Computer modeling of acoustic beam formation in Delphinus

delphis

James L. Aroyan

Institute for Nonlinear Science, 307 Natural Sciences II, University of California, Santa Cruz,

California 95064
TedW. Craniord

Long Marine Laboratory, University of California, Santa Cruz, California 95064

Joel Kent

Elographics, 41752 Christy Street, Fremont, California 94538

Kenneth S. Norris

Long Marine Laboratory, University of California, Santa Cruz, California 95064

(Received 17 June 1991; accepted tor publication 25 June 1992)

It has been established that some dolphins possess well-developed acoustic orientation
(echolocation) and information gathering abilities, though substantially less 1s known about
the system of sound generation and beam formation. Dolphins use a narrowly focused sound
beam that emanates from the forehead and rostrum during echolocation. The primary
objectives of this study were to simulate the effects of anatomical structure on beam formation,
and to test the viability of various hypothetical sound source locations. Outlines from
parasagittal x-ray CT scans were used to construct a 2-D model of the head of the common
dolphin, Delphinus delphis. Finite difference techniques were used to simulate sound
propagation through tissues modeled as inhomogeneous fluids. Preliminary simulations
confirm that beam formation results primarily from reflection off of the skull and the skull-
supported air sac surfaces. For the frequencies tested, beam angles best approximate those
measured by experimental methods for a source located in a region of the model referred to as
the monkey lip/dorsal bursae (MLDB) complex. The results suggest that: (1) the skull and
air sacs play the central role in beam formation; (2) the geometry of reflective tissue i1s more
important than the exact acoustical properties assigned; (3) a melon velocity profile of the
magnitude tested i1s capable of mild focusing effects; and (4) experimentally observed beam
patterns are best approximated at all frequencies simulated when the sound source 1s placed in

the vicinity of the MLDB complex.
PACS numbers: 43.80.Ka, 43.80.Lb, 43.80.Nd

INTRODUCTION

It has been established that some dolphins possess a
highly sophisticated and adaptable sonar system, though
substantially less 1s known about the system of sound genera-
tion and beam formation. Measurements' of the acoustic
field of echolocating dolphins have demonstrated that dol-
phins emit a rapid series of clicks in a narrowly focused beam
which emanates from the forehead and rostrum during echo-
location. For an Atlantic bottlenose dolphin, Au et al
(1986) found the major axis of the echolocation beam pat-
tern 1n the vertical direction to be elevated at 5 deg above the
reference axis of the upper jaw, and reported a — 3-dB verti-
cal beamwidth of approximately 5-7 deg for the composite
broadband pattern. Though details of sound source location
and operation remain conjectural, several experimental
methodologies have implicated the region of the upper (su-
pranarial) nasal passages as the site of echolocation click
production (see Sec. III B). In addition, investigators have
studied the role of the skull and/or soft tissues in beam for-
mation using acoustic sources with real tissues ( Evans et al.,
1964; Norris and Harvey, 1974; Romanenko, 1974), light
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sources and ray-tracing techniques (Evans ef al., 1964; Du-
brovkiy and Zaslavskiy, 1975; Litchfield et al., 1979), and
topographic chemical and/or acoustic lipid analyses (Nor-
ris and Harvey, 1974; Litchfield et al., 1979; Varanasi et al.,
1981). Experimental procedures for determining the inter-
actions of tissues and acoustic sources offer certain advan-
tages yet are often difficult to implement, while the validity
of light source and ray-tracing techniques are limited by the
range of wavelengths involved.

This report presents results from the initial stages of an
alternative and complementary approach to the experimen-
tal investigation of echclocation hypotheses, which allows
the effects of modeled tissues to be studied in arbitrary com-
bination. The objectives of this study were to numerically
simulate the effects of delphinid tissues on beam formation,
and to test the viability of various hypothetical sound source
locations. Two-dimensional simulations of sound propaga-
tion through modeled forehead tissues of the common dol-
phin, Delphinus delphis, were used to investigate the interac-
tion of the skull with various source locations, and to
investigate the roles of the skull, air passages, and the fatty
melon on the formation of acoustic beams.
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. COMPUTATIONAL METHODS

Propagation of sound through biological tissues may be
approximated by numerical integration of the acoustic wave
equation.’ Though biological tissues are composed of inter-
mixed fluids and elastic solids, the shear modulus of most
tissues (except bone) is small. The acoustic impedance mis-
match between bone and soft tissue’ and the fact that air sacs
cover much of the skull surface in the region of the dolphin’s
nasal passages suggest that little shear wave energy can be
generated by a soft tissue sound source. In these simulations,
tissues (including bone) were modeled as inhomogeneous
fluids and shear wave modes were 1gnored.

In fluids of inhomogeneous velocity and density, the lin-
earized wave equation for acoustic pressure p is*

2
—r—!‘—“af=v"( 7 ) (1)
¢ (X)po(X) ot Po(X)

where velocity ¢ and background density p, are both func-
tions of position x. By mapping the positions of the tissues
onto a grid and assigning values of tissue velocity and den-
sity, finite differencing schemes can be used to propagate the

solution of Eq. (1) forward in time, allowing investigation of

the beam pattern formed by various models of tissue and
source configuration. The discrete version of Eq. (1) applied
over tissue regions of the grid and other computational de-
tails are presented in the Appendix.

For this project, a parasagittal x-ray computed tomo-
gram (CT) of the head of the dolphin, Delphinus delphis,
was enlarged and used to trace tissue outlines onto a digitiz-
ing tablet. The resulting coordinate sets were scaled and
mapped onto a square grid (increment size 7 = 1.5 mm),
with tissue velocity and density values estimated from the
literature. Programs were run on a supercomputer with run
times of between 4 and 8 min per simulation. Grid dispersion
dictates a wavelength minimum of about five grid incre-
ments (Alford et al., 1974), setting an upper frequency
bound of approximately 200 kHz in these simulations.

Two types of simulation results are presented below.
Figures 1 and 7 are (time-averaged) energy flux vector dia-
grams 1llustrating grid setup. The length and direction of the
vectors provide a quick visualization of the intensity and

direction of energy flow in a simulation. Another type of

result is generated from amplitude records taken at the ring
of points surrounding the tissue regions in Figs. 1 and 7.
Plots of the mean-square amplitude at these points versus
angle are collected 1in Figs. 3, 4, 6, and 8 to give (linear) polar
plots of acoustic energy flow in the simulations,” which may
be compared to experimentally measured beam patterns.

. MODEL OF THE DOLPHIN

For our model of the dolphin, Delphinus delphis, tissue
geometry information was derived from a CT scan as de-
scribed above, and values of velocity and density were esti-
mated from the literature.® Variations in velocity and den-
sity over soft tissue regions (except the melon) were
neglected,’” though these variations may be of importance to
the dolphin.®

The sound-speed measurements of Norris and Harvey
(1974) on the melon of a Pacific bottlenose dolphin were ted
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FIG. 1. Skull-only simulation. Average energy flux vector diagram illus-
trating grid setup and acoustic energy flow in a simulation with a point
source of frequency 100 kHz located in the MLDB complex. Outlines of
simulated tissues are traced in the center of the display (skin outlines are
included for visual reference only). Source position 1s marked with a five-
pointed star.

&&&&&

FIG. 2. Source positions. Source positions used 1n the simulations are

marked: (1) for the MLDB complex; (2) for the nasal plug area; and (3)

for the region of the larynx. The modeled skull (solid) and skin {dotted)

outlines are pictured.

Nasal Plug

LarynX

FIG. 3. Moved source simulations. Linear polar plots of acoustic intensity
(mean-square amplitude) for 100-kHz point sources placed at the position
of the nasal plugs (left) and in the region of the larynx (right) in the skull-
only model.
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Positicon -1, -1 Position 0O,-1

FIG. 4. MLDB moved source simulations. Linear polar plots of acoustic
intensity (mean square amplitude) for small displacements of a 100-kHz
point source about the MLDB complex in the skull-only model. Positions
correspond to increments of 0.75 cm on a gnd placed over the MLDB re-
gion; e.g., source position 1,1 is shifted both forward and upward by 0.75 cm

from the center of the MLDB.

Narial Chamber .~

FIG. 5. Diagram of the Delphinus air sac model used in the simulations; air
sacs are darkened. Also pictured are the modeled skull (solhid) and skin
(dotted) outhnes. The MLDB source position 1s marked with a five-pointed
star.

150kHz2

FIG. 6. Melon-only simulations. Linear polar plots of acoustic intensity

from simulations of the effect of the melon velocity profile alone (no other
tissues) on MLDB sources of 50, 100, and 150 kHz.
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F1G. 7. Skull, air sacs, and melon simulation. Average energy flux vector
diagram illustrating gnd setup and acoustic energy flow in a 100-kHz
ML DB source simulation. Skull and melon region are outlined (sohid ), and
air sacs are darkened. Source position 1s marked with a five-pointed star.

into a contouring program to generate a melon velocity pro-
file.” Though sparse and unfortunately not from Delphinus,
this profile can be used to qualitatively investigate the effec-
tiveness of the melon tissues in focusing sound.

150kHz

150kHz

FIG. 8. Collected results. Linear polar plots of acoustic intensity for skull-

only, skull and air sacs, skull and melon, and skull and air sacs and melon
simulations with MLDB sources of 50, 100, and 150 kHz.
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Our choice of sectional plane and source configuration

in these simulations was motivated by the following ana-
tomical considerations. Recent studies (Cranford, 1988) us-

ing CT imaging techniques show that the melon terminates
posteriorly in a complex structure embracing the main nasal
passage just ventral to the vestibular sacs. This complex 1n-

cludes two pairs of fatty bursae, one pair associated with
each (left and nght) side of the airway. Each pair of bursae 1s

also associated with a small cartilagenous rod embedded 1n
the posterior wall of the airway, a stout ligament, and a pair
of keratinous lips (the monkey lips). Cranford (1992) has
coined the term MLDB (monkey lip/dorsal bursae) com-
plex to refer to this region and proposes that impulse sounds
are generated there via a penumatically dnven mechanism.
The parasagittal section selected for these simulations lies
approximately 1 cm to the right of the midsagittal plane of
the dolphin head, transecting both the right nasal plug lip
and the right bursae of the MLDB complex. The small size of
the monkey lips (approximately 3 mm in sagittal section)
compared with the shortest wavelength simulated (1 cm)
justifies the use of a point source to model this source region
over the range of simulated wavelengths. Modeling of the
dolphin head in this plane and the use of a point source is
relevant to the MLDB source hypothesis (Aroyan, 1990).
Other hypotheses may suggest a different choice of anatomi-
cal section and source configuration.

The two-dimensional nature of this model neglects vari-
ation 1n the third spatial dimension. However, the selected
simulation plane does provide significant qualitative infor-
mation about the situation in 3-D. Dimensionality 1s an im-
portant issue here, but note that a lens or mirror which fo-
cuses 1n 3-D will also focus in a properly chosen 2-D section.
Clearly 2-D simulations cannot provide the level of quantita-
tive precision afforded by modeling in 3-D,’” but the ease
with which various tissue models may be added or removed
and source hypotheses tested in these simulations does allow
important qualitative exploration to be carried out.

Signals measured 1n the far field of echolocating dol-
phins are a product of the interaction of the pulses produced
by the dolphin’s acoustic source with the surrounding tis-
sues. For this reason we decided not to insert the measured
echolocation pulse emitted by the modeled species of dol-
phin at the source position in the initial simulations. In a
summary of several studies, Wood and Evans (1980) listed a
peak echolocation pulse frequency range of 20-100 kHz and
a maximum hearing sensitivity frequency range of 60—100

kHz for Delphinus delphis. In this report, we show results of
simulations using a harmonic source signal at a sampling of

frequencies: 50, 100, and 150 kHz.'' One artifact of these
monochromatic source frequencies 1s the multiply spiked
appearance of the interterence lobes within the overall pat-

tern of the polar intensity plots (e.g., see the 150-kHz plots of

Fig. 8).

lli. RESULTS OF THE SIMULATIONS
A. Skull-only MLDB source simulations

Figure 1 illustrates the emission pattern resulting from a
skull-only simulation with a point source of frequency 100
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kHz located in the MLDB complex. Linear polar intensity

plots for these simulations at source frequencies of 50, 100,
and 150 kHz are included in Fig. 8. The skull-only simula-

tions exhibit a striking degree of forward reflected energy for
a point source located in the region of the MLDB complex.
Vanations in literature values of mammalian bone density
and velocity do not strongly affect these patterns.'> Thus by
itself, the skull can function as an acoustical mirror, con-
firming earlier studies (Evans et al., 1964; Schenkkan, 1973:
Dubrovskiy and Zaslavskiy, 1975). However, in view of the
fact that air sacs cover much of the skull surface in the vicini-
ty of the nasal passages, it is likely that the focal geometry
demonstrated here also serves (perhaps primarily) to shape
and support the highly reflective flesh-air boundary. '’

B. Skull-only moved source simulations

Several experimental techniques have been applied in
attempts to pinpoint the location of the click-producing tis-
sues. Evidence from acoustic measurements (Diercks et al.,
1971), x-ray studies (Norris et al., 1971; Dormer, 1974,
1979), pressure and muscle activity measurements (Ridg-
way et al.,, 1980), pulsed ultrasonic imaging (Mackay,
1980) and Doppler motion detection (Mackay and Liaw,
1981) appears to implicate a region near the nasal plugs as
the most likely source location, though a theory identifying
the larynx as the site of sound production also has propon-
ents (Purves, 1967; Schenkkan and Purves, 1973: Purves
and Piller1, 1983). In this set of simulations, the dependence
of the emitted field on the location of the point source was
tested. The source locations tested included the MLDB com-
plex, the nasal plug, and the larynx; see Fig. 2.

We found gross degradation of the forward lobe pattern
for sources located far from the MLDB region in our Del-

phinus model.'* Polar intensity plots for 100-kHz sources

located 1n the nasal plug and larynx regions of the skull-only
mode] are shown in Fig. 3. Major portions of the beam point
upward for the nasal plug source location, whereas a larynx
source location projects acoustic energy ventrally and not
forward. (Similar patterns occur in the skull and air sacs and
melon model.) Our results therefore favor the MLDB re-
gion, and not the nasal plugs or the larynx, as the site of
echolocation click production.

A surprising degree of sensitivity to small source dis-
placements about the MLDB complex was found. Sets of
simulations were run at 50, 100, and 150 kHz in both the
skull-only and the skull and air sacs and melon models on a
grid of source positions over the region of the upper nasal
passages. Figure 4 plots polar intensity for a 100-kHz source
moved in increments of 0.75 cm around the MLDB complex
in the skull-only model, and illustrates that small displace-

ments away from the complex generally cause degradation
of the forward pattern.

C. Skull and air sacs simulations

It 1s generally recognized that air acts as an important
acoustical reflector in the delphinid sonar system. Figure 5

shows a simple model of the nasal sacs that was generated
from both CT scan and dissection studies.'> Polar plots of

Aroyan et al.: Acoustic beam formation in dolphins 2542



acoustic intensity for the combined skull and air sacs simula-
tions (with MLDB sources of 50, 100, and 150 kHz) are
shown in Fig. 8.'° The geometry of the sacs (especially those
immediately surrounding the source region) strongly influ-
ence the emitted pattern. Perhaps reflection from the nasal
sacs and from the skull (at higher angles of incidence) is the
principle mechanism of beam formation. Our model 1s

neither exact nor complete, however, and these simulations,
though suggestive, have not resolved the contribution of the
nasal sacs to the formation of the dolphin’s sonar beam."’

D. Melon-only simulations

Besides the nasal sacs and the skull, the melon may also
play a role in echolocation beam formation. Wood (1964 )
suggested that the melon may both focus and acoustically
couple internally generated sound to seawater. Sound speed
measurements by Norris and Harvey (1974) on the melon of
a Pacific bottlenose dolphin subsequently revealed a low-
velocity core and a graded outer shell of high-velocity tissue.
In addition, Evans et al. (1964) and Romanenko (1974)
found that presence of the soft tissue of the dolphin’s fore-
head caused narrower beams to be emitted than were pro-
duced by the skull alone. To help distinguish the effect of the
velocity lensing from other beam forming mechanisms (e.g.,
source directivity, tissue interface reflectivity), the sound
speed measurements of Norris and Harvey (1974) were
used to generate a grid of velocity values over the melon
region of our Delphinus model. In Fig. 6 we see the effect of
this velocity profile (without other tissues) on sources locat-
ed in the MLDB complex. These simulations demonstrate
that a profile of the measured magnitude 1s capable of mild
focusing. By itself, however, this profile could not produce
the dolphin’s highly directed acoustic beams.

E. Skull and melon simulations

Adding the contoured melon velocity profile to the skull
model (with the same frequencies and source location) pro-
duces the results shown in Fig. 8. The melon model appears
to slightly assist the skull in channeling a larger fraction of
the total energy into the main forward lobe. It 1s clear how-
ever that the effects of the skull and air sacs dominate effects
due to the melon. From these simulations we conclude only
that the measured velocity. magnitudes are capable of ““fine
focusing” the beam reflected from the skull and air sacs.

F. Skull and air sacs and melon simulations

The combined effects of the skull, air sacs, and melon
represents the most complete model of dolphin acoustic
beam formation attempted in this study. Adding the pre-
viously shown air sac configuration to the skull and melon

B ———————
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simulations, we obtain the results shown in Figs. 7 and 8.
The degree of forward focusing by this model is striking, and

beam angles closely approximate those measured by experni-
mental methods.'s

IV. CONCLUSIONS

Despite the inherent limitations of 2-D modeling and
simplification of the elastic properties of tissues, these simu-
lations provide a means for qualitative investigation of
acoustic beam formation and source location hypotheses.
They contribute to the following picture of sound emission:
The skull and air sacs appear to be acting in concert as an
acoustical mirror which reflects sound originating from the
region of the MLDB complex into highly directed forward
beams. A melon velocity profile of the magnitude tested is
capable of mild focusing effects, and may serve to ‘““fine fo-
cus’”’ the beam formed by the skull and air sacs. We suggest
that the dolphin produces echolocation pulses in the vicinity
of the MLDB complex (not in the nasal plug or laryngeal
regions) and achieves a focused beam pattern through the
combined acoustical effects of the skull, air sacs, and melon.

This study far from exhausts the possibilities for investi-
gative computer modeling of dolphin echolocation. Im-
proved tissue velocity and density data would permit more
precise simulation of several delphinid species. Simulations
with broadband pulses should better localize the source re-
gion and may reveal clues of source and surrounding tissue
interaction. It also appears that 3-D modeling is feasible,
which will permit quantitatively accurate beam simulation
and comparison with experimental results. Finally, simula-
tion in 3-D may allow investigation of the mechanisms of
directional hearing in delphinids.
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APPENDIX

This Appendix presents pertinent details of the numeri-

cal methods utilized in the simulations.?

The following discretization of Eq. (1), solved for the
numerical value of the acoustic pressure P;;* ' at the (i)th
grid position and (k + 1)th time step, was utilized over the
tissue region of the grid.
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Here «;;=(//h)c, ;; p.; and c;; are the spatially varying
density and acoustic velocity; and /and A = Ax = Ay are the
temporal and spatial grid increments, respectively. This
scheme is fourth order in the spatial derivatives of pressure,
second order in the spatial derivatives of density, and second
order in the time derivative of pressure.”’

Consistency and stability can be shown for the homoge-
neous scheme [ the first two lines of Eq. (A1) ] used over the

remainder of the grid provided «;, ;, =« = ({/ h)c<3/8,
where c is the sound velocity. Stability of the inhomogeneous
scheme additionally requires that density discontinuities not
exceed a factor of about 2.5 per grid point; however, the ratio
of densities of flesh to air is nearly 10°. For this technical
reason, and because of the high reflectivity of the flesh-air
boundary, air sacs were modeled as “‘pressure release™ sur-
faces; i1.e., the pressure was set to zero inside sac contours.

Simulations were conducted on 1100 by 1100 grids of
increment size 1.5 mm; grids thus represent square areas of
side length 1.65 m. Bone density and velocity were assumed
tobe 2.0 g/cc and 3450 m/s, respectively. Seawater (and soft
tissue, unless otherwise noted) density and velocity were as-
sumed to be 1.0 g/cc and 1500 m/s, respectively.

'See, for example, Norris et al. (1971), Norris and Evans (1967), Evans
(1973), Au (1980), and Au et al. (1986).

“This problem is closely analogous to the propagation of seismic waves
through the complex layers of the Earth’s mantle and crust, the simulation
of which generally requires solution of the full elastic wave equation.

‘Density (p) and velocity (¢) values given in the Appendix imply an acous-
tic impedance ratio between bone (r, =p,c,) and soft tissue
(r, =p,c,)ofr,/r, =4.6.

‘Pierce (1981), p. 432. This equation differs from the case for homoge-
neous fluids only in having an extra term proportional to the gradient of
the density field.

*The ring of points is located essentially in the far field of the pressure distri-
bution and centered on the apparent source location of the forward beams.
Linear polar plots of mean square amplitude are therefore approximately
equivalent to plots of energy flow versus angle.

*Average values for bone velocity and density were estimated from compi-
lations of (terrestrial) mammalian tissues (e.g., Goss ef al., 1980) to be
3450 m/s and 2.0 g/cc. Bone velocity values vary about 15% from the
average, and bone density roughly 10% in these compilations.

"Velocity and density were set at the background seawater values. Informa-
tion available from mapping between x-ray absorption values and physical
mass density was not utilized in these simulations.

“Note that neglecting small density or velocity discontinuities and the elas-
tic characteristics of soft tissue interfaces eliminates the possibility of
waveguiding behavior at grazing angles of incidence: cf. Norris (1968).

’Midsagittal plane sound speed values measured in the Tursiops melon
were overlaid onto the Delphinus melon region, with the melon boundary
assigned to the surrounding (seawater) velocity. Though highly approxi-
mate, this procedure is quite useful for investigating the magmtude of the
effect of the measured velocity values on acoustic beam formation. From

morphologic comparisons, Cranford {(1992) found that the melons of

Tursiops and Delphinus are similar in shape though varying in overall size.
'"We are developing programs for 3-D bioacoustic modeling.
'"Focusing at discrete frequencies constitutes a necessary but not sufficient
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condition for broadband focusing. Simulations utilizing broadband
source stgnals are underway.

'2Variations of 4+ 25% in bone density and 4 15% in bone velocity were
tested in Aroyan (1990). The geometry (not the precise reflectivity) of a
mirror’s surface determines its focal behavior; consider, for example, the
mirror of the Hubble space telescope.

'3The pressure amplitude reflection coefficient for acoustic plane waves
normally incident on an air-flesh boundary is approximately 0.9995
(Aroyan, 1990, p. 22). For a flesh-bone interface this coeflicient 1s rough-
ly 0.6 for normal incidence, but increases to unity at a critical angle of
about 30 deg.

'“The MLDB complex lies 2-3 cm dorsal to the nasal plug area in our Del-
phinus model.

'CT scans provide accurate information on skull geometry. Because post-
mortem specimens were scanned, however, only approximate informa-
tion on the geometry of the sacs was obtained.

'*Air sacs were modeled as “pressure release’ surfaces in the simulations;
see the Appendix. Note that potential sac resonances are eliminated by
this procedure.

'"Modeling in 3-D will permit a greatly improved determination of the rela-
tive importance of the skull and nasal sacs 1n beam formation.

'""Though not measured for Delphinus, compare the results of Au er al.
(1986).

“"United States Geological Survey, Menlo Park, CA 94025.

**The reader is referred to Aroyan { 1990) for a more complete discussion of
the simuiation methods.
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