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Abstract

This paper describes a sensor model made up of four ultrasonic transducers able to classify reflectors (wall, edge or corneryin
specular environments. The main goal has been to effect the classification from a single reading cycle: emission of ultrasounds
and reception of echoes (measuring only times of fli ght—TOFs). Working from the four TOFs obtained after a single emission
of ultrasounds (thereby facilitating its practical mmplementation in a mobile robot, when readings are taken while the robot

is moving), an algorithm has been proposed for discriminating between edge and plane type reflectors. The configuration of
TOFs, without the need for previous geometric transformations. Special attention was given to the effect of the separation

between the sensor transducers and the reading-associated noise. Finally, some considerations have been pointed out about the
possibility of two transducers emitting, so allowing discrimination between walls and corners. ©1999 Published by Elsevier

Keywerds: Ultrasonic sensor; Intelligent sensor; Mobile robot; Reflector discrimination
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i. Introduction COrner is a concave reflector (normally two planes in-
tersecting at right angles).

One of the main goals when using multi-transducer In terms of mobile robots the advantages of gaining
ultrasonic sensors is to be able to discriminate the S0t information of the reflector type may be important in
of object from which the echo signal has been re- given applications, such as
flected. In practice, in specular environments a three e In the identification of certain objects that may con-
reflector type classification has become the norm {1 4}: stitute guidance objectives (such as the tracking of
plane, edge and corner. The plane is reserved for re- planes, for example) or for the positioning of the
fiectors such as walls or similar smooth surfaces, while mobile robot within an environment (such as the
the edge represents rounded or convex objects. The localisation of certain pre-established marks).

* In map building of the mobile robot’s environment

a knowledge of the reflector type entalls an added
wdvantage (for example in the adequate updating of
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grids with certainty values).
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g, 1. {a) Basic sensor structure Wit}

For the identification of this type of reflectors, work-
ing from times of flight (TOF), an active perception
of the environment is needed (i.e., different “points of
view”). This is done either by exploiting the succes-
sive readings as the mobile moves along, or by using
more than one ultrasound receptor for each emitter
[4,51. As has been shown in [2] at least two emitters
suitably separated are required for the classification
of the three types of reflectors (planes, corners and
edges), and the pulses of these emitters must also be
received by at least two receivers. If there have to be
two emitters, and these must not emit simultaneously,
the identification data will not be obtained in a given
instant of time but rather after at least two reading pe-
riods. In mobile robots this raises problems, not only
in terms of the time taken to gain both readings but
also because it is necessary to know the robot’s posi-
tioning [3].

When readings are taken from different points with
a view to detecting the same reflector, there are added
problems in the precise determination of the position
of the mobile robot (normally obtained from odomet-
ric systemns). Moreover, when several readings are be-
ing processed (either taken simultanecusly by several
transducers or by a single transducer from different
points) it is necessary to determine whether or not the
echoes detected have come from the same reflector
{an echo correspondence problem) {41 The MAXInm
differences that may exist betwezen readings may at
teast be established geometrically, to achieve corre-

A description is given below of the configuration
sifica-

of the proposed sensor (Section 2), lug the clas
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tention is turned to the adaptation of the sens
considerations for the discrimination between
and corners. Lastly in Section 5, the most import:
conclustions are given.

2. Basic sensor

The basic sensor system proposed, which has he
tried out in different situations, consists of four trar
ducers separated as shown in Fig. la and
transducers work at 50kHz and have an apertu
gle of 30°. Each transducer has been improvet.
a good precision in distance measurements (Gg
lower than 2 mm in distances up to 2m) [6].

processing and determining the TOF for each
them.

In general, a pair of receivers can give, as well &
reflector distance, the angle of amval [2]. The
lem of correspondence (determining whether bot
ceivers have detected the same object) is minim
by placing them as close together as possible. [

system proposed here, in order to measure the ang..
arrival on both ends of the sensor, there are two
of receivers separated by only 7.5 cm (the diame
the transducer employed 13 4om).

In general, for a pair of transducers, where
the two receivers 15 also an emitter (E/R 13, the am

o

et

ity area {the space wherein the different reflectorsc
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transducers (total angle) and the separation between
both receivers (d).

If R2 has measured a TOF, Iy, the reflector detected
may have been in any of the ellipse points shown in
Fig. 2, with foci in both receivers. For a point of the
said ellipse, which is at a distance r; from transducer
T/R1 and at a distance r» from R2, the following will
hold:

Ty Tz =Ceig, (1)

where “c” is the speed of the ultrasounds in the air It
the reflector is in a perception zone common to both re-
ceivers, receiver E/R1 will detect a TOF that may vary
in accordance with the precise position occupied by
the reflector on the aforementioned ellipse and within
the common zone. For E/R1, therefore. the reflector
can be seen as it will be between the two concentric
circunferences shown in Fig. 2. It may then be demon-
strated geometrically that, if ¢ - 1, > 4 - simfee /2, the
time of flight detected by R {11} should by all rights
be moluded between the values given by the following
equation:

The above equation can then be used to determine
whether or not there is correspondence between the
TOFs detected by each pair of transducers.

When two receivers are separated by a distance o,
there would be an important “dead” zone between
both receivers, where obstacles would not be detected.
It immediately follows that the minimum distance
measured by any of the two receivers {if both have
detected the same reflector) must be greater than
d/2y/(stne/2).

3. Discrimination between edges and planes
3.1 Readings for edges and planes

The sensor has been modelled on the assumption
that, after the reflection, the ultrasound signals arrive
at the receivers as though they had been emitted from
a point P In the case of an edge-type reflector this
point coincides with the physical position of the same;
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Fig. 3. Distances and angles for {a} plane and (b) edge reflectors.

in the case of walls and corners it is a point of the
image plane.

The situation for both types of reflectors (edges
and planes) can be seen in Fig. 3. The nomenclature
adopted uses a triple subscript, the first showing the
transducer that is emitting; the second, the transducer
receiving and the third, the type of reflector (“e” for
edges and “w” for walls or planes). Note that the ge-
ometric relations between the situations presented in
Fig. 3a and b are identical. The difference bes in the
method of obtaining distances from the TOFs that have
heen measured. Hence we get the following:

’ 111 . -
r“gg,;:é“(fi'N"—“), i=1,2,34
i€ L i) ~ ). 7
Fijw=¢C" {1, j2i334 (33

where r{ ;. and ry j,, are the distances for both reflector
types, 1y ;. is the TOF detected by the receiver “77 when
it has emitted the transducer 17 (n this study S1 is

the emitter) and ¢ is the speed of the ultrasound in air.

3.2, Case of readings without noise

For both diagrams in Fig. 3 the following relation
can be obiained between the measured distances and

g)«

(Image of the
emitter S1)
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and using (3} for every type of reflector:

2d - (D +d)

2

Wall - = K

222
=ty + 1y — 3~ iy = fwans
2d - (D +d)
Edge : = - =K
o2

Z 3 2 N
=1y — Iy = Iy H 2 + 113 = 1a) = fe

The value K = 2d{(D +d)/ ¢? is a constant referdi
{in $%) depending on the sensor structure (d anc¥®®
and the velocity of the ultrasound in the air (¢}, -
a measurement has been taken, the TOFs can be y .
to obtain the functions fuay and feqe. defined as (
indicated i (5). With the supposition of no noise in'th
measurements these expressions can be used dire k
to determine the reflector type, because

K = 0= Walil,

I ﬁs»cz’;;fs — K =0 = Edge.

it Jwall

3.3 Case of readings with noise

For every transducer the noise canr be mod
zero-mean gaussian with standard deviation
After the emmssion of an ultrasound pulse with 5
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the reception in $1, $2, S3 and 54, there is a vector

of TOFs (T') given by

7

N

T=lnntons nul =1+ny, +n,,

i

where ¢ is the vector of actual TOFs and a1, and Re
are two independent vectors {with the same dimension
of 1) that represent the transducer noise components
(zero-mean) uncorrelated {74} and correlated (o), re-
spectively. Then o7 = 02 + 52,

If X% is the covariance matrix of T and J is the
Jacobean of the transformation of T in the vector
(fwalts fedge) — in accordance with (5} —, the covari-
ance matrix of the last vector will be

s 2 z
) \ , o2, " \
cov( fruai. ﬁé(igfe,) = ( o2 (:,é{ } =J . g J!.{S}
‘ Ywe Yee J

From this Eq. (8) and with the approximations 74 =
iy Xtz oand 15 o= gy o> ti3 (well justified after
" geometric considerations):

2 T2
Cow =8 gy E"t.fi "%"{5}’

24 2 2,2

Oee=4-07 [(ta —15)° + 2],

2 42 12 2 .
Te =407 - [15 — taty + 2tgl. 9

It is important to establish the fact that only the un-
correlated component of the noise present in the trans-
ducers (o) has an influence in the covariance matrix
of ( foan, Jedse). This has an important practical con-
sideration because it means that the noise present in
all the transducers has a little influence on the dis-
crimination functions. This is the case, for example,
of the environmental changes (i.e. the room tempera-
ture) that has a similar influence on all transducers.
The standard deviation of JFoan and Jeage can be
approximately obtained from (9) knowing o, (from
empirical test it has been assumed a value of 4us
~—measured when the reflector is 1 m apart). These
standard deviations rise with the TOFs. Furthermore,
o2, can be up to four times greater than o2, The
average values for (£, Jedee) are (2K, K for edges
and (K, K72} for planes, where K is the value defined

m {3

3.4. Classification algorithm

The correlation between F
long TOFs, calls for using a ¢l

and foase, high for
stfication algorithm

ws Systems 29 (1999) 2600 75 2773

where both functions are emploved in an ndepen-
dent way. Fig. 4 shows the flow chart followed for
the discrimination between edges and walls. First,
the correspondence between echoes is determined (if
there are no jumps between two TOFs greater than
(d/cysinfa/2), where d is the separation between
transducers and « their aperture angle).

When there is no correlation of echoes only dis-
tances and sometimes angles can be determined. On
the other hand, if there is correspondence of echoes
the classification algorithm can perform the following
operations: calculating £, and Jedges Gy and e,
and assigning a type of reflector according to the fol-
lowing expressions (in a first approximation):

QK’ 3
Edgé f‘edce ,} 3 or f\k&ff ; K ¥
g 4 >
R 3K 3K
Plane: Jedge < 1 Or fuap < B (1

Once the discrimination has been effected according
to the above parameters, the definitive assignment to
one of the classes is effected only if the evaluated
probability function comes within a set interval around
the average, that is:

1

P(fedgeledge) =
edge fe Vﬁ;c}-ey

= Edge iffedge €K+ 2001,

o o 2
N e“‘f!edge" :‘f)‘!ZGy«;

1 2 m 2

Fovatt har) ~(fuait— K2 /252

P fvaitlwan) = —= ce T Usat— K320 8
V?,;’E‘()’ww

=> Wall if fw&'ﬁ € [K * z()}uw}, (1 1)

where P{;‘gégcéagg@) is the probability of having an
edge for a given value of Jedge and P Joattbwuit) is the
probability of having a wall for 4 given value of Foaii

3.5. Results

This algorithm has been tested with data from g
sumulator with a different degree of noise coupled o
the data. The goal of these simulations was to test the
influence of the noise in Foan and Jedze then it has been
supossed that there is no correspondence problem.

Results from the simulator prove the validity of the
method, if the reading error has a typical deviation of
less than 2 mm and the sensor tength is 30 cm or more.
This is demonstrated in Fig. 35, showing the values
of fedse, fuan and K for 125 reading samples taken
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Fig 4. Flow-chart for the classification algorithm {edzes and planes).

with the sensor up against a plane reflector at 150 cm,
with inclinations varying from —15° to +157. These
readings have been contaminated with a gaussian noise
with a typical deviation of 1 mm. Results are shown for
three sensor %ﬁ%oth*‘; {(Dy. 10, 30 and S0cm. It should
he noted that, in this case, the values of fuq are all
in the vicinity {}}‘ K while the values of f

arcund the value K /2. The greater is D, the easier is
the discrimination.
Fig. 6 shows are
S but now for 25

are all

esentation simtlar to that of Prg
miples obtamned in each ca

"”o

from placing an edge type reflector in front of the
sor, at a distance of about 150 cm and with deviat
from its main axis ranging from —80 to +80cm
this case it is the variable fogee that takes ona v
stmilar to that of K, while fi..n is in the vicimty of
The discrimination is again easier with higher va
of D. '

The alzorithm has also been tested with rea
ings obtained with the sensor set 2g nst a refl
wed in known positions. In this case, obvious!

problem of correspondence has bﬁ‘&,ﬁ bg;ﬁmﬁa?e‘:{i that
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-~ Reference (K)

D =50 cm.

and K for plane-type reflectors {(at a dista

ance of 1530cm with o — I'mm).

Fig. & Resulis

simulations: valuey of fo f

there are more different possibilities of resulis than the
simulated case. For edge type reflectors a Yem diam-
plane type reflec-
tors a polywood board 144 cm high and 288 cm wide
was used. These readings were used for determining
the mfuence

c
eter PVC cylinder was used and for

L%

on the algorithm of the position (and in-

Juatt and K for edge-

3 (@t a distance of 150cm and w

d with o = | mm).

on in the case of planes) of the re flector and the
total sensor fength. A sensor length of D = 30 crm was
thereby chosen, as a Compromuse betwe
ination capacity of the sensor, the acceptable leve! of
1 of th 1

€ retlector
in the front zone of the sensor.

[

[
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Correspondence
only on one side

correspondence

Table 2

Results of classifier with 200 samples of real data when the reflector is edge type {(x 18 the d
is the separation of the reflector from the main axis of the sensor}
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> from the reflector to th

Edge Indeter

tance from the

Position No correspondence Correspondence
only on one side

e ————— —

x = 100cm 1 [t}

y = 0cm (0.5 %y

x = 100cm O 5

y = —10cm (09%) (32.

x = 100cm o &4

y = i0cm (0% (32%)

x = 185¢em 2 22

v = Ocm (1%} (11%)

y = 185cm 2 67

y = —20cem (1%} (33.5%)

x = 185cm 4 70

vy = 20cm (2%} (33%)

Correspondence Wall Edge

in Aand B

4] 192
0%} (96%)
o 119
(0%} {4%) (59.5%)
¢ & 123
(0% (3% (61.5%)
Z 32 116
(1%} (16%) (58%)

3 28 84
(1.5%) (14%) (42%)
2 24 80

(1%) (12%) (40%)

The results of the classifier, with real data (200 read-
ing samples in each position), when a plane or edge
type reflector is placed in front of the sensor are shown
in Tables 1 and 2, respectively. In both cases “x7 is the
distance from the reflector. For planes, fic 18 given as
the inclination angle and for edges “y7 18 given as the
separation from the sensor’s main axis. In both cases
the classification percentages obtained are shown, in-
cluding the cases in which the algorithm could not be
compieted due o correspondence problems (as shown
in the diagram of Fig. 4).

It should be noted that these correspondence prob-
lems arise above all in the case of edges significantly
offset from the sensor’s main axis; in this case, logi-
cally, one side of the sensor Captures the reflector bet-
se of a plane

ter than the other. They also arise inthe
reflector if it has a significant inclination. These fac-
s, together with great distances from the sensor o

the reflector (more than about 2m), have a con
able adverse effect on the classifier’s results. P

4. Plane-corner case consideration

Erom a theoretical point of view, a corner-typ
flector (on the assumption of a specular relation
be modeled with a double reflection according t
set-up shown in Fig. 7b. The corresponding reflectio
of Fig. 7a, for a plane, and 7b, for a corner, show™in
the final image of the transducer Sl falls in both
in the same place (point P in both figures). The
tances and angles obtained after the emission of se
S would then be the same in both cases. }

I the emdssion were made with 54, then
would be a difference; nonetheless a position of't

comer could be found that represents a situation
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Fig. 7. Specular image of a sensor: {a) for a plane and (b} for a corner.

ambiguity similar to that previously shown for S1.

On the assumption that readings are obtained after

emissions of SI and S4 then, a discrimination func-

tion can be deduced geometrically, which function
can then be used in the final classification between

“planes” and “corners”. The procedure could be as

follows:

* Take readings when S1 has emitted and determine
whether the reflector corresponds to a plane or an
edge. Carry out separately an identical operation for
readings obtained when S4 has emitted.

o If, after the above procedure, both should have de-
tected a plane type reflector, carry out a new clas-
sification.

To this end, a discrimination function could be: fyoo =

B44 —6y;, where H24 15 the angle detected by transducer

4 when this transducer is emitting and ;, is the angle

detected by transducer 1 when this transducer is emit-

ting. It should be noted that in the case of a wall this
function would be zero while in the case of a corner
the following might hold:

(12)

tag s —rag by = —

Furthermore, given that the angles detected will al-
ways be sufficiently small, the above equation can be

approximated, with the following definitive result:

R D+ 24
fdise. = Bag — Oy =

o

if corner,

deésa = 5’4; - 5’1; =0 if piane. (13)

Note that, according to the above equation, the dis-
crimination depends on the sensor dimensions (D+24):
the greater the separation between transducers, the bet-
ter the results (albeit with the offsetting disadvantage
of the separation of the sensors’ “perspectives” and a
heightening of the problems bound up with echo cor-
respondence). Discrimination is also better with short
distances (values less of “x”) than with long distances.

5. Cenclusions

This paper has described an ultrasonic sensor mode]
made up by four transducers, Exploiting the geomet-
ric behaviour, and on the assumption of specular re-
flections, an algorithm has been proposed for discrim-
inating between different refiector types.

Working from the four TOFs obtained after a single
emission of ultrasounds (thereby facilitating its prac-
tical implernentation in a mobile robot, when read-
ings are taken while the robot is moving), an algo-
rithm has been proposed for discriminating between
edge and plane type reflectors. The configuration of
the four transducers enabled dependen discriminating
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functions to be determined directly from the quadratic
terms of the TOFs, without the need for previous geo-
metric transformations (such transformations are nec-
uy in the case of é?;wr’zhmx proposed for other

41y, which require certain trigono-
the transformation of the TOFs

ensor’s \,JC&C{{‘ for discriminat-

roset-ups [2
metric relations :;fi;e

into distances. The s
ing between reflectors has been shown, in terms of
characteristic parameter depending on its geomelry
A;* including the distance between the end transduc-
ers () and the separation between end pairs (D).
The influence of noise on the discrimination func-
lusion being

ey

f’a

rions has also been studied, the conc
drawn that only the uncorrelated component of noise
in the different transducers has an affect, but not the
correlated component (i.e., the noise motivated by en-
vironmental factors that has effect on all transducers
has no influence). To consider the influence of noise
2 statistic classifier has been set up, wherein the typ-
ical deviation of the functions used 18 obtained from
the typical error deviation of a single transducer and
the TOF readings. The proposed algorithm has been
tested with simalated data to which different noise
levels were added, and also with real data. Results
show the great influence of the sensor’s K parameter
(the greater the separation between transducers, the
greater the discrimination possibility, but at the cost
of greater echo-correspondence problems). It has also
heen shown that the classification falls off, with equal
noise levels, as the TOF readings increase.

In any case, the transducers must be capable of mak-
ing readings with millimetric precision. Thus, there is
a fairly close relationship between the results obtained
with real data coming from the sensor and the read-
ing errors. It has been shown that the typical noise
deviation is less than 2 mm n the measurement of dis-
rances up to about 2 m in the case of edges and up to
Im in the case of planes. Even below these distances
the classifier results are also determined by the imper-
fections of the reflectors, the geometric tolerances of
the sensor and the different behaviour of the vanous

{iu’r i‘g o3
. in terms of the
i should
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tioning, etc.). Note that in real envirorments situgtic
may arise mf zzam—mz're@ponéezzca %}etwecn trans

%)e noted that even th{mgh zhe Liasaiﬁcamm g%sz/
is effective only over short and intermediate dis

distance readings over greater ranges are also
able, and these can be taken into account for.
considerations than those of classification.
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