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Biomimetic Sonar:

3D-Localization of Multiple Reflectors

Filips Schillebeeckx and Herbert Peremans

Abstract— This paper presents an advanced bio-inspired
binaural sonar sensor capable of localizing multiple reflectors in
3D-space with a single measurement. The system makes use of
spectral cues in the received echoes only. Two artificial pinnae
act as complex direction-dependent spectral filters on the echoes
returning from the insonified reflectors. A maximum likelihood
estimator is used to select the best azimuth-elevation pair based
on the calculated a posteriori probability for all target angles,
given the measured target spectrum. Experimental results in
which three targets are localized simultaneously are presented.

I. INTRODUCTION

Irrespective of the specific task, mobile robot performance
is directly linked to the amount and quality of information the
robot receives about its direct environment from its various
sensor systems. Therefore, there is an ongoing effort to im-
prove each of the commonly used sensor modalities such as
vision, laser-ranging or sonar-ranging. Each of these modali-
ties has advantages and drawbacks, be it cost, size, reliability,
refresh rate, computational cost, susceptibility to changing
light conditions, presence of smoke, reflective surfaces, etc...
In non-structured environments, it seems reasonable that a
multi-modal approach greatly enhances a system’s overall
robustness to varying environment conditions and its ability
to overcome the problem of perceptual aliasing.

While a lot of effort has been given to the improve-
ment of laser-ranging and vision systems, in-air sonar is
predominantly used for obstacle avoidance only. However,
advanced sonar sensor systems for robots are a low cost and
complementary sensor modality to optical systems [1]. Also,
bats have adequately shown that in-air sonar can provide
sufficient navigational cues in complex environments [2], [3].

Advanced sonar sensors have been developed for robust
mapping and indoor localization in indoor environments [4]
and systems capable of single cycle classification of planes,
corners and edges have been reported [5], [6]. Some sensor
developers have focused on the subtask of target localization
using triangulation methods based on ITD-cues, i.e. inter-
aural time difference [7], [8], [9], [10], [11]. However, the
independent noise-component affecting time-of-flight deter-
mination gets amplified with decreasing interaural distance.

The system presented here mimics the bat’s echolocation
system in an attempt to extract as much spatial informa-
tion as possible with a minimal number of components,
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i.e. only one emitter and two receivers. Contrary to most
other sonar systems, it does not make use of ITD-cues, but
instead extracts scene information from a single broadband
measurement based on spectral cues only. This study shows
that it is possible to localize multiple objects in 3D-space
with a binaural bio-inspired sonar head, using fairly simple
technology and a straightforward probabilistic method.

Experiments have shown that echolocating bats use in-
formation extracted from the systematic variations in the
spectrum of the received echo as a function of the reflecting
target position, as localization cues [12]. Previous work has
described how a binaural system based on Polaroid trans-
ducers can extract target range and azimuth, i.e. 2D-position,
from spectral information only [13]. Building a sensor sys-
tem with a more complex directivity, thereby improving
the system’s ability to localize reflectors both in azimuth
and elevation, extends this approach to full 3D-localization.
Although the use of spectral cues for target localization with
active sonar systems has been investigated to some degree
([14], [15]), none of these systems have demonstrated 3D-
localization of real reflectors with a single, binaural, active
sonar measurement in realistic noise conditions.

II. BIOMIMETIC SONAR SYSTEM
A. The Robotic Bat Head

Building a small sonar device requires receivers that are
much smaller than the widely-used Polaroid transducers, but
such receivers (e.g. the Knowles FG-23329 used in this
research) are virtually omni-directional [16] and therefore
lack the required spatial directivity characteristics. In order
to enhance their fitness for localization tasks, it is necessary
to artificially improve the spatial directivity characteristics
of the receivers. Interestingly, the complex spatial filtering
of various bat pinnae has been extensively described to do
just that [2]. Inspired by its biological counterpart, we have
mimicked this approach in the sonar device presented here.

All experiments were performed with the Circe head
(fig. 1), equipped with two artificial Phyllostomus discolor
pinnae [17]. The head was mounted on a 'neck’ platform
which can be panned between -45° and +45° and tilted
between -36° and +36° (full range). In each of the two
artificial pinnae, a Knowles FG-23329 microphone was in-
serted at the end of the ear canal. Fig. 2 shows a schematic
of the measurement setup and the angle conventions used
throughout the paper.

B. Spectral Code Extraction

After each emission, the two receivers pick up echoes
from reflectors that are located within the insonified area.
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Fig. 1. Left: Circe sonar head with two artificial Phyllostomus discolor
pinnae and emitter. (a) Virtual 3D-model of a scanned Phyllostomus discolor
head. (b) Close-up of the corresponding artificial pinna, which was cut from
the virtual model, merged with a support structure model and finally 3D-
printed
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Fig. 2. Schematic drawing of the measurement setup. 6 (azimuth) and ¢
(elevation) represent target angles. Top: targets above the horizontal plane
¢=0 have positive ¢-values. Bottom: targets on the side of the left ear
with respect to the vertical plane =0 have positive 6-values. The non-zero
dimensions of the sonar head are known, therefore 8;,6;, and ¢;,¢, can be
calculated from 6, ¢ and the distance to the reflector R.

Each of these echoes is a filtered version of the fm-call and
can be represented in the frequency-domain by a spectral
code. The process of extracting such a spectral code is
described at length in [13] and visualized in fig. 3 for
a single wave form. In the current paper, an 70-channel
gammatone filterbank with center frequencies from 100kHz-
30kHz and Q-factor 50 is used to construct a spectrogram of
the two echo signals. By time shifting all frequency channels
with a value corresponding to the frequency-dependent time
delays in the emitted fm-call, a dechirped representation is
constructed. An echo spectral code can then be extracted
for each reflector by selecting the values corresponding to
the local maximum in the summed energy of the dechirped
spectrograms, as illustrated in fig. 3(c). The binaural spectral
code is constructed by concatenating the two individual
spectral codes for a given reflector. Because of the dechirping

process, pulse overlap is not determined by chirp pulse
length, but by the duration of the responses of the filters
in the chosen filter bank. The term ’spectral code’ is used
because the extraction method does not return the exact
echo spectrum, i.e. the Fourier transform of the returning
wave form, but a close approximation instead. Note that
this scheme makes use of the prior knowledge of the time-
frequency representation of the emitted call (cf. matched
filter). Also, the distances r; to different targets are easily
extracted from the dechirped spectrogram representation.
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Fig. 3. Visualization of the (monaural) spectral code extraction method: (a)
Wave form representing the picked up call and three echoes, with the last
two overlapping in time. (b) Spectrogram representation of the gammatone
filterbank response. Each echo is a filtered version of the emitted fm-call (c)
The dechirping process aligns the individual frequency channel responses.
The spectra of partially overlapping echoes are separated in time/distance.
(d) Two individual spectral codes, extracted at distances 71 and 72.

III. DIRECTION-DEPENDENT SPECTRAL FILTERING

Pinna filtering introduces systematic variations in the
spectral code of a received echo, depending on the reflector
location. This direction-dependent filtering is conventionally
described by the head related transfer function (HRTF).
However, to investigate active binaural echolocation, the
complete sound path has to be taken into account, i.e. not
only the HRTF of a single pinna, but also the transmitter
radiation pattern, air filtering and reflector filtering.

The left and right receiver spectra S; and S, returning
from a reflector at distance 7, azimuth 6 and elevation ¢,
in a noiseless environment, can be written as the result of a
series of frequency-dependent spatial filter operations in the
frequency domain:

Sy =H (0,01, f)  Ha (r, f) - Hrp1(01, 00, ) - X (1)

Sr=Hy (6r; v, f) - Ha (v, f) - Hygi(r, &, f) - X (2)
with

X =Hu(r,f) Hi (0,0, ) Xc(f) (3)

where Hy., H,, Hyp, H; and H, describe the filtering

characteristics of transmitter, air, reflector, left and right

receiver assembly respectively. (All frequency domain for-
mulas in this paper describe magnitude effects only. Vertical
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bars are therefore omitted to shorten notation.) X is the
spectrum of the sound wave reaching the reflector.

To measure the direction-dependent filtering character-
istics of the sonar system, we hung a wooden ball (70
mm diameter) at a distance of 0.75 m in front of the
sonar head. Then, we moved its neck from positions
Oneck=—45° 10 O ccr=+45° (azimuth) and from ¢, ecp=—36°
to dpeck="+36° (elevation) in steps of 1°. From each of these
positions, the robot head emitted a series of 100 frequency
modulated calls sweeping downwards from 120kHz-30kHz
with a duration of 3ms. In each position, the resulting
binaural mean echo spectral code was extracted and stored,
forming a template set T'(6, ¢, f) containing the expected
spectral code for each corresponding target angle (6, ¢).

Although the direction-dependent characteristics of the
extracted monaural spectral codes are dominated by the
circular-symmetric radiation pattern of the transmitter, they
are also affected by the spatial selectivity of the pinna-
receiver-assemblies. As a result, the binaural spectral codes
returning from a reflector at different positions vary a great
deal across the observed range and across frequencies. Re-
sults are shown in fig. 4 (left ear). The right ear results are
similar (mirrored around the midsagittal plane).

-40 -35 -30

-25 (dB) -20

Fig. 4. Shaded contour plots of the direction-dependent characteristics
of the measured spectral codes (left pinna only) for the ball reflector
(frequencies 32.5-92.5kHz in 7.5kHz-intervals). Each plot represents a
spherical projection of the frontal hemifield (+£45° in azimuth, £36° in
elevation, interval size 1°). Isocontour lines of the spectral code magnitude
relative to the maximum magnitude at each frequency are shown in 3dB-
decrements.

IV. SPECTRUM BASED BINAURAL 3D-LOCALIZATION

Spectrum based 3D-localization uses the information con-
tained in the binaural broadband spectral codes and assumes

that filtering by air H,, filtering by the reflector H, ;, and
distance effects (within limits) do not dominate the shape of
the resultant binaural spectral code. After emission, a spectral
code is extracted from the echo signal returning from an
unknown reflector location. Based on this binaural spectral
code S, consisting of a 2x70=140 dimensional vector, the
estimation method will search for the most probable target
angle (0, ¢) from which the echo could have returned.

First, each stored spectral template 7'(6;, ¢y, f) is nor-
malized to the energy of S, resulting in the normalized
template set T,.(6, ¢, f). This normalization step is a first
order approximation to compensate for unknown reflector
strength and spherical spreading losses.

Next, every normalized template spectrum T,(6;, ¢, f)
is compared to the received spectral code of the unknown
reflector. Based on empirical evidence, the unknown reflector
environment filtering is modeled as additive Gaussian noise
when expressing the spectrum on logarithmic scale.

20l0g(S=(f)) = N (20log(Tx(f)), ¥) 4)

> was constructed by accumulating experimental data,
i.e. spectral codes extracted from measurements on various
reflectors.

Finally, the reflector angle is estimated by selecting the
maximum a posteriori probability using Bayes’ theorem

P(S.|0) P(0)
P(S.)

In the absence of specific prior information, P(6) is assumed
to be uniform, resulting in a maximum likelihood estimator.

Fig. 5 illustrates a best and worst case scenario of this
procedure by showing the probability distribution for two
selected single 3D-position estimates. For each estimate,
the reflector spectral code S, is compared to all available
template spectra T'(0, ¢, f), resulting in a P(f|S,,)-value for
each . Then, the angle-pair corresponding to the maximum
value of P(0|S,) is selected. The success of the estimation
process depends on the resemblance between the measure-
ment and the correct template spectral code. A good resem-
blance will result in a distinct maximum near the correct
position (Hj,gbk), as seen in fig. 5(a). Poorer resemblance,
due to noise conditions and/or outspoken reflector filtering,
results in a larger area of uncertainty around the correct
(65, ¢r)-orientation or the appearance of ambiguous regions,
as seen in fig. 5(b).

0 = maxg[ P(0)S,) | = max;] 16

V. BINAURAL 3D-LOCALIZATION: MULTIPLE
REFLECTORS

The 3D-localization procedure was tested by simultane-
ously localizing 3 reflectors from 81 sonar head orientations
(Oreck=—40° to 6,,.,=40°, in steps of 1°). For each of these
orientations, two different spectrograms were extracted: a
high-SNR spectrogram SG); by averaging over the spectro-
grams calculated from 5000 consecutive echoes and a low-
SNR spectrogram SGg extracted from a single emission
echo. The spectra obtained from the SGjs-spectrogram
simulate the spectral codes that would be extracted with a
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Fig. 5. Single estimation results depicting the probability distribution
P(0|Sz) for all available 6, white being the highest values and darkening
with decreasing probability. The correct position (6, ¢,) is located on the

intersection of the dashed lines. The estimated position (6, ¢) is located on
the intersection of the full lines. (a) Target: §;=15°,¢4,=15°, estimated at

0=13°,$=16° (b) Target: 0;=31°,¢,=21°, estimated at f=27°,p=5°

high-SNR acquisition system in noiseless conditions. The
measurement setup is shown in fig. 6.

Fig. 6. Measurement Setup: 3 ball reflectors were hung in front of the
sonar head in two separate experiments. Left: Experiment 1: Wooden ball T1
(r=0.75m, 6=6°, $=—16°). Wooden ball T2 (r=1.0m, =—10°, ¢=—8°).
Styrofoam ball T3 (r=1.2m, 6=6°, ¢=6°). Right: Experiment 2: Wooden
ball Tl (r=0.76m, 0=6°, ¢=13°). Wooden ball T2 (r=1.0m, 6=—10°,
$=3°). Styrofoam ball T3 (r=1.2m, 6=6°, ¢p=—5°).

A binaural spectral code was extracted from the spectro-
grams SGg and SG)s at distances corresponding to each
of the 3 targets. More specifically, each spectral code was
extracted at the local energy maximum nearest to the ex-
pected target distance. For each of these three spectral codes,
the angle-pair corresponding to the maximum probability
P(0)S.) is reported.

Fig. 7 shows the results of the first experiment. The range
plots in fig. 7(a) demonstrate that all three targets are detected
from all neck orientations, i.e. a local energy maximum
is found for all three targets. The relative energy plots in
fig. 7(b) indicate that the reflected energy is relatively peaked
in a range of approximately 30° around the correct azimuth
position, with the exception of target T1 for which the
reflected energy is lower over the entire 0,,..,-range because
of its low elevation angle. This behavior is directly linked
to the radiation pattern of the Polaroid transducer which
emits most energy within a cone with aperture 30° at 50
kHz. An incorrect target (a wall cabinet) was detected at
distance r=1.2m, explaining the rising edge in the energy
plot for target T3 (head orientations 0. < —30°). There
is no significant difference in target detection performance
between the results for SGg and SG,.

Fig. 7(c) and fig. 7(d) show the results for the azimuth and
elevation estimation respectively. Overall, azimuth angles
are well estimated within the entire 6,,..5-range, indicating

that the spectral code extracted from SG; corresponds best
to a template spectrum nearby the correct azimuth angle,
even when reflected energy is (very) low. Sporadically the
more noisy spectral codes extracted from SGg lead to larger
azimuth-errors, as can be expected. The elevation results are
more error-prone. The elevation of targets T1 and T3 is
estimated well throughout the 6,,..;-range, but the elevation
of target T2 is badly estimated in 0, = [—12°, —4°], even
though the reflected energy is fairly high. In this range, an
ambiguous template spectrum corresponding to an incorrect
(0, ¢)-pair seems to be more similar to the extracted spectral
code from SGg and even SG); than the one corresponding
to the correct (6, ¢)-pair.

A second experiment was undertaken in which the ele-
vations of the three targets were altered. Results are shown
in fig. 8. Again, azimuths are well estimated for the entire
range. Elevations are well estimated within the region of
higher reflected energy. In a final experiment, target T1 of
experiment 1 was moved to a larger azimuth (§ = 27°).
Results are shown in fig. 9. In this configuration the balls
are wider apart, but can still be localized simultaneously
in the range O,ccr = [—15°,10°]. Overall, the results are
better for the spectra based on SG)s, but results for SGg
are not far behind. Also, azimuth is more robustly estimated
than elevation, predominantly because the combined binau-
ral spectrum also codes for IID-cues (interaural intensity
differences). In effect, the binaural spectrum cues can be
considered a superset of the IID-cues.

Table I contains summarizing numerical results for all
three experiments. The first two columns list mean azimuth
and elevation errors, the last two the ratio of estimates with
an error of less than 3° to the total number of estimates,
both within a given range. The best half-range is defined
as the continuous subrange (Af,..rx = 40°) for which
mean azimuth and elevation errors are minimal and the 3°-
error estimate ratio is maximal, respectively. Note that the
table features high 3°-error estimate ratios overall, including
several scores of 1.00, i.e. for that particular range all
azimuths and elevations were estimated with a 3°-error or
less. The results of all three experiment clearly demonstrate
that the 3D-localization method presented here can estimate
reflector azimuth and elevation simultaneously based on
binaural spectral information.

VI. DISCUSSION AND CONCLUSIONS

In this study, we have demonstrated that a binaural
sonar sensor equipped with artificial bio-inspired pinnae can
localize multiple reflectors in 3D-space. This shows that
a spatial signature, largely determined by the transmitter
radiation pattern, the pinna directivity and the interaction
between them, can be successfully extracted from a binaural
spectrogram representation of the echo.

A probabilistic model is used to derive the target angle
probability distribution within the observable range based on
the similarity between the measurement spectrum and tem-
plate set spectra. Although the results presented are based on
single estimations selecting the target angle with maximum
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Experiment 1: Wooden ball T1 (r=0.75m, 6=6°, ¢=—16°). Wooden ball T2 (r=1.0m, §=—10°, ¢=—8°). Styrofoam ball T3 (r=1.2m, 6=6°,

¢=6°). Each column displays the results of one of the three targets for each of the 81 orientations. In each plot, the results for SG s are marked with
a small circle, the results for SGg with a plus-sign. Row (a): The distance at which the spectral code was extracted. Row (b): The relative energy
corresponding to that spectral code. Row (c): The estimated azimuth 6. A continuous line marks the correct azimuth angle 6. Row (d): The estimated

elevation ¢. A continuous line marks the correct elevation angle ¢.
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probability only, in effect resulting in a maximum likelihood
estimator, the proposed method can be naturally extended to
combine the information from consecutive measurements.

A number of improvements upon the current system can be
envisaged. The localization method described here does not
require pinna movement, therefore a miniaturized version of
the larger Circe head could be constructed. Alternatively, ear
mobility could be used for target position disambiguation by
combining consecutive measurements with different pinna
configurations. Furthermore, the binaural sonar system is
an active sensor: the spectral content of the emitted call is
known, and could be adapted for specific tasks.

Headorientation 6,.,(°)

Headorientation 6,.,(°)

Exp. 2: Wooden ball T1 (r=0.76m, 0=6°, $=13°). Wooden ball T2 (r=1.0m, 6=—10°, ¢=3°). Styrofoam ball T3 (r=1.2m, 0=6°, ¢p=—5°).

Mobile robot navigation performance depends on the
quality of the system’s sensory inputs. Therefore, the search
for sensors that provide a large information rate, i.e., accurate
information within a large field of view at a high measure-
ment rate, continues. We have demonstrated that it is possible
to advance the potential of ultrasonic sensors by enhancing
their directional properties by means of bio-inspired artificial
pinnae. This enhanced directionality allows 3D-localization
of real reflectors with a single, binaural active sonar mea-
surement, in realistic noise conditions. In that sense, we
believe the sonar system presented here is an example of
how technical systems can benefit from knowledge and ideas

3083



Fig. 9.
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TABLE I

NUMERICAL RESULTS FOR ALL THREE EXPERIMENTS DISPLAYING THE

BEST HALF-RANGE RESULTS (A0, ., = 40°, N=41) AND THE
FULL-RANGE RESULT (BETWEEN BRACKETS). THE FULL RANGE IS
DEFINED AS A6, 0, = 80°, N=81 FOR T1 AND T2,

Oneck = [—20°,40°] AND N=61 FOR T3.

sloi=0ill | S]ei—di |Zl@:i-00<3°] | T [(#i—di)<3°]
N - N N - N
Experiment 1
T1|SGpr|1.1° (1.9°) [0.4° (2.4°) [1.00 (0.89) 1.00 (0.89)
SGg [2.3° (5.6°) |2.0° (6.2°) [0.80 (0.62) 0.85 (0.73)
T2|SGar|2.2° (3.1°) [5.0° (6.5°) [0.90 (0.78) 0.68 (0.54)
SGg [2.9° (6.6°) |5.8° (6.5°) |0.76 (0.60) 0.54 (0.52)
T3|SGpr|1.0° (1.4°) [0.5° (1.9°) [1.00 (0.95) 1.00 (0.82)
SGg [1.8° (3.0°) |1.7° (2.8°) [0.90 (0.74) 0.85 (0.73)
Experiment 2
T1|SGpr|1.0° (1.8°) {0.7° (1.0°) [1.00 (0.88) 1.00 (0.99)
SGg [1.5° (2.2°) |0.9° (2.3°) [0.95 (0.80) 0.98 (0.85)
T2|SGpr|1.0° (2.0°) {2.5° (4.6°) [1.00 (0.86) 0.85 (0.63)
SGg [1.8° (3.3°) |3.3° (5.2°) |0.90 (0.75) 0.76 (0.52)
T3[SGar[0.9° (1.2°) [1.8° (2.8°) [1.00 (0.97) 0.80 (0.74)
SGg [2.9° (3.5°) |3.0° (3.0°) [0.80 (0.77) 0.66 (0.65)
Experiment 3
T1|SGpr|0.6° (4.2°) [1.4° (8.7°) [1.00 (0.73) 0.85 (0.62)
SGg [1.0° (8.8°) [2.8° (9.9°) [0.98 (0.72) 0.68 (0.44)
T2|SGar|2.1° (5.6°) [4.6° (8.3°) [0.90 (0.65) 0.63 (0.41)
SGg [2.8° (8.4°) |4.4° (8.3°) [0.78 (0.54) 0.56 (0.40)
T3[SGar|1.9° (8.6°) [1.7° (5.4°) [0.95 (0.65) 0.93 (0.71)
SGg [2.3° (9.4°) |4.1° (7.1°) |0.78 (0.52) 0.61 (0.48)

derived from observing biological systems.
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