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The general principles underlying the acoustic performance of the avian vocal tract are examined
both theoretically and experimentally. The formant resonances produced both by the total vocal tract
and by the bronchial tubes are evaluated quantitatively, and their dependence upon anatomical
parameters is investigated. A simplified cylindrical model for the beak is examined theoretically,
and experimental results are presented that confirm the predictions of the theory for this model. A
similar theoretical and experimental investigation using a more realistic conical beak model is also
reported, and behaves as predicted. Finally a theoretical study of the effect of mouth volume, as
influenced by tongue position, is integrated with these other studies to produce a complete analysis.
The implications of these studies for understanding the acoustical behavior of avian vocal tracts are
discussed. ©1999 Acoustical Society of Amerid&60001-4968)00912-§

PACS numbers: 43.10.Ln, 43.80.Ka, 43.64[HD]

INTRODUCTION recognize also the similarities. In both cases the air flow is

Despite the existence of a very large literature on behavadu_lated by some kind of vibrating valye—a pa_ir of vogal
ioral, acoustic and physiological aspects of bird stsee, folds in humans and a membrane valve in the syrinx of birds

for example, the classic book by Greenewél®68 and —and the acoustic. ogtp'ut of this valvg 'passes through the
many more recent papdrhere has been very little attempt vocal tract. where it is inevitably modified by the reson-
to analyze or synthesize the behavior of the avian syrinx an@nces of this tract, which can be controlled to some extent by
vocal tract in quantitative terms. This contrasts with the situ-changing the configuration of tongue, jaw and lips in the case
ation for the human larynx and vocal tract, for which there®f humans, and of tongue and beak in the case of birds.
exists a multitude of aerodynamic and acoustic studies, botRome human languages use whistles interpolated among
analytical and synthetic. There are, of course, obvious reaoiced sounds, and all use aerodynamic noise to produce
sons for this difference, the prime one of which is that, asconsonants; birds similarly produce voiced harmonic sounds
humans, we have a personal interest in the functioning, oand also more or less pure-tone whistles. A recent survey of
malfunctioning, of our bodies, while studies of birds are mo-human voice production is given in papers in the volume
tivated largely by simple interest. edited by Davis and Fletchef1996 while Brackenbury

A further difficulty in the case of birds is the great va- (1982 and Casey and Gau(it985 have discussed the situ-
riety of their anatomical dimensions and the equally largeation for birds.
variety in the form of their vocal utterances in comparison  The anatomy of psittacine birds resembles that of hu-
with those of humans. For these reasons the attention paid toans in that there is one vocal valve located at the junction
any particular bird species is likely to be small, and it makesof the bronchi and trachea, though instead of consisting of
sense to seek out principles and approaches that can be apo cartilaginous fleshy folds it comprises two membranes
plied fairly generally. It is the purpose of the present paper tahat are brought into opposition by inflating an external air
examine the passive acoustics of the avian vocal tract, tgac. The actual motion of the vocal valve is complex in each
exhibit the new techniques that must be applied, and tease, and involves multiple degrees of freedom, leading to
present some results that are of fairly general applicabilitywavelike motion, or at least to a phase difference between
Because the treatment is properly quantitative and formalgifferent parts of the valve structutéshizaka and Flanagan,
ized, |t can be applled to birdS W|th quite different anatomi-1972; Sundberg, 198_7Neverthe|eSS, it is possib'e to mode'
cal dimensions simply by inserting the appropriate numbergne pehavior to a reasonable approximation by assuming a

in the calculation. This is, however, only half the story, andpy,ch simpler single-mass-and-spring type of motion and
the acoustics of the passive vocal tract must then be ConSi@bnsidering the forces exerted upon it during air flow

ered quantitatively in relation to the active sound ge”eratio'?FIetcher 1988
mechanism of the syrinx in the manner discussed in an ear- |, song birds(Oscines, in contrast, the syrinx consists

lier paper(Fletcher, 1988 of two separate syringeal valves, one in each bronchus below

_ Papers on sound_producnon in birds oftgn_er_nphasae thﬁs junction with the trachea. Each of these is a membrane
difference between birds and humans, but it is important ®Ralve and can be modeled as above. Some birds use only one

of these valves for singing, but some use both simulta-
d«Selected research articles” are ones chosen occasionally by the Editomeously, producing either the same or a different frequency

in-Chief that are judgeda) to have a subject of wide acoustical interest, (Suthers, 1990, 1994In either case a characteristic bron-
and (b) to be written for understanding by broad acoustical readership. ! ' ’

YPermanent address: Research School of Physical Sciences and Engine@h'aI resonan.ce can be observed in the song. .
ing, Australian National University, Canberra 0200, Australia. In both birds and humans the vocal valve is character-
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ized as “pressure-controlled” in the same sense as the reed Discussions of the vocal tract in the literature have gen-
valve of a woodwind instrument or the lips of a trumpet erally treated the vocal tract in a grossly simplified manner,
player. There are, however, significant differences. The reedharacterizing it as a simple tube that is either acoustically
valves of woodwinds are “blown closed” by the activating open at both ends, open at one end only, or even closed at
pressure, while the lips of a trumpet player and the vocaboth endgBrittan-Powellet al,, 1997, while even a cursory
valves of mammals and birds are “blown open.” There is aanatomical study shows that none of these models can be
simple physiological safety reason for this design. A valvereally appropriate. At its lower end, the trachea passes
that is blown open by pressure can be set into autonomou$irough the syringeal valve, which may be either open or
oscillation at a frequency very close to that of its mechanicatlosed at different parts of its oscillation cycle, and is termi-
resonance provided the air supply driving it comes from amated by a length of bronchial tube and the abdominal air
enclosed reservoifFletcher, 1993; Fletcher and Rossing, sacs. These present an acoustic impedance that can, at least
1998. When the output of the valve is connected to somen principle and probably in practice, be evaluatétetcher,
sort of resonator, such as a pipe, there are therefore twb988. At its upper end, the trachea passes through the laryn-
possible situations: in both the valve oscillates at its owrgeal constriction to enter the mouth, and this in turn is ter-
resonance frequency, but in the first this is set well below théninated by the complex geometry of the beak. At the very
frequency of the first pipe resonance, while in the second théast, this combination presents an end-correction to the
two frequencies match, giving a strong sound with emphasigcoustic length of the trachea that is to some extent under the
on the fundamental. control of the bird. Detailed calculations show that the vocal
In human speech the vocal fold frequengy is well tract resonances may approximate those of a singly closed
below that of the first vocal tract resonarfeg, and the same tube for one part of the cycle and those of a doubly open tube
is true for much voiced bird song. The vibrations of the vocalfor another part, giving a complex set of resonances that
valve produce a pulsating air stream with high harmonic conappear also in the song of the bird mode(Etetcher, 1988
tent at frequenciesi,,3F,4F o, . . ., because of nonlinear- For these reasons, we simply calculate the acoustic input
ity in the flow equations. The strengths of these upper harimpedance of the upper vocal tract at the position of the
monics in the radiated sound are then modified by the vocadyringeal valve, recognizing this as one important compo-
tract resonances, producing vowel formants in the case dtent of a more complex total system.
humans, and similar formants that can be recognized in Son-  The first section of the paper deals explicitly with song
agraph records for bird son¢Patterson and Pepperberg, birds, and with the consequences of their having syringeal
1994. In high soprano song, however, the vocal fold fre-valves that lie below the junction of the bronchi with the
guency may be comparable with that of the first, or even thdrachea. In particular, the bronchial resonance associated
second, vocal tract resonance, and the singer must adjudfth this anatomy is calculated and displayed. .
these resonances to match the frequency of the vocal fold ~The discussion in the main part of the paper, however, is
vibration to produce a strong sound. The same is probablf®mmon to both song birds and those species with only a

true of some varieties of bird son@rittan-Powelletal,  Single syringeal valve at the foot of the trachea, for what is
1997). The precise origin of “whistled” song, however, still calculated is the input impedance of the trachea at this point.
remains obscuréletcher, 1989 The trachea itself is a simple tube and holds little interest,

It is important to recognize the distinction between thisWhile the larynx, mouth and tongue can be modeled as a
behavior and that of the “blown closed” valves of wood- constriction and as a short tube of variable cross section,
wind reed instruments, which can be maintained in oscillaJ€SPectively. Major interest is focused upon the beak, be-
tion at any frequency below their mechanical resonance b§ause its complex geometry makes it difficult to analyze in a
coupling to a suitable acoustic resonatdiletcher, 1979: simple way, wh!le there is ample observa_ltlonal evidence that
Fletcher and Rossing, 1998-ailure to recognize this differ- 0€ak opening is strongly correlated with song frequency
ence has caused a good deal of confusion in the literature affti/estneatet al, 1993. To give some substance to the re-
a false emphasis on “coupled” and “uncoupled” vocal tract sults of the cglculatlons, they are compared with experimen-
resonators. The vibration of the vocal valve will lock to the @l results using a large-scale model.
resonance of the vocal tract only when the frequencies of
both are nearly equal. Evidence from experiments in whicH: THE BRONCHIAL FORMANT
birds sang after breathing an atmosphere of helium and oxy- The bronchial formant seems to have been first identi-
gen, which has a much higher sound velocity than air andied in work by Sutherg1994) in the song of the oil bird
therefore raises the vocal tract resonance frequencies propdteatornis caripensisThis bird is peculiar in that its vocal
tionally, convincingly supports this general pictufdow-  system lacks bilateral symmetry, so that the lengths of the
icki, 1987; Brittan-Powelkt al,, 1997). two bronchi, measured from the syringeal valves to the junc-

The purpose of the present paper is not to explore théon with the trachea, are very different. The song shows two
whole mechanism of sound production in birds, but rathedistinct formant bands, one at about 5 kHz and one at about
simply to investigate the resonances of the vocal tract8 kHz, and Suthers was able to show, by blocking first one
Whether the syringeal source vibrates at a frequency nearlgnd then the other bronchus, that these are associated with
identical to that of a vocal tract resonance, or at some loweresonances of the two bronchial segments, behaving essen-
frequency, the vocal tract still has a major influence on thdially as quarter-wave pipe resonators. It is our aim here to
song. place this observation on a quantitative footing by calculat-
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syrinx TABLE I. Assumed anatomical dimensions.

- LIT -
Case(a) Case(b)
~ Lt o~
bronchi Length of trachea 100 mm 100 mm
f Length of bronchus 10 mm 15 mm
trachea Acoustic length of beak 20 mm 20 mm
] plug mouth beak Diameter of trachea 5 mm 5 mm
syrnx Diameter of bronchus 3 mm 3 mm
(a)
o=={"p, — are interested, and~2x10"%(w/S)¥> m™1 is the attenua-
pt _U_ (bronchus #1) _Ui tion coefficient for sound propagation in the tube. As usual,
P T, = j=+—1, and we assume Sl units throughout. To avoid con-
e, : (trachea+beak) Ei fusion, we shall replacg;; by B;; when the coefficients refer
_———— ’ [} -—
o Byj ! 5 to the bronchus, and b;; when they refer to the trachea. If
O----1 (bronchus #2) :------ ' we suppose to be the acoustic pressure at the syrinx valve,
P Yy

®) U to be the flow through this valvéJ, to be the flow from
the bronchus to the trachea, add the flow out of the beak,

FIG. 1. (8) Model of the avian vocal tract with one blocked bronchus. The then the network equations are
acoustic effect of the beak is taken into account by increasing the effective

length of the tracheab) Analog network for calculation of the input im- B1.U—-BpU;=p,
pedance at the syringeal valve. When the other bronchus is unblocked, the
part of the circuit indicated with broken lines becomes operative. —BU+(Byyt T19U;—T1U,=0, (2

—T1U;+TU,=0,
ing the vocal tract impedance presente.d_ to the syrinx valve%hich can be easily solved to give the input impedaBiges
For the present we ignore the complexities of the mouth and
beak, and assume the trachea to behave as a simple open tube p
with an appropriate end-correction to account for these. Zin:U: Bui—
The reason that the input impedance of the vocal tract at
the syrinx valve is important is that the valve has a highWe have retained the distinction betweBg, and B,, and
impedance relative to the vocal tract, and so acts essentiallyetweenT; andT,, in this analysis, so that the results apply
as a flow source. The power that it supplies to the vocal tracilso to the case in which the bronchus and trachea are taper-
is therefore proportional to the product of the vocal tracting rather than uniformly cylindrical, provided we use appro-
input impedanceZ,, and the square of the acoustic volume priate generalizations of the impedance coefficiehts
flow U. It is reasonable to ask, at this stage, whether it is ad-
If we consider just one bronchus leading to the tracheagquate to treat biological tubes, such as those of the vocal
with the other being blocked as in the experiments of Suthsystem, as though they have rigid walls, which is the implicit
ers, then the vocal tract can be idealized as shown in Figassumption underlying Egél) above. While the walls of the
1(a). We simply have a bronchial tube of lendth and cross trachea are not particularly soft, they are certainly not ideally
sectional are&g leading to a trachea of length; and area  rigid. It is simple to include this lack of rigidity in the wave
S;. For simplicity in the model, we ignore for the moment propagation equations for the tube using the formalism of
the acoustic contribution of the beak and assume it to bé&ppendix B, in which the lack of rigidity of the walls simply
taken into account by an adjustment of the tracheal length tadds a parallel element to the compressibilityf the en-
a valueLt appropriately greater than its geometric lengthclosed air. This, in turn, simply modifies the sound propaga-
L. tion velocityc. In practice there may be complications to the
In Fig. 1(b) is shown the network analog from which the calculation because of the elastic resonance of the walls, but
behavior of the system can be easily calculated, the case tiiey are in general sufficiently thick that the correctiorcto
one blocked bronchus involving only the circuit elementsand thus to the wave numbkris much less than 10%. It is
shown as full lines. Details of this approach are given bytherefore reasonable to neglect this in our calculations, and
Fletcher(1992. Each tubelike element is described by a 2in the model experiments to follow. There will also be an
X2 matrix of impedance coefficien®;;, given explicitly  extra contribution to the damping coefficiemt but all this

B%2T22

BosToot T1aToo— T2,

()

for the case of a tube of lengthand cross sectioB by does is to slightly broaden any resonance peaks.
c The expression in Eq3) can easily be evaluated nu-
Z11=Zp0=— ] p—tankL, merically, as a function of frequency, when we insert specific
S values for the anatomic dimensions involved. For the case of
pC (1) the oil bird these dimensions are given in Table | for the two
Z15=Zy=—] gcsckL, separate bronchi, and the calculated results are shown in Fig.

2. We see that each curve exhibits a number of resonances
wherep is the density of air¢ is the speed of sound in air, with a 1,3,5,..., frequency sequence, based upon a funda-
k=w/c+ja, o=2xf is the angular frequency in which we mental frequency of about 600 Hz. These are the resonances
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@ (Bozt T19)Top= T1,~0. @

08 If we neglect damping by setting=0 in k, thenB;; andT;;

become pure imaginary and this expression can be made to

0s vanish exactly, giving a good approximation to the resonance
frequencies. If the bronchus is narrower than the trachea, so
that S;<S;, then these frequencies lie a little above the

\ l\ A values for which w=(2n—1)c/4(L;+Lg), that is the
guarter-wave resonances of the total vocal tract length con-

V / \/ \/ \) \}\\ sisting of bronchus plus trachea plus beak. These are the

6 8 s 12 " primary vocal tract resonances.

Frequency in kHz .

1 If we are near in frequency to a quarter-wave resonance

(b) of the bronchus, theB,;=B,,—~0 andB;,—Zg, and the

second term if3), which contains the resonance, approaches

its maximum value. When the frequency is midway between

these quarter-wave bronchial resonances, on the other hand,

then all theBj;— and the two terms it3) cancel so that

the primary resonances are suppressed. This is the explana-
ﬁ tion for the shape of the envelope of the resonances in Fig. 2.
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\ \} \/ It is worthwhile to examine briefly the effect of going to
\/\’/\/ the natural case in which both bronchi are open, as shown by
° 2 4 Froquency bz 2 1 _rem(_)ving the plug_in Fig. ). The analog network, shown
in Fig. 1(b), then includes the branch shown with broken

FIG. 2. Calculated vocal tract input impedance for the simple model of Fig.lines. This network can be solved in just the same way, and
1, using the anatomical dimensions given in Table | for cdaaeand (b). yields the result

0

of the complete vocal tract consisting of bronchus, trachedin=B11

and beak. In human speech, the vocal-fold frequeRgys BBy 1 Toot T1iT2o— T2,

very much less than the frequency of the lowest of these — 5 2 2

resonances, and they would constitute the normal vocal for- B11(B2aT oo+ T11Too— T1p) + B1a(T11T 22— T1)

mants. A bird, however, adopts a song strategy that is similawhere B refers to the bronchus in which we are interested

to that of a coloratura soprano singer, for whégis com-  (No. 1) andB’ to the other bronchuéNo. 2), the valve of

parable with the frequency of the first vocal tract resonancewhich is assumed to be close@ similar expression could

In this case, song is produced most efficiently if the vocalbe deduced if we assume the other syrinx to be gpéfe

tract shape is adjusted so that one of its low resonances coan see that, if the second bronchus is closed at its junction

incides withFg, or perhaps its second harmoniE 2 with the trachea, so thd&;,=, this expression reduces to
Each curve in Fig. 2 also shows a peak in the envelopghat in (3), as indeed it must.

of the resonances, at about 8.5 kHz in the case of the shorter Once again the envelope of the resonances reaches a

bronchus in(@) and at about 5.5 kHz for the longer bronchus maximum at the quarter-wave resonances of the active bron-

in (b). This is the formant imposed by the bronchial reso-chus No. 1 and for the same reason as before. Thus although

nance and noted by Suthers, and does indeed correspotite detailed frequencies of the peaks of the impedance curve

fairly closely to a quarter-wave resonance condition of thewill be a little altered, it will still show a formant band at the

bronchial segment between the syringeal valve and the junsame position as for the simple case. The same is true if the

tion with the trachea. Indeed it is interesting to note that, abird is using the syringeal valve in bronchus No. 2. Use of

this resonance, the bronchial tube constitutes a quarter-wavmth syringeal valves simultaneously will thus produce both

transformer which improves the acoustic matching betweeformants, which is what was observed by Suth@@94.

the syringeal generator and the trachea. Though the oil bird is a peculiar anatomical case, we
The fact that Eq(3) gives a quantitative prediction of expect similar behavior for all song birds. The distinction is

behavior allows us to examine the consequences of variggerhaps that the syrinx membranes are usually located rather

tions in anatomic gquantities such as the lengths and diarmhigh in the bronchi, close to its junction with the trachea, so

eters of the various sections of the vocal tract. Such numerkhat the bronchial formant frequency is very high and per-

cal experimentation immediately establishes that aaps outside the frequency range normally studied.

discontinuity in diameter at the junction between bronchus

and trachea is essential for the production of this high for-

. . . ll. THE BEAK

mant, as we expect on acoustic grounds, since reflection is

necessary to establish a resonance. As mentioned in the Introduction, acoustic analysis of
We can see the algebraic origin of these resonancethe beak is made complex because of the fact that it opens

quite clearly from(3). There will be peaks in the impedance along its sides for a considerable distance. This means that

Z;, when the denominator in the second term becomes verwe must consider radiation loading on this opening, and also

small so that means that the acoustic behavior may vary in a rather com-

®)
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and has the value
trachea

diameter T

2b { - *g pw
wall thickness d ;'_@ Z(w)=Ryt]j 5 (6)

' inertive load contributed by axial flow of the air in the duct,
beak diameter{2 b +
gape

(a) where S is the cross-sectional area of the bel, is the
small viscous resistance at the walls, and the other symbols
have their usual meanings. Similarly, M{w) be the shunt

- - - admittance per unit length of the beak. Théfw) has two
parts, one a compliancé. contributed by the compressibil-
S

ity of the air in the beak, and the other the admittaigeer
Ye | | ¥ ve | | . unit length of the slits on each side of the beak, as shown in
Fig. 3(b). We can thus write

_ Sw
Y(w)=YC+Ys=J—C2+YS. 7)
p

(b)

FIG. 3. (a) Simplified model of the bird beakb) Network analog used to The beak cross-sectional ar8is related to the slit width. or
calculate the behavior. The repeating sections indicate the series impedance !

Z and the two shunt admittancé& and Y, (all per unit length for the gape.,g by
enclosed volume and the slit, respectively.
pectively S=mb2+ 2hbg. (8)

plex manner with beak gape. We attack this problem by a  The acoustic impedanc of unit length of slit has two

combination of theoretical analysis and direct experiment. narts 7. associated with flow between the slit walls and
Clearly a rigorous model of the acoustic behavior of thez . associated with the flow transitiorisadiation imped-

beak must be three dimensional, to allow for the complexgncg at the open ends of the slit. The first of these is easily

acoustic flows involved. While such an analysis could begyajuatedOlson, 1957, p. 89and is approximately
carried out numerically, using some sort of finite element

program, its results would probably not be very illuminating 127d  6pdw

in a general sense, though reasonably accurate for the par- Zfow(®)~——5—+] 5g C)

ticular case studied. It is therefore more useful to approach 9

the problem by constructing a model that is simple enough tavhere % is the viscosity of air. The radiation impedance of

solve analytically, but at the same time is sufficiently realis-unit length of a slit of widthg is more difficult to calculate,

tic to incorporate the key features of an actual beak. To thiput we can derive an approximate result as shown in Appen-

end we investigate first a very simple model and then onelix A. If we neglect the small conductive part of the admit-

that is more complex and more realistic. tance, this result has the form
We should emphasize at the outset that our objective

here is to obtain a reasonable understanding of the acoustic ~]

characteristics of the avian beak, rather than to carry out a ™" * pwIn(kg/4)’

precise study of the behavior of our simple models. For this herek= o/ |

reason we have been satisfied with quite modest theoreticll 1o o @’ as usuat.

) X We can now ad@;,,, andZ,,4, to estimate the slit ad-
rigor and experimental accuracy, and the results should not . . .

. . . mittance Y per unit length along the beak. Remembering
be judged on this basis.

that there are two slits, and th#&f,g= (Yaan ~ L When we
deal with unit length of slit, we can write

(10

A. Cylindrical beak model Y~ 2[ Ziowt (Yeaan) 217 L. (12)

Our first highly simplified model is shown in Fig(a.
The model is cylindrical, with uniform side openings. The

major advantage of such a model is its easy geometrical d e . .
: g y9 and Z,,q4, and retaining only the imaginary parts of these

scription, which allows simple calculation of its acoustic be- wpressions. We also assume that the caie within the
havior. We want to understand the general behavior of sucf*P . . e i
range typical of bird beaks so that, as shown in Appendix A,

a beak as a preliminary to investigating a more realistic, . T .
model that is not so straightforward to analyze. It is a reasonable approximation to take the end correction at

From an acoustical point of view, the beak may be re-the slit to bes~g. We can then write

garded as a slotted transmission duct with a radiation admit-

tance that is uniformly distributed along its length. The be-  Ys~—]
havior of such a duct is characterized by its series impedance

and shunt admittance, both per unit length of duct. Suppos&/hen we combine this with the compressive compliavige
that the series impedance per unit length of the beak at fresf the enclosed air, as i¥), we have an expression of the
quencyw is Z(w). ThenZ(w) is essentially the masslike form

We can get an insight into the behavior of this beak
épodel by neglecting the small resistive componentZgf,

3pwd pw\?

59 ' 2

(12
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FIG. 5. Calculated propagation cutoff frequency, as a function of the gape,

) L . . for a simple cylindrical beak of internal diameter 10 mm and wall thickness
FIG. 4. Calculated behavior of the simplified beak model of Fig. 3, with 5 1,

beak diameter 10 mm, wall thickness 2 mm and gape 5 mm. Above the

cutoff frequencyf* = w* /27, which is here about 3100 Hz, a sound wave is

transmitted with phase velocity that is greater than the normal sound

velocity c=340 ms'1. Below f* the wave is attenuated, and the attenua- w* ~
tion coefficient behaves as shown.

1/2

10gc?
S(6d+59)

with S= 7b?+ 2bg as in(8). The curve in Fig. 5 shows the

general form of the behavior for a model approximating a
Y(w)=J<Aw— Z)’ (13)  real bird beak in dimensions. For a more accurate calcula-

tion, which is hardly justified, the logarithmic expression for

(17)

where the slit radiation impedance as given in Appendix A should
b2+ 2bg 3pd  p| 2 be used, and the resul_tlng equation solved numen(_:ally. As
A=— 71—, = —+= (14) expected, the propagation cutoff frequency scales simply in-

pC 59 2 versely with beak size, provided diameter, gape and wall

It is clear from (13) that Y(w) is negative imaginary for thickness are all kept in proportion.

small values ofw, goes through zero, and then becomes As a final theoretical exercise, it is straightforward to
positive imaginary, as» increases. The frequenay= w* calculate the acoustic reactance presented by such a beak to

for which Y(w)=0 is a sort of transverse Helmholtz reso- the trachea, and from this the end correction can be evalu-
nance frequency for the slotted duct, with only flow throughat_ed- If we neglect resistive Iossgs by radiation from the beak
the slit taken into account. We cad* the propagation cutoff Slits, then the impedance coefficiemts for the beak can be
frequency for the slotted beak, for a reason that will appeafound from the expression®), simply by substitutings) for
in a moment, and it can be calculated by setif{@)=0 in f[he effe_cuve cross-s_ectlonal area and using the phase veloc-
Eq. (13). ity v, given by (16), in place of the free propagation sound
Returning to the transmission behavior of the slottegSP€edc. An expression for the impedandg is similarly
duct, it is easy to show from standard transmission-ling?@sy to derive. The input admittance of the beak is then

theory (see Appendix Bthat its characteristic impedance is K%z
Zo(@)=(ZIY)12 (15) Zpea= K11~ Kot Ze (18)
and that the phase speedand wave numbek=w/v of = When this expression is evaluated numerically, however, the
waves in the duct are behavior is dominated by longitudinal resonances of the beak
v(@)=0l(ZV)™2  k(w)=(ZY)Y2 (16) cavity unless damping by radiation from the slit is included.

The calculation is therefore not of much value for compari-
We note that these expressions reduce to their normal formson with experiment.

Zy=pclS, v=c, andk=w/c when the slit is closed, so that
g=0, and the small contributioR,, to Z from wall losses is
neglected. To verify these predictions, experiments were conducted
From our discussion of the behavior ¥{w) above, we using a large-scale beak model. The trachea was represented
see immediately that(w) is imaginary foroe<w*, so that by a plastic pipe, abdaul m in length, 34 mm in internal
the wave is exponentially damped as exfi(x) below the diameter, and 4 mm in wall thickness, and the beak by an
cutoff frequency, rather than propagating through the slotte@xtension of this pipe formed by slitting a 100-mm-long sec-
duct. Forw just greater thamw*, Y is small and the phase tion of it longitudinally and partly closing the remote end
speedv is very large, while foro> w* the slits have little  with two semicircular plugs. The gape opening of this model
effect andv~c. This behavior is illustrated in Fig. 4. beak could be adjusted between zero and about 30 mm. The
The behavior of the cutoff frequency with beak gape isend correction, evaluated at the junction between the plain
clearly of interest. An approximate result can be derivedpipe and the model beak, was measured using a standing-
from (13) by settingY=0, and has the form wave tube as normally used for measuring acoustic imped-

B. Experimental verification
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& o, velocity in the beak is then high, and the two slots radiate as

' sources with uniform phase.

J1® The measured variation of the cutoff frequency with

0 500 1000 1500 2000 250 3000 3500 beak gape is shown in Fig. 7, where it is compared with the
Frequency (Hz)

calculated variation of* = w* /27 as evaluated fronil7). It
FIG. 6. () Measured end-correction, as a function of frequency, for the©@n be seen that the agreement IS acceptably good for Smal'l
experimental cylindrical beak model with a gape of 10 mm. The calculatecdd@pes. For large gapes the radiation losses are so large that it
cutoff frequencyf* = w*/27r for sound transmission along the slotted duct js not possible to distinguish the cutoff behavior.
is 1800 Hz in this case. Note that the end-correction is actually undefined to The next part of the experiment examined the variation
within a half-wavelength(b) The measured reflection coefficieRt Note .. . L. .
the minimum near the cutoff frequency. o_f rad_la_mon d|regt|V|ty with freq_uency and_ beak gape. The
directivity behavior measured in the horizontal plaftiee
. o ~ plane of the slit was simple: below the transmission cutoff
ance(Beranek, 1988 The standing-wave ratio in the pipe frequencyf*, the radiation pattern is not far from being
was also measured, thus giving an indication of the losses @mnidirectional, with the 0° forward direction dominating
the beak end. Choice of the diameter of the model trachea tthe 180° rearward direction by only about 3 dB. Néar
match that of the beak reduces complications and is easilfhere is a transition to a more nearly figure eight pattern with
generalized later. _ _ a minimum in the 90° direction, and this pattern is main-
The measured end-correction behaved just as expectegiined at higher frequencies. Example measurements are
At low frequencies the beak presented very nearly an “openshown in Fig. 8. The reason for this behavior is clear. At low
end” termination to the trachea, with the actual value of thefrequencies, the standing wave in the slotted pipe is expo-

end-correction depending upon the gape but not significantljentially attenuated with distance along the slot, giving two
upon the frequency. This end-correction exhibited a sharp

transition at about the frequency predicted by the theory, and
for higher frequencies increased as would be expected for a
wave propagating to the more-or-less closed remote end of
the beak. This behavior is illustrated in Figab The value
to be assigned to the end correction above the cutoff fre- *
quency is arbitrary to the extent of an added half-
wavelength, and has been taken to have the smallest possible
positive value for convenience.

Also of importance is the measured standing-wave ratio
H, which is just the ratio of the maximum to the minimum
amplitude in the trachea tube. Frdhwe can determine the
reflection coefficienR at the beak from the relation

1000 Hz

2000 Hz

_H-1

R= m (19)

This quantity is shown in Fig. (6), from which it is clear

that there is a minimum in the reflection coefficient, corre- o - .
. . .. .. . FIG. 8. Measured directivity patterns for the cylindrical model beak with a
spondlng to a maximum radiation efﬂmency, Just above thegape of 10 mm. The propagation cutoff frequency in this case is about 1600

cutoff frequency. This is what we might expect, for the phasedz.
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FIG. 9. A more realistic beak model, with important dimensions marked.

Distance of cutoff point from base (mm)
5

short slot sources separated by much less than a wavelength,
so that they behave quite like a single point source. Just o
below the cutoff frequency, the standing wave extends along
nearly the whole length of the slotted pipe, because the at-
tenuation becomes very small, while just above cutoff theFIG. 10. Calculated distance of the cutoff position from the beak ba;e, as a
behavior is similar because the wave is transmitted and hasL%{‘C“O” of gape and frequency, for a beak 50 mm long, 10 mm in base
. . lameter, and with a wall thickness 1 mm.

very high phase velocity. These two longer cophase sources
are efficient radiators. At frequencies further above cutoff,
however, the slotted pipe is long enough to encompass momgise and opened along the split plane. For convenience the
than one half-wavelength of the standing wave, and the latgapeg, is defined to be measured at the tip of the beak, as
eral separation between the two slit sources is also an apprshown.
ciable fraction of a wavelength. This complex source has  When we attempt to analyze the behavior of this beak
good axial radiation efficiency but low efficiency in the model, we see immediately that a proper treatment would be
transverse 90° direction. When similar measurements werguite difficult. It is, however, enough for our present pur-
carried out in the vertical plane, the response on the axis wgsoses to proceed in a very first-order manner, using a one-
necessarily unchanged, while that at 90° increased so as tbhmensional slotted duct approach as before. The difference
nearly eliminate the minimum, suggesting that it is the phasés that, in the present case, the duct has a progressively
delay between the two slits that is primarily responsible forchanging cross section, and the slits similarly vary in width
it. with distance along the beak. The treatment we propose is

To complete the study of this simplified model, we reasonably well justified for the portion of the beak where
should examine the behavior of the transfer function betweethe slit width is much less than the beak diameter, but ceases
internal acoustic pressure and the total radiated sound pret be valid when this condition is no longer satisfied. Despite
sure. This is essentially equivalent to evaluating the magnithis, and in the absence of a better simple approach, it makes
tude of the real part of the radiation impedance as a functioat least qualitative sense to extrapolate the formal results to
of beak gape and frequency. Because the cylindrical beakover the behavior of the complete beak from root to tip.
model is very artificial, we shall not report this study here, Suppose that the beak lengthLisits base radiub, and
but defer it for mention in relation to the conical beak modelits gape at the tip igy. Then we can approximate the local

Beak tip gape (mm)

of the next section. slit width g(x) at a distancex from the base of the beak by
In relating these experimental results to the behavior of — 20
real bird beaks, it is important to correct the scaling. The 9(x) =goX (20

model used in the experiments was larger than typical birchnd the duct cross secti®{x) at x by
beaks by a fact ranging from about 3 to 10. Fortunately the
scaling law is quite simple, at least to a first approximation. _ wb(L—x)%  2gobx(L—x)
If we scale all geometrical dimensions similarly, say by a X)= L2 + L2 '
factor &, then the end correction also scalesésand the
frequency response scales agl All the frequencies re- The local cutoff frequency for transmission along the duct is
ported in our experiments should therefore be scaled uptherefore given, in this approximation at least, by substitut-
wards by a factor between about 3 and 10 for the smalleind these values in the treatment of the previous section.
beaks of typical birds. The result of this calculation is shown in Fig. 10. The
cutoff position moves towards the tip of the beak at higher
frequencies, but towards the base of the beak as the gape is
increased. This is just what we would expect from our dis-
While it is possible, using finite-element numerical cussion of the simple cylindrical beak. The numerical reli-
methods, to calculate the acoustic behavior of a fairly realisability of the calculation is, however, not high, because the
tic model beak, this tells us rather little about general prin-assumptions upon which it is based are rather far from being
ciples. We therefore explore in a much less accurate manneatisfied—the slit is not uniform, and is not very long com-
the acoustics of a simplified but improved beak model. Aspared with its width, though both of these assumptions are
shown in Fig. 9, this model consists of a cone, split length-closer to being satisfied when the gape is small. The unreal-

(21)

C. Conical beak model
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ity of some of the assumptions shows up at higher frequen- 100

cies and larger gapes than those illustrated in the figure. At 8 500 Hz
kHz, for example, the solution diverges for gapes larger than I -
about 10 mm, which suggests that the calculatedlues at o L L
7 kHz and large gapes are probably too large. Despite this, it *’l\ 1500 Hz

is not unreasonable to suppose that the calculation describes
the actual behavior at least qualitatively, and perhaps semi-
guantitatively.

We can go a little further and see what this means in
terms of end-correction behavior at the beak. This is not
simple, because the acoustic load past the cutoff position
depends upon gape and frequency, but we can make some
gualitative statements. Certainly we should expect from Fig.
10 that the end-correction will decrease as the gape is in-
creased, and that it will decrease as the frequency is lowered.
Both of these aspects of the acoustical behavior are similar to
those deduced for the cylindrical beak model, but here the
change with frequency is gradual, rather than having an 0
abrupt discontinuity.

60

40

End correction (mm)

20

0 20 40 60 8 100 120 140 160
Beak gape (mm)

D. Conical beak measurements FIG. 11. Measured end correction to the trachea tube, when terminated by

A conical beak model was constructed by making a Iightthe tapered beak model, as a function of beak gape for a range of frequen-

sheet-metal cone, 200 mm in length, to fit on the end of thgles'
plastic trachea, so that its diameter at the base was about 40
mm. The cone was then slit lengthwise to make a fairlyto provide such a good description of actual behavior. The
realistic beak, and hinged to the tracheal tube to make #act that the experimental results become anomalous at about
model vocal tract. Once again, measurements of end correthe same relative frequency as that at which the theory fails
tion and standing-wave ratio were made using a modifie¢hould not be taken to be significant.
acoustic impedance tube. The gaggwas defined in this It is useful to have an approximate expression for the
case to be the opening at the beak tip. This model is, ond corrections in the general case, as a function of gape
course, large compared with the beak of a typical bird, buaind frequency. Clearly the measured end correction should
the acoustic parameters we are investigating scale simplgcale, in both magnitude and frequency, with the size of the
with size, provided that we also scale frequency inverselypeak, if the geometric proportions remain similar. An empiri-
with size. For the beak of a typical large bird, the modelcal expression that describes the measured results and that
dimensions should be reduced by about a factor of 5, and thieas been appropriately scaled is
frequency increased by the same factor. . _5er 2
Figure 11 shows the measured end correction to the tra- o(f,9)~0.03.+10 *1L“g, (22
cheal tube, as a function of beak gape, for several frequerwhereL is the length of the beak arglis the tip gape, both
cies in the range of interest. The important conclusion, whichn meters, and is the frequency in hertz. The length to root
we were led to expect from our theoretical analysis, is thatliameter ratio of the beak is assumed to be about 6. This
the effective end correction for a given gape is a good dea¢xpression is a reasonable approximationdsetL, that is
larger at high frequencies than at low frequencies. This is, afr a gape angle of less than about 60°, and ffer500L
once again we expect, a general progressive behavior, ratheamerically, but makes no claims to accuracy.
than involving a sharp transition of the type found for our When the scaled version of this formula is compared
simplified cylindrical beak model. Only the results for a fre- with the theoretical results shown in Fig. 10 for the propa-
guency of 2500 Hz appear anomalous. The reason for this igation distance of the wave into the beak, it is found that the
not clear, but the standing-wave ratio for larger gapes at thisnd correction is about twice the propagation distance. Such
frequency is very low, making measurements rather difficula result is about what we might expect.
and inaccurate. The next set of measurements to be made were of the
The general form of the behavior displayed in Fig. 11 isradiation directivity patterns, which were made in the same
remarkably similar to that calculated from the simple theoryway as for the cylindrical beak. In addition to their intrinsic
and displayed in Fig. 10. To compare the two figures, weanterest, these measurements are important in relation to the
must remember that the calculated beak in Fig. 10 is smallenadiation transfer function, as we see later. The results of
than the experimental beak by about a factor of 4 in allthese measurements, as shown in Fig. 12, are qualitatively
dimensions. We must therefore multiply all the distances imuite similar to those for the cylindrical beak model, except
Fig. 10 by four and divide the frequencies by four for thethat there is no pronounced “figure-eight” region, presum-
comparison. Having done this, it is clear that there is remarkably because of the beak taper. Measurements taken in the
ably good semiquantitative agreement between theory andertical plane are very similar to those in the horizontal
experiment. It is gratifying that such a simple theory is ableplane.
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where the directional inde&(f,g), defined by(23), allows

for the directivity pattern of the radiation. Internally we can
most easily measure the sound presquret the pressure
maxima in the standing wave pattern produced by the inci-
dent wave and the wave reflected from the beak. We can then
define an internal power quantify;, by

P,=p?/Z=p?Spc, (26)

whereZ=pc/Sis the characteristic impedance of the trachea
pipe, assumed to have ar€aThe justification for adopting
this measure will be set out below.

Dividing these two power quantities and taking loga-
rithms to convert the squared pressures to measured sound
pressure levelk g andL,, respectively, relative to the same
reference, we define the transfer functi®(f,g), in deci-
1kHz 2kHz 3kHz 5kHz bels, to be

FIG. 12. Measured directivity patterns as a function of frequency and gapq-(f g) =10 |og1 (Pr/P))
for the conical beak model. ' ORI

=Lr—L,—G(f,g)+10log4mr?S) dB. (27

, Fi.gure'13 summarizes. the behayior in the form qf 4The interpretation of this power transfer function is impor-
directional index(f,g), which we define to be the ratio, in tant. The radiated powe?, is clearly defined and needs no

decibels, between the measured radiated intensity on the Balification. The internal power quanti), as defined by
and the intensity at the same distance that would be radiate(f%) however. can be rewritten in the form

by an isotropic simple source. Thus
P,=U?pc/S, (28)

1 T
G(f,g)=—10log, Efo 100 FO27singdb|, (23

whereU, is the volume flow amplitude at the flow antinodes

whereF () is the level at angl@ relative to the level on the N the tracheal pipe, one OfZWhiCh is at the beak. Since the
axis, at the given gape and frequency. To an adequate accipdiated power is simplRsU7, whereRg is the real(resis-
racy for our present purposes, the experimental results m e) part of the radiation impedance at the beak, this means

be approximated by thatT(f,g) measures, in decibels_, the_radiation resistance at
the beak relative to the characteristic impedapcéS of the

G(f,g)~0.005(g+0.2) dB, (24 tracheal tube. The behavior of this radiation resistance is well

whereg is in meters and in hertz. known for a simple open tube, so that measurement of

We are now in a position to evaluate the radiation trans-T (f.g) allows us to evaluate the acoustic influence of the
fer function for the beak. The external radiated power level igeak.
easy to define and measure. Suppose the measured root- 10 perform the measurements, a small subtlety is re-
mean-square sound pressure at a distarmethe beak axis quired, for we do not generally know the exact location of
is pr, then the total radiated power is the pressure nodes and antinodes in the model trachea, and
we must evaluate the internal pressure level at a pressure
maximum. To make the measurement, we therefore sealed
the syrinx end of the model trachea, and inserted into it at
this point a small sound source and a pressure microphone.

Pr=47r210"%C("9p2/ e, (25)

e

local pressure maximum, at which point the trachea-beak
system was at a resonance and the microphone was at a
pressure maximum. In our experiments, actual measurement
of the transfer function made use of a two-channel FFT ana-
lyzer, and the level differenceg—L, was the envelope of

the minima of the displayed transfer function.

To give a reference, we first measured the radiation
transfer function for the pipe with the beak removed. This
measurement should give the radiation impedance of an open

, , S ‘ , tube, which is known to rise at 6 dB/oct for low frequencies
0 1,000 2,000 3,000 4,000 5,000 and to saturate at the valye/S, or 0 dB on our scale, for

Frequency (Hz) 2xflca>2, which corresponds here to about 6 kie-
FIG. 13. Measured directional index(f,g) for the conical beak model at 'anek, 1954 The measured function behaves approximately
various gapeg, as a function of frequencl in this manner as expected, but not with great accuracy. It

10 T 1 T
| | smm  10mm 20mm Somm 100mm 200mm l The frequency was varied until this microphone indicated a
e cm B Do = = nflo— —dhe— ] L.

Directional index G(f, g) (dB)
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FIG. 15. Measured radiation transfer function for the cylindrical beak model
for a gape of 10 mm. Note the oscillations above the transmission cutoff
frequency, which is in this case about 2000 Hz.

E. Beak input impedance

Finally we need an expression for the input impedance
of the beak, as seen from the mouth. A detailed solution of
this problem is similar to that for a slotted, tapered wave-
guide or transmission lin€Slater, 1942 and generally re-

<20

Radiation transfer function T(fg) (dB)

nobeak  SOmm 100 mm 200 mm quires a numerical approach for each particular case, even
30 I I given the simplifying assumptions used in our treatment. To
0 1,000 2,000 3,000 4,000 5,000 H
Frequency (Hz) undertake such a study would not be appropriate here, so we

seek instead an approximate treatment.
FIG. 14. Measured radiation transfer function for the conical beak model for The most appropriate model would seem to be to regard
a range of gapes. The measured transfer function for the unbaffled trache{;i,l]at t of the beak i hich th d t

tube alone is shown for comparison. part o € beak in whic € sound can propagate as a

short cylindrical pipe, of length equal to about half the end
. : correction8(f,g) given by (22), terminated by the balance
ing experimental errors. actually we can neglect the radiation re5|stanc_e, in the_ inter-
Figure 14 shows the measured behavior of the radiatioeStS of S|mpI|<_:|ty, because most of the acoustic damping of
transfer functionT(f,g) for the conical beak model over a the system arises from losses to the walls of ‘h? narrow ”"%"
wide range of freqL'Jencies and gapes. In each part of thchea. For the parameters of the short propaganon_length in
figure, the radiation function for the bare tube is shown for € .b(.aak we could use an average of those along its length,
- . butitis adequate to approximate these by those for the cross-
comparison. We conclude that the effect of the beak is tg . P =
enhance the acoustic radiation by an amount up to about %ectlon Se and characteristic impedand=pc/Sg at the

dB over a limited and gape-dependent frequency range. Fobreak root. Solving the simple network for this situation, as

narrow gapes, between 5 and 20 mm, as shown in the uppspoyvn n .F|g. 16a) and detailed in Appendix C, we find for
i o : _The input impedanc&(f,g) of the beak

part of the figure, the radiation enhancement increases wit

gape and occurs over the range from about 500 to 3000 Hz.

For wide gapes between about 50 and 200 mm, as shown in

the lower part of the figure, the enhancement once again ) inlzlut . ”T "@ beak @ rad’n
increases with increasing gape and occurs over a range from Hmpecance ~! Zj Zg
about 1500 to 4500 Hz. When these frequencies are in-

creased by a factor of 3 or so in order that they apply to a @

moderate-sized bird, it is clear that beak gape contributes a imi;‘g&gmc larynx

significant vocal formant to the upper parts of the song fre- Zin = trachea [ |_L [ mouth beak
guency range, and that this formant rises in frequency as the — ”Y @ Tjj @ M @ K
gape is increased. Casual listening and observation, of

course, would have led one to expect this. ®

It is interesting to note, in passing, that the measureaG. 16. (a) An approximate model for the input impedarief the beak
radiation function for the cylindrical beak model exhibits represents it as a tube of lengil2, described by the impedance coefficients
pronounced maxima, separated by about 900 Hz, above tHe » terminated by a radiation impedanZg that accounts for the other half

- . . f the end correctiors. (b) The acoustic behavior of the mouth and beak
transmlssu_)n cutoff frquen_cy’ as shown in Fig. 15. Theséan be included explicitly in the vocal-tract network of Fig. 1 by replacing
can be attributed to longitudinal half-wave resonances withifhe simple trachea plus mouth plus beak impedaficby separate imped-

the beak cavity. ances describing trached;(), mouth M;;) and beak K).
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ks CS(?(ké‘/Z) TABLE Il. Assumed anatomical dimensions.

K(f,g)~jZ —cot(—) — |, (29
(1.9)~]Zg 2 cot(ké/2) — ko2 Length of trachea 30 mm
_ Length of mouth 10 mm
wherek=27f/c as usual. _ Length of beak 15 mm
From these measurements it can be concluded that the  piameter of trachea 3 mm
beak has a rather small overall effect on total vocal tract Diameter of mouth 3-15 mm
acoustics. Certainly it adds an end-correction, the magnitude  Diameter of beak root 10 mm
of which varies with beak gape, but, as will be discussed  Beaktip gape 1-15mm

below, this effect is not large. Probably more importantly, a

wide beak gape increases the radiation efficiency for high . . L . .
frequencies by as much as 10 dB. In the model experimen‘;‘tvant impedances are given, once again, simply by inserting

this enhancement began at about 1 kHz and was greatest%r;propriate values for cross section and length in formulas
about 2 kHz. Translating this a more typical bird beak of*™" _. .
" z g ! yp! ! Finally, we should include the effect of the larynx,

length 50 mm gives a radiation enhancement beginning ath_ h ricts th i bet the trach d h

about 4 kHz and reaching a maximum of about 10 dB at Ic cqnilrlc St etor_ﬁ]r_nng et\)/veen € ratcdeﬁ an moul

about 8 kHz for a wide beak gape. This effect is certainly 0 a variable exient. This can be represented by a simple
series impedance=jwpl/S, wherel is the length an&the

acoustically significant. tional fthe | trict % th
There are just a few reported studies in the literature thagjreonssi;)sleoﬁ‘ 'girr]a area of the larynx constriction, an €

refer to the role of beak gape. One of the most thorough i . . . :

that of Westneagt al. (1993 who examined the correlation tvx-/rhi fc;r?;al SOIUUO? ':r?r ihe Irr:put' mpedanZQhA of th';. c

between song frequency and beak gape for two species ork at the base ot the trachea Is given in Appendix .,
and leads to the result

sparrows,Sonotrichia albicollisand Melospiza georgiana

They found a strong and consistent correlation, with gape p T2(My+K)
increasing from 10° to 50° as the song frequency increased Zin=U—=T11— > (30
from 3 to 7 kHz inM. georgiana and a similar but smaller 1 (Too+ M+ L) (Mt K) = M3,

range in both frequency and gapeSnalbicollis We should  This expression can be evaluated numerically for particular
expect the bird to gain several advantages from this strateggombinations of effective mouth diameter, as determined by

it should be somewhat easier to align vocal tract resonancegngue position, and beak gape. We discuss some results of
with the song frequency; the frequency shift in radiationthis calculation in the next section.

transfer function with gape, as shown in Fig. 14 could be
exploited; and the directional index, and hence audibility dis|]. DISCUSSION
tance(Fig. 13, should be improved. In another study, Haus-

bergeret al. (1991) examined the calls of the barnacle goose, ) s S s
and concluded that those with “wide mouths” had higher- calculating, at least to a first approximation, the linear acous-

pitChEd voices, a flndlng that is again in accord with thet'c properties of the avian vocal tract, it is Important to see

increased radiativity and directivity of beaks with large gapeWhere this Ieao_ls us. ".] the present part of th_e discussion we
at high frequencies. omit the complicating influence of the bronchial resonances,

which can be added in later for the case of song birds. We
also omit the complication of a larynx constriction and as-
sume it to be fully open.

By way of example, the calculation is made for a rather

The trachea of the bird opens into the mouth at the backmall bird with the anatomical dimensions shown in Table II.
of the tongue through the variable constriction of the larynx.The effective diameter of the mouth has been assumed to be
The cross-sectional area of the mouth cavity is a good dealariable between 3 and 15 mm, the reduction in cross-
larger than that of the trachea, but it can be modified to aectional area, and thus in effective radius, being accom-
considerable extent by movement of the tongue, despite itglished by raising the tongue, while the beak gape has been
rather stiff form. The outer end of the mouth makes a tranvaried between 1 and 15 mm. To limit the number of curves
sition to the beak, which we discussed in the previous secto be displayed, it is further assumed that beak gape and
tion. effective mouth diameter are varied together, as seems rea-

The acoustical behavior of the avian mouth is very simi-sonable. The results of three such calculations are displayed
lar to, though less flexible than, that of the human mouth. Iin Fig. 17, each curve being labeled with the effective mouth
functions essentially as a cavity resonator, driven from theliameter and beak gape in millimeters.
rather high impedance of the trachea and vented by the rather The frequency range displayed is just sufficient to en-
low impedance of the beak. A detailed discussion cannotzompass the first three vocal tract resonances, and it is clear
however, rely upon such a simple approximation. Rather, théhat the adjustments to the mouth and beak do have a signifi-
mouth must be considered as a short length of duct, with aant effect. There are also effects on the resonances at higher
diameter that can be varied by raising the tongue, insertefiequencies, but their significance is not immediately appar-
between the trachea and the beak. The simplified tracheant. The main conclusion is that the frequency of the first
plus beak impedancg;; of Fig. 1 is thus replaced by the resonance, which would be terméd for a human vocal
more complex combination shown in Fig. (b The rel- system, is very little affected by the adjustments, though a

Now that we have set up all the formal apparatus for

F. Vocal tract impedance
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| | by T(f,g) and a directionality described by the function

; e Mi‘?-i‘gl G(f,g). A similar equation applies for each harmonic com-
ponent of the syringeal flow, and these can be combined to

describe the radiated song, whether the syringeal frequency

is closely matched to a vocal tract resonance or not.

)

3

@

Input impedance (10 ® ohms)

IV. CONCLUSION

Frequency (kHz) In this paper we have made a modest beginning to the
FIG. 17. Calculated vocal tract input impedance as effective mouth diameteguamltatlve exploratlon of the aCOU,StICS of the avian vocal
M and beak gap®, given in millimeters for each curve, are varied. The System. In particular, we have confirmed the role of bron-
other anatomical dimensions have the values given in Table II. The units fochial resonances in at least some birds, though they may not
input impedance are $Gcoustic ohms, and frequencies are in kilohertz. be important in all; we have elucidated the acoustic behavior
of the beak in its dependence upon frequency and gape ge-
raised tongue and a closed beak do lower its frequency somemetry; and we have shown how these elements can be com-
what. The situation is quite different for the second and thirdined into a model from which it is possible to make quan-
resonances, and F3, both the frequency and height of titative predictions about the acoustic behavior of the
which are considerably affected by the mouth and beak adcomplete vocal tract. It is, indeed, the fact that the approach
justments. Indeed these adjustments make it possible to p& properly quantitative to a reasonable accuracy that makes
sition at least one resonance peak almost anywhere in tHesignificant—qualitative studies may be generally useful but
range between 5 and 10 kHz, though this resonance is som@o not provide a framework for proper testing.
timesF, and sometime&,;. We conclude that the bird has Further studies—theoretical, experimental and obser-
reasonable opportunity to match a resonance to its syringedBtional—will be required in order to codify these changes in
frequencyF, over this range, if that is the song strategy to beinput impedance and to relate them to the acoustic strategies
adopted. This does depend, however, upon the initial dimeriised by different bird species in their singing. It is not nec-
sions of the elements of the vocal tract and upon the range @#ssary for the song frequengy to be rigidly tied to a vocal
variation in tongue position and beak gape that the bird catract resonance frequency—indeed this is not done in human
achieve. singing, except for high notes of the soprano range. Just as
We have not yet attempted to systematize the resonanckilled trombone player¢in whom the lips behave analo-
effects illustrated in these diagrams or to check them experigously to the syringeal valyecan play a one-octave glis-
mentally. Such an experimental check on input impedancesando while keeping the instrument slithnd thus its reso-
using a model vocal system of the type we have employethancegfixed, or can move the slide over its full range while
here for the beak, is straightforward in principle, using tech-maintaining a steady pitckiTaylor, 1992, analogous feats
niques such as those developed by Bendd®60, Backus should be within the capabilities of birds. There is, however,
(1974, Prattet al. (1977 or Wolfe et al. (1995 for musical some acoustic advantage to be gained from aligning the song
wind instruments, but practical difficulties in making thesefrequency with a vocal tract resonance, as in a musical in-
measurements on live birds may be almost insuperable. strument. Whatever the strategy used, however, shifts in the
Finally, it is useful to summarize in an equation the im- vocal tract resonances are bound to have a significant effect
plications of these curves and other elements that were disn the timbre of the resulting song.
cussed earlier. Ideally we should use a complete model in  On the basis of the results we have obtained, and the
which the interaction of the vocal tract resonances on thassociated quantitative formulations, it should now be pos-
vibrations of the syringeal valve are includé&letcher, sible to attempt a more detailed analysis of the acoustics of
1988, but for the moment it is adequate to neglect this andbird song. The linear vocal tract resonances, of course, pro-
to consider the vibrating valve with its underlying air reser-vide only one part of this understanding, and must be con-
voir simply as a high-impedance acoustic source that delivsidered in combination with the nonlinear sound-production
ers a nonsinusoidal, and therefore harmonically rich, flow tanechanism in the syrinx.
the vocal tract. IfU(f) is the component of this flow at The specific graphical results presented in this paper are
frequencyf, then the internal pressure generated at the inpusimply meant as examples, and do not refer to any particular
to the vocal tract i, =Z (f)U(f) whereZ(f) is the input  species of bird. They are meant simply to indicate the typical
impedance of the vocal tract, including the bronchi as dismagnitude of the effects discussed, and are certainly much
cussed in Sec. | for the case of a song bird. The total radiateghore specific than mere qualitative assertions. To be really

acoustic power is then useful, however, they must be applied to the anatomy of a
pC particular bird and compared with behavioral and acoustic
P,(f)= (g)T(f,g)[Z,(f)U(f)]z. (31 data. With the aid of the formulas and equations presented in

the text, such a specific application should be readily pos-
This sound power is radiated with a beak formant describedible.

47 J. Acoust. Soc. Am., Vol. 105, No. 1, January 1999 N. H. Fletcher and A. Tarnopolsky: Avian vocal tract 47



ACKNOWLEDGMENTS sides in the neglect of beak surface curvature in the imme-
diate vicinity of the slits, this should not be a serious prob-
lem, but may introduce a systematic inaccuracy. Third, we

from the Australian Research Council. We are grateful tohave assumed that the slit is uniformly illuminated by an

Andrew Dombek for technical support and to Martin o . . .
: . . . acoustic signal, with no amplitude or phase difference along
Monteiro-Haig for assistance with some of the measure- oY " . .
its length; neither of these conditions is fulfilled at all accu-
ments. : N ; . .
rately in the real situation. Despite these inaccuracies, how-
ever, the results quoted above will be sufficient to guide us in
APPENDIX A: RADIATION ADMITTANCE OF A SLIT a semiquantitative manner through our analysis.
o o This result can be related to the effective end-correction
Determination of the radiation impedance at the opens (4 the s|it length provided by the radiation load through the
slots in the model beak is a complex problem. _For OUormal relation
present purposes, however, a very roughly approximate so-

lution is fortunately adequate, and this will now be outlined. 9

This work is part of a program supported by a grant

Provided the wavelength is long compared with the beak radn— jpwd’ (AS)
diameter, it is reasonable to model the right and left halves of , . .
. - .. . _which gives
the beak separately with each comprising a narrow slit in an
infinite reflecting plane. This approximation is valid because 6= —(g/m)In(kg/4). (AB)

the symmetry of the problem mandates that there is N%or bird beak geometries and song frequendiesis typi-
acoustic flow across the vertical symmetry plane. We car&a"y in the range 0.03-0.3, so that we expectge:®

then go further and model each slit as half of a narrow cir-_ 54 |, most cases it will be a reasonable approximation to
cular cylinder embedded in this plane, and the flow out of th%ake 5=g

slit as a corresponding radial dilation of the cylinder. We can We shall not concern ourselves with solving the case of

then reassemble the whole into a long circular cyImdera slit of finite length, but a qualitative remark is in order. The

V\;h(;sebradli(u.s dilatels at the signal(;‘reql;e?]nylf t(;"; Iefn%]th i factor 1/Inkg/4) in the radiation admittance, and hence the
of the beak Is very large compared with the width of the SItreciprocal of this in the end-correctiaf) derives essentially

(Qiameter of the cylinder then ,it i,S an adequate approxima- from the progressive change in propagation phase from dif-
tion to take thls_lengtr_l to_be infinite, and the problem thenferent parts of the slit to the region of interest. If the slit
becomes one W'th cylindrical symmetry. ., lengthL is large compared witlyg but short compared with
. The_ outgoing pressure wave g(_anerated by a cylindef,o"soyng wavelength, then kgf4) should be replaced by a
with radius varying at frequency is given by factor of order In¢/L), which thus eliminates the apparent
p(r)=Ae[Jo(kr)—jNg(kr)] divergence ofs at low frequencies.

~Ae 1~ (Kr%/4) +j(2/m)In(kr/2)], (Al)  APPENDIX B: SLOTTED DUCT EQUATIONS
whereJ andN are, respectively, Bessel and Neumann func-
tions, k=w/c, andA is a constantMorse, 1954 The sec-
ond form of writing is an appropriate approximationkf
<1. This pressure wave can, in turn, be related to the di
placement velocityu(r) through the equation

Here we derive briefly the two important resuli$) and
(16). In a network analog, electric potential takes the place of
acoustic pressure, electric current takes the place of acoustic
SVolume flow, and the duct becomes a transmission line. Sup-
pose this transmission line has series impedahper unit

Jdu ap length and shunt admittancé per unit length. Then, for a
P ot = ar (A2) current flowU, the change in voltagéressurgover a very
short lengthdx of line is
so that
dp=-2zZU dx (B1)
Al 2 kr) . o ) . ) )
u(ry~— —| —+j—= el (A3)  Similarly, if the pressure at the point considereg,ishen the
pc\ wkr 2 ! .
change in current over the lengtlx is

If the cylinder radius is and the radial velocity of its surface

is u(a), then the acoustic admittance per unit length of slit, dU=—Ypdx (B2
which is half the cylinder, is These two equations can be combined to give
v _ mau(a) (ma 1 Wka-i— i 9°p
radd @)=~~~ e kel T 2 tka ol V4P (B3)
(A4)
H H — + X — 12

and we can relate this to the beak gapey substitutingg/2 which has the so_lptlop ae Where_y_ (Y2)™. 1f both
for a. Y and Z are positive imaginary quantities, as they are, for

. . . _example, in a simple lossless acoustic duct, thenjk and
This result is inaccurate for several reasons. In the flrsE P P fren

place, the length of the beak is not infinite, so that we expecrhitiz?:gt\',a?hreﬁ;isee\r);slotcvi\;o waves traveling in opposite di-
the result given above to be inaccurate once the gape exceeds P y

about one-tenth of the beak length. A second inaccuracy re- v=w/k=w/(YZ)*2 (B4)
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We can find the characteristic impedance of an infinite relationship to sound characteristicsitoustic Communication in Birds,
line or duct by supposing that there is a small loss so that edited by D. E. Kroodsma and E. H. MilléAcademic, New York, Vol.

there is no reflected wave. Thers=ae™ ¥*, and from the first
equation above we find thatp=ZU, so that the impedance
of the infinite line, which is its characteristic impedance, is

Zo=p/U=2Z/y=(ZIY)*2 (B5)

APPENDIX C: UPPER VOCAL TRACT

Referring to the network of Fig. 18) and following the
procedures given in Fletchét992, we can write the equa-
tions for the beak as

p=2Z1U1—2Z1Uy,
0=—-2ZU1+(Zy+2Zg)Uy, (Cy

where the impedances; refer to a pipe of length/2 and
cross sectiordg, andZg=j p 6/2Sg is the radiation reactance
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