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Abstract- A broadband, broad-beam sonar with two
recelving arrays has been constructed at the SPAWAR
Systems Center in San Diego. The sonar emulates the
transmitted pulse, projector beam width, and receiver beam
width of the Atlantic bottlenose dolphin. The sonar output
can be used to compute a pixel value in an acoustic image by
summing echo samples from a chosen point in the
environment for various aspect angles. The echo samples
usually correspond to reflectivity, e.g., the sampled output of a
pulse compression filter. Other quantities, however, can be
summed over multiple aspects in the same way. A sum of
squared samples, together with the original sum, can be
combined to form an image that represents the aspect-
induced variance of the echo from each point on an object.
Thisvarianceislarge for smooth, specular surfaces and small
for rough surfaces. Another featureimage is obtained from a
maximum likelihood bearing estimator, using the outputs of
the two “ears” The relevant sample from each echo
corresponds to the location of the chosen point on a range-
bearing plot. Summation of these samples over different
aspects produces an interaural correlation image.
Rough/smooth feature images and interaural correlation
feature images are wuseful for object detection and
classification.

I. INTRODUCTION

Animal sonar systems typically are characterized by large
bandwidths, motion of the transmitter/receiver, and small
aperture (array size) relative to many human-made sonar
systems. Small arrays and wideband signals imply that
cross-range (azimuth and/or elevation) resolution is worse
than range resolution. For bats and dolphins, the
theoretical disparity between range and cross-range
resolution becomes large for ranges in excess of haf a
meter.

This resolution disparity can be mitigated by regarding a
sequence of sonar locations as element positions in alarge,
synthetic array. The synthetic array can focus on a
particular point by delay-and-sum beam forming, i.e., by
forming a spatial matched filter for echoes from a chosen
scattering point. Sequential delay-and-sum beam forming
obviates the need to store echoes, and parallel-distributed
processing can be used to update pixels in an environ-
mental map or object image. The process is further
simplified by using semi-coherent summation, i..e.,
coherent pulse compression filtering [1,2] of individual
echoes and summation of envelope detected pulse
compression filter outputs for multi-echo combining. In
the case of the short duration, broadband echol ocation
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clicks of the Atlantic bottlenose dolphin, tempora pulse
compression can be approximated by a band pass filter.

Animal sonar systems often utilize sparse spatia
sampling relative to synthetic aperture systems. Images
that are robust with respect to sparse aspect sampling and
small, uncompensated motion perturbations are obtained
with a combination of semi-coherent delay-and-sum beam
forming and a biomimetic, nonlinear transformation of
pulse-compressed filter outputs, as shown in Fig. 1.

Another characteristic of animal sonar is the ability to
detect and classify objects in a heavily cluttered
environment. Detection and classification capabilities are
enhanced if useful features can be represented in acoustic
images. Several such “feature images’ are discussed here.
The biological counterparts of such images are feature-
sensitive neurons in a topographic neuronal map.

The acoustic images in Fig. 1 (and all the images in this
paper) are from echo data obtained with a sonar system that
emulates the bandwidth, transmitted waveforms, and
transmitter/receiver beam widths of the Atlantic bottlenose
dolphin (Tursiops truncatus). The sonar has two receiving
arrays with a separation that emulates the dolphin's
interaural distance. The dolphin biomimetic sonar (DBS)
was constructed and echo data were collected by the
Biosonar Program Office (Code D3501) of the SPAWAR
Systems Center in San Diego, with the help of the Applied
Research Laboratory, University of Texas at Austin.

Fig. 1. Left: Conventional SAS image (linear, coherent
processing). Right: Biologically inspired acoustic reflectivity
image (nonlinear, semi-coherent processing).

In both images, the same rotating object is sampled at 20 deg
increments over 360 deg (18 aspects), using a wideband dol phin-
like sonar. The object is suspended by thin lines from arotating
platform. The object swings by approximately + 1 cm (0.6
wavelength at the signal center frequency) relative to the center
of rotation. No compensation for this motion is used in
constructing the images.
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Il. THE ROUGH-SMOOTH FEATURE IMAGE

At a given aspect angle, the echo sample value
corresponding to adesired scattering point is determined by
all scattering points that lie within the physical range,
crossrange resolution cell of the sonar. The desired
scattering point is at the center of this resolution cell, which
typically is narrow in range and wide in bearing as shown
in Fig. 2A. As the aspect changes, the resolution cell
rotates around the desired point, and different scattering
points are added to the desired point. Unwanted scattering
points are suppressed relative to the desired point by
adding relevant samples from pulse-compressed echoes
observed at N different aspects, corresponding to
differently rotated resolution cells centered on the desired
point. The contribution of the desired (center) point to the
sum is the center point reflectivity multiplied by N. Each
surrounding point ideally contributes only to one term of
the sum, since it is contained in only one of the rotated
resolution cells. If the surrounding points comprise
interference, then the signal-to-interference ratio is
proportional to N.

A smooth surface can be modeled by a set of coherent
scattering points or Huygens reflectors with specular,
mirror-like re-radiation of the acoustic signal in arelatively
narrow beam. A rough surface is composed of individual,
non-coherent point reflectors that have a wide re-radiation
beam width. [If a beam of light is focused on a dusty
mirror, the specks of dust are visible over a wide set of
incidence and reflection angles, while a strong reflection
from the mirror itself is observed only when the angles of
reflection and incidence are the same. A specular “glint” is
observed when many of the smooth-surface point scatterers
are contained in a resolution cell, as in Fig. 2B. The
measured reflectivity of the center point in Fig. 2B islarge
at one aspect angle, but isrelatively small at other aspects.

A sum of echo samples corresponding to rotated
resolution cells is used to estimate the reflectivity of the
point at the center of rotation. For a smooth surface, one
contribution to the sum is much larger than the others, and

Fig. 2. (A) A set of rotated resolution cellsis used to
estimate the reflectivity of a scattering point at the center of
rotation. (B) A smooth surface results in many scattering
points with the same phase, all of which areinside a
resolution cell for one rotation angle (one aspect).

305

the variance of the echo samples that contribute to the sum
is relatively large. For arough surface, the echo samples
that contribute to the sum have smaller variance. This
variability is observed at the relevant pixel location as the
image is sequentially constructed. The aspect-dependent
variance of an image pixel can be estimated by summing
relevant samples {x; i=1,...,N} from N pulse compressed
echoes obtained at different aspects, and by forming
another sum of the squared samples {x? i=1,...,N}. This
procedure is equivalent to forming two images, one using
envelope detected, pulse-compressed echo samples and the
other using the squared values of these samples. The
aspect-induced sample variance of agiven pixel isthen

pixel variance = (1/ N)ZN: x? —[(1/ N)ZN: x> @

If adolphin is sensitive to aspect-induced pixel variation,
then it should be sensitive to the inter-echo amplitude
variation of echoes that are identical except for amplitude.
This sengtivity has been verified by behaviora
experiments [3].

A feature image that accentuates smooth surfaces can be
constructed by multiplying a reflectivity image by the
aspect-induced standard deviation of each pixel. A
corresponding image that accentuates rough surfaces can
be obtained by dividing the reflectivity image by the
aspect-induced standard deviation of each pixel. A
combined rough-smooth feature image is obtained by
letting the rough and smooth images compete at each pixel
location, and by color-coding the amplitude of the winner
(blue for smooth, red for rough).

The rough-smooth feature image can solve challenging
search problems that are analogous to finding a smooth
needle in a rough haystack. Fig. 3 shows a rough-smooth
biologically inspired acoustic image of a 10mx10m area on
the bottom San Diego Bay that contains a smooth, buried,
bullet-shaped metal object approximately 1 m long. The
object was 40 m from the center of a linear path that was
followed by the biomimetic sonar (DBS). The sonar
obtained wideband echoes at a sequence of positions along
the path. At each position, the sonar was scanned in
bearing. The total aspect change along the path was
approximately 90 deg.

The rough-smooth feature image in Fig. 3 shows a blue
patch (evidence of a smooth scattering surface) at the
object location, surrounded by alarge red (relatively rough)
area of the bottom. The blue area is indicative of the size
and orientation of the object.

High aspect-dependence also occurs for a scattering point
that lies on an edge. Edges thus can be emphasized with a
rough-smooth feature image, as shown in Fig. 4. The
object in Fig. 4 is a truncated cone resting on a textured
turntable. DBS echoes were measured at 3.6 deg intervals
over 360 deg, at a grazing angle of 3.5 deg and a range of
22.9 m. Theturntable diameter was 6.1 m.



[1l. THEINTERAURAL CORRELATION IMAGE

Another type of feature image is obtained by replacing
the reflectivity estimate for a given point in the
environment by the output of an adaptive maximum-
likelihood bearing estimator. The inputs to the bearing
estimator are the pulse-compressed echoes from the two
receiving arrays of the Dolphin Biomimetic Sonar, which
are separated by 12 cm. The bearing estimator output isthe
log-likelihood that the received echo within a given range
resolution cell and physical transmitter/receiver beam
width is from a hypothesized bearing or azimuth angle.
The location of an imaged point determines the delay
hypothesis 7 and bearing hypothesis & of a sample point in
arange-bearing map at the estimator output.

For a binaura receiver, the log-likelihood ratio for a
given delay hypothesis 7and bearing hypotheses 8is[4]

0ry,1,|7,8) =WT, 81 [t —7 +A@)] +1,[t -7 -A@)]}*
@

where
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In (2), ry(t) and ry(t) are pulse-compressed echoes plus
noise, which is assumed to be white and Gaussian. The
delay 7 corresponds to the hypothesized target range. The
delays +4(6) have much smaller magnitude than 7, and
they correspond to the hypothesized bearing angle 8. 1n (3)

the signa and noise power esiimates 03(7,6)and

ot (1,6) depend upon the hypothesized range and bearing,
and are computed using r,(t) and r(t).

The data dependence of the signal and noise power
estimates causes the bearing estimator to be adaptive. The
bearing dependence of these power estimates introduces

Fig. 3. Rough-smooth feature image of 210 x 10 m area

of arelatively rough bottom containing a smooth, buried,

bullet-shaped metal object. The object appears as a blue
patch at the center of the image.
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additional angle dependence into the log-likelihood
expression. This extra angle dependence causes the
estimator to have a smaller predicted error as calculated by
the Cramer-Rao bound. The estimator output has a narrow
peak as a function of hypothesized bearing, and the
acoustic imaging system can resolve target points that are
within the usual spotlight in spotlight-mode SAS. This
characteristic distinguishes biologically inspired acoustic
imaging from conventional spotlight-mode SAS. The extra
bearing resolution provided by the adaptive bearing
estimator results in less mutual interference between target
points, and aspect sampling intervals can be increased.

The interaura correlation image is computed by forming
a range-bearing map from the output of the adaptive
bearing estimator. A different range-bearing map is
formed for each echo, i.e., for each location of the physical
sonar. A given point in the environment occupies a
specific position in each range-bearing map. At each aspect
(physical sonar location), the range-bearing sample
corresponding to the position of the given point is extracted
and added to corresponding samples from the range-
bearing maps at other sonar locations. The resulting sumis
apixel valuein the interaural correlation feature image.

Examples of interaural correlation images and
corresponding reflectivity images are shown in Figs. 5-10.
These images are from DBS turntable data at a grazing
angle of 3.5 deg asin Fig. 4. Aspect sampling was at 3.6
deg intervals for reflectivity images and 7.2 deg intervals
for interaural correlation images.

Fig. 5 showsreflectivity and interaural correlation images
of an object that appears to be trapezoidal when seen from
above, with a rounded shape that resembles a clamshell.
The images are amplitude normalized and are colorized,
with blue denoting small pixel values and red denoting
large values. The object appears as a trapezoidal “hole” in
the surrounding boundary reflections. The trapezoidal
clamshell has very small adaptive bearing estimator
responses, but the responses are larger at the boundary
between the object and the textured surface.

Fig. 4. Rough-smooth feature image of atruncated cone
(diameter 01 m) resting on atextured turntable. Points with
high aspect variability are colored blue.



Fig. 6 shows reflectivity and interaural correlation images
of a truncated cone. The interaural correlation image
increases the signal-to-clutter ratio of the object.

Fig. 7 shows reflectivity and interaural correlation images
of a buried bullet-shaped metal object (the same object as
in Fig. 3, but buried in the simulated bottom on the
turntable, rather than in the bottom of San Diego Bay). In
this case, the interaural correlation image is far superior to
the reflectivity image in both object shape representation
and signal-to-clutter ratio.

Fig. 8 shows reflectivity and interaural correlation images

of a water-filled drum (a large cylinder with thin metal
walls). The interaural correlation image represents the
drum’s shape asa“hol€” in clutter, asin Fig. 5.

Fig. 9 shows reflectivity and interaural correlation images
of a culvert (a large, open-ended concrete cylinder). The
interaural correlation image appears to be accentuating the
boundaries or edges of the object.

Fig. 10 shows reflectivity and interaural correlation
images of awaterlogged telephone pole. The reflectivity of
the poleis nearly the same as that of the simulated, textured
bottom. The adaptive bearing estimator output, however,
produces a pole image with high signal-to-clutter ratio.

Fig. 5. Reflectivity image (Ieft) and interaural correlation
image (right) of a clamshell-shaped object resting on a
textured turntable. Image width =7.7 m.

-

Fig. 6. Reflectivity image (left) and interaural correlation
image (right) of atruncated cone resting on a textured
turntable. Image width = 7.7 m.

Fig. 7. Reflectivity image (Ieft) and interaural correlation
image (right) of a bullet-shaped metal object resting on a
textured turntable. Image width =7.7 m.
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Fig. 8. Reflectivity image (Ieft) and interaural correlation
image (right) of a 55 gal water-filled drum resting on a
textured turntable. Imaoe width=7.7 m.

Fig. 9. Reflectivity image (left) and interaural correlation image
(right) of aculvert (alarge, open-ended concrete cylinder), resting
on atextured turntable. Imagewidth =7.7 m.

Fig. 10. Reflectivity image (Ieft) and interaural correlation image
(right) of awaterlogged wooden tel ephone pole, resting on a
textured turntable. Image width = 7.7 m.
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The reflectivity and interaural correlation images of the
different objects can be used to represent the objects in a
feature space, as shown in Fig. 11. Binary-quantized
versions of reflectivity and interaural correlation values
relative to the textured turntable determine object locations
in quadrants of the two-dimensional feature space.
Objects can be further discriminated by adding extra
dimensions corresponding to shape and size features.

Interaural crosscorrelation

A
Truncated cone
Telephone pole Culvert
Bullet shape
>
reflectivity
55 gal drum Clamshell

Fig. 11. Positions of objectsin two-dimensional feature
space, based on Figs. 5 - 10.

Fig. 12. Top left: Reflectivity image of clamshell-shaped
object suspended in volume clutter.
Top right: Volume clutter feature image.
Bottom left: Reflectivity image — (weight x feature image).
Bottom right: Feature image — (weight x reflectivity image).
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IV. THEVOLUME CLUTTER FEATURE IMAGE

Figs. 5 and 8 demonstrate that objects can be recognized
by the shapes of “holes’ in clutter. This technique is well
known in medical ultrasound, where volume clutter or
“gpeckle” often is used to form images of organs that have
relatively low reflectivity. If an object of interest is best
described as the shape of a hole in clutter, then it may be
advantageous to design a feature image that represents the
clutter distribution and suppresses the target.

A volume clutter feature image [5,6] utilizes the
observation that volume clutter usually is composed of
many scatterers that are small relative to the average signa
wavelength (1.6 cm for the Atlantic bottlenose dolphin).
The feature image accentuates small volume scatterers such
as bubbles by using a normalized peak sharpness measure.
At a given range value R, the algorithm finds the largest
echo peak in a small interval around R. The amplitude of
this peak is normalized to unity, and the feature image
represents the echo at R by peak sharpness (the negative
second derivative of the pulse compression filter output at
the peak). Normalization of peak amplitude to unity
eliminates reflectivity dependence; tiny scatterers appear to
be as strong as large targets. The second derivative
measure is equivalent to an ideal receiver for detection of
Rayleigh scatterers, i.e., objects that are small relative to a
wavelength. The sonar cross section of a Rayleigh
scatterer varies as the fourth power of frequency, and
reflectivity varies as frequency squared. A frequency-
squared filter is a double differentiator, multiplied by -1.

An example of avolume clutter feature image and one of
its applicationsis shown in Fig. 12. The clamshell target is
suspended by fine lines and rotated relative to the DBS
sonar. The clamshell is partially obscured by volume
clutter in the reflectivity image (Fig. 12, top left). The
corresponding volume clutter (peak sharpness) feature
image (Fig. 12, top right) shows a target-shaped hole in
clutter. The signal-to-clutter ratio of the conventional
reflectivity image is increased by subtracting a weighted
volume clutter feature image from the reflectivity image
(Fig. 12, bottom left). Subtracting a weighted reflectivity
image from the volume clutter feature image yields a better
hole-in-clutter image (Fig. 12, bottom, right).

V. FEATURE IMAGES AND THE SONAR EQUATION

The sonar equation is alogarithmic form of the signal-to-
interference ratio (SIR) at the output of a detector [7]. The
equation implies that if the SIR is not larger than a
reasonable threshold value, then an object cannot be
reliably detected. Hole-in-clutter representations, however,
demonstrate that objects can be detected and classified at
very small SIR (negative dB values).

The problem is that the clutter echo usually is modeled as
an additive random process that is independent of the
desired signal or object echo. Feature images indicate that
this clutter model is not always correct in practice. If an
object displaces the clutter, then a drop in the clutter power
increases the probability that an object is present. Feature



images permit an observer to analyze whether a loca
decrease in clutter power signifies the presence of an object
with a particular shape.

If interference can be estimated, then it can be subtracted
from the data. A clutter feature image can be used to
estimate a spatial representation of the interference, and
this estimate can be subtracted from the reflectivity image
as in Fig. 12 (bottom, left). The weighted subtraction
operation in Fig. 12 is a form of adaptive interference
cancellation [8], where the weight is adaptively determined
to maximize SIR. The similarity to adaptive interference
cancellation suggests that a further improvement of the
object image in Fig. 12 can be obtained by replacing the
single weight in the operation

final image = reflectivity image — (weight x feature image)

with an adaptive spatial filter, i..e., a weighted sum of
pixels from the clutter feature image.

V1. BIOLOGICAL INSPIRATION AND IMPLICATIONS

Acoustic feature images can supplement reflectivity
images for object detection and classification. Such images
have counterparts in biological sensory systems. Electric
fish, for example, have overlaid, spatialy registered
neuronal maps from visual and electrosensory receptors in
the optic tectum. Some of the neurons in these maps are
sensitive to movement. Neurons with inputs from a
corresponding location in different sensory maps excite
other neurons in a map that controls fish movement [9].
Neurons in the control map combine visual and
electrosensory stimuli to locate, detect, and classify objects
in the environment.

The rattlesnake optic tectum has corresponding maps for
vision and infrared reception [10]. In the owl, the maps are
derived from vision and hearing [11]. The mouse superior
colliculus (the mammalian counterpart of the optic tectum)
has overlaid maps derived from vision, hearing, and
somatosensation [12]. In al cases, neurons derived from
various sensory modalities and with specific movement
sensitivity are adaptively combined (linearly and
nonlinearly) to form detector/classifiers at environmental
locations corresponding to positions on the maps.

The biological examples suggest a straightforward
architecture for object detection, classification, and
localization using overlaid, spatialy registered versions of
acoustic reflectivity images, feature images, and maps
derived from non-acoustic sensors.

VIl. CONCLUSION

Acoustic images can contain information that is not
directly associated with reflectivity (the usual parameter
that is represented in synthetic aperture imagery). Feature
images that represent such extra information can improve
object detection and classification in clutter. Some feature
images imply that the additive, signal-independent clutter
model used by the sonar equation is not always applicable
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to high-resolution analysis. Spatially registered neuronal
maps in biological sensory systems suggest an architecture
for combining acoustic feature images with reflectivity
images and inputs from other sensors.
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