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  Unlike the beampatterns of technical acoustical systems, the biosonar beampatterns of bats are highly variable in the shapes of their main- and
sidelobes over frequency. Some of this variability could represent adaptations to different sensing tasks. In order to understand such possible
adaptations, a quantitative method for the analysis of variability (e.g., principal component analysis) is needed. Since the orientation of biosonar
beampatterns is highly variable in-vivo, e.g., due to ear/head movements, and not preserved in isolated noseleaf/ear samples, orientation is left
out of the initial analysis. Instead, beampatterns should be aligned to characterize their orientation-independent features. For this purpose, a
framework to characterize the beampattern alignment problem and perform the alignment has been drawn up. For each frequency, beampatterns
are compared using a distance metric (e.g., a p-norm). By investigating the value of this distance metric over the space of all possible
beampattern rotations, it is possible to gain insights into the alignment problem, e.g., with regard to the existence of multiple minima in the
metric. This space can also be used to test alignment strategies across multiple frequencies, e.g., through a weighted sum of the respective
distances.
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INTRODUCTION

A unique combination of powered flight and sonar sensing has enabled bats to achieve an
evolutionary success that remains unparalleled among mammals. Within a comparatively short
time span, bats have diversified to over 1000 species which thrive all around the world in
habitats that range from deserts to rainforests and from coastal wetlands to alpine meadows (1).
Furthermore, they have become extremely abundant with some colonies still dwarfing even the
largest human settlements (2; 1). Within the bat biosonar system, the morphological structures
of the noseleaves and outer ears (pinnae) form a critical interface stage that encodes information
from incoming sounds in the physical domain. Since the biodiversity in the shapes of the
noseleaves and pinnae is an obvious corollary of the biodiversity in the biosonar capabilities of
bats, it can be hypothesized to be a key factor behind these capabilities.

At present, bat biosonar retains superiority over technological sonar and radar solutions in
some noteworthy respects. For example, a large performance gap remains between the
capabilities of bats in a wide range of complex, unstructured natural environments and those of
man-made sensory systems that have been designed to enable autonomous operation of
micro-aerial vehicles (MAVs) under similar conditions.

The highly diverse noseleaf/pinnae shapes and the likewise diverse beampatterns they
produce across different bat species can be viewed as points in a solution space of beamforming
problems. An understanding of the distribution patterns in this biological solution space could
be used for the design of customized sonar and radar technology. In order to arrive at such an
understanding, a crucial alignment step must take place before comparing the different
biosonar beampatterns. Beampatterns are generated from numerical simulations using digital
models of the bat pinnae obtained in a lifelike state (3). The pinnae and often the whole body of
the bat is scanned using a μCT scanner to obtain a 34.7μm resolution surface model of the
pinnae. The far-field directivity gain pattern or beampattern is derived from this model via
numerical simulation of the Helmholtz equation for a point source at the base of the pinnae (3).
The beampattern is a function of three parameters, azimuth, elevation and frequency (3).

Since different bats will choose to look into different directions at different times in vivo, no
“natural alignment” of the beampatterns is likely to exist. Hence, in order to compare
beampattern shapes irrespective of orientation, an alignment method that is also based on
shape must be found. The goal of the current work has been to describe a framework with which
to register the beampatterns based on their functional shapes.

METHODS

Beampattern samples (Figure 1, columns A and B) from two different bat species, Hodgson’s
bat (Myotis formosus) and the common bent-wing bat (Miniopterus schreibersii), were used as
test cases for the development of the alignment method. Both beampatterns showed the same
qualitative trends across frequency: As frequency increased, the mainlobes of the beampatterns
narrowed and shifted direction. Additionally, the number of sidelobes (local sensitivity maxima)
in the beampattern typically increased. For the lower frequencies studied, sidelobes were
entirely absent.

Since different bat species do not generally vocalize in the same frequency range, the
documented frequency range of each bat species was sampled at 10 frequencies that were evenly
spaced between the lowest and highest frequency known to be used by the respective species.
For alignment purposes, a correspondence between frequencies in this sampling order has been
assumed.
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FIGURE 1: Beampatterns of Myotis formosus (Column A) and Miniopterus schreibersii (Column B) sampled at 10 dif-
ferent frequencies. Column C corresponds to the beampatterns of Column B with the beampattern for each frequency
being rotated to minimize the rms-distance to the respective beampattern in Column A. Column D are Column B’s
beampatterns rotated to minimize the sum of the cost functions across all frequencies.
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The beampattern alignment problem is a subset of a general alignment problem to find a
translation, rotation, and scaling optimal to some measure. Beampatterns are represented on
the same scale and defined from the same origin. Consequently, alignment can be achieved by
rotating the beampattern to find an optimal rotation with respect to minimizing some cost
measure. In this work, we chose to use a root mean square (rms) cost measure between
beampattern functions as a starting point.

For the present work, all beampatterns were represented through discrete amplitude values
sampled sampled uniformly on the sphere. Uniform sampling on the sphere was accomplished
by means of a scheme to divide the sphere into quadrilateral elements as implemented by the
HEALPix Library (Hierarchical Equal Area IsoLateral Pixelation (4)).

Rotation of the beampattern was accomplished via a rotation matrix generated from a
quaternion encoding of an axis-angle rotation scheme (5; 6). The rotation axis was defined in
terms spherical coordinates (azimuth, elevation) and a counter-clockwise rotation about the
axis. The beampattern represented in spherical coordinates was transformed to Cartesian
coordinates and rotated.

The rotation space was sampled in equidistant steps along the azimuth, elevation, and
rotation angle direction. For each frequency, the cost, i.e., the rms-distance between the
beampatterns, was computed for each of the rotations on the sampling grid. This three
dimensional domain of the cost function is called the cost volume. The global cost is defined as
the sum of all the costs across frequency sets and the optimal rotation is defined as the rotation
set at which the cost is minimum.

RESULTS

Cost functions computed based on the beampatterns of individual frequencies largely fall
into two categories: those with a single global minimum (Figure 2a) and those with multiple
local minima (Figure 2b). The example beampattern pairing that was found to produce the
single global minimum in the cost function (Figure 2a) was characterized by a relatively simple
layouts with one dominating mainlobe and a single clearly delineated sidelobe. In contrast to
this, the beampattern pair that resulted in multiple minima consisted of several (two or three)
small lobes that were approximately equal in size. Hence, multiple alignments could produce
different matches between these lobes.
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FIGURE 2: Individual cost volumes for frequency sets. Row 1 corresponds to the beampatterns that generate a well
defined cost structure with a single valley. Column A are the beampatterns of Miniopterus schreibersii at frequencies
of 84 kHz and 74 kHz respectively. Column B is the beampatterns of Myotis formosus at 74 kHz and 62 kHz. Row 2
represents the beampatterns that generate an ambiguous cost structure with two valleys
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FIGURE 3: Global cost function of summed frequency cost volumes. Darker isovalue surfaces indicate smaller isoval-
ues

Summing all 10 cost functions over frequency resulted in a global cost function which again
only had a single global minimum (Figure 3). The minimum cost value was roughly half the
value of the maximum cost value. While this difference between the minimum and maximum
cost values was not as large as the differences that were seen in the cost functions, it still
resulting in a clearly defined trough in the global cost function (Figure 3).

A comparison of frequency-based and global alignments showed large differences in the
results (Figure 1): Using the frequency-specific cost functions generally resulted in a better
match between the beampatterns at each frequency. However, in cases where the
frequency-specific cost functions had multiple minima, different configurations were possible. It
was also observed that the frequency- specific alignments heavily disrupted the relationships
between the beampatterns across frequencies in the process.

Conclusions

The beampattern alignment problem can be characterized by cost functions that give the
value of a distance measure over the rotation space. For the alignment of beampatterns
belonging to individual frequencies, we found that these cost functions can have multiple local
minima, which makes finding an unambiguous alignment difficult. However, aligning
beampatterns for individual frequencies does not generally preserve relationships between the
beampatterns across-frequency which could be functionally relevant. Hence, using a global cost
function may be more appropriate. In the example analyzed here, constructing the global cost
function by summing cost functions across frequency did eliminate local minima. The higher
value of the minimum cost reflects the fact that the global alignment is not as good a match as
would be possible if the beampatterns could be aligned separately for each frequency.
Nevertheless, the range between the minimum and the maximum cost values in the global cost
function was still indicative of a clearly defined minimum. The results obtained for the analyzed
test cases hence favor the hypothesis that biosonar beampatterns can be aligned with the
approach that was pursued here. Future work will assess this approach further on a much more
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diverse set of beampatterns.
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