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Abstract
Although  acoustic sensors are inexpensive and
convenient to use in time-of-flight (TOF) ranging
systems, they have some important limitations one of
which is their low angular resolution that makes
localization difficult. In this paper, an adaptive multi-
sensor sonar system is introduced to compensate for the
low angular resolution and improve the localization
accuracy. The sensor configuration is used to estimate
the radius of curvature and location of cylindrical
objects. Sensitivity analysis of the curvature estimate
with respect to some measurement errors and certain
system parameters is provided. Two methods of TOF
estimation are used and compared:  thresholding and
curve-fitting methods. Theory and simulations are
verified by experimental data from a real sonar system.
The adaptive configuration improves the estimates by
35-45% and the curve-fitting method, compared to the
thresholding, brings an improvement of about 30% in
the absence of noise and 50% in the presence of noise.
The radius of curvature estimation is shown to be useful
for target discrimination.

1. Introduction

One of the major limitations of acoustic sensors is
their high beamwidth that reduces the localization
accuracy. An adaptive sonar sensor configuration
consisting of three transmitter/receiver ultrasonic
transducers is used to increase the localization accuracy.
With this configuration, the radius of curvature and
location of cylindrical objects are estimated. The radius
of curvature estimate can be used to differentiate basic
types of reflectors. For large values of radius, the target
can be assumed to be a planar wall, and for values close
to zero, it can be assumed to be an edge.

Sonar sensors have been widely used in robotics
applications including underwater robotics. Several
researchers  used different sensor configurations. Kuc
used a system which adaptively changes its position and

configuration in response to the echoes it detects [1]. In
[2], Kleeman and Kuc classified target primitives as
plane, corner, edge, and unknown. Flynn combined
infrared and sonar sensors to compensate for the high
beamwidth of sonar sensors [3]. In [4], Sabattini
illustrated that advanced filtering techniques are
required for making sonar data more accurate and
reliable. Peremans et al used a linear configuration with
three ultrasonic transducers [5].

When the reflection point of the object is not along
the line-of-sight (LOS) of the ultrasonic transducer,
there is an exponential decline in the amplitude of the
reflected sonar signal which decreases the signal-to-
noise (SNR).  Depending on the orientation of the
target, the transducers of the configuration are rotated
towards the target to obtain more accurate estimates.

In Section 2, the adaptive sensor configuration is
described and the reason to use this configuration is
explained. The radius of curvature and location
estimation algorithm is presented in Section 3. Two
methods of TOF are described in Section 4.  Section 5
provides sensitivity analysis of curvature estimation. The
simulation results are presented in Section 6. In section
7, the experimental results are illustrated. Finally, some
conclusions are drawn in Section 8.

2. Multi-sensor Sonar Configuration

    For a cylindrical target at range z and making an
angle α with the LOS of an ultrasonic transducer, the
received time signal reflected by the target is a
sinusoidal enveloped by a Gaussian which is given by
[6]:
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where z is the distance between the transducer and the
surface of the object, cρ is the reflection coefficient



which increases with the radius of curvature, maxA is the

maximum amplitude, λ/2
min az ≅  (a is the radius of

the transducer aperture), α  is the deviation angle

from the LOS, 2/oασ α =  ( oα is the half beamwidth

angle), ot is the time-of-flight, of is the resonant

frequency, and oft /1=σ .

     Equation (1) shows that when the deviation angle
between the object and sensor is not zero ( 0≠α ), there
is an exponential decline in the amplitude of the
reflected sonar  signal. Hence, as the deviation angle
increases, SNR decreases. Therefore, sonar data is most
reliable when the target lies along the LOS of the
transducer, and at nearby ranges due to the 2/3/1 z term
in Equation (1).  In this study, a sensor configuration
composed of three ultrasonic transducers is used as
shown in Figure 1. First, linear configuration of these
sensors are used and some measurement are taken, and
then, the transducers are rotated around their center
according to these measurements to make them
perpendicular to the target.

Figure 1. The sensor and target configuration.

3. Algorithm

A cylindrical object with radius R  and orientation θ
is considered. The radius of curvature (R), the distance
between the central transducer and the center of the
target ( )Rhr +=

o
, and the deviation angle of the

central transducer ( )θ  are estimated as follows:

• The following measurements are taken by the
transducers:
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where ,
o

h ,
r

h  and 
l

h  are the distances between the

surface of the object and the central, right, left
transducers respectively. 

o
t , ,

r
t  and 

l
t are the TOFs for

the central, right, and left transducer respectively. d is
the transducer separation. 

o
n , ,

r
n and

l
n are noise terms

that can be modeled as spatially uncorrelated  Gaussian
noise since the noise correlation coefficient is small for
the acoustic transducers (most of the noise on the
sensors is dominated by the thermal noise) [5].

• The probability density function of the measurement
vector ẑ is given as:
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where the vectors ,ẑ ),,( Rrh θ , and the error correlation

matrix C are given by
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• The ,,θr and R values maximizing Equation (3) are
the maximum likelihood estimates which can be

found by taking the inverse of )ˆ,ˆ,ˆ(ˆ Rrhz θ= as:
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• The deviation angles for the right and left

transducers are given by

     
( ) ( )

( ) 













+
++−+

= −

Rhd

dRhRh

l

l
l ˆˆ2

ˆˆˆˆ
sinˆ

2
22

1 oθ              (9)

    
( ) ( )

( ) 













+
++−+

= −

Rhd

dRhRh

r

r
r ˆˆ2

ˆˆˆˆ
sinˆ

2
22

1 oθ               (10)

• The left, central, and left transducers are rotated by

lθ̂ , ,θ̂  and rθ̂  respectively and r, ,θ  and R are

estimated again.

4. TOF Estimation

    In this study, two methods of TOF estimation are
used. The first one, thresholding,  is the most common
method in TOF ranging systems. When a pulse
transmitted by the sensor encounters an object, an echo
is produced and the TOF of the pulse is considered to be
the first time value at which the amplitude of the echo
exceeds a preset threshold value. Although the
thresholding method is very fast, it is not accurate
enough for some applications. The second method of
this study, curve-fitting,  is employed to decrease the
error in TOF estimation by thresholding. In this method,
a parabolic curve of the form 2)(

oo
tta − is fitted to the

onset of the sonar echo. First initial estimates of the two
parameters 

o
a and 

o
t  are obtained by using samples of

the signal around the thresholding point. Initial estimate
for 

o
t  is found by simple thresholding, and 

o
a is

estimated from the second derivative approximation
around the thresholding point [7]. The iterative
Lavenberg-Marquart nonlinear least-square algorithm is
initialized by these values. To estimate 

o
a and 

o
t , 50

samples of echo around the threshold point have been
used in simulations and experiments. The methods are
illustrated in Figure 2.

Figure 2. TOF estimate.

5. Sensitivity Analysis

    To illustrate how some measurement errors and
certain system parameters affect the radius of curvature
estimate, a sensitivity analysis has been provided. A
small perturbation is added to a variable and the change
in the radius of curvature estimate has been observed.
For example, the error, ,lh∆  in the left transducer

measurement affects the curvature estimate as:
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(c)
Figure 3. Sensitivity analysis.

    For sensitivity analysis, a stationary cylindrical object
at o0=θ  with radius 5 cm is considered. Figure 3(a)
illustrates the effect of an error, varying between 0-0.4
mm, in .

o
h  The transducer separation is set to 10 cm.

The error in R increases linearly with 
o

h∆  and

nonlinearly with 
o

h  itself. Also, a positive error in

o
h leads a positive error in R since for constant 

r
h and

l
h , increasing 

o
h causes an overestimate as shown in

Figure 1. Figure 3(b) and (c) display the effect of d on
the R estimate when the constant errors 18.0=∆

o
h mm

and 18.0=∆
r

h mm are added respectively. For small

values of ,
o

hd  the error is high since the resolution

provided by the differential TOF information between
the central and surrounding transducers will not be
sufficiently large to estimate the curvature reliably.
Hence, as range increases, the transducer separation
should also be increased to achieve a higher resolution.

6. Simulation Results

The reflected sonar signal is modeled by Equation (1)
for the simulations with ,1

max
=A  8.5

min
=z cm,

,022.045.0 −= Rcρ 4.49=of kHz, 5.343=c m/s. For

simulations, 100-iteration Monte-Carlo simulation study
is employed and the curve-fitting TOF estimate method
is used. First, the linear configuration of the transducers
are used to estimate the range, deviation angle, and
radius of curvature by Equations 6-8 respectively. Then,
the central, left, and right transducers are rotated around
their centers by the angles found by Equations 7,9, and
10 respectively. Finally, the estimates for rotated
configuration are calculated again by using Equations 6-
8. From now on, the first estimate corresponds to the
estimate taken by the linear configuration, and second
estimate  corresponds to the estimate taken by the
rotated configuration. In all simulations, dashdot (or

dot) and dashed lines indicate the mean of the estimate
and σ± (standard deviation) for the linear and rotated
positions respectively.

Figures 4(a) and (b) illustrates the radius of curvature
estimates when the thresholding method is used in the
absence and presence of noise respectively. The first
estimate worsens after 37=d cm in the absence of noise
while second estimate continues improving. The error in
the first estimate is 22.8% while it is 9.2% for the
second estimate. In the presence of noise, the second
estimate provides approximately 40% better results.
Also, the standard deviation is less for the second
estimate.  Figures 5(a) and (b) shows the same results
when the curve-fitting method is used to estimate TOF
in the absence and presence of noise respectively. In the
absence of noise, the first estimate gets worse after 43cm
(it was 37 for the thresholding method). The error is
11.2% for the first estimate and it is 0.4% for the second
estimate. In the presence of noise, the second estimate is
better than the first estimate. Comparison of Figure 4(b)
and 5(b) shows that the curve-fitting method provides
better estimates than that of the thresholding method.
The improvements are approximately 60% and 20% for
the first and second estimates respectively.

(a)

(b)
Figure 4. R estimate versus d with thresholding in the
absence (a) and presence (b) of noise.



(a)

(b)
Figure 5. R estimate versus d with curve-fitting in the
absence (a) and presence (b) of noise.
     Figure 6(a) illustrates the range estimate r versus
transducer separation d.  The curve-fitting method is
employed for TOF estimates. The first estimates
improve until 12=d cm and then it worsens since now
the target is located at a very low SNR region. 5=R cm,

o5=θ  are considered. Figure 6(b) shows the range
estimate r versus deviation angle .θ  5=R cm and

10=d cm are considered. When o6=θ , the left and
when o12=θ , the right transducer start measuring
wrong.

(a)

(b)

Figure 6. r estimate versus (a) d   (b) .θ

7. Experimental Results

7.1. Experimental Set-up

    The set-up is constructed for 3D applications. The
unit consists of five transmitter/receiver Polaroid
transducers with the resonant frequency 49.4 kHz. The
central transducer is flanked by four transducers
symmetrically as shown Figure 7. Only the left, central,
and right transducers are used for the experiments. A 4-
channel DAS-50 A/D card with 12-bit resolution and 1
MHz sampling frequency is used to sample the echo
signals.

Figure 7. The experimental set-up.

7.2. Results

     Table 1 displays some experimental results for the
radius of curvature estimate of a cylindrical object with
radius 50 mm when the transducer separation is 10 cm.
The curve-fitting method is employed for TOF  estimate.

In the table, 1R̂  and 2R̂ correspond to the radius of



curvature estimates of the linear and rotated
configurations respectively. It is concluded that the
estimates are improved by the adaptive configuration.

Table 1. Experimental results for a cylinder of
50=R mm and 5.7=d mm.

oh

(mm)
)ˆ( 1RE

(mm)
1R̂

σ

(mm)

)ˆ( 2RE

(mm)
2R̂

σ

(mm)

300 48.27 6.84 48.93 4.10
400 51.13 10.08 50.27 6.25
500 49.17 15.23 49.44 9.29
600 52.33 22.43 51.79 13.24
700 44.96 27.61 46.63 16.57
800 44.55 35.02 48.36 21.52
900 50.64 45.42 50.25 26.80
1000 59.87 57.41 55.48 33.39

8. Conclusion

      In this study, radius of curvature and location
estimates of cylindrical objects by a multi-sensor sonar
system has been investigated. Two methods of TOF has
been used and it has been shown that the curve-fitting
method improves TOF estimate. Moreover, the adaptive
configuration decreases the effect of low angular
resolution of sonar sensors considerably. The results are
useful for target discrimination especially for primitive
types such as walls and edges. For high values of
curvature, the target is assumed to be a planar wall, and
for values close to zero, the target is assumed to be an
edge.  The method can be generalized to spherical
objects as well [8].
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