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Numerical study of the effect of the noseleaf on biosonar beamforming in a horseshoe bat
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Around 300 bat species are known to emit their ultrasonic biosonar pulses through the nostrils. This nasal
emission coincides with the presence of intricately shaped baffle structures surrounding the nostrils. Some prior
experimental evidence indicates that these “noseleaves” have an effect on the shape of the animals’ radiation
patterns. Here, we present a numerical acoustical analysis of the noseleaf of a horseshoe bat species. We show
that all three distinctive parts of its noseleaf (“lancet,” “sella,” “anterior leaf”) have an effect on the acoustic
near field as well as on the directivity pattern. Furthermore, we show that furrows in one of the parts (the
lancet) also exert such an influence. The underlying physical mechanisms suggested by the properties of the
estimated near field are cavity resonance, as well as reflection and shadowing of the sound waves emitted by
the nostrils. In their effects on the near field, the noseleaf parts showed a tendency toward spatial partitioning
with the effects due to each part dominating a certain region. However, interactions between the acoustic
effects of the parts were also evident, most notably, a synergism between two frequency-dependent effects
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(cavity resonance and shadowing) to produce an even stronger frequency selectivity.
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I. INTRODUCTION

Bats are a high-level grouping (an order) of mammals
most noted for the use of sophisticated active and passive
biosonar systems [1]. The almost 1000 species [2] of so-
called “microbats” as well as some of the much less species-
rich “megabats” (Old World fruit bats) emit ultrasonic bio-
sonar pulses through their mouths or nostrils and listen to the
returning echos with their ears (active sonar). Listening to
signals from foreign sources (passive sonar) is also common.

Among the most conspicuous anatomical features seen in
bats are the baffle shapes which surround the sites of pulse
emission and echo reception. For example, the outer ears
(pinnae) in the majority of bat species—while always fol-
lowing the general anatomical layout of a mammalian
pinna—feature unusually prominent structural elements such
as flaps, ridges, or grooves. The nostrils in those bat species
which emit their biosonar pulses through them are sur-
rounded by protrusions known as “noseleaves.” The two larg-
est groups of bats with noseleaves are the New World spear-
nosed bats (Phyllostomidae) and the Old World horseshoe
bats (Rhinolophidae). Similar to the pinnae, bat noseleaves
are rarely plain structures, but can be divided into distinct
parts which are in many cases adorned with structural ele-
ments such as flaps, ridges, or furrows often not unlike their
counterparts seen on the pinna.

The coincidence between the presence of noseleaves and
nasal biosonar emission suggests the hypothesis that the
noseleaves act as acoustic beamforming baffles which influ-
ence the shape of the emitted biosonar beam. Over the last
30 years, some preliminary experimental evidence has
emerged to support this notion: It has been demonstrated that
bending back the entire noseleaf changes the beam pattern in
a species of spear-nosed bat [3]. Similarly, a change in beam
shape was observed when the entire upper portion of a horse-
shoe bat’s noseleaf was covered with petroleum jelly [4].

In the work presented here, we have used numerical meth-
ods to conduct the first analysis of the acoustic function of a
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noseleaf to consider all individual parts as well as one of
their structural features. The goal of this work is to establish
which structural features of the horseshoe bat noseleaf have
acoustic effects, what these effects are, and what physical
mechanisms may underlie them. In addition to the general
benefits of being able to make predictions about the acoustic
field in an efficient manner, the usage of numerical methods
offers two important specific advantages for this work. First,
the shape of the noseleaf used in the analysis is represented
digitally. Therefore, it can be subjected easily to well-defined
manipulations, for instance, the selective removal of indi-
vidual parts without disturbing the rest of the structure. Sec-
ond, the acoustic near field surrounding the noseleaf surface
can be predicted along with the acoustic far-field behavior.
This makes data available not only for describing the effects
of structural features on the beam pattern, but also for ex-
plaining the underlying physical mechanisms.

The noseleaf studied here belongs to a horseshoe bat (ge-
nus Rhinolophus). Because the biosonar pulses of horseshoe
bats contain narrow-band [“constant frequency” (CF)] and
frequency-modulated (FM) signal components, they are in-
cluded in a group called “CF-FM bats.” The bat species in
this group are considered to be model organisms in physical
ecology and neuroethology [5] because of the well-studied
match between sensory function and ecological niche (prey
detection in clutter) and the pertinent evolutionary implica-
tions [6-8].

The noseleaves of horseshoe bats consist of three distinct
parts (see Fig. 1). The nostrils are surrounded at the bottom
and at the sides by a smooth horseshoe-shaped baffle, the
anterior leaf. Upwards from the nostrils, near the center of
the noseleaf sits the sella (saddle), a peglike forward-oriented
protrusion. Behind and upwards from the sella follows the
lancet, which is typically deeply furrowed horizontally. The
71 horseshoe bat species of the genus Rhinolophus [9] differ
considerably in the size and shapes of their noseleaves. As a
result, the sella and the lancet in particular are often used as
distinguishing features between species by biologists.
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FIG. 1. The shape of the studied noseleaf and its parts. (a)
Portrait photo of the individual of the Rufous horseshoe bat from
which the analyzed noseleaf sample was taken. (b) Surface render-
ing of the noseleaf parts using a smoothed triangular mesh. The
different noseleaf parts are highlighted with different gray levels:
(1) lancet, (1a) upper furrow, (1b) lower furrow, (2) sella, (3) ante-
rior leaf. The total height of the noseleaf is 11.5 mm and the fur-
rows in the lancet are approximately 1.4 mm wide and deep.

In the work reported here, we have investigated the acous-
tic effects of the three parts of the noseleaf as well as the
effect of the furrows in the lancet. The results on the former
are reported here and the results on the latter have been pub-
lished in short form already [10] but will be put into context
here.

II. METHODS
A. Simplifying assumptions

Simplifications were made to make the acoustic problem
to be analyzed more readily tractable. The shape of the nose-
leaf was studied in isolation from the head to keep the size of
the problem small. This means that contributions by diffrac-
tion from other areas of the bat’s face were not considered.
No major effect on the results is expected from this simpli-
fication because of the relative location and geometry of the
face as well as the size of the noseleaf (see Fig. 1). Since the
bat’s face is located behind a comparatively large noseleaf
with facial surfaces oriented to the side and away from the
noseleaf, it is expected that the noseleaf will shield the face
and the weak diffracted waves from the face are even less
likely to strongly interact with the forward diffraction from
the noseleaf proper. Data obtained in humans [11] suggest
that the influence of the head on the directivity of hearing is
limited to below approximately 4 kHz. The lowest frequency
used by the studied bat is about 15 times higher than this
frequency. Since at the same time the noseleaf is only six to
seven times smaller than a human pinna, such an influence is
unlikely to be a factor that needs to be considered for the
exploratory work reported here.

The surface of the noseleaf is modeled as perfectly re-
flecting. This is justified by the large difference in the char-
acteristic acoustic impedance between air and tissue (four
orders of magnitude). Factors such as the finite thickness and
finite extent as well as the curvature of the noseleaf are un-
likely to make a major difference in this situation. Experi-
mental work comparing simulated and measured reception
directivities of a bat head by different authors has confirmed
that knowledge of the exact impedances is not required to
obtain a numerical estimate of a directivity pattern that con-
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tains the salient features and falls within the individual vari-
ability between measured specimens [12].

B. Computer tomographic shape acquisition

A digital representation of the shape of a noseleaf sample
from a Rufous horseshoe bat (Rhinolophus rouxi, collected in
Hubei Province, China, see Fig. 1) was obtained by means of
high-resolution x-ray computer tomography (Skyscan
1072 uCT). X-ray images of the noseleaf sample were col-
lected from directions spanning at total of 180° in steps of
0.9°. From these x-ray images, a stack of tomographic cross
sections was derived by a three-dimensional cone beam re-
construction method. In the cross-section images, x-ray ab-
sorption was encoded with 256 gray levels assigned to iso-
tropic voxels with 30 wm edge length. The gray values in
the stack of cross section were prefiltered using an isotropic
Gaussian smoothing kernel and then thresholded to classify
pixels as representing either air or noseleaf tissue. The result-
ing binary voxel representation of the noseleaf was then di-
rectly down sampled and transcribed into a finite-element
mesh with linear cubic elements of 120 wm edge length.

C. Shape manipulation

The voxels of the digital shape representation were manu-
ally classified as belonging to either the anterior leaf, the
sella, the lancet, or supporting tissue located behind and—to
a lesser extent—between these parts (see Fig. 1). To study
their acoustic effects, all three parts under study (anterior
leaf, sella, lancet) were digitally removed from the noseleaf
representation either individually or in combination to study
interactions between the parts. In this way, a complete set of
all possible combinations of the presence or absence of each
of the three parts was created. This set contains a total of
eight shapes, the original shape plus seven shapes in which
either one, two, or all three parts have been removed. To
create this entire set, the borders of each part of the shape
had to be defined only once, all the different combinations
were then created using suitable Boolean operators on the
binary voxel values representing tissue and air. In the follow-
ing, each shape is marked by a three-character string in
which each character represents a part. “L” stands for the
lancet, “S” for the sella, and “A” for the anterior leaf. A
crossed-out character signifies removal of the part. For ex-
ample, “L& A” denotes a shape in which the lancet and an-
terior leaf are present and the sella has been removed. To
answer the questions whether the furrows of the lancet had
an acoustic impact, the air volumes inside the furrows were
filled completely with hand-placed voxels representing nose-
leaf tissue.

D. Finite-element model and forward projection

The goal of the numerical simulation was to produce es-
timates of the acoustic near-field as well as of the far-field
directivity. To derive both of these estimates in an efficient
manner, a combination of a finite-element formulation for the
near field and a forward projection representing undisturbed
sound propagation into the far field was chosen. If only an
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estimate of the directivity had been desired, a boundary-
element approach [13] could have been considered as an al-
ternative, but this method would not have yielded spatially
dense estimates of near-field amplitudes in an efficient way.
The finite-element formulation was devised to find a nu-
merical solution to the Helmholtz differential equation

V2P + kD =-b, (1)

where @ is the sound pressure, k=2—7CTf the wavenumber, and
b the force term representing sources. The force term was set
up to represent two point sources positioned in the nostrils
and operated as a bipole, i.e., with equal magnitude and
phase. Boundary conditions on the surface of the noseleaf
represented perfect reflection.

Based on the geometry of the finite-element mesh repre-
senting the air volume, the entries in the element stiffness
matrices Kf’ll were determined by analytically evaluating the
expression

K¢

5 =AKS - KAMS = J . VN/VN;-kK’NNdV, (2)
where the AK¢ are the entries of the element acoustic stiff-
ness matrix, AM? the entries of the element acoustic mass
matrix, N; the ith shape function, and V*! the volume of the
element. All Kf]l are real numbers. Acoustic stiffness and
mass matrices are independent of frequency and the element
stiffness matrix is the same for all elements in the regular
cubic finite-element mesh.

Linear shape functions were attached to the cubic finite-
elements. For example, the shape function for the node
(=1,-1,-1) is given in normalized local element coordinates

(&,7,0) by
Nl(f,n,§)=é X=X (1-px(1-0. (3

The shape functions for the other nodes are found by chang-
ing the sign of the local coordinates to ensure that the shape
function has a value of one at its respective node and zero at
all others.

On the boundary of the finite-element computational vol-
ume, reflection-free sound propagation was modeled by a
layer of three-dimensional mapped wave-envelope infinite
elements [14]. The entries in the element stiffness matrix of
the infinite elements are given by

K5 = AKS} - K*AMS

y "+ JKACS,, (4)
where j is the imaginary unit and AC?’} the damping term. In
radial direction, Jacobi polynomials of order three with pa-
rameters =2 and B=0 were used as a basis function fol-
lowing a suggestion by the authors of Ref. [15]. The shape
functions for the infinite elements were integrated numeri-
cally using Gauss-Legendre quadrature.

The linear problem defined by the stiffness matrix and the
force vector containing the source information was solved
iteratively for the complex wave-field amplitudes at the ele-
ment nodes using a biconjugate gradient stabilized method
[16,17] with a successive over-relaxation (SOR) precondi-
tioner. The preconditioner’s splitting matrix Q is given by

PHYSICAL REVIEW E 76, 051902 (2007)

1
Q=_D_Cl’ (5)
w

where D is the diagonal matrix of the system matrix (master
stiffness matrix), C; its strictly lower triangular portion, and
0<w<?2 the relaxation factor (set to a value of 1.2). The
implementation of the linear system solving routines was
taken from the Portable, Extensible Toolkit for Scientific
Computation (PETSC) software library [18].

The relative phase of the solution to the Helmholtz equa-
tion at different points in space contains information on
propagation delays which are incurred by the corresponding
time-domain solution as it propagates away from the sound
source. The following definition applies to the phase of the
computed solutions: With longer propagation delays in the
time domain, the phase values of the frequency-domain so-
lution advance clockwise, i.e., from 0° to —90°, +180°, and
90°. In the description of the results, the term “phase ad-
vance” is used to refer to an advance in the cycle of the
solution phase as occurs as a result of wave propagation
away from the source. Because of these definitions, such a
phase advance manifest itself in a smaller phase value, unless
it crosses the boundary between phase values of —180° and
+180°. Likewise, “phase delay” means that the complex pha-
sor of the frequency-domain solution has advanced less
along its cycle over a given distance from the source and will
hence retain a greater value of the phase (unless the +180°
boundary was crossed).

Based on the complex field values on surface of the finite-
element computational volume, the wave was numerically
projected out into the far-field projection using the Kirchhoff
integral formulation [19,20]

1 JKR i \R
P(X)=- — %n[mﬂk(ni)E@]ds, (6)

4l kR

where R is the vector between the surface element ds and the
position X, n the outward-pointing surface normal, ® the
field value on S, and k the wavenumber. The product
ﬁ~V<D=% is the derivative of the field ® with respect to the
surface normal 0. This derivative was evaluated numerically
by means of a three-point difference spanning the outer three
layers of the finite-element mesh. To arrive at a directivity
estimate, the outward projections were made to a set of
points on the surface of a sphere. These points were spaced
1° apart in azimuth (6) and elevation (¢), resulting in 65 160
points in total. The magnitude of the projected field values
was normalized (divided by its maximum value) over all
directions (6, ¢) for each frequency f to produce the real-
valued, normalized directivity 0=D(0, ¢,f) =1.

As the Rufous horseshoe bat belongs to the group of
CF-FM bats, its biosonar pulses consists of a central narrow-
band portion flanked by rising and falling frequency-
modulated portions at the beginning and end of the pulse,
respectively (see Fig. 2). The biosonar pulses recorded from
the individual studied here in a flight room ranged from 60.4
(lower edge of the FM component) to 81.5 kHz (CF compo-
nent). The biosonar calls of this species have been studied
extensively in the field in Sri Lanka [21]. The recordings
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FIG. 2. Sketch of the CF-FM biosonar pulses of the Rufous
horseshoe bat. The triangular markers on the ordinate mark the
frequency band studied here which includes the second (strongest)
harmonic [(b), solid line]. The weaker first (¢) and third (a) har-
monic are also shown (dashed lines, not studied here). Spectro-
grams of actual biosonar pulses from this species can be found in
the literature [21].

obtained from the individual studied here were found to be
consistent with the frequency band reported for the second
harmonic (CF component between 73.5 and 79 kHz with a
dependence on gender, FM bandwidth up to 16 kHz) [21].
Because the second harmonic is known to contain the most
energy of all harmonics [21] and was also the only harmonic
detected in the studied individual, the analysis presented here
was mostly limited to the frequency band from 60 to 80 kHz.
This entire band was covered by computing wave-field solu-
tions for frequencies uniformly spaced 500 Hz apart. Given
the finite-element mesh’s spatial resolution of 120 wm, the
acoustic near fields for these frequencies were sampled with
a resolution of 36 to 48 finite elements per wavelength.
Later, the range of computations was extended downwards to
24.5 kHz and upwards to 83 kHz to gain more insight into
the physical mechanisms and provide for a safety margin to
account for the unknown variability in the calls of the stud-
ied individual. Over this frequency band the spatial resolu-
tion of the finite-element mesh corresponded to approxi-
mately 34 to 117 finite elements per wavelength. The
frequency values were converted into wavenumbers assum-
ing a sound speed of 343 m/s corresponding to, for example,
air with a temperature of 20 °C, an adiabatic constant (y) of
1.4, and a molecular weight of 0.02895 kg/mol.

E. Presentation of the results

If the frequency is fixed at a certain value, the resulting
directivity function is a function of two angles, azimuth and
elevation. It can hence be easily visualized using standard
cartographic projection techniques. Here, an overview of the
directivity patterns was obtained using the orthographic map
projection given by [22]

x=cos ¢sin(0—6,), y=cos ¢,sin ¢
—sin ¢, cos ¢ cos(6- 6,), (7)

where 6, and ¢, are the azimuth and elevation of the projec-
tion center.
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Three-dimensional isosurfaces of the far-field wave am-
plitudes were rendered to visualize the radiation beam pat-
tern for a given frequency. In spherical coordinates, the far-
field sound pressure magnitude separates into a product of
two terms, the directivity and the inverse of the radius (r)
[23]:

1
|D(6, p.f)| = D(6, . f) ¥ — (8)

Hence, the radius from the source to a given isosurface
|®(6, ¢, f)|=C of the far-field magnitude is proportional to
the respective value of the directivity. Plots of such isosur-
faces can thus be used to conveniently visualize the shape of
the three-dimensional beam pattern, which is independent of
the choice of the threshold field value. The latter only affects
the scale of the beam pattern which is inversely proportional
to the threshold [see Eq. (8)]. Since only the shape of the
beam pattern is considered here, both the chosen threshold
value and the scale of the resulting graphs are not specified.

The magnitude and phase of the near-field waves have
been visualized with cutting plans. On the surface of the
cutting plan, the value of the quantity of interest is coded by
a gray level. It should be noted that no attempt was made to
unwrap the phase of the wave field, since the computational
volume surrounding the noseleaf was too small to give rise
to ambiguities as to the magnitude of phase changes. The
phase wrapping does lead to a pattern of prominent gray-
level discontinuities, however, which—while prominent
features—should not be confused with actual physical dis-
continuities in the phase.

To assess the impact of a noseleaf part on the near field,
differences in the magnitude and phase of the respective
wave fields were visualized. In both cases, the simple field
present when all three noseleaf parts are removed was cho-
sen a reference. To show how the fields are changed by the
manipulation, the differences in magnitude and angle of the
complex field values, i.e., |®,(8,¢,)|-|P,(0,¢.f)| and
L D(0,¢p,/)— £ DPy(6,d,f) are shown. These values are in
general not the same as the magnitude and phase of the dif-
ference field [D,(6, ¢,f)—D,(6, P, f)]. The similarity of the
shape of the directivity patterns produced by the different
shapes was assessed by means of a normalized correlation
coefficient p;,(f) in spherical coordinates (with zero eleva-
tion at the equator) given by

+7 (472
f f 51(0’ ¢’f)52(0’ ¢,f)COS ¢d0d¢
- Y —-7/2
a,(f)o,(f) '
©)

where D(0, ¢.f),D,(0,$.f) are the directivities with their
mean values subtracted

P1,2(f) =

+77/2

_ 1 +T
D(0,¢.1) =D(6,¢.f) - EJ f D(6,¢.f)cos ¢dbd

—/2
(10)
and the o7 »(f) are given by
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+7 (472
Ul,z(f) = \/j f 51,2(9,¢,f)2 cos ¢pdbdep. (11)
- J -2

F. Error analysis

The finite-element analysis conducted here is susceptible
to numerical errors from several sources. The discretization
of the domain of the solution to the Helmholtz equation and
its approximation with (linear) basis functions introduce
sampling and fitting errors. For well-behaved boundaries,
both of these errors should decrease monotonically with the
number of elements per wavelength. Since only the solution
at the nodes of the finite elements is used here, the fitting
error can be expected to decrease faster than ﬁ, where n is
the number of elements per wavelength because of supercon-
vergence [24]. An additional error source is the approxima-
tion of a reflection-free outward propagation by the infinite
elements, which can only be approximate for a computa-
tional domain with a finite surface [25]. Finally, for the large
wavenumbers associated with ultrasonic frequencies, nu-
merical pollution effects may degrade the results [26].

In order to gauge these errors, the solution for a simplified
scenario which also has an analytic solution was computed.
This scenario consisted of a bipole source configuration (two
equal monopole sources operating in phase) identical to the
sources used in the analysis of the noseleaf but under free-
field conditions (i.e., in the absence of the noseleaf). Since
representation of the noseleaf surface is also a wavelength-
related sampling issue, the test case is suitable to provide
insights into all sources of error. However, it should be
pointed out that the actual errors will depend on the shape of
the solution so the results from the test case should be seen
as a general indication of the accuracy achievable, but not as
a definite bound on the error for the experimental solution.

For a bipole, the directivity pattern D(a,k) is a bidirec-
tional figure-of-eight given by [27]

D(a,k) = cos{z—dcos a} , (12)
where the angle « is spanned by the direction of interest and
the axis through the two point sources and d is the distance
between the sources. In three dimensions, the pattern is a
body-of-revolution around the axis through the two point
sources. This directivity pattern has the features that can be
expected in the bat, i.e., lobes and notches separating them.

The test case was numerically analyzed for three frequen-
cies near the bottom (60 kHz), center (70 kHz), and top (80
kHz) of the band occupied by the second harmonic of the
Rufous horseshoe bat. For each of the frequencies, the whole
range of spatial resolutions (36 to 48 elements per wave-
length) used in the study of the noseleaf were tested. From
the results and the numerical evaluation of the analytical so-
lution, the root-mean-square error as well the maximum error
were computed (see Fig. 3). For the conditions used in the
evaluation of the noseleaf, the root-mean-square error fell
between ~1.2 and ~1.4 % of the maximum value, with the
maximum error between ~2.4 and ~3.2 %. Over the spatial
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FIG. 3. Relative error in the numerical prediction of the direc-
tivity pattern of a bipole source as a function of the number of finite
elements per wavelength. The upper (a) and lower (b) groups of
lines marks the maximum and root-mean-square errors relative to
the maximum value of the directivity gain (unity), respectively. In
both groups, three lines are drawn: for the lowest (60 kHz, circles),
central (70 kHz, squares), and highest frequency (80 kHz, triangles)
used in the error analysis. The triangles on the abscissa mark the
lowest (36) and highest (48) number of elements per wavelength
used to analyze the frequency band (60 to 80 kHz) of the bats’
second (strongest) harmonic.

sampling resolutions used in the analysis of the noseleaf,
convergence toward the analytic solution was evident, but
the difference in error between the highest and lowest reso-
lution used amounted only to about 0.2% for the root-mean-
square error and about 0.8% for the maximum error. This
slow convergence of the error is expected for a sampling
regime, where the error is already small. Since the error re-
sults for all three frequencies were closely aligned, there was
no evidence that numerical pollution [26] was making the
results obtained near the higher edge of the studied fre-
quency band noticeably less reliable than those at the lower
edge.

III. RESULTS
A. Far-field directivity pattern

The numerical predictions of beam patterns for the origi-
nal ear shape showed a beam that is wider in elevation than
in azimuth for all frequencies. In particular, at the higher
frequencies studied, the beam patterns contained a—not fully
separated—side lobe oriented downwards (see Fig. 4). This
finding is in qualitative agreement with the experimental
findings reported for a different species of horseshoe bat,
where a prominent ventral side lobe was observed at the
constant-frequency component of the biosonar pulse [4].

All studied noseleaf parts as well as the furrows in the
lancet were found to have a significant impact on the shape
of the radiation beam pattern, at least over part of the studied
frequency band (see Fig. 4). Comparing the directivities of
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FIG. 4. Comparison of radiation beam pattern estimates for the
eight different combinations of the presence and absence of the
noseleaf parts lancet, sella, and anterior leaf. The shape rendering in
the top left corner shows the viewing direction for all rendered
beams. The three-dimensional beams shown are wave amplitude
isosurfaces [28] obtained by combining the estimated directivity
patterns with spherical spreading losses [see Eq. (8)]. No scale is
shown since the isosurfaces scale inversely with the set amplitude
threshold. The three-character code and the highlighting denote the
presence or absence of the noseleaf parts. In the character string, the
letters “L,* “S,” and “A” stand for the lancet, sella, and anterior
leaf, respectively. Removal of a part is denotes by a crossed-out
character.

60kHz

65kHz

70kHz

75kHz

80kHz

the modified noseleaf shapes to the directivities of the origi-
nal shape by virtue of the normalized correlation coefficient
between the two functions [see Eq. (9)] yielded the following
ranking of the impact of the single-part removals (see Fig.
5). Removal of the sella was found to have the biggest effect
for all but the lowest frequency studied (60 kHz), where
removal of the anterior leaf resulted in a slightly larger
change. Removal of the lancet had the smallest effect for any
single part at each frequency.

Qualitatively, the effect of removing the lancet was differ-
ent from that of sella and the anterior leaf (see Fig. 4):
Whereas removal of the lancet resulted in a narrower main
lobe at low frequencies and the reduction of side lobes, re-
moval of both the sella and the anterior leaf tended to cause
a splitting of the main lobe into two strong lobes as well as
the formation of side lobes separated from the main lobe by
shallow notches.

The effects of the removal of lancet and anterior leaf
showed a similar weak dependence on frequency with re-
moval resulting in more dissimilar directivities at the low
and high end of the frequency band studied (shapes K SA
and LSX in Fig. 5). In contrast to this, the effect of sella
removal depended strongly on frequency with dissimilarity
increasing monotonically with frequency (shape L& A in
Fig. 5).

Filling the furrows of the lancet had a similar effect on the
directivity as removing the entire lancet, the width of the
beam increased significantly for the lowest frequencies stud-
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FIG. 5. Similarity between the directivity patterns of the original
noseleaf and the seven shapes modified by the removal of different
combinations of lancet, sella, and anterior leaf. Similarity is mea-
sured by correlation coefficients [p, see Eq. (9)]. The character code
for the presence and or absence of the noseleaf parts is the same as
in Fig. 4.

ied, in particular, in the vertical dimension (elevation). Re-
moval of more than a single part produced evidence for in-
teractions: For example, if the lancet was removed along
with the sella, its effect on the directivity pattern was much
stronger than when it was removed alone (see
shapes K& A and K SA in Figs. 4 and 5). Removing the
lancet along with the sella resulted in less splitting of the
main beam and side lobe formation than was present when
only the sella was removed. Instead, the beam widened more
uniformly (see Figs. 4 and 6). A similar interaction existed
between lancet and anterior leaf, although the effect of the
additional lancet removal was not quite as strong. Not only
were the effects of individual removal of sella and anterior
leaf qualitatively similar (splitting of the main lobe), the ef-
fects also amplified each other when both parts were re-
moved together (see Fig. 4).

FIG. 6. Effect of filling the lancet furrows on the directivity at
60 kHz. (a) Directivity pattern for the original shape (LSA); the
arrow indicates the location of the upward expansion of the beam.
(b) Directivity pattern for shape with all parts of the original shape
present but lancet furrows filled. The amplitude of the directivity
function is linearly encoded by the gray scale, where black repre-
sents the maximum value. Contour lines are spaced 10% of the
range apart. The contour estimates are based on 65 160 function
values (resolution of 1° in azimuth and elevation) each. The map-
ping uses the orthographic projection given in Eq. (7) with 6.=0°
and ¢.=-10°. The grid lines for azimuth and elevation are both
spaced 15° apart.
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FIG. 7. (Color online) Comparison of the numerical estimates
for the near-field sound pressure magnitude obtained for each of the
eight different combinations of lancet, sella, and anterior leaf. The
results for the shape with all parts removed (shape K8 X) are used
as a reference. For this reference, the magnitudes themselves are
shown, for all other shapes, the difference between the field mag-
nitudes for the shape and the reference are shown. The coding of the
absence and presence of the parts in the character string are as
described for Fig. 4. Sound pressure magnitude (shape K8 X) and
magnitude differences (all other shapes) on the cutting planes are
encoded linearly by the color scale [29]. Since differences can be
very large in some places, the range used for color encoding the
differences was truncated symmetrically.

B. Near-field magnitude

When all three parts were removed from the noseleaf
shape, the near-field amplitude in the frontal half field overall
resembled the field of a bipole and only appeared disturbed
to some extent in the vicinity of the remaining support tissue
of the lancet. Adding the lancet alone to the support tissue
(shape LS X in Fig. 7), resulted in a significant increase in
the field magnitude inside the lancet furrows. This increase
peaked around 60 kHz and decreased monotonically above
and below this frequency (see Figs. 7 and 8). The maximum
in the amplitude coincided well with the maximum differ-
ence seen between the directivities obtained for the noseleaf
shapes with lancet furrows open and filled (see Figure 8).

When adding the sella alone (shape K SX in Fig. 7), the
amplitude increased in a volume right below the sella and
decreased in a volume above it. The latter effect became
more pronounced with increasing frequency resulting in
stronger decreases in the field magnitude taking place over a
larger volume. In contrast to this, the volume with increases
in magnitude below the sella contracted slightly with in-
creasing frequency.

The effect of adding the anterior leaf alone
(shape K & A in Fig. 7) was found to be qualitatively similar
to that of the sella in that raised field magnitudes in a volume
right next to the surface of the part were observed. In the
case of the anterior leaf, this area bordered the bottom por-
tion of the anterior leaf’s concave surface.
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FIG. 8. Normalized sound pressure magnitudes in the lower
(dashed line) and upper (thin solid line) right lancet furrow as a
function of the frequency. The frequency band displayed extends
beyond the range known to be used by the bat’s strongest harmonic
and covered by the other results presented here (marked by down-
ward triangles) in order to show the resonance behavior unequivo-
cally. The spacing of the data point is 500 Hz and the resonance
amplitude value at each frequency was estimated based on 20
(lower furrow) or 19 (upper furrow) sample nodes located within a
sphere of 0.2 mm radius, the maximum normalized standard devia-
tion for these samples was 0.03. Superimposed on the resonance
curves is the maximum change in the directivity function relative to
its global maximum in percent (thick solid line).

When adding combinations of the different parts to the
support tissue, interactions were again evident as they had
been in the directivities: When lancet and sella were present
together (shape LSX in Fig. 7), the field magnitude in the
lancet furrows was reduced compared to the values obtained
in these places without the sella. For the lower furrows, this
decrease was also found to be frequency selective (see Fig.
9): Whereas the reduction for the lowest studied frequency
(60 kHz) was about the same for the lower and upper furrow,
the strength of the effect in the lower furrow increased with
frequency to almost extinguish the local amplitude maximum
at 80 kHz. Little interaction was obvious when lancet and
anterior leaf were present together (shape L& A in Fig. 7).
The changes in the vicinity of each part resembled those
brought forth by the presence of that part alone.

The effect of sella and anterior leaf present together
(shape K SA in Fig. 7) resembled a simple superposition of
the effects the two parts had in isolation for the lowest fre-
quencies studied (60 and 65 kHz). This superposition led to
raised field magnitudes in the entire region between sella and
anterior leaf. For the higher frequencies, the sella dominated
the changes in the field magnitude generating a pattern which
very much resembled the result obtained when only the sella
was added.

The field magnitude obtained for the original shape with
all three parts in place (shape LSA in Fig. 7) resembled a
combination of the patterns obtained for the addition of sella
and anterior leaf in the lower portion of the field (approxi-
mately from the upper edge of the sella downwards). In the
upper portion of the field, the changes in magnitude were a
combination of the effects of sella and lancet. Therefore, it
appears that the influences of the anterior leaf and the lancet
are spatially divided and limited to the lower and upper por-
tion respectively whereas the sella exerts a significant influ-
ence on the field magnitude in the entire frontal near field.
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FIG. 9. Effect of the sella on the near-field magnitude in the
lancet furrows. Both graphs show a normalized change in the mag-
nitude inside a furrow between either the original shape (shape
LSA, circle markers) with all three parts present or a modified
shape with only the sella removed (shape L8 A, diamond markers)
and the shape with all three parts removed (shape K8 X) as a ref-
erence. (a) Normalized near-field magnitude change in the upper
furrow, (b) normalized near-field magnitude change in the lower
furrow.

C. Near-field phase

As for the field magnitude, the field present when all three
parts were removed from the shape was taken as a reference
to judge the impact of the noseleaf parts on the near-field
phase against. Again, the pattern obtained in this case was
simple and indicative of spherical wave propagation with
only minor disturbances by the remaining support tissue (see
shape K & X in Fig. 10).

Adding the lancet alone (shape L& X in Fig. 10) causes a
pattern of both phase advances and delays (compared to the
situation when all parts were absent) in the area in front and
to the side of the lancet. These changes were particularly
large around the noseleaf furrows to the side of the lancet.
The details of the pattern varied considerably with frequency,
but there were some invariants in the spatial sequence of the
areas with phase advances and delays.

Similar to adding the lancet, adding the sella only
(shape K SX in Fig. 10) caused substantial advances and
delays in the wave-field phase: Advances occurred above the
sella and directly in front of the nostrils. Delays were seen to
the side and immediately below the sella. The latter effect
was particularly strong in the region between lancet and an-
terior leaf.

Adding the anterior leaf alone (shape K & A in Fig. 10)
had very little influence on the wave-field phase in the half-
field in front of the noseleaf, but caused phase changes be-
hind the anterior leaf. For the lower frequencies studied (60,
65, and 70 kHz), these changes were always phase advances,
whereas for the highest two frequencies (75 and 80 kHz)
phase delays also occurred in a spatial region located at
about half the height of the anterior leaf.
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FIG. 10. (Color online) Comparison of the numerical estimates
for the near-field phase obtained for each of the eight different
combinations of lancet, sella, and anterior leaf. The coding of part
absence and presence in the character string and the rendering are
as described for Fig. 4. The shape K8 X serves as a reference for
which the near-field phase is shown. For all other shapes, the dif-
ference between the near-field phase of that shape and the reference
is shown. The encoding of the phase and phase difference values in
the color map [29] is linear and ranges from —180° to +180° for the
phase values themselves and from —30° to +30° for the differences.
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When adding combinations of the parts or all parts at
once, the following changes were found: The effect of the
joint presence of lancet and sella (shape LSX in Fig. 10)
depended on the spatial location in the near field as well as
on frequency: In front of the lancet and above the sella, the
effect of the sella (phase advance) dominated the field even
in the presence of the lancet and for all studied frequencies.
To the side of the noseleaf, the situation was different:
Whereas for low frequencies and in the region of the furrows
the influence of lancet dominated, the phase change pattern
resembled the sella effects more closely for high frequencies
and well below the height of the furrows. However, the
phase change patterns caused by the two parts in isolation in
this region at the high frequencies were similar already.

When present together, lancet and anterior leaf (shape
L& A in Fig. 10) dominated the phase change pattern in its
immediate vicinity for all but the highest studied frequency,
the phase pattern around each part resembled the pattern seen
when the part was added by itself. Only for the highest fre-
quency studied (80 kHz) did the phase pattern to the side of
the anterior leaf resembled the one caused by the lancet
more.

The spatial partitioning of the near-field phase change pat-
tern into zones dominated by patterns which were also
brought forth by one of the parts in isolation was also seen
for the combination of sella and anterior leaf (shape K SA in
Fig. 10). In front of the noseleaf (above as well as below the
sella), the pattern resembled that caused by the sella alone
for all frequencies studied. The situation to the side and be-
hind of the noseleaf depended on frequency: For low fre-
quencies, the phase change patterns caused by sella and an-
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terior leaf alone in this region were similar and were also
maintained when both parts were present together. For high
frequencies the phase change pattern in this region resembled
the results seen for the sella alone.

The phase change pattern induced by original shape of the
noseleaf with all three parts present (shape LSA in Fig. 10)
could again be explained as a patchwork where the patterns
induced by the different parts in isolation were discernible in
different regions: Above and below similar sella, the phase
change pattern was dominated by the sella. The same was
true to the side and behind the anterior leaf for high frequen-
cies. For lower frequencies, the phase change pattern in the
latter region resembled that caused by the anterior leaf alone.
Around the upper portion of the noseleaf—in particular to
the side near the lancet furrows—the pattern was dominated
by the lancet. In summary, the situation found for the near-
field phase resembled that for the near-field magnitude in
that each part removed in isolation produced a spatial pattern
which was still discernible in the patterns obtained for the
presence of two or all parts in certain subregions of the near
field.

IV. DISCUSSION AND CONCLUSIONS

All studied parts of the noseleaf were found to have an
effect on the acoustic near field as well as on the far-field
directivity pattern. The same was true for the studied part
shape feature, the furrows on the lancet. These effects were
strong enough to make an impact on the function of the
biosonar system possible for all structures and likely at least
for some of them. It has been shown in behavioral experi-
ments that manipulating the directivity pattern of a bat’s
outer ear by deflecting the tragus had a significant impact on
target localization for prey capture [30]. However, there is no
such data available to assess the extent to which functional
changes due to manipulation of the noseleaf may affect the
animals sensory capabilities in higher-level tasks such as
avoiding obstacles and finding food.

Thus, at minimum the relevance of these findings to the
sensory biology of the animals is that none of these structural
features could have been evolved as serving exclusively
nonacoustic (e.g., ornamental) functions without acoustic
side effects occurring at the same time. At maximum, it may
be hypothesized that these shape elements have evolved into
functional parts of an integrated beamforming device.

In this device, there seems to be a “division of labor”
between the parts, in which the primary function of sella and
anterior leaf appears to be an overall focusing of the beam,
whereas the lancet in conjunction with the sella introduces a
frequency-specific widening. The frequency specificity of
these effects would allow the bat to use separate frequency
channels for performing tasks that are better served by either
wider or narrower beams on the same echo. Likely examples
of biological tasks better served by wide beams could be
initial scanning for prey and looking at large targets for tasks
such as obstacle avoidance, landmark identification, and con-
tour following. Examples of biological tasks for which nar-
rower beams are likely to be advantageous could be tracking
of or looking at small targets (such as insect prey) and
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searching for narrow openings in large targets.

The finding that the lancet furrows are to a large extent
responsible for the acoustic effect of this noseleaf part, dem-
onstrates that structural details of the noseleaf parts should
be considered as candidate features of potential acoustic rel-
evance. This is particularly relevant, since features such as
furrows, ridges, and flaps are commonplace on bat nose-
leaves, as well as on other facial regions, and the outer ears.
It may hence be hypothesized that at least some of these
features contribute significantly to the acoustic function of
the structures they are part of. In addition to demonstrating
the acoustic effects of the noseleaf parts and their potential
functional relevance, the results presented here also provide
some cues about the physical principles underlying these ef-
fects.

Among these effects, the rising magnitudes in the half-
open cavities of the lancet furrows are the most readily ex-
plained. Two features in the data support the hypothesis that
it is the result of a cavity resonance [10]. The two supporting
this data features are the frequency and spatial specificity of
the effect: As a function of frequency, the increase in the
near-field magnitude shows a distinct peak surrounded by
monotonically falling slopes (see Fig. 8). In space, the in-
crease in field magnitude limited to the volume inside the
furrows (see Fig. 7). For this near-field effect, a strong link to
the far-field directivity could also be demonstrated as the
maximum change in directivity between filled and open fur-
rows was in agreement with the resonance frequency. Due to
the resonance, the lancet furrows can act as secondary, “vir-
tual” sound sources, so that the noseleaf has a total of six
sound sources instead of only the two physical sources in the
nostrils.

The effect of the sella on the near field above it and hence
its interaction with the lancet can be explained as the casting
of a shadow on the lancet by the sella. Although the approxi-
mations of geometrical acoustics do not apply at the ratios of
sella size and wavelength (the sella is about 2.4 mm wide
and 3.6 mm long from base to top; the studied wavelengths
are between 4.3 and 5.7 mm) and hence there is no umbra,
the diffraction around the sella can be hypothesized to cause
reduced field magnitudes on the side opposite to the nostrils.
Under this hypothesis, the shadow cast by the sella should
get deeper as the wavelength of the sound field decreases.
This was indeed evident in the data, where the maximum
reduction in magnitude as well as the volume affected by it
were seen to increase with frequency. The region with the
deeper shadow extends up to the lower lancet furrows, but
does not reach the upper furrows, which is the likely reason
for the difference in the sella’s effect on the two rows of
furrows.

For the lower furrow, it is noteworthy that two frequency-
selective effects, resonance and shadowing, reinforce each
other and hence create an even stronger frequency-selective
behavior (see Fig. 9). From the present findings, it cannot be
decided if this reinforcement is a coincidence or the result of
a coevolution of the interacting noseleaf parts. If future evi-
dence was to support the latter hypothesis, this would have
implications for the general view of the biosonar system of
CF-FM bats. So far, all specific adaptations reported for the
biosonar system of CF-FM bats, for example, with respect to
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cochlear [31,32] and neural signal processing [5] as well as
behavior [33], have been geared toward the CF portion.
However, behavioral observations suggesting context-
dependent allocation of signal energy to the FM portions
[34] have produced indirect evidence already that the FM
portions are significant to the animals, at least in certain situ-
ations. If the properties of the FM-biosonar beam described
here and the noseleaf structures responsible for them were
found to be adaptations, this would establish the FM portions
as important components of the CF-FM biosonar system.

The results obtained here seem to indicate that both sella
and anterior leaf work as shielding or reflecting baffles,
which cause reflections on the side facing the source and cast
shadows on the opposite side. Experimental evidence for this
come from the phase advances and magnitude reductions
behind these structures. The significant increases in the near-
field magnitude seen right in front of the sella and anterior-
leaf surfaces facing the nostrils could be interpreted as am-
plification in a “pressure zone” through in-phase reflection.
The thickness of these zones—slightly less than half a wave-
length and decreasing with increasing frequency—is in
agreement with this hypothesis. Not only do the sella and
anterior leaf seem to act on the near field through similar
mechanisms, their effects on the far-field directivity are like-
wise similar, both focus the beam and their removal leads to
a splitting of the beam which is enhanced if both parts are
removed together (see Fig. 4).

Of all single part removals, removal of the sella had the
biggest effect on the directivity (see Fig. 5). This is matched
by the role the sella plays in shaping magnitude and phase of
the near field: For the magnitude, the effect of the sella com-
bines with the anterior leaf for lower frequencies and domi-
nates it for high frequencies. The sella also exerts an influ-
ence on the lancet by shadowing it. For the phase, the sella
effects dominate the other parts over most of the near field.
The only exception are the volume in and immediately
around the lancet furrows and the region behind the anterior
leaf and in both cases the phase pattern brought forth by the
other parts only prevails at low frequencies.

Together, the acoustic effects of sella and lancet stand out
for their strong impact on the directivity pattern (sella over-
all, lancet for low frequencies), strong frequency selectivity,
and interaction with each other. Horseshoe bat species are
also most variable in the shapes of their sellas and lancets
[9], therefore some of these interspecific differences may be
candidates for adaptations of the beamforming by the nose-
leaf to the animals’ specific needs. An example may be the
extraordinarily long sella in Bourret’s horseshoe bat (Rhi-
nolophus paradoxolophus [35]).

In addition to these interspecific differences, the existence
of individual variability in the noseleaf shape and its result-
ing acoustic properties is highly likely. Since the results pre-
sented here were obtained from a single specimen, the dis-
cussed features of the data have been limited to effects that
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are qualitatively linked to the presence, approximate size,
and relative location of the noseleaf parts but not to the exact
individual layout. Individual noseleaf anatomies may, for ex-
ample, differ in the volume and shape of the lancet furrows
or the size and shape of the sella. Such differences can be
expected to affect the resonance frequency of the furrows or
the extent to which the sella shadows the furrows at different
frequencies. However, as long as lancet, sella, and horseshoe
are present in their approximate shape and placement (e.g.,
sella between sound source and lancet furrows), the effects
discussed here are almost certain to be present. The possible
modifying influence of individual variability on these prop-
erties raises interesting questions as to how other portions of
the biosonar systems may be adapted to work together on an
individual level. For instance, it could be that the resonance
frequency of the furrows is correlated with the lower edge of
the frequency band used by the bats.

Sella and lancet are also structures which set the shape of
the noseleaf apart from technical beamforming baffles.
Whereas shapes similar to that of the anterior leaf may be
seen in passive reflectors for technical antennas [27], the
function of the lancet and the sella may be looked into for
principles which could be used in engineering applications.
In order to do so successfully, a better deeper understanding
of the mechanisms and how the relate to the specific shapes
would be desirable.

The present work has been limited to demonstrating that
each noseleaf part has acoustic effects and the presence of
interactions between them. The data obtained suffices to
demonstrate one physical effect (resonance) unequivocally,
hints at another (amplification through in-phase reflection),
but does not clarify all underlying mechanisms. Future work
on the shapes of horseshoe noseleaves is needed to fully
understand the physics behind the less well localized effects
and the interactions between parts. This is difficult, since the
approximations of geometric acoustics cannot be used, so
other ways have to be found to make the processes compre-
hensible. The same is true for developing a better under-
standing of the mechanisms linking the near-field effects to
the far-field directivity. Although all causes of the directivity
pattern are to be found in the near field, the relationship
between the two is not necessarily intuitive since the com-
plex field amplitudes over an entire surface surrounding the
noseleaf have to be considered. If it is possible to extract
simple principles from these complicated relationships, these
principles could be analyzed for their technical value and
used to understand the variability in the biological noseleaf
shapes better.
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