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Differentiating Sonar Reflections from Corners and
Planes by Employing an Intelligent Sensor
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Abstract—With conventional time-of-flight sonar ranging systems, it
is impossible to differentiate a reflection from a plane and from a right-
angle corner reflector. A multitransducer pulse/echo ranging system is
described that differentiates these two reflectors by exploiting the phys-
ical properties of sound propagation. The amplitudes and ranges of
reflected signals for the different transmitter and receiver pairs are
processed to determine if the reflecting object is a plane or a right angle
corner. In addition, the angle of inclination of the reflector with re-
spect to the transducer orientation can be measured. Reflected signal
amplitude and range values, as functions of inclination angle, provide
the motivation for the differentiation algorithm. A system using two
Polaroid transducers is described that correctly discriminates between
corners and planes for inclination angles within +10° of the trans-
ducer orientation. The two-transducer system is extended to a multi-
transducer array to allow the system to operate over an extended range.
An analysis comparing processing effort versus estimation accuracy is
performed. This approach is applied to the sonar map building prob-
lem. Sonar maps are generated in which planes and corners are distin-
guished by two different symbols that indicate their location and, for
the plane, its orientation.

Index Terms—Acoustics, intelligent sensors, map building, robot
navigation, sensors, signal processing, sonar, time-of-flight ranging.

I. INTRODUCTION

PREVIOUS attempts at producing sonar maps for ve-
hicular robot navigation [1]-[3] have been only mar-
ginally successful because the methods for determining
the location of reflecting objects were ad hoc and did not
consider some of the pecularities of acoustic propagation.
One such peculiarity is that the reflections from a plane
and a right-angle corner are indistinguishable when a sin-
gle transducer having a symmetric aperture is employed
[4]. In this paper, we describe a multitransducer system
to differentiate reflections from a plane and a right-angle
corner and indicate its application for sonar map produc-
tion.

We use the term intelligent sensor when the sensor sig-
nal processing algorithms interpret the observed data, the
interpretation being based on the physical principles gov-
erning the sensor and a model of the environment that is
being examined. In this case, we employ the model of the
far-field behavior of a piston-type transducer having a cir-
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cular aperture and the differences in the reflections from
a plane and a corner are determined using geometrical
wave propagation. This approach suggests a procedure to
differentiate the two by implementing a multitransducer
system that exploits the differences in the signal ampli-
tudes and travel times.

In Section II, an overview of current sonar ranging sys-
tems is presented. Section III describes a physical model
for transducer reflection process from planes and corners.
In Section IV, a simple plane/corner differentiation algo-
rithm is introduced. We then discuss the performance of
the system employing a linear array of Polaroid trans-
ducers [5], which was implemented in our laboratory. Ex-
perimental and analytical results are compared in Section
V and applications to sonar map building are described in
Section VI.

II. CURRENT SONAR RANGING SYSTEMS

Most sonar ranging systems currently employ a single
acoustic transducer that acts as both a transmitter and re-
ceiver [5], [6]. After the transmitted pulse encounters an
object, an echo is detected by the same transducer acting
as a receiver. An example of a typical echo is shown in
Fig. 1. A conventional time-of-flight (TOF) system pro-
duces a range value when the echo amplitude waveform
first exceeds a threshold level. This is shown to occur at
time ¢y in Fig. 1. A range measurement R, is obtained
from the roundtrip time-of-flight by the following for-
mula:

Ct[)

Ro=2 (1)
where ¢ is the speed of sound in air." A sonar map is
generated by placing a dot at the computed range along
the transducer line-of-sight. The transducer is then rotated
to a new angle, another pulse is transmitted and the pro-
cess is repeated. An equivalent map is produced when in-
stead of rotating the transducer, multiple transducers
mounted in a ring are employed [1].

Examples of actual TOF dot patterns observed as a Po-
laroid transmitter/receiver (T/R) sweeps across a plane
and a corner are shown in Fig. 2. Each dot was produced
along the transducer line-of-sight as the transducer was
rotated at angular increments of 0.9°. We note that with

'c = 343.5m/s at 20° [7].
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Fig. 1. The typical echo observed in an ultrasound ranging system is in-
dicated by the solid line. The waveform first exceeds the threshold at
time #,. Some systems determine the time-of-flight from the envelope of
the echo, shown by the dashed line.

T/R } R,

CORNER

Fig. 2. TOF dot patterns of a single transducer produced by the plane and
right-angle corner reflectors. The definition of the inclination angle 6 for
the plane and the corner is shown.

a single transducer, the dot patterns for the plane and cor-
ner are identical, illustrating the problem at hand. As
shown later, the echo amplitude decreases as the trans-
ducer orientation deviates from normal incidence. This
deviation is measured by the inclination angle 6 as shown
in Fig. 2. For the plane, ¢ indicates the angle from the
transducer line-of-sight to the normal of the plane. For
the corner, it is the angle to the line of intersecting planes
that defines the corner.

When the magnitude of the inclination angle is greater
than 10°, the echo amplitude falls below the threshold
level, here equal to —30 dB relative to the amplitude at
normal incidence, and no TOF dot is produced. It can be
shown that the threshold level determines the effective an-
gular beam width of the transducer [4]. Time-controlled
gain amplifiers are commonly employed to compensate
for the spreading loss due to diffraction and attenuation

[6], so that the reflection amplitude can be considered to
be independent of range.

In addition to planes and corners, edges should also be
included to complete the world model of the interesting
spaces. An edge is a convex corner which is formed when
two intersecting half-planes make an angle of 270°,
whereas this angle is 90° for a concave corner. It has been
shown that the reflection amplitudes from edges are typ-
ically much smaller than those from corners and planes,
and exceed the threshold only when the distance between
the transducer and the edge is small [8]. Hence, the re-
flections from edges will not be considered in this paper.

III. PHYSICAL MODELS

We present a physical model that describes the trans-
ducer reflection process from planes and corners. This
model will demonstrate that the corner and the plane can-
not be differentiated by using a single transducer that has
a symmetric aperture, such as the circular aperture of the
Polaroid sensor.

When the radius of the transmitting aperture a is much
larger than the acoustic wavelength X, the radiation forms
a directed beam. This type of transmitter is commonly
modeled by a flat piston of radius a, enclosed in an infi-
nitely large baffle, that is vibrating at frequency f. The
beam pattern that is produced has two distinct regions: the
near zone (Fresnel zone) and the far zone (Fraunhofer
zone) as shown in Fig. 3 [6].

In the near zone, the beam is contained within a cylin-
der of diameter 2a, where a is the transducer radius. This
zone extends from the face of the transmitter to a range
approximately equal to a’/\. In the far zone of the single
transducer, the beam diverges with half-angle 6, where

6, = sin-' 281N )
Note that 6, has frequency depe:ndenc:e.2 For our system,
N\ = 5.72 mm and a = 20 mm. This corresponds to a near
zone of 70 mm and a @, of 10°.

In this paper, we are more interested in the far zone
characteristics. In the far zone, the propagating pulse is
considered to be a series of plane waves on the dimension
scale of the receiving aperture. The signal is detected as
these plane waves sweep across the aperture of the re-
ceiver. We will simplify the complicated equations that
describe the transducer field [9] to provide analytic forms
that are more intuitive, but yet provide useful results.
From experiments, we find that the beam pattern for the
pressure amplitude p () of the transmitting transducer can
be modeled by:

2

P(8) = Prus XD —52— (3)
0

X = ¢/f and for the Polaroid transducer, f = 60 kHz is the nominal
frequency. The spectrum of the pulse waveform is spread evenly about this
value.
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Fig. 3. The beam pattern for the piston model of the Polaroid transducer.

that is, a Gaussian form having standard deviation equal
to 6,/2 shown in Fig. 3. This form is especially accurate
for transmitted pulses that are time limited. For a pair of
identical transducers, one acting as a transmitter, and the
other as a receiver, the product of the two beam patterns
is computed in order to determine the amplitude of the
detected signal:
~202 -262
ex
p 06

where 6, and 6, are the inclination angles of the transmit-
ter and reflector respectively, as shown in Fig. 4, and 4,,,,,
is the amplitude that is observed when 8, = 6, = 0, i.e.,
the transducers are pointed at each other.

The model we propose for the environment considers
the reflectors to be composed of smooth surfaces that act
like mirrors. Such specular reflectors allow the transmit-
ting/receiving (7/R) transducer to be viewed as a sepa-
rate transmitter 7, and a virtual receiver R’ as illustrated
in Fig. 5 [4]. Hence, in pulse-echo mode, the same trans-
ducer acts both as the transmitter and the receiver. By
tracing rays exactly the same way as in mirror reflectors,
we find that the inclination angle 8 of the virtual receiver
for the plane is opposite to that for the corner. For the
reflection from a plane, and measuring angles in the coun-
terclockwise directions, 8, = 6 whereas 6, = —6, and for
a corner, 6, = 6, = 6. Substituting these values in (4)
yields the same amplitude characteristics for both the
plane and the corner:

A(olﬂ 02) = Amax exXp (4)

_ 2
A(B) = Amax 28 0‘(2)

(5)

Hence, the amplitude 4 (#) decreases with increasing de-
viation 6 from the transducer line-of-sight. Since we as-
sume a time-variable gain amplifier is included, A4,,, is
not a function of range R.

IV. PLANE/CORNER DIFFERENTIATION ALGORITHM

For symmetric transducer apertures, as indicated by (5),
the detected signal A () is an even function of the incli-
nation angle 6, i.e., A(0) = A(—6). Hence, planes and
corners cannot be differentiated with a single transducer
having a symmetric aperture, since they produce identical

6,=0

Fig. 4. A pair of identical transducers, one acting as a transmitter (T ) and
the other as a receiver (R). The dotted line indicates the path of the
signal from the transmitter to the receiver.
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Fig. 5. For specular reflectors, a single transducer acting as the transmit-
ter/receiver (T/R) can be viewed as a separate transmitter (7)) and a
virtual receiver ( R').

reflections for a given magnitude of 6 [4]. This was illus-
trated in Fig. 2.

To differentiate the corner from the plane, the differ-
ence in the sign of § of the virtual receiver must be ex-
ploited. We propose to do this by replacing the single
transducer of Fig. 5 by two transducers a and b, as shown
in Figs. 6 and 7. Using this two-transducer configuration,
amplitudes A,,,, Ay, Ay, Ay, between the four T/R’
pairs can be measured and exploited for the differentiation
procedure as shown in Fig. 8. The corresponding ranges
Rua's Ry Ry Ry, will be used for determining the in-
clination angle 6 later.
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Fig. 6. Two-transducer system at zero inclination (6 = 0) for plane and
corner reflectors.

CORNER

Fig. 7. Two transducer configuration. Geometry of 9, R, R,,. Ry, and

R,, for plane and corner reflectors are shown.

ab’

To understand the differentiation algorithm, it is helpful
to express the amplitudes as functions of 6. The exact form
of each amplitude curve is related to a complicated con-
volution of two Bessel functions. However, experimental
curves of 4(8), given in [10], indicate that these curves
can be accurately approximated by the following Gauss-
ian forms:

For the plane,

2

—40
Aaa’(e) = Abb(o) = Amax €xXp T (6)
0

Amplitude

Acet = Aw

threshold

= —= ¢
—8, 0 +8,
(a)
Amplitude
I
A Aw = A Ao
_ hreshold
e | L — o
=4, -8, g +6, +6,

(b)

Fig. 8. (a) Amplitude versus § curve for the plane reflector. (b) Amplitude
versus 8 curve for the corner reflector.

—40? —46°
Aab’(e) = Abu'(o) = <Amax exp _0—(2)_> exp

03
-~
Al (7)
where
d
= =1 — 8
f, = tan SR (8)

To illustrate these equations, consider a plane reflector at
normal incidence (6 = 0) as shown in Fig. 6. Then,
transmitter a (or b) and virtual receivera’ (orb’) directly
point at each other and the corresponding signal Ag,: (or
Apy) takes its maximum value A, On the other hand,
b’ (a') lies at an angle 0 with respect to a (b). This
angle contributes a constant attentuation factor exp
(—46%/63) to the amplitude of the signal A, (A4p,-) . Due
to this factor, its maximum amplitude, which occurs at 6
=0, is Ay, = Amax €Xp (—407/65). If 0 deviates from
0°, as shown in Fig. 7, the angles between the normals
of each pair increase as 26. Hence, for a plane, 6 = 0 is
the orientation when all four signals have their maximum
amplitudes.
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For the cormer,

—4(0 — 6,)°
Aaa'(e) = Amax exp ( 2 OX) (9)
05
~4(0 + 0,)°
Abb (0) - Amdx exp ( 02 ) (10)
0
_ 2
Aab’(ﬁ) = Aba’(e) = Apax €Xp Y (11)

0%

Referring to Fig. 6, for a corner reflector at § = 0,
transducers a (b) and b’ (a') directly point at each other
and the corresponding signal A, (A4,,') takes its maxi-
mum value A4,,,. The receiver a’ (b') lies at an angle 6,
with respect to a (b) which attenuates the signal A,
(App) at zero inclination. The maximum value of Ay OC-
curs at angle § = +6,, when transmitter q is directly look-
ing at virtual receiver a’, hence A, (+6,) = A,,,.. Sim-
ilarly, the maximum value of A, occurs when 8§ = —4,.

For the plane, all amplitude curves [Fig. 8(a)] are sym-
metric around § = 0, where they take their maximum val-
ues. The maximum amplitude of the 4, (A4,, ) curve, as
given in (7), depends upon the d/2R ratio given by (8).
For the corner, all the signals [Fig. 8(b)] have the same
Amax but the angles at which their maxima occur are de-
termined by this ratio. However, A, (4,, ) curve is al-
ways symmetric about § = 0. This difference between the
plane and the comer characteristics is due to the config-
uration of virtual receivers, which was derived purely
from the physics of reflection.

Let us consider what happens as §, is decreased by
changing the values of d and/or R. For the plane, all
curves remain symmetric about § = 0 but the magnitudes
of A, (0) and Ay, (0) increase. In other words, there is
more overlap between the beam patterns of the corre-
sponding transducers. For the corner, A, (8) and A, (6)
increasingly overlap with no change in magnitude. If 6, is
increased, opposite effects are observed. These results will
be employed later for choosing a separation d for a given
range R.

Due to noise effects, the actual amplitude measurement
shows statistical variation which is modeled by additive
random noise n:

Ameas(0) = A(6) + n. (12)

The noise can be described by a probability density func-
tion having zero-mean and variance . In our system, the
sources of noise include:

1) transducer bias voltage fluctuations [5] which cause
a variation of detected amplitude,

2) thermal noise in the electronics, and

3) amplitude quantization error due to sampling the
signal with a finite number of bits.

Experiments were performed to estimate the total noise
variance and it was observed that o, the standard devia-
tion of noise, is equal t0 2% 0f Apeus max () and that o is
constant with range. Amplitude curves incorporating ¢ are
redrawn in Fig. 9. In each case, the middle curve repre-

Amplitude
Asar = Awr
% |
_0’ 0°
(a)
Amplitude
|
Aw Awy = A Agar
f—— | AN o
) -8, 0 +8, +9,

(b)
Fig. 9. (a) Curves incorporating the noise effects ( +30) for the plane re-
flector. (b) Curves incorporating the noise effects ( +30) for the corner
reflector.

sents the mean value of the measured values A, (8),
whereas the upper and lower curves correspond to +3¢
values, respectively. Assuming Gaussian statistics, am-
plitude measurements will be within +30¢ of the mean
value 99.7% of the time [11].

To identify the reflector, we compare the magnitudes
of four amplitude curves. To provide statistical robust-
ness, one amplitude measurement is taken to be greater
than another only if the difference is greater than 6. Fol-
lowing this line of thought and referring to Fig. 9, the
differentiation algorithm is:

decide PLANE if

A (0) = Ay (8) > 60 AND

Ay () — Agp (6) > 60 (13)
decide CORNER if
Ay (0) — A, (0) > 60 OR
Ay (0) — Ay (0) > 60. (14)

These conditions are mutually exclusive and when the rel-
evant amplitudes differ by 60, it is always possible to make
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a decision. When neither condition holds due to noise ef-
fects, which usually occurs for | 8| > 10° = 6, the object
type is left indeterminate. To improve the ability to make
decisions, the value of ¢ is used to choose the separation
d between the two transducers, as shown later.

A. Inclination Angle Determination

To estimate the value of 8, we employ the four range
measurements between the T/R’ pairs. Using geometrical
optics, analytic expressions for the range values R,,- and
R, as a function of 6 are determined, assuming the trans-
ducers are points located in the center of their apertures
[10]. The true range, denoted by R, is the distance from
the center of the transducer system to the object. Refer-
ring to Fig. 7 these functions for the plane are given by

d
Rua’plane =R - E sin 6 (15)
d .
Roppiane = R + 5 sin 6 (16)
d2
Rab'plnne = Rha'plane = Rz + Z — Rd sin 8 (17)

where d is the distance between the centers of a and b.
For the corner, the geometry of Fig. 7 gives

d2
Riucomer = \/Rz + Z — Rd sin 6 (18)
2 d2 .
Rppcomer = (R + 7 + Rd sin 0 (19)
Rah’comer = Rba'comer =R. (20)

These ranges are plotted in Fig. 10 where they are ob-
served0 to be approximately linear functions of 6 for ||
< 10°.

We develop separate angle computation algorithms for
the corner and the plane, that are applied after the differ-
entiation has been made. To obtain reliable angle mea-
surements, we must avoid the low amplitude signals that
are typically corrupted by noise. From the geometry of
the two-transducer system, shown in Fig. 7, expressions
for the inclination angles of the plane 0, and the corner 6,
are equal to

P Rbb’ Rau
8, = sin”' p (21)
( . (Rpp — $) — Ry
sin
d
ifR, —s = R,
0. = (22)
" (Raa’ S) — Ry
sin
d

Range
Raa’ corner » Rab' plane
R Ry piane
Rap corner
Rao plane
| | O
-8, 0° +8,

Fig. 10. Range versus ¢ for small angles.

CORNER

Fig. 11. Geometry of the correction term s for calculation of 6.

where s is a correction term, shown in Fig. 11, such that
6. = 0 for zero inclination:

— Rap- (23)

For the corner, the knowledge of 6 allows us to place a
dot on a sonar map, corresponding to the point of inter-
section of surfaces defining the corner, at the correct range
and inclination angle. For a plane, a line is placed at the
surface of the plane. Note that the inclination of the line
in the sonar map corresponds to the true angle of the plane
relative to the transducer system. For the corner, how-
ever, the angle of the surfaces defining the corner with
respect to the transducer line-of-sight cannot be deter-
mined due to the physics of reflection. Only the angle to
the line joining these two surfaces can be determined.

B. Limits on Separation Between Transducers

The ratio of transducer separation to reflector range
(d/R), is important for making a correct differentiation
since it is a measure of how well the amplitade charac-
teristics of the plane and corner are separated. In the limit
that this ratio goes to zero, the behavior of the two trans-
ducer system resembles that of a single transducer. In this
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case, all the amplitude curves are identical and it is not
possible to distinguish planes and corners.

For a given range R, we first find the lower and upper
limits for transducer separation d. The noise variance o,
described above, determines d;,, the minimum trans-
ducer separation for plane/corner differentiation. Suppose
that the two-transducer system with infinitesimal d is
looking at a plane at normal incidence (6 = 0). In this
case, Agp (0), Ap,(0) of (7) and A, (0) and Ay, (8)
given by (6) are all equal. As d is increased, A, () and
Ay, (8) decrease in magnitude, since there is less overlap
between the beam patterns of the corresponding trans-
ducers. Statistically reliable differentiation occurs 99.7 %
of the time when the amplitude difference between A, (8)
and A, (0) is greater than 60 [11]. Let us now apply this
argument for reliable differentiation by comparing the am-
plitudes at 6 = 0, since the signal-to-noise ratio is maxi-
mum at zero inclination.

Ifd = d,:

For the plane,

A (0) + 30 < A, (0) — 30. (24)
For the corner,
A (0) + 30 = A, (0) — 30. (25)

Substituting for 4,,.(0) and 4,, (0) from (6) and (7),
both (24) and (25) yield the following result for d,;,:

dmin = R tan 00 ’_ln <1 - ﬂ)
2 Amax

To determine the upper limit d,,,,, we consider the beam
divergence of sonar sensors as defined by (2). Employing
the virtual receiver approach, as shown in Fig. 12, we see
that d,, corresponds to the separation for which the vir-
tual receiver lies on the edge of the beam pattern of the
other transmitter. Simple geometry yields:

dyax = 2R tan 6. (27)

Ford > d,,, there will be no signal between g and b'.
For a given separation d such that d,;, < d < d,,,, a
working range (Rpi,, Rn.x) can be defined for the two
transducer system. For ranges Ry, < R < Ry, a re-
ceiver detects the signals from both transmitters, a nec-
essary condition for plane/corner differentiation and angle
of inclination measurement. Employing equations (26)
and (27), the limits of the working range are given by:

4
2 tan 0()

(26)

Ruin = (28)

2d

(29)

max

60

max

tan 6, |—In (1 -

By increasing d, we can extend the maximum working
range of the system to any desired value. However, this
causes the minimum working range also to increase. To

beam pattern beam pattern

ofa ——a - of b

a' 13

T

2R
16, |6,

4
a
o dmas—]

Fig. 12. Maximum d/R ratio as determined by beam divergence 6,.

resolve this problem, multiple transducers in a linear ar-
ray can be employed as described in the next section.

C. A Linear Array of Transducers

Let us consider the linear array configuration of trans-
ducers shown in Fig. 13. For a given range R, we want
to choose the pair with the d/R ratio that allows us to
make the most reliable differentiation between the plane
and the corner. Applying the above argument, we choose
the following average value for d:

+d

A '
d = min de. (30)

2
Once the pair of the array elements having this approxi-
mation separation is selected, range and inclination angle
calculations follow the same way as before.

To improve further the linear array system perfor-
mance, it might seem reasonable to employ all the trans-
ducers in the array. Suppose that the array consists of N
pairs of transducers as in Fig. 13. In this case, since there
are 2N transducers, 4N? amplitude, and 4N2 range mea-
surements are available. However, considering only the
N pairs symmetric around the middle of the array, the pre-
vious analysis extends directly and the processed data is
of order 8N. Let us consider estimating the inclination
angle 6 only, since range estimation will follow similarly.

Suppose that using information from only the ith pair,
where 1 < i < N, the estimate of 6 is f;. To incorporate
data from all N pairs, we propose the following linear es-
timator:

(31)

SN
Il
M=
=
-
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Fig. 13. A linear transducer array of 2N transducers.

where w; are unknown weights to be determined with con-
straint

N
2w =1 (32)
i=1
The constraint equation can be rewritten as:
N
glwy, ==, wy) & 2w, —1=0 (33)

i=1

_ The error ¢ is the difference between the estimated value
6 and the true angle 0:

« (34)

Since both positive and negative deviations are equally
probable, ¢ is assumed to be a zero-mean random vari-
able. In the following, it is also assumed that errors from
different pairs are uncorrelated. Taking the expected

value, we get:

E{ee ) = 8507 (35)
where o7 is the variance of the error from the ith pair and
8; is the Kronecker delta. With these assumptions, the
mean squared error is given by:

N 2
E{ez} = E{(; w,-e,»> }
= '§1 W%E{e,e,-}
N
= 2 wio? (36)

We now minimize the mean squared error with the con-
straint given by (33) on the weights. Employing the
method of Lagrange multipliers [13], the function to be
minimized becomes:

f(wls'."sz)\)

E{GZ} + )\g(wl’ v ’WN)

N N
'2 wio? + )\<‘Z w; — 1>

i=1 i=1

(37)

with \ being the Lagrange multiplier. Taking partial de-
rivatives with respect to w; and X leads to N + 1 equations
in N + 1 unknowns:

£=2wiu,-2+)\—0 l<=isN (38)
aw;

a2

I — = 3
an Zowiml (39)

where (39) is the constraint equation as before. The so-
lution to the resulting system of equations is:

-2

A=
Z (1/0})

(40)

and the set of weights

1
3
a.
wh= 9

k§l (l/ai)

IA

i< N. (41)

Hence, given the noise variance for each of N pairs, we
can make a better estimate employing the optimal weights
w¥. In the next section, we provide experimental results
to verify this analysis.

V. EXPERIMENTAL RESULTS

The two-transducer system of Fig. 7 was implemented
using two Polaroid sensors separated by d = 80 mm. This
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single transducer system:

two transducer system:

Fig. 14. Comparison of sonar maps for single and two transducer systems.
In the two transducer system, it is possible to distinguish planes from

corners by two different symbols.

system was mounted on a stepper motor producing an-
gular increments of 0.9°. Experiments were run for cor-
ner and plane reflectors placed at ranges 200 mm < R <
1600 mm from the transducer system. For a given range
value, both a plane and a corner were scanned taking 100
measurements at each step of the motor. From this infor-
mation, the mean value and the standard deviation ¢ of
each amplitude measurement were calculated. These re-
sults indicated that ¢ was constant with range.

Experiments using a linear array of six densely packed
Polaroid transducers verified the analysis for the linear
array. At R = 300 mm, when information from each of
three pairs is merged, the standard deviation of the incli-
nation angle estimate was observed to be equal to 1.68°.
Selecting the transducer pair spaced according to (30)
produced a standard deviation value equal to 1.85°, which
is greater by 10%. The modest improvement achieved by
employing the three pairs in the array, however, is ob-
tained at a cost of increasing the processing time threefold
compared to using only a single pair.

Our muititransducer system has several limitations. In
some cascs, a decision cannot be made due to the small
amplitude of some reflections. This usually occurs for |6 |
= 10°, for which the signal-to-noise ratio is low. In these
cases, the object type is left indeterminate. Also, the re-
flecting corner or plane must have a dimension larger than
the extent of the array to allow all transmitter and receiver
pairs to communicate. This may limit the extent of the
array for applications in a cluttered environment.

VI. APPLICATIONS TO SONAR MAP BUILDING

The advantages of the multitransducer array over the
conventional single transducer system for sonar map
building is shown in Fig. 14. A two transducer sensor
system is situated to generate a sector scan of a corner
and two planes. As shown above, the single transducer
system produces identical dot patterns for corners and
planes. The multitransducer system can generate a small
line for a plane, showing both its distance from the trans-
ducers and its orientation. For the corner reflector, a dot

is generated at the intersection point of the two planes that
define it. This is because a multitransducer system can
determine 6 and put the dot in the direction, whereas a
single-transducer system can only generate dots along its
line of sight. The effects of noise cause slight errors in
the dot and line locations.

VII. SUMMARY

We have described a multitransducer system in a sim-
ple, uncluttered environment consisting of specularly re-
flecting planes and corners. This ‘bottom-up’’ type of ap-
proach is useful for understanding the behavior of the
system. As we complicate the system and the environ-
ment step-by-step, we accumulate more insight about the
problem and its solutions. Algorithms for differentiating
a plane from a right-angle corner reflector have been de-
scribed. For the two-transducer system, the amplitudes
and ranges for the four transmitter and receiver pairs pro-
vide sufficient information to determine if the reflecting
object is a plane or a right-angle corner, as well as the
inclination angle 8. It is possible to improve the results
by using information from an array of sensors. To rec-
ognize corners and planes, the dimensions of the plane or
corner reflector must be greater than the extent of the mul-
titransducer system. Otherwise, the paths for the echos
may not exist.

Experimentally observed amplitude and range data pro-
vided the motivation for the algorithms that are employed
in the computations. Correct discrimination was made for
inclination angles within +10° of normal incidence which
is approximately equal to the beam width of the trans-
ducer. The limitations of the technique were described.
The improvement in generating a sonar map with our mul-
titransducer system was illustrated.
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