BIOACOUSTIC MODELING FOR SOUND SYNTHESIS: A CASE STUDY OF ODONTOCETI
CLICKS

Cumbhur Erkut

Helsinki University of Technology
Lab. of Acoustics and Audio Signal Processing
P.O. Box 3000, FIN-02015 HUT, Espoo, Finland
Cumhur . Er kut @t . fi

ABSTRACT

This paper documents the design of a computer instrumehtighzsed on a simplified bioacoustic model of
odontoceti clicks. The components of the basic model arerithes!, and its implementation is carried out by using
simple filters. By imposing restrictions, this model hasrbeenverted to a real-time computer instrument. Related
material and sound examples are available onlirte ap: / / ww. acousti cs. hut. fi/~cerkut/ cat acea/ .

1. INTRODUCTION

Model-based sound synthesis provides tools for simulatiotihe sound production mechanisms in musical in-
struments [1, 2]. More recently, the same tools are being tmesimulation of bioacoustical systems [3]. The
influence of the anatomy on the sound production mechanisdireturn, on the emitted sounds is an important
topic in the study of sound in non-human animals [4, 5]. Alilo the musical potential of animal sounds has been
recognized for a long time, their musical usage has beetelni

This paper documents the design of a virtual instrumentclvis based on a simplified sound-source model
derived from the acoustics of odontoceti (toothed whaledadphins) clicks. The design was motivated by a
computer music compositionThe synthesis model runs in real-time in CsoundAV [6], anul lva controlled via
a GUL.

The organization of the paper is as follows. Sec. 2 providedackground on the acoustics of catacean clicks.
In Sec. 3, a simple three-component model of click prodactieechanism is reviewed. This simplified model is
originally proposed by Aroyan [7], and it provides the badithe synthesis model introduced in this paper. Section
3.4 documents the extrapolation strategies to extend tlehto different odontoceti, and Sec. 4 concentrates on
the real-time implementation of the instrument. FinallgcS5 draws the conclusions and indicates the future
directions.

2. ACOUSTICSOF ODONTOCETI CLICKS

Odontoceti can detect small targets at ranges from sevetaraffor smaller porpoises to over a hundred meter for
larger dolphins. An increasing number of studies are besmged out to understand the principles of the biosonar
system enabling such an ability, see [5] for a review. In ganecholocation signals of different species have

common features, but some characteristics of these sigiftds depending whether or not the species produce
whistles. The whistles are continuous narrowband FM sigtfat usually accompany the echolocation clicks.

Recent theories suggest that the whistles and echologatilses are produced by the same mechanism [5], how-
ever in this paper we concentrate on the echolocation paisgésdeave the whistles aside. The common features
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of the pulses of different species are their short duratigh mean-frequency, and high intensity (150-227 dB).
Whistling odontoceti produce brief (40-70s, typically 4-8 cycles) broadband signals. The mean frecu®f
these signals are intensity-dependent. For high-intessiinals, the main frequency is around 100 kHz. Most
dolphins belong to this class, the bottlenose dolphini@psstruncatus) being a typical example. In addition, there
is evidence that the riverine dolphins also produce wtig®#4. Their echolocation pulses exhibit similar char-
acteristics to that of the whistling dolphins. Smaller dls and porpoises that do not whistle emit narrowband
echolocation signals with at least 12 cycles and a duratieatgr than 10Qs. The harbor, finless, and Dall's
porpoises, the Commerson’s and Hector’s dolphins, as welie@pygmy sperm whale belong to this group.

Although once believed that the source of the echolocatideeg were the larynx as in the other mammals,
more recent studies point out a flow of air that is pressurizidin the bony nares and passed upward into the
nasal sac system during production of echolocation cliokkvehistles [9]. A particular biological structure within
the nasal system just inside the blowhole, thenkey lips - dorsal bursa@MLDB) complex has been widely
accepted as the source of the sonar clicks [10, 9]. This camptludes a small pair of fatty bursae embedded in
a pair of connective tissue lips, a cartilaginous bladepatdigament, and an array of soft tissue air sacs.

A physically plausible source model is based on the pnewsalbtidriven self-oscillations of the monkey
lips [11, 9], which in turn cause the bursae to accelerateradihte. However, the radiation due the surface
accelerations of the bursae is neither efficient nor dioeeti enough to form a biosonar signal. The melon, which is
a fat-filled cavity in the dolphin forehead, focuses andgraits the sound generated within the forehead tissues and
acoustically couples it to the surrounding water. The mélas long been regarded as the primary acoustic lens,
however using numerical simulations based on finite diffees, Aroyan et al. concluded that the the geometry of
the skull and air sacs play the central role in beam formatience they restricted the function of the melon to a
mild focus [12].

More recently, based on a simplification of his previous wowkroyan suggested that, if the dolphin’s click
generator can produce impulses of progressively highguéecy as the driving air pressure (and muscular ten-
sion) is increased, and if this source is located in softiésof the nasal passageways that are partially surrounded
by air sacs, then the biosonar characteristics may simplyltréom a variable source being filtered by the reso-
nances of a soft tissue resonator and a projector [7]. Arsysimple model of the dolphin echolocation emission
system is such a three-component model that will be furttseudsed in the next section.

3. ASIMPLE SOUND SORCE MODEL

Aroyan’s simple model consists of the following three comgats: a source mechanism of broadband pulses, a
damped resonator, and a projector of the signal producelebfjrst two components. The source model assumes
the region of the nasal passageways as the origin of echimingaulses. The exact physical mechanism for click
production is not explicitly modeled, rather a pulse trarconsidered as a source signal. A Gaussian-windowed
sinusoid represents a close match to the source charéictgras will be discussed in Sec. 3.1.

A resonant component is needed because of the the reverbkeaiacteristics of echolocation signals to broad-
band pulse inputs. Such characteristics are the result bifpheureflective structures that partially surround thé so
tissues within the dolphin’s nasal passages. In addittoanatural resonances of the air sacs themselves exhibit
low-frequency peaks around 3-4 kHz in typical delphinida@obation spectra. These low-frequency resonances
are excluded in the Aroyan model, since they fall far beloesphedominant spectral frequencies. However, they
are within the human hearing range and are important fordseynthesis purposes. Modeling of these resonances
will be discussed in Sec. 3.2, and modeling of the dampededspcomponent will be discussed in Sec. 3.3. The
signal produced by a nasal click source (and resonator) passt through the dolphin’s forehead tissues before
entering seawater. The forward-reflective properties efgkull and nasal sacs and the refractive properties of
the melon and other forehead soft tissues combine to proalddiéional filtering of the signal. For this reason, a
projective element is considered to be the final componettieofiolphin emission model, as will be discussed in
Sec. 3.3.
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The following subsections are devoted to implementatiothe$e components in MATLAB environment. All
the parameters in the implementation are tuned roughly &iching the bottlenose dolphin’s (tursiops truncatus)
click characteristics.

3.1. Broadband source signal

The source is modeled as a Gaussian-modulated sinusaidal.si he mean frequency of the Gaussian piilse

set to 105 kHz, and the bandwidth is seti0.75 f;. The signal is truncated at -10 dB. These values reproduce th
typical spectratemporal characteristics of the highnsity click sources of the bottlenose dolphin, as discussed
previously in Sec. 2. A synthetic example is illustrated ig.A.
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Figure 1:The spectral and temporal properties of synthesized saigrels.

3.2. Air-sac resonances

Although not included in the Aroyan model, the air-sac resmes fall within the human hearing range and thus
are important for the recognition of the clicks by humanse $ac resonances are roughly modeled by a Helmholtz
resonator. The frequency of an Helmholtz resonator is goyen

c A
fo= i\ VL 1)

where A is the cross-sectional area aldis the volume of the air contained in the cavity, dpds the vertical
offset. Note that substituting this variables, one can katecthatf, « 1/L, i.e., the air-sac resonance is inversely
proportional to the length of the dolphin. Furthermorecsitboth thefy and L are known for the bottlenose
dolphin, the proportionality constant can also be calealafl his proportionality constant can be used for scaling
the model parameters given the length of the odotocete oAdth useful for modeling purposes, it should be kept
in mind that the actual geometry and acoustical properfiag eacs are far more complex than a simple Helmholtz
resonator. Within these limitations, the basic resonatoealized with a second-order bandpass Butterworth filter.
Only the resonance frequency is matched with the data, tfaeQr and relative spectral height are not calibrated.

3.3. Resonator and projector components

The damped resonator component models the partially ainded spherical enclosure that has monopole and
dipole radial radiation modes. The monopole modes are diydid]

C
= nNn—
fO,n o

)
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wherer is the radius of the air-bounded enclosure and is about Ir2focthe bottlenose dolphin. Note that the
monopole modes are in harmonic ratio. The dipole radial mafenot have harmonic ratio. Since the enclosure
is excited by a monopole source from its center, the monopaldes would be expected to dominate so that the
resonance structure of such an enclosed source shoulddmngrently harmonic. Therefore the model includes
only the monopole modes. These monopole components aizeckalith a FIR comb filter. A simple FIR filter is
also included to simulate losses due to leakage from th&arir-bounded enclosure. The transfer function of
the resulting filter is given by

1- gr 1+ Z_l (3)
2 14zl —gomle”

where (2) is used to calculate the comb lenftfor the given sampling frequencf

H, =

Js
L, = . 4
" fon @)
The projector component models the bony structure as a @arabflector with source input at focal point.
The delay of the reflected components can be calculated by [7]

At =22 (5)
C

wherea is the parabola focal distance. For the bottlenose dolghis,distance is: ~ 1.3 cm. The multiple
reflections will occur at the integer multiples of this basioe-offset. The refracted components, on the other
hand, have a basic high-pass character. These two comppiretite main axis of symmetry, may be realized
with the following lossy FIR high-pass comb filter

1—9p |
Hy = 2 14z7letl — g zlp’ ©)

whereL,, can be derived from (5).
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Figure 2:The magnitude responses of the reflector (solid) given bgr{@)he projector (dashed) given by (6).

The magnitude responses of the reflector and projector coemp® are illustrated in Fig. 2 for the reflector
gaing, = 0.067 and the projector gaig, = 0.033. Since the sampling frequency is very high, many peaks can be

seen in the figure.
The model is constructed by cascading the damped resomatqrajector components and adding the air-sac

resonator in parallel. The final synthetic click signal atsdmagnitude spectrum are shown in Fig. 3.

3.4. Different Odontocete Objects

After testing the match of the available specifications &f ltlottlenose dolphin with the basic model, the model
parameters are extrapolated to other species. The aixap@ation is carried out by using the proportionality
factor obtained from (1), as discussed in Sec. 3.2. A sinpifaportionality is obtained in the main frequency of
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Figure 3:The synthetic click signal (top) and its magnitude respdhsgom).

Odontoceti Length | AirSac Click Width | Monopole | Projector
Delphinus delphis; 2m | 5.25 kHz| 157.5 kHz| 40.07us 90 kHz | 86.54 kHz
Tursiops truncatus 3 m 3.5kHz | 105kHz | 60.21us 60 kHz | 57.69 kHz

Orcanis orca 8m 1.31 kHz| 39.38 kHz| 160.20us | 22.5kHz | 21.64 kHz

Table 1:Parameters for selected odontocete objects.

the clicks. With the mean frequency at hand, the click widtblitained by calculating the effective time support of
the Gaussian pulse that is attenuated by -60 dB. The monbpateonics are calculated by (2), where the radius is
assumed to be proportional to the length. Similarly, thaffdéstance of the parabola is assumed to be proportional
to the length in (5). The values obtained with these assumgtire tabulated in Table 1.

4. REAL-TIMEIMPLEMENTATION OF THE SSM

An investigation of Table 1 reveals that the most intergspnoperties of the simplified model occurs in the
ultrasonic frequencies. However, most of the recordekslare sampled bys = 44100 Hz. Therefore, in the
real-time implementation, the monopole and projector comepts of the model have been discarded except the
killer whale (orcanis orca), but the other parameters ap¢ iketheir original values. The models are implemented
in CsoundAV [6]. For each object, the source signal is oletdihy thegr ai n opcode that creates a Gaussian-
modulated sinusoidal source signal of main frequekity eq, in accordance with Table 1. The implementation
instantiates 3 similar objects with the parameters liste@iable 1. A GUI consisting of simple widgets has been
implemented to assist to real-time control of the model.

An option in real-time synthesis would be to map the ultrasoange to the audible range. A linear mapping
preserves the quasi-harmonic structure and beating oytitbetic clicks, but results in very low-frequency pulses.
Alternatively, frequency-warping could be used [13]. Timapping alters the sound characteristics and produces
inharmonic clicks. Further experimentation on these spogsibilities are left out as future work.

5. CONCLUSION AND FUTURE WORK
This paper has documented the design of a computer instiuitmenis based on a simplified bioacoustic model

of odontoceti clicks. The components of the basic model aseribed, and its implementation is carried out by
using simple filters. By imposing restrictions, this modattbeen converted to a real-time computer instrument,
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which can be controlled with ease during a performance.tBelaaterial and sound examples are available online
athttp://ww. acoustics. hut.fi/~cerkut/cataceal.

There are many possible directions for the future work. Theee signal component can be replaced by the
pneumatic-mechanic source model described in [11]. Maoaéistee modeling of the air-sac resonances would
certainly improve the simulation. In particular, the disidigeometry of the non-whistling odontoceti sacs needs
to be incorporated into the basic model. In the harbor pemdor example, the vestibular sacs have prominent
connective tissue ridges along their floors, and the relaize of these sacs is larger than in most delphinids [7].
The Commerson’s dolphin and the franciscana also exhilaitively large vestibular sacs.

Modeling of melon as well as the directional components araér future directions. Finally, the comparison
of the model output with recorded click patterns could helfirte-tune the basic model parameters.
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