SenLTag
SenlTag
Sen2Tag

Sen3Tag
Sen4Tagl=:

SenliTagl=
Sen2Tagl=
Sen3Tagl=
SenaTagl=+1l

SenlTag
Sen2Tag
SendTay
Sen4Ta

]% Cylinder .

Fig. A7. Data for two isolated points of each of radius 15mm

157



REVUE DE L’ACADEMIE DES SCIENCES DU CAMEROUN Vol. 5 No.2 & 3 (2005)

APPENDIX B

FLOW CHART FOR THE POINT TARGET LOCALIZATION ALGORITHM

Range a target

and generate a 4x4 matrix of
sonar returns associated with

each of the four sonar
transducers on board the
Merlin. Each transducer detects
four echoes before switching to
the next

Generate a 6x2 array  of possible candidate
point targets.

Set counter to count =0

v

Select a candidate point target from the
array of candidate points; count++

v

Pass the point through the
geometric filter &

YES

NO

Is there a filter
output?

Counte 127

Is the point target an
isolated point(an
edge) or is a point not
associated with a line
segment ?

Pass the point(s) through
the stabilizing filter,
& Display The coordinate
of the Point

Loop
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APPENDIX C-Tests with the sonar ranging triplet system

The table below is the data recorded for the Linear Data Consistency test. The legend associated with
this table is as follows:-

X_ac = Actual x coordinate of an cdge.

Y_ac = Actual y coordinate of an edge.

X_ms = x coordinate estimated by the triplet ranger
Y_ms =y coordinate estimated by the triplet ranger
X_error = X _ms - X ac

Y_error = Y_ms-Y_ac

The maximum x and y errors are in italic.

Table C1
X ac Y_ac \rheta acl X ms Y ms X error Y error
5.00 100.00 45.00 1.00 101.00 4.00 1.00
10.00 100.00 45.00 11.00 101.00 1.00 1.00

15.00 100.00 60.00 7.03 101.01 -7.97 1.01
20.00 100.00 45.00 16 .00 101.00 -4.00 1.00
25.00 100.00 45.00 25.50 102.00 0.50 2.00
30.00 100.00 45.00 ND ND ND
5.00 150.00 45.00 1.58 150.46 -3.42 0.46
10.00 150.00 45.00 7.23 150.44 -2.77 0.44
15.00 150.00 45.00 14.67 151.15 0.33 1.15
20.00 150.00 45.00 16.07 150.86 -3.93 0.86
25.00 150.00 45.00 21.46 151.23 -3.54 1.23

30.00 150.00 | 45.00 | 30.13 | 151.69 0.13 1.69
5.00 200.00 45.00 0.39 200.97 -4.61 0.97
10.00 200.00 45.00 6.12 201.22 -3.88 1.22
15.00 200.00 45.00 11.99 201.52 -3.01 1.52
20.00 200.00 45.00 17.70 201.92 -2.30 1.92

25.00 200.00 45.00 19.95 201.49 -5.05 1.49
30.00 200.00 45.00 25.95 202.14 -4.05 2.14

5.00 250.00 45.00 1.20 251.15 -3.80 1.15
10.00 250.00 45.00 7.27 251.13 -2.73 1.13
15.00 250.00 45.00 12.75 251.30 -2.25 1.30
20.00 250.00 45.00 16.46 252.03 -3.54 2.03
25.00 250.00 45.00 21.11 251.73 -3.89 1.73
30.00 250.00 45.00 28.33 252.22 -1.67 222
5.00 300.00 45.00 ND ND ND ND

10.00 300.00 45.00 2.00 301.27 -8.00 1.27
15.00 370.00 45.00 8.00 301.15 -7.00 1.15
20.00 300.00 45.00 12.81 301.65 -7.19 1.65
25.00 300.00 45.00 19.64 302.09 -5.36 2.09
30.00 300.00 45.00 28.26 301.64 -1.74 1.64
MEAN -3.51cm | 1.37c¢m
STANDARD DEVIATION 2.32cm | 0.48cm

159



REVUE DE I ACADEMIE DES SCIENCES DU CAMEROUN Vol. 5 No.2 & 3 (2005)

The next table shows the data recorded for the Angular Consistency Test. The legend is the same
except for 6 which represents the orientation of the “orthogonal edge” used.

) Table C2
*(°) X ac Y_ac X_ms Y_ms X_error Y _error

15.00 25.00 100.00 21.17 101.16 -3.83 1.16
30.00 25.00 100.00 24.31 101.76 -0.69 1.76
45.00 25.00 100.00 24.89 101.78 -0.11 1.78
60.00 25.00 100.00 25.18 101.72 0.18 1.72
75.00 25.00 100.00 24.98 101.31 -0.02 1.31
90.00 25.00 100.00 26.27 100.87 1.27 0.87
15.00 25.00 150.00 17.77 150.37 -7.23 0.37
30.00 25.00 150.00 20.86 150.90 -4.14 0.90
45.00 25.00 150.00 21.09 150.97 -3.91 0.97
60.00 25.00 150.00 21.34 150.85 -3.66 0.85
75.00 25.00 150.00 22.57 150.56 -2.43 0.56
90.00 25.00 150.00 25.40 150.10 0.40 0.10
15.00 25.00 200.00 19.96 202.16 -5.04 2.16
30.00 25.00 200.00 20.86 202.23 -4.14 2.23
45.00 25.00 200.00 20.10 202.15 -4.90 2.15
60.00 25.00 200.00 22.08 202.24 -2.92 2.24
75.00 25.00 200.00 20.20 201.73 -4.80 1.73
90.00 25.00 200.00 22.45 201.31 -2.55 1.31
15.00 25.00 250.00 18.27 251.78 -6.73 1.78
30.00 25.00 250.00 19.55 252.39 -5.45 2.39
45.00 25.00 250.00 19.56 252.50 -5.44 2.50
60.00 25.00 250.00 17.44 251.52 -7.56 1.52
75.00 25.00 250.00 17.82 251.49 -7.18 1.49
90.00 25.00 250.00 24.00 250.97 -1.00 0.97
MEAN ‘ -3.41 . 145

STANDARD DEVIATION 2.64 0.66

Table C3. Errors associated with X and Y coordinates after calibration

x_ac y_ac x_ms y_ms | X_error | Y_error
8.00 100.00 7.89 101.02 -0.11 1.02
15.00 145.00 13.40 146.70 -1.60 1.70
8.00 195.00 5.16 195.70 -2.84 0.70
19.00 245.00 16.49 247.68 -2.51 2.68
12.00 295.00 10.11 296.82 -1.89 1.82
6.50 100.00 4.42 100.82 -2.08 0.82
13.50 145.00 12.17 146.60 -1.33 1.60
12.00 195.00 10.02 196.16 -1.08 1.16
24.50 245.00 23.38 246.91 -1.12 1.91
14.00 | 295.00 12.31 296.47 -1.69 1.47

MEAN -1.72 1.49
STANDARD DEVIATION 0.76 0.59
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