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ABSTRACT
We present a simulation-based model of sonar range sens-

ing for robot navigation that accounts for multiple reflec-
tions of the sonar signal between transmission and recep-
tion. This model also accounts for environments with sur-
faces having different reflectances. This gives more realis-
tic results than previous models. The approach is based
on simulation of the reflection and diffraction of sonar
rays off reflecting surfaces until they are attenuated or
return to the receiver. Parameters of the model include
frequency, minimum and maximum range, and signal de-
tection threshold (relative to emitted signal strength, after
linear gain compensation) and environmenta)] characteris-
tics.
Keywords:

Sensing, autonomous navigation, active vision, sonar,
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1. Introduction

Sonar range sensing refers to technologies for emitting
sound signals and measuring the characteristics of the echo
that returns. The commonest form of sonar range sensing
— the one we will address here — is based on emitting a
sonar signal (a “chirp“) and measuring the time delay un-
til an echo is detected. This provides a very simple and
economical method for distance measurement.

In work on algorithms for robotic exploration of un-
known environments?*® a crucial problem is that of recov-
ering the shape of the open areas of an environment. Per-
forming this task accurately using sonar sensors is some-
what problematic due to the complex reflection, diffraction
and echo phenomena which can occur. In order to develop
algorithms for reliable shape recovery, we need both to un-
derstand and to be able to generate synthetic as well as
real sonar data. The generation of realistic synthetic data

facilitates the analysis of the algorithms in specialized sce-
narios. The performance of sonar-based methods can be
studied in a controlled, repeatable framework. Further-
more, alternative environments can be simulated quickly
and easily.

The class of sonar sensor we deal with here operates
by measuring the time required for a pulse of ultrasound to
travel from a transmitter, bounce off an object, and return
to approximately the same point. The transmitter and re-
ceiver are often the same transducer. From knowledge of
the time taken for the sound to return and of the speed of
sound, the distance to the object reflecting the pulse can
be inferred. A typical and widely used ultrasonic ranging
device is that produced by the Polaroid Corporation. Its
use is described in detail in documents from Polaroid* and
Biber et al.®. It operates using sound signals with frequen-
cies of roughly 50 kHz.

There are several reasons why false range values may
be inferred by such systems. The return signal detected
by the system may be the result of multiple reflections of
the sound pulse, or diffraction from edges of objects, or
reflection of part of the wavefront off the line along which
the transducer is aimed.

Kuc and Siegel® have done a careful analysis of the de-
tailed physics of signal transmission, reflection, diffraction
and reception. They give results on the behavior of sonar
signals at right angled corners and walls. Their simulation
accurately matches actual sonar measurements from such
features, provided that the signal returns to the receiver
without multiple intervening reflections. In real environ-
ments, however, phenomena such as multiple reflections.
amplifier characteristics, and the room shape play a sig-
nificant role. In order to generate a realistic simulation
of sonar sensing, we have incorporated these phenomena.
The result is a model that uses an approach somewhat akin
to the “ray-tracing” models used in the computer graphics
community. Sample signal paths are followed from trans-
mitter, through bounces and diffraction, to the receiver.
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Details of the approach follow in the next section fol-
lowed by a discussion of our particular implementation.
The fourth section summarizes the validation of the model.
Finally, we discuss possible extensions to the model.

2. Model

The model is premised on several assumptions about
the behavior of sonar signals in normal circumstances.
First we assume predominantly specular reflection of the
sonar signal from surfaces, and that floors and ceilings can
safely be ignored. The degree to which the former as-
sumption is valid depends on the surface texture and the
wavelength of the sonar. For the Polaroid unit’s typical
frequencies, reflection from most wall surfaces is highly
specular. The latter assumption regarding floors and ceil-
ings may not always be valid. In this case, we may run
our two-dimensional simulation on different cross-sections
of the environment to recover reliable range readings. For
example, the simulation could be run on one horizontal and
one vertical cross-section intersecting the transducer, or
(with slight modification) on several parallel cross-sections
of the environment. As is commonly the case, we assume
that the sonar system responds only to the first occurrence
of the reception of a signal over the threshold strength, in a
given trial. Also, we assume that the rangefinder incorpo-
rates an amplifier whose gain increases linearly with time
to compensate for the dispersion of the signal into space
(this is also consistent with commonly-used technology*).

The results from Kuc and Siegel! that are used to set
parameters of our model are related to the transducer im-
pulse response and the ratio of the strengths of a specularly
reflected signal and a signal diffracted from a straight edge.
Under the assumption that the ob jects reflecting the sonar
pulse of wavelength \ are at distances z much larger than
"T’ from a circular transducer with radius a, the impulse
response of a transducer at angle « to the sonar wavefront

is given by
2cxcosa [ c? (t—2z/c)?
t! e = \- 1 S v e
hr(t2,0,a) ma * sin a a?sin? o @)
for c the speed of

sound in the environment, te [2z=aming Zrtewmsina]  and
0 < |a|] £ . Note that hp is just the delta function
8(t—2z/c) when o = 0 (the wavefront leaves/hits all parts
of the transducer simultaneously).

When we convolve kg with the sonar pulse waveform
(e.g. a Gaussian-modulated sine wave), we can determine
the degree to which the sonar signal is attenuated as a
function of the angle a at which the resulting signal leaves
(or arrives at) the transducer. Figure 1 shows the result
of the convolution, and a plot of signal attenuation as a
function of transducer angle.

The second result of Kuc and Siegel that is used to
parameterize our model concerns the relative strength of
the signal due to diffraction from corners. Modelling cor-

214

ners as line sources of echoes with cylindrical wavefronts.
the relative strength is (ery/3) 7.

Our model parameters are the sonar frequency, min-
imum and maximum measurable ranges, and the signal
detection threshold relative to the strength of the outgo-
ing signal (after linear-gain amplification). The environ-
ment is modelled as a set of line segments with specified
reflectance coefficients from which incident sonar signals
are reflected specularly or diffracted. Minimum range ac-
counts for the recovery time of the transducer from the
transmission transient. Maximum range accounts for lim-
its on amplifier gain.

3. Implementation

The simulation proceeds by generating a finely spaced
fan of rays leaving the front of the transducer, and follow-
ing their progress in the environment until they again hit
the front face of the transducer or until they are suffi-
ciently attenuated. Figure 2 illustrates this. For a single
range measurement, the following steps occur. First, the
fan of rays is generated from the transducer with an sig-
nal strength distribution that is a function of emittance
angle. The intersections of this initial fan of rays with
walls are computed. These intersections are added to a
heap with the closest at the top. Subsequently the clos-
est (and hence earliest) intersection is examined. If it is
within the ray-spacing of a corner, a diffracted ray is gen-
erated in the direction of the recejver (since it propagates
in all directions). Otherwise, the direction of the reflected
ray is computed. In both cases the current intersection is
replaced in the heap with the new ray’s next intersection
with a model line, and the signal strength is attenuated ap-
propriately. The new closest intersection is then examined
as the process repeats. This terminates when an intersec-
tion with a small line segment representing the receiver is
encountered as the earliest intersection in the heap. If the
arriving signal has a sufficiently small angle of incidence
(so that the further attenuation of the signal does not ren-
der it undetectable) then half the cumulative distance is
returned as the range measurement. If no reception occurs
within the maximum distance, then the maximum distance
is returned as the range value. In computing the receiver
line length and distance from model corners at which to
generate a diffracted ray, allowance is made for the spac-
ing of the model rays, so that features are not missed as a
result of being between model rays.

Figure 3 is a very high-level statement of the algo-
rithm.

4. Experimental Results

Figure 4 shows the results of running our simulation
on a model of the room used by Kuc and Siegel to vali-
date their predictions. Their published data includes range
measurements as a function of transducer orientation for
a small sample room. They accurately account for a por-
tion of this data, but their model does not account for
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Figure 1: Convolution of transducer impulse response with sonar pulse
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Figure 2: A single range measurement
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range(6,z,y): determine the range returned by a sonar measurement
from position (z,y) of the sonar sensor facing direction 8

initialize heap of intersections to be empty
for each angle ¢ from § — =
to 6 + « in steps of size §
determine: the first intersection I of a ray leaving (x, y)
at angle ¢ with a model wall segment, the degree of
attenuation of the signal as a function of |¢ — 6|,
the total distance travelled from the transducer, and angle
of incidence at the intersection.
add I to the heap (ordered by distance travelled from transducer)
while the heap is non-empty
if the intersection I at the top of the heap is at a
distance d > mazdistance from the transducer
return(mazdistance)
if the intersection is within a single ray-spacing
of the end of the model segment involved
generate a diffracted-ray intersection with the
receiver also, with appropriate signal strength and
angle of incidence
generate the reflected ray r leaving the intersection,
based on the angle of incidence of the incoming ray
and reduce the its amplitude as a function of the characteristics
of the segment
if there exists an intersection of r with a model wall segment
if the intersection is with the model segment representing
the transducer
compute the further attenuation of the incoming signal
as a function of the angle of incidence
if the remaining signal strength is above detection threshold
return(total distance travelled / 2)
else
add the closest intersection between r and a
model segment to the heap
end while

Figure 3: A high-level statement of the algorithm
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those readings which we show are due to interactions of
the signal with multiple surfaces. We obtain results that
include the single-bounce reflectance measurements they
obtain (which are consistent with the actual sonar data).
We also reproduce the multiple-reflection readings shown
in their paper from their actual sonar data.

The use of sonar data for robotic exploration is fur-
ther complicated by the variable reflectances of various ob-
jects in the environment. Our simulation for sonar range
measurement readily allows for surfaces with various sonar
reflectance properties. By modelling this aspect of real sur-
faces in addition to multi-bounce effects, we can replicate
much of the complex nature of sonar sensing. Figure 5
shows the results of running our model on more compli-
cated data which includes multiple-reflection surfaces hav-
ing varying reflectance coefficients.

The major remaining limitation of this model is that
it uses only a planar model of the world. As such, it fails
to capture bounces of the sonar signal that might come
from interactions with the ground. Although such non-
planar behavior is a significant factor in real sonar data,
we believe our model provides a useful account of the basic
phenomena to be expected from real sonar sensors.

5. Conclusions

The model described here allows for the realistic sim-
ulation of sonar range sensing in real environments. As
shown, it is consistent with real data collected from such
devices.

The availability of realistic, effective and efficient sim-
ulation permits rapid and repeatable trials of experimental
scenarios. In the development of navigation methods us-
ing sonar, difficulties with phantom images are a serious
problem to be contended with. Real experimental work is
essential to the enumeration of realistic problems in sens-
ing. On the other hand, the ability to rapidly examine
particular situations, and more importantly to repeat ex-
actly a series of (simulated) measurements is critical to
the rigorous, scientific development of sensing strategies.
In addition, this allows a large suite of test cases to be ex-
amined rapidly. It is our belief that this will facilitate the
development and evaluation of robust sensing methodolo-
gies.

We are currently investigating methods for efficiently
inferring the reflecting-surface geometry from sonar range
measurements.
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1]
Each radial line shows the distance value returned
with the transducer aimed along the line

Figure 4: Validation on Kuc and Siegel’s data
The horizontal and vertical lines indicate the positions of the simulated walls of a room. The radial lines indicate the range
measurements predicted as a function of angle.
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Figure 5: A more complicated example
The relative reflectance of each modelled wall is shown by a number appearing over it.
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