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Abstract

A novel sonar array for mobile robots is presented
with applications to localization and mapping of indoor
environments.  The ultrasonic sensor localizes and
classifies multiple targets in two dimensions to ranges of
up to 8 meters. By accounting for effects of temperature
and humidity, the system is accurate to within 1 mm and
0.1 degreesin till air. Targets separated by 10 mm can
be discriminated. Targets are classified into planes,
corners, edges and unknown, with the minimum of two
transmitters and two receivers. A novel approach is that
receivers are closely spaced to minimize the
correspondence problem of associating echoes from
multiple targets. A set of templates is generated for
echoes to allow the optimal arrival time to be estimated,
and overlapping echoes and disturbances to be rejected.

1. Introduction

Ultrasonic sensors provide a cheap and reliable means
for robot localization and environmental sensing when
the physical principles and limitations of their operation
are well understood. A sensor design is presented that
approaches the fundamental physical limitations of sonar
in terms of accuracy and discrimination. The properties
of air, reflectors and noise are the limiting factors.

We concentrate on environments composed of
specular surfaces, such as smooth walls, bookcases,
tables and chairs that reflect acoustic energy analogously
to a mirror reflecting light. Rough surfaces can be
treated with other techniques [1]. The applications of
primary interest are robot localization from sensing
known environmental features, such as wall and corner
positions [2, 3, 4], and conversely, mapping of unknown
environments for localization and navigation [5, 6, 7, §].
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Obstacle avoidance [9, 10] is another application of the
Sensor.
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Figurel - Sensor reporting a 25 mm diameter table
leg as an edge, and a corner and plane. The sensor is
at theorigin and pointsalong the X-axis.

An emerging classification standard for two
dimensional indoor target typesis that of planes, corners
and edges [2, 5, 11, 12, 13]. A planeis assumed to be a
vertical smooth flat surface that reflects ultrasound
specularly. A corner is a concave intersection of two
planes at right angles, and an edge is assumed to reflect
ultrasound from a point that is approximately
independent of the transmitter and receiver positions.

The sensor approach presented here is novel in the
sense that it classifies all three target types with the one
stationary sensor, simultaneously in some cases, with
high accuracy and discrimination. For example in
Figure 1, the sensor views atable leg in front of a corner.
In one measurement, the sensor localizes and classifies
the corner, the table leg (as an edge) and a plane. Our
approach has higher speed and accuracy, particularly in
bearing, compared to single transducer systems that rely
on multiple displaced readings and wheel odometery for
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target classification [1, 2]. Sonar sensors have been
reported previoudy that can classify two of the three
target types -- Barshan and Kuc [11] discriminate planes
and corners based on pulse amplitude measurements; and
Peremans et al [12] uses time of flight (TOF) to classify
planes and edges and employs sensor movement to
distinguish corners and planes. Three dimensional sonar
target classification of planes and concave corners based
on pulse amplitude measurements is proposed in [14].
Other sonar array sensors that report range and bearing to
targets have been reported [13, 15, 16]. Space limits
prevent afull treatment of our sensor design in this paper
and the reader isreferred to [17].

2. Sensor Configuration

The sensor arrangement employed in this paper is
shown in Figure 2. There are two receivers and two
transmitters which is the minimum required to identify
planes, corners and edges of any orientation from
stationary transducers [17]. Unlike other systems [12,
13], the receivers are closely spaced to minimize any
correspondence ambiguity that may arise from multiple
echoes arriving on both receivers. With the 35mm
spacing, targets must be separated by less than
approximately 9 mm in range to cause a correspondence
problem with an assumed transducer beam width of 60°
[17]. The two receiver transducers form a vector sensor
from which bearing and range to targets can be estimated
from the distance of flights (DOF) of a transmitter pulse.
Due to the accurate DOF estimation technique employed,
precise bearings can be still estimated with the closely
spaced receivers. The transmitters are spaced sufficiently
to perform reflector classification at the furthest range
conceived for the sensor of 8 m. Polaroid 7000 series
devices [18] are used in the sensor with their protective
covers removed to eliminate reverberation, thereby
producing shorter cleaner pulses.

The sensor arrangement has one less receiver than
other published systems [12, 13] which employ three
receivers in an attempt to resolve correspondence
ambiguities. A receiver is a significant saving due to the
data capture and processing requirements of a receiver
channel. The deployment of a second transmitter in the
sensor is comparatively cheap in terms of hardware, but

does incur an additional measurement delay since
transmitters need to be fired aternately.
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Figure 2 - Sensor arrangement, T=transmitter
R=receiver VV=vector receiver.

The sensor array isinterfaced to a 33 MHz 386 PC via
a Biomation 8100 dua channel transient recorder with 8
bit conversion at a sample rate of 1 MHz as shown in
Figure 3. The PC controls the firing of the transmitters
and the triggering and control of the Biomation transient
recorder. All processing and display of the received data
are performed on the PC. The interface electronics
consists of two simple receiver preamplifiers and two
single transistor transmitter circuits. A 300V DC power
supply provides the transducer biasing.
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Figure 3 - Experimental Setup for Sensor.

2.1. Sensor Interaction with Target Types.

Figure 4 shows the sensor encountering a plane
reflector. The vector receiver provides bearing estimates
from both transmitters. The range, r,, and bearing, a,, of
the virtual image T2' are functions of the range, r;, and
bearing, a,, of the virtual image T1'. Consequently, we
can Write Ippane(ry, @1) and agyane(ry, ap).  From
triangle TL/V T2' A, the bearing difference between the
two transmittersis
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Note that the plane must be sufficiently wide to produce
the two reflections. For ry>>b, the plane must be at least
(b cosa)/2 wide.
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Figure 4 - Sensor image in a planereflector.

The virtual image of the sensor in a corner is obtained
by reflecting the sensor about one plane of the corner and
then the other plane. This gives rise to a reflection
through the point of intersection of the corner as shown
in Figure 5. The situation is similar to the plane except
that the angle between the transmitter images is opposite
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Figure 5 - Sensor image in cor ner reflector.

An edge represents physical objects such as convex
corners and high curvature surfaces, where the point of
reflection is approximately independent of transmitter
and receiver positions. Consequently, the reflection from
an edge has egqua bearings from each transmitter
(aZedge(rl, aq) =a,). The DOF, 2edge isgiven by
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Figure 6 - Received echo data corresponding to
Figure 1.

3. Target Classification

In this section we briefly describe the basis on which
the sensor can discriminate between planes, corners and
edges. A chi-squared statistic is derived in [17] for
discriminating the target types to a specified level of
confidence.

From the previous section, the differences between
planes, corners and edges can be seen in terms of the
sensor perception. The difference between echo bearings
from the two transmitters is by, for aplane, -y 5ne for
a coner and O for an edge and can be used to
discriminate planes, corners and edges. The DOF
information can be exploited to aid differentiation of
edges from corners and planes. For small bearing angles
and range much larger than the sensor baseline, b,
D yane » b/1; - Also for the DOF r, the difference between
a corner or plane and an edge is approximately b?/2r, .
As ranges increase these margins decrease. On the other
hand the standard deviations of errors in bearing and
DOF increase, and a range limit for the sensor
discrimination capability is reached a around 8 m in
practice. For each of the target types, the received pulses
are shown in Figure 6, corresponding to the targets in
Figure 1. Note that in the bottom two traces, the pulses
arrive at amost the same time for each target (bearings
close to 0). In the top two traces (T2), the edge pulses



arrive at almost the same time (b=0), the plane R1 after
R2 (b>0) and the corner R1 before R2 (b<0).

4. Modeling Pulse Shape

Estimating bearing and range to reflectors depends on
an accurate TOF estimate. The maximum likelihood
estimate of TOF of an echo pulse with additive Gaussian
white noise is obtained by finding the maximum of the
cross-correlation function of the received pulse with the
known pulse shape [19]. Modeling the pulse shape is
important for determining TOF and aso for reecting
overlapping echoes and disturbances.

The pulse shape depends on many factors:
transducers, excitation, angles to the transmitter and
receivers, dispersion and absorption with distance of
travel in air, and reflector properties. We assume alinear
model for these effects. Let s(t) be the sending excitation
applied to the transmitter, then the signal recorded at the
receiver is given by

reolt Al Geal) = St 6 Mae(t.)* (1)
* hg (1) * he(t,0g)

()
where * is the convolution operator and h's are impulse
responses due to the transmitter at angle g to axis, air
absorption and dispersion, the reflector, and the receiver
a angle gg to normal incidence.  The distance r is
defined as the total DOF r+rg, where ry is from the
transmitter to the reflector and rg from the reflector to
the receiver. For plane and corner reflectors, r is defined
to be the sum r+rp, since a spherical wave front can be
modeled as coming from a virtual transmitter at range
rr+rg. For edge reflectors, r is defined as the product
I'r Since energy is effectively re-radiated from the
point source located at the edge. The proportion of
energy re-radiated from the edge is dependent on the area
profile presented to the incoming wave front [20].

Since air is assumed to be a linear medium, the
following property holds

hair (tirl + rz) = hair (tirl) * hair (tvrz) (6)

The transducers are much further from the reflector
compared to their size, and therefore the impulse
responses due to the transmitter and receiver can be
further refined as[22] :

hlrans (t’ qT )

h, (t,a;) * b (1) )
Ne(t,dg)

h,(t,dr) * (1)

where hy and hg are the impulse responses of the
transmitter and receiver at normal angle of transmission
and incidence. The angular impulse response, hq, is
derived in [22]. From equations (6) and (7), equation
(5) can be rewritten as.

reo(t,Gr.fr, ) = ref(t-0)* hy(t.ay) ®)
r

» hair(t’r' rref)* hq(t’qR)

r

where

- o) * « 1 * * 9)
ref(t) =s(t) * he(t) rihair(tirref) R (1) * (1)

ref

is obtained by storing a reference echo from a plane
aligned to the transmitter and receiver at a range of 1 m
as shown in Figure 7 where the corresponding beam
pattern is also plotted. Note the absence of side lobes
due to the wide bandwidth of the pulse shape.
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Figure 7 - Pulse shape from a plane at 1 m range and
corresponding beam pattern.

The remaining function, h;,, is determined by calibration
as described below. A matrix of templates of received
pulse shapes is generated off-line for angles O to 20° in
1° steps and ranges 1 to 7m in 1m steps. The
appropriate range can be selected from an approximate
estimate of the arrival time, and the angles chosen from
the best cross-correlation match.



4.1. Ultrasound Absorption and Dispersion

The air propagation medium absorbs sound energy as
a function of temperature, humidity and freguency.
Measured data [23] of absorption losses of till air at
20°C are plotted in Figure 8. The same data report the
speed of sound from which the phase delay per meter can
be shown to fit a minimum phase model for the
absorption versus frequency [17]. The minimum phase is
derived from the attenuation using the discrete Hilbert
transform [21]. The inverse discrete Fourier transform is
used to generate the impulse response for air at 20° C.
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Figure 8 - Absorption loss (dB/m) in still air at 20°C -
data derived from [23].

The absorption loss of air is a function of temperature
and the data at 20°C is therefore not sufficient for
estimating the impulse response. In practice it is only
necessary to produce an impulse response function that
fits the observed data well. Our approach isto use scaled
versions of the 20°C data to account for variations in
temperature. In addition to our reference pulse, ref, at
1m, we collect another pulse, ref2, from a plane at a
range of 3 m and minimize the square difference of the
experimental ref2 and the predicted pulse from the
model. In order to test the model, predicted and
experimental data are compared at ranges different to the
1 and 3 meters used for calibration. These are shown in
Figure9 at 2 meters and 5 meters range. The estimated
impulse response of ar thus performs well for both
interpolation and extrapolation.
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Figure9 - Predicted (solid) and measured (dotted)
pulsesat 2 and 5 m rangesfrom an aligned plane.

5.  Experimental Resultsfor the Sensor

We positioned an acrylic plane at 200 mm increments
from 2 meters up to 4 meters using a tape measure for
range and the reflection of a laser off the plane for
alignment. At each point, the mean and standard
deviation of 100 sensor readings were recorded. The
speed of sound was calibrated by using a straight line fit
to the measurements. The maximum error was 0.8 mm
which is comparable to our tape measuring accuracy.
The standard deviations were all approximately 0.2 mm.

For bearing accuracy, we took measurements in a
direction perpendicular to the sensor look direction. At a
range of 4 meters we moved a corner in 200 mm
increments to 1 meter off axis in both directions. The
errors in bearing were less than 0.2° over a 20° range,
with atypical standard deviation of 0.05".

The sensor successfully classified planes and corners
to a range of 7m on axis. Edges were tested with
cylinders of diameter 13 mm and 165mm and were
classified correctly to ranges of 2 and 3 m respectively.

To demonstrate the best discrimination achieved by
the sensor, two 13 mm diameter cylinders 1 meter tall
were positioned at a range of 750 mm with centres
30 mm apart and rotated until the sensor could only just
discriminate the targets. The difference in range of the
cylinders was 10 mm and difference in bearing was 1.9°
The limiting factors were the correspondence problem of
associating the two echoes on each receiver and
overlapping of the pulses. We reject arrival times when
there is any possibility of ambiguity. This means



reflectors must be separated in range by at least 9 mm
[17]. Echo overlap also becomes a limitation at range
separations around 10 mm.

The software for the sensor was implemented in C on
a PC 386 running at 33 MHz. Echo pulses are identified
by looking for maxima above the noise floor and above
neigbouring peaks within a pulse width. This means that
the correlation processing is performed only on the actual
candidates for the echo and not the entire signal. When
al 21 template angles are correlated with each echo, the
processing and sensing time is 1 second for one reflector.
This includes graphic display and communications
overhead to the data capture system. A faster approach
and almost as accurate is to correlate with every second
template angle until a local maximum occurs. This
results in athree times speed up.

6. Conclusions

A novel sonar sensor configuration and processing
approach has been presented that can accurately classify
and localize planes, corners and edges without sensor
movement. This has been achieved by adopting physical
models for transmission, propagation, reflectance and
reception of ultrasonic pulses combined with optimal
arrival time processing, al with a reasonable
computational burden. A template matching approach
has been effective in optimally estimating the echo arrival
times. The sensor range and bearing accuracy and target
discrimination are often limited only by the fundamental
properties of the transducer, air and reflectors, rather than
the sensor data processing. A minimal sensor transducer
configuration for classifying planes, corners and edges
has been implemented.
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