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ABSTRACT INTRODUCTION

Biodiversity is a notable outcome of biological evolutiém. The success of numerous bioinspired engineering solytion:

the process of adaptive radiation, functional principlésens-  not few of them in the area of mechanical engineering, has al
ing in biology have been adapted to suit different tasks @ ¢ ready proven the value of biological systems as a source-of ir
straints. The biosonar system of bats is an example of such angpjration for engineers [1-4].

adaptive radiation in sensing that also offers particujegidvan-
tageous conditions for a biodiversity-level analysis oapi-
tion principles with potential engineering relevance. Team-

forming capabilities of bat biosonar are tied to the geornestiof . ;
) . example, one organism happens to have a high-performanee se
external baffle structures, i.e., the outer ears used foeption . X . ;
; . sor while another may be capable of producing a material witt
and the noseleaves used to shape the emitted biosonar pulses” . . R
unique properties. Hence, the successes in bioinspir&thdéc

Since the geometries of these baffles determine their funscti . .
which in tugrn can also be expressed by a shape (the beampat- ogy often appear to have been gifts of; erer_1d|p|ty thatlgamata
due to a random match between a biological capability and th

tern), biosonar beamforming can be described by two interre needs of a technical application area
lated shape spaces, one for biological form and the other for A - . _
biological function. A shape space representation for thep Seen from a biological perspective, living organisms are
ears can be obtained by a cylindrical transform of the earsur ~ Cl0sely linked by their ecological and evolutionary consexthe
faces followed by principal component analysis. The resoft resultllng ecological and evolutlona_lry [5] relatlonshlpEthgen _
this analysis are in a form that is suitable to inform the desi organisms are seen as an essential framework of all biebgic

Seen from the engineering perspective, the biological sys
tems that have provided these inspirations often give tipees:
sion of an unorganized collection of unrelated case studies

of technical baffle shapes. However, additional analysithods research. They are key to obtaining meaningful insightafro
need to be developed for noseleaves, beampatterns, asswell a Piological systems and their function, no matter whetheséh
the link between form and function. insights are related to engineering or not.

One of the most conspicuous outcomes of evolution is ar
overwhelming diversity of lifeforms [6]. Biological systes

*Address all correspondence to this author.
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which share common structural or functional principles may
come in a large number of variations that almost always aisee
what is seen in man-made devices by a large margin. Among
the evolution processes that give rise to this biodiversitiap-

tive radiationis of particular interest to engineering. In adaptive
radiation, the phylogenetic descendants of a common aatest
species undergo evolutionary adaption processes that gilkm

to fit into different ecological niches [7].

a) active sonar

20

The outcomes of these adaptive radiation processes can be

highly relevant to engineering because they contain infion
on how a single set of functional principles can be adapted to
multiple sets of specifications and constraints. Replicathis
capability could also greatly benefit engineering, becéusaild
inform the customization of technology to match differgmci-
fications without a need for individual development in eaabec
The knowledge that is required to achieve this goal is embéedd
in the evolutionary outcomes at the biodiversity level. Eferit
cannot be accessed from isolated studies of individualispec
Mining such knowledge from biodiversity requires the deyel
ment of methodology to characterize the variability in bgital
form and function across species in a quantitative, engimge
oriented fashion.

In the following, approaches to accomplish this goal for the
model system of beamforming in bat biosonar will be discdsse

Biodiversity in Bat Biosonar
Bats are an exceptionally diverse group of mammals. World-
wide, there are about 1,000 different bat species [8], whith

b) passive sonar

@

FIGURE 1. SCHEMATIC DEPICTIONS OF THE FUNCTIONAL
PRINCIPLES OF A) ACTIVE AND B) PASSIVE SONAR.

ure 1). When operating in active mode (s. Figure 1a), the daima
analyze echo returns triggered by their own sonar emissions
passive mode (s. Figure 1b), the signals analyzed origfrnate
external sources. An example for the latter would be thecdete
tion of a prey by virtue of sounds generated by the prey itself
as is the case in the frog-eating batachops cirrhosug13].

In many cases, active and passive sonar appear to be sufficie
far senses that can meet the informational needs of the &iima
highly mobile and often predatory lifestyles [14]. While tha-

sic principles of active and passive sonar are readily wided,
technical reproduction of the same degree of autonomy titat b
are able to achieve in natural, structure-rich environséate

count for about 20% of all mammalian species. This makes bats yet to be demonstrated.

the second species-rich group of mammals (after rodents) [9
Besides species richness, another important indicatiothef
evolutionary success of bats is a global distribution whialy

leaves out the polar icecaps and some isolated oceanic is-

lands [10]. Finally, bats can also be extremely abundane- th
largest known aggregations of vertebrates in the world ate b
colonies that can contain tens of millions of individual4].1

Bats are set apart from other mammals by a combination of

powered flight and the use of biosonar sensing. It might hence

by hypothesized that the integration of these sensory atawt lo
motion capabilities has been a key factor behind the oudsign
evolutionary success of the group. Bats have settled ssicces
fully in a wide variety of habitats that range from desertsaim
forests [12]. In these habitats, different bat speciesaixpldi-
verse set of food sources that include crawling arthropaods a
insects, insects on the wing, fish, amphibians, and teiabgér-
tebrates, birds and other bats on the wing, fruit, pollenraatar,

as well as blood [12].

Biosonar plays an important role in providing the sensory in
formation that is needed to support the exploitation ofétfesd
sources as well as general navigation tasks in differentdtab
To this end, bats emplogctiveas well agpassive sona(s. Fig-

A conspicuous feature of the bat biosonar system are th
often intricate shapes of the baffles that frequently surdathe
sites of ultrasound emission and reception in the animals.

FIGURE 2.
DIFFERENT BAT SPECIES FROM SOUTHERN INDIA (FROM
LEFT TO RIGHT: MEGADERMA LYRA, HIPPOSIDEROS SPE-
ORIS, RHINOPOMA HARDWICKEI, AND TAPHOZOUS NUDI-
VENTRIS KACHENSIS).

EXAMPLES OF BAT OUTER EAR SHAPES IN FOUR

The outer ears (pinnae) of many bat species are fairly larg
compared to the overall size of the animal and have many cha
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FIGURE 3. EXAMPLES OF BAT NOSELEAF SHAPES IN FOUR
DIFFERENT HORSESHOE BAT SPECIES (FROM LEFT TO RIGHT:
RHINOLOPHUS PUSILLUS, R. PEARSONII, R. AFFINIS, R. LUC-
TUS).

acteristic shape features (s. Figure 2) such flaps direotly or

in the vicinity of — the pinna rim or ridges and grooves on the
pinna wall surface. In some species, ridges on the pinnacaall
form regular washboard patterns that cover significantignust
of the inner pinna surface. Bat species that emit their lniaso
pulses through the nostrils (e.g., horseshoe bats, roafiddes,
New-World leaf-nosed bats, and false vampire bats), oftern/c
elaborate “noseleaves” that diffract the emitted ultrésarave-
fields and hence can influence the emission beampattern§l.5-1
Some bat species that emit their biosonar pulses orally Viave
ible specializations in the shape of their lips and surraumda-
cial appendages that could have similar functions (s. EidQr

It may thus be hypothesized that some of the natural, inter-
specific variability that can be seen in these shapes (sré-kju
is indicative of adaptations to specific sensing tasks ostraimts
that result from the animals’ varied use of biosonar sonar.

The effects of these baffle shapes in the far-field, where most
bat biosonars operate, can be described diyestivity patternor
beampatterr(s. Figure 6). The term “beampattern” is used for
both emission and reception. For emission, it describeslidie
tribution of emitted power or energy as a functib(d, g, f) of
direction (specified by two angle8,andg and frequencyf. For
reception, the power is replaced by receiver sensitiviginy
but apart from this, the pattern remains unchanged. Fotensit
and receivers operating under far-field conditions, thevipes-
tern provides a complete characterization of the spacpecy
characteristics of the device [19], since all waves propaga
under far-field conditions behave as spherical waves. The di
tribution of emitted power and receiver sensitivity is ical for
the operation of a wave-based sensing system. The beampatte
superimposes a spatial sensitivity filter on the environnaeal
hence determines which region of space contribute how rmach t

FIGURE 4. EXAMPLE OF SPECIALIZED LIPS AND OTHER
FACIAL APPENDAGES IN A MOUTH-EMITTING BAT SPECIES
(ANTILLEAN GHOST-FACED BAT, MORMOOPS BLAINVILLEI,
PHOTO: M. BROCK FENTON - REPRODUCED WITH THE AU-
THOR'’S PERMISSION).

beampatterns that are produced by these structures algo ve
widely between species (as well as within a species and ketwe
the left and right ear [23]). In many cases (s. Figure 6), tke d
tribution of hearing sensitivity over direction dependosgly

on frequency. Beampatterns may or may not contain prominer
sidelobes or be split into multiple lobes of approximatelgre
strength. The direction a lobe is pointing in could either re
main approximately constant over frequency or the lobedoul
carry out a frequency driven scan over direction. Lobes tzm a
change their shape along with their orientation with freye

in some cases resulting in an intricate beampattern dyrsaasic

a function of frequency [24].

Engineering Analysis of Biodiversity
Shape Space Approach

Transferring biodiversity-level insights from the natura
variability in the biosonar systems of bats to engineerasgarch
requires a quantitative analysis of form, function, and ¢be-
nection between the two. Specifically, for the beamformipg o

the echo. Furthermore, the shape of the beampattern as-a funceration carried out by the noseleaves and outer ears, tlidaa

tion of direction and frequency determines the encodingeaf f
tures pertinent to the spatial distribution of sound saosiraed
sonar targets into the received signal [20-22].

Like for the pinna and noseleaf shapes themselves, the

3

an analysis of the variability in these shapes, their be éenes,
along with the links between the physical shapes and beampea
terns.

The acoustic properties of the noseleaves and pinnae a

Copyright © 2011 by ASME
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FIGURE 5. BIODIVERSITY
SHAPES OF THE BAT BIOSONAR SYSTEM. TOP: NOSELEAF
SHAPES; BOTTOM: OUTER EAR (PINNA) SHAPES. EACH IM-
AGE SHOWN IS A RENDERING OF A DIGITAL 3D SHAPE
MODEL OBTAINED USING COMPUTER MICRO TOMOGRAPHY.

IN THE PHYSICAL BAFFLE

FIGURE 6.
NUMERICAL BEAMPATTERN ESTIMATES (-3DB CONTOUR
MAPS) FOR PINNA SHAPE SAMPLES FROM 48 DIFFERENT BAT
SPECIES. DIFFERENT GRAY LEVELS ENCODE FREQUENCY
(LIGHT GRAY: HIGH FREQUENCIES, DARK GRAY: LOW FRE-
QUENCIES)

BIODIVERSITY IN THE FUNCTION OF BIOSONAR:

p(x)

Xx—| ng

S

FIGURE 7. GEOMETRIC DEFINITIONS FOR THE GENERAL
RELATIONSHIP BETWEEN PHYSICAL BAFFLE SHAPE AND
ACOUSTIC FUNCTION (S. EQ. 1).

linked to the physical shapes of these structures through an€ach point on the surface of a bat biosonar baffle could — st lea

acoustic diffraction or scattering process. Due to thedaliffer-
ences in the characteristic acoustic impedances of airmndia
ological tissue [25], the acoustic effects of noseleavelgpmae

in principle — contribute to the acoustic function of theflmaf
While equations such as the one given in Eq. 1 can be eva
uated with suitable numerical approaches [27], the gemelal

are to a very good approximation determined by the geonsetrie tionship that they describe is not readily comprehensibke tiu-

of the diffracting surface alone. In principle, this retatship
can be stated in an analytic form by an integral equation asch
the surface Helmholtz integral formulation for exterioaiering
problems [26],

0= ff [0

where { denotes the points on the scattering surf&andn,
its local surface normalp(x) and p({) are the pressures at an
exterior pointx and a surface poir respectively, an®(x, {) is
the free-space Green’s function (s. Figure 7). Eq. 1 shoafs th

anz _ 9P 5«
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man observer for all but the most simple geometrieS.df can

be expected that through evolutionary adaptation, theadifing
baffle shapes of bats have come to exploit a limited set ofiphys
cal effects that can enhance biosonar performance. Herare, t
is hope that the relationship between form and function meay b
more readily understood in an intuitive fashion for thesec#jc
effects than is the case for the general relationship desitin
Eq. 1.

If such specific and more simple relationships exist, it #hou
be possible to reduce the complexity of the different shgpes
Figure 5) and the beampatterns (s. Figure 6) to reflect thes
relationships in a straightforward, ready accessible rmanA
promising approach to find such a reduced representatidd cou
be to represent eagbhysical shapeand eachHunctional shape

Copyright © 2011 by ASME
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FIGURE 8. SKETCH ILLUSTRATING THE VIEW OF BIOLOGI- FIGURE 10. EXAMPLES OF ALIGNMENT/EEATURE MATCH-
CAL FORM (A, PINNA SHAPES) AND FUNCTION (B, BEAMPAT- ING PROBLEMS POSED BY A) NOSELEAF AND B) PINNA
TERNS) IN BIOSONAR IN A HYPOTHETICAL SHAPE SPACE. SHAPES FROM DIEEERENT BAT SPECIES.
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shape space dimension 2
shape space dimension 2

shape space dimension 2

shape space dimension 1 shape space dimension 1 shape space dimension 1

FIGURE 9. SKETCH ILLUSTRATING POSSIBLE INSIGHTS
FROM SHAPE SPACE ANALYSIS: (A) UNIFORM DISTRIBU-
TION OF SHAPES, (B) FUNCTIONAL RELATIONSHIP BETWEEN
SHAPE SPACE DIMENSIONS, (C) CLUSTER FORMATION IN
SHAPE SPACE.

FIGURE 11. EXAMPLE OF BAT PINNA ALIGNMENT OF US-
ING SPECTRAL EMBEDDING.

tragus (s. Figure 10b), whereas in other species the anigrs
more prominent. In yet other bat species, neither the tragus
the antitragus are prominent features of the outer ear amckree
match for either of these features is difficult to establish.

Across different taxonomic bat groups, the noseleaves sho
a particularly large degree of variability that often masif itself
in the occurrence of shape features that are not readilyhmedtc
across groups. For example, round leaf batpposideridag
and horseshoe batRljinolophidag are sister groups [29], but
their noseleaf shapes differ considerably in several doneps
shape features some of which appear to be exclusive to asing
group (s. Figure 10a).

From an engineering perspective, it is more desirable to es
tablish interspecific matches that capture similar acoustic-
tions than common evolutionary origins. Since acousticfiom
is entirely determined by geometry, it should be possibldg — a
Interspecific Registration least in principle — to establish such matches from the aisbf

In order to analyze the variability in the diversity of bigle shape alone. Information on evolutionary relationshigs|enin-
cal shapes, itis necessary to align physical and functsmgbes sightful in general and useful for identifying candidates Key
so that corresponding parts can be compared. Shape registrafunctional features in particular, is not a necessity fas hur-
tion can already pose significant problems between indalglu  pose.
of the same species, e.g., when aligning brains from diftgre- In order to perform the interspecific shape alignment, it is
tients [28]. But aligning the diverse noseleaf and pinngsba necessary to identify shape characteristics that chatitgebie-
found across different bat species has to deal with evertagrea tween species. Features which are not dominated by higtakpat
differences that are often qualitative in nature (s. Figude For frequencies are likely to offer a more stable alignment idao-
example, the outer ears of some bat species have a prominenbust to small changes in the position and shape of local fesitu

(i.e., beampattern) as a point in a derivdthpe spacés. Fig-
ure 8) that has considerably less dimensions than would-be re
quired to describe the original objects.

Such lower-dimensional shape spaces could reveal proper-
ties of the variability in shape more clearly and in a morelilga
quantifiable fashion than would be possible from the raw shap
data. Insights to be gained from shape space analysis aould i
clude functional relationships between shape space diorens
(s. Figure 9B) or the existence of clusters (s. Figure 9ChcFu
tional relationships between shape space variables coolibie
access to physical principles that are either exploitedbydmar
function or impose significant limits on it. The occurrende o
clusters could indicate the utilization of distinct phyieffects
or ways to realize them by different groups of bats.

5 Copyright © 2011 by ASME



Spectral embedding [30, 31] is an example of a method that
is currently under investigation for this purpose. The uhde
ing spectral analysis is related to modal analysis and uges-a
eralized description of the vibrational eigenmodes of tinecs
ture (eigenfunctions of the Laplace-Beltrami operatoimcg the
eigenmodes that are obtained in this fashion are naturalired
by their spatial frequencies, the lowest eigenmodes do @t ¢
tain high-frequency geometrical detail and are hence catel
for robust alignments of shape. For a small test data settof ba
pinnae, it was found that the first three eigenmodgsd, @)

were very similar, although the pinnae differed quite cdesi FIGURE 12. PRINCIPAL COMPONENTS OF BAT PINNA
ably in a number of shape details (s. Figure 11a). Spectral em SHAPES: A) AVERAGE EAR, 1-12) FIRST TWELVE EIGENEARS.

bedding (s. Figure 11b) is accomplished through a transform  DIFFERENT SHADES OF GRAY REPRESENT PARTS OF THE
which the Cartesian coordinates for each point of the ogigin ~ EIGENEAR SURFACES WITH DIFFERENT SIGNS.
shape are replaced by the amplitudes of the first three mades.

these new coordinates of eigenmode amplitudes (s. Figlog 11 _ _ _ o
the shapes are a lot more similar than in their original ceord likely that a two-dimensional image projection could berfdu

nates. This increased similarity can be exploited to eistabbr- 10 capture all potentially relevant pinna shapes. Analgsige
respondences between points that can then be used for ianalys Natural variability in pinna shapes therefore needs togpvesthe
of the original shapes. three-dimensional, concave nature of these structures.

This has been accomplished by virtue of a customized solu
tion in which points on the inner and outer pinna surfaceswer

Principal Component Analysis transformed into cylindrical coordinates [40]. In this eashe
Principal component analysis (PCA, [32]) is a method com- PCA was performed on vectors containing pinna radius value

monly used to describe the variability in a sample. It is gesd obtained for a set of discrete direction and height valuesfoi

to find the linear dimensions along which the sample exhthits the eigenfaces used in human biometrics, the result of the PC

most variability. It does so by virtue of rotating the sampte (eigenvectors of the covariance matrix) were transformackb

ordinate system so that the first axis is aligned with thectiva into the coordinate space of the original ear data to yielge'e

of maximum variability. The other — orthogonal — axes are ori nears” (s. Figure 12, 1-12). At the origin of the shape space
ented so that each captures as much as possible of the regraini spanned by the eigenears, is the average pinna shape (s. F
variability. ure 12a). It was found to resemble a symmetrical obliqueig-tr

For research on non-human species (including bats), it has cated cone [40], a shape that has been previously proposed
been common practice to define a set of discrete parameters toan idealized model of the mammalian pinna [41, 42]. Unlile th
be measured on the specimens as input to the PCA [33, 34]. Theoriginal bat pinnae, the eigenear surfaces have regiohsliffer

major drawback of this approach is that it requires a-pdeci- in the sign of their radii. Negative radii correspond to aroar
sions on what the relevant shape features should be. Thategyr ing of the resulting pinna when different points in the shepace
could hence miss unanticipated functional features of tiggnal are reached by adding one or multiple eigenears to the awera
shapes. ear at the origin.

In the study of human morphology, PCA has been employed From the average ear and the eigenears (s. Figure 12),
extensively in the area of biometrics to harness its datgcesa “recipe” can be formulated for the generation of biomiméiad-
sion and sample identification capabilities. In these apfibns, fle shapes inspired by the pinna of bats from additive compo

images of faces [35,36], palms [37], fingers [38], and ea®} [3  nents. Following this recipe, the design of a baffle shapedvou
have been used as input data. The input data for PCA of hu- start with an obliquely truncated cone inspired by the ayetzat
man faces, for example, are typically digital gray-scalenad pinna. Next, the first eigenear (Figure 12)-1) would be added
images that can be represented as vectors of gray-leveMailxe The first eigenear is very similar in shape to the averagerear i
ues. This is a viable approach, because human faces, ears, athatitis also cone-shaped with no change in the sign of ttiesa
well as finger and palm prints are approximately planar struc between any (significant) regions of the surface. Henceingdd

tures that permit capturing a sufficient number of identifyi the first eigenear to the average ear amounts to an additi@mof
features from a single canonical viewing direction. Thisidg cones, where the radius of the one of the cones (the firstegggen
the case for bat pinnae, which are cone-shaped structuasies th is controlled by a scalar weighting factor. This weightiagtbr
can carry shape elements of potential acoustic relevanch,as can hence be used to control the opening angle of the result. |

flaps or ridges, in a variety of positions. It is hence highty u  the vicinity of the shape space origin, this opening anglelua

6 Copyright © 2011 by ASME



used to control the width of the beampattern [40]. All eigen-
ears beyond the first have significant surface portions with o
posing signs. Since the eigenears are ordered with resptu t
spatial frequencies of their features, including the siganges,
higher eigenears can have differential effects on differegions

of the baffle. For example, adding the second eigenear breaks

the left-right symmetry of the pinna as the left and righesiof
this eigenear have opposite sign. The same effect has atso be
seen in the corresponding beampatterns [40]. The thircheige
ear affects the top and bottom portion of the pinna diffaadiyt
adding the eigenear with one sign will result in a shape that i

widened at the top and narrowed at the bottom, whereas using

the opposite sign would result in a shape with a narrow top and
a wide bottom. With their increasing spatial frequencibs,fol-
lowing eigenears are more and more responsible for moldihg o
local shape features such as grooves and ridges.

The cylindrical transform used to obtain these eigenear re-
sults (s. Figure 12) included an implicit shape registratiothe
vertical direction through the choice of the cylinder axis¢om-
plished through the minimization of a potential functioriided
by forces exerted by elements of the pinna wall [40]) as well a
an explicit alignment along the angular dimension of theneyl
drical coordinates. The cylindrical coordinate transf@mnd the
attached shape registration methods do not generalizéyréad
biological shapes of a different nature, such as the nogeiea
used in the biosonar system of bats. Methods such as thealpect

A\
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FIGURE 13. EXAMPLES OF LOCAL SHAPE FEATURES HAV-
ING AN EFFECT ON ACOUSTIC PROPERTIES: A-B) FURROWS
IN THE NOSELEAF OF THE RUFOUS HORSESHOE BAT (RHI-
NOLOPHUS ROUXII) WIDEN THE BEAM SELECTIVELY AT
LOWER FREQUENCIES [15], SHOWN ARE THE SHAPE REN-
DERINGS AND THE CORRESPONDING BEAMPATTERNS FOR
A FREQUENCY OF 60 KHZ WITH A) FURROWS FILLED DIG-
ITALLY AND B) FURROWS OPEN, C-D) THE TRAGUS IN THE

embedding described above or approaches based on local feag|, growN BAT (EPTESICUS FUSCUS) CAUSES A SET OF

tures (s. below) will be evaluated for this purpose in futvoek.
PCA is not the only method available to describe the nat-
ural variability in biological shapes and other approachiss
have the potential to reveal evolutionary trends in form fama-
tion that could inspire engineering design rules. Non-tiega
matrix factorization [43] is a candidate approach with @nies
that make it interesting for the analysis of biological sttues
with an acoustic (sound scattering) function. Whereas PCGA re
sults in additive eigenshape components which each caortgrib
to every part of the original shapes, non-negative matiixofa
ization decomposes the shapes into local features. Thid beu
of interest to the design of bioinspired diffracting baffledere
local features can play a significant role in bringing abaliest
functional properties (s. below).

Local Shape Features

FREQUENCY-SWEPT SIDELOBES, SHOWN ARE THE PINNA
SHAPES AND THE 3D SENSITIVITY CONTOURS FOR C) A DIGI-
TALLY REMOVED TRAGUS AND D) AN UPRIGHT UNALTERED
TRAGUS [45].

cates that this is indeed the case: The performance of bigrbro
bats Eptesicus fuscysn estimating the elevation of a sound was
found to be degraded when the animals’ tragus was tied awa
from its natural position [46,47]. A similar effect was obsed

in the biosonar capability of free-flying bats, but the arlsna
were able adjust and recover their performance [48]. Match
ing these behavioral observations, the tragus was founctto L
responsible for acoustic functional features, i.e., avatien-
dependent spectral notch [49] and a — probably correspgndin
— set of frequency-swept sidelobes [45] (s. Figure 13 ¢ and d)
A small ridge in the pinna of the brown long-eared lRiecotus

The active biosonar systems of bats employ frequencies that auritus) was found to have a similar effect on the beampattern a

range from approximately 15 to 200kHz [44]. In air, this earr
sponds to wavelengths from below 2 millimeters to above 2 cen
timeters. In particular for the wavelengths in the lowerf ludl
this range, comparatively small local features (e.g., @nsitale
of a few millimeters) of the noseleaves and outer ears cdilld s
have profound effects on acoustic function.

Evidence from numerical and behavioral experiments indi-

7

the tragus in the big brown bat [20]. In the latter case, itldou
also be demonstrated that the set of sidelobes caused higdke r
significantly improved the encoding of information on tarde
rection into the received signals.

Local shape features are not readily captured by method
that perform a global shape analysis. In PCA, for examptsllo
flaps and ridges, are represented in the high spatial freipseaf

Copyright © 2011 by ASME
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FIGURE 14. LOCAL SHAPE FEATURES OF DIFFERENT BAT
OUTER EARS: MEAN CURVATURE VALUES AVERAGED OVER
A LOCAL NEIGHBORHOOD CODED BY GRAY SCALE VALUES.

the numerous higher eigenears, that are difficult to estiraat
curately, even from comparatively large data sets, andtedso
to interpret. To address this issue, methods are neededrthat
designed to identify and characterize local shape feagpesif-
ically. This can, can for example, be accomplished throwugh |
cal metrics such as average curvature (s. Figure 14), mesasur
of the distribution of surface normals, the shape diametec
tion (SDF, [50]), or distance of surface points to a pland.[BY
computing an entire set of these metrics for points or loe&m-
borhoods on the surface of a biosonar baffle, regions of @mil
local shape properties can be identified. These similaritie
shape can then be used as hypotheses for existing sineiairiti
acoustic function as well as for tasks such as shape regpstra
and segmentation based on — hypothetical — function.

Conclusions

Analysis of biological function across many different
species promises to yield engineering design rules thaticou
guide the customization of technology. In terms of senséod
nology, the biosonar systems of different bat species araveep

ual case studies have already demonstrated that shapeeteatu
such as noseleaf furrows or pinna rim folds and flaps can hav
potentially useful acoustic effects. However, shape spajgee-
sentations for form and function that reduce the dimendigna
of the data and provide insight into evolutionary trendsuige
engineering still need to be developed.

Principal component analysis (PCA) has been adapted su
cessfully to non-parametric representations of the shaptse
outer ears of bats. The results can be cast as design rutes tt
could be used in the design of beamforming baffles for enginee
ing applications. However, these was achieved using armithdi
ually approach based on cylindrical coordinate transfdimat
may not generalize well to other biological structures ofien
neering interests, such as the noseleaves of bats. Moreagene
methods that can solve registration problems in these stsiifle
need to be developed. Furthermore, the results of the princi
pal component analysis are most readily interpreted ingeym
global shape properties such as the overall opening angtesof
pinnae, than in terms of local features that could play aiatuc
rule with respect to acoustic function.

Methods equivalent to the ones used for the physical shape
also still need to be developed to establish functional shap
spaces for the acoustic beampatterns. Once low-dimerision
shape spaces have been established for both the physipalssha
(i.e., the beamforming baffles) and their functional shgpes
the acoustic beampatterns), links between the two shapespa
have to established. Under fortunate circumstances, thelio
mensionality of the two shape spaces may already reveal son
relationships between form and function. Under less faten
circumstances, additional methods will have to be develdape
accomplish this. Such method could either operate on give
shape space representations or could simultaneouslyfdrems
the shape spaces in order to facilitate the discovery ofioela
ships, as is the case in methods related to canonical ctiorela
analysis (CCA).

Once suitable, general methods have been developed for
these steps, biodiversity could become a natural resoaranf
gineering knowledge that could be mined and moved into the

example of how a simple set of common sensing principles can engineering design process in an automated fashion.

be adjusted to deliver an unmatched performance in margrdiff
ent sensing tasks and under many different constraints.
Exploiting such outcomes of adaptive radiations from bio-
logical evolution for engineering research still requisggnifi-
cant developments with respect to the available data ss@se
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Data sources need to be established that can produce large

amounts of quantitative data on biological form and functio
across different species. Again, the beamforming portadrike
biosonar systems of bats could be an advantageous modatsyst
for research address this issue, because their acoustitidoin
can be inferred from their external geometries alone. Iddiv
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