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”Amongtheartistichierarchy, thebirdsareprob-
ablythegreatestmusiciansto inhabittheplanet”
Messiaen[1]

ABSTRACT

Bird songsarefascinatingacousticphenomena.In this pa-
per, wefirst examinetheacousticmechanismsof soundpro-
ductionin birdsandcontrastthemwith theiranatomy. Next,
we describethe simulationof a one-masssourcetogether
with a simpletransmissionline modelfor a psittacinebird.
In concluding,we discussfutureareasfor research.

1. INTRODUCTION

Bird songshave providedinspirationto composersandlis-
tenersfor centuries.But theacousticmechanismof sound
productionremainsa point of scientificcontention.In this
paper, we study the mechanismsof soundproductionin
birdsandcompareandcontrasttheiranatomyandtheirsounds
usingexistingacousticalmodels.Weimplementedasimple
modelof a single tract bird with a modifiedhumanvocal
source.In concluding,we will alsopoint out areasfor fu-
tureresearch.

2. PAST WORK

The formal study of the acousticsof bird songoriginated
with Greenewalt[2]. Greenewalt proposedthesyrinx asthe
soundsourcein birds asopposedto the vocal folds in hu-
mansand other primates. However, anatomyis destiny...
Dif ferentavian familieshave differentvocal tracts.For ex-
ample,songbirds(Oscines)havetwo syrinxesbelow acom-
montracheaasshown in figure1. Psittacines,on theother
hand,resemblethehumanvocaltractby having asinglesy-
rinx, tracheaandtractasshown in figure2. Thesyrinx can
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belocatedeitheraboveor below thetrachea.
Using the standardwaveguide physicalmodel[3], we

candivide thesynthesisprobleminto four aspects:

1. Syrinx

TheSyrinx is believedto bethesourceof oscillation
in the avian vocal tract. It wasfirst studiedin detail
by Casey andGaunt[4]. The exact acousticalfunc-
tioningof thesyrinx remainscontroversialandis still
thesubjectof scientificinquiry.

2. Trachea

As statedabove, in Oscines,therearetwo syringeal
valves(four membranestotal) connectedvia a com-
mon trachea. Becausethe oscillationscan interact,
wemustmodelthetracheaasa3-portjunctionin this
case. Threeport junctions,for instance,were used
by Välimäki[5] to modeltoneholesin the flute. The
Psittacines,beingsimpler, usea modifiedhumanvo-
cal tractmodelwithout the3-portjunction.

3. Tract

We cansimply modelthe tract asa smoothfriction-
lesstube.Of course,thisis asrealisticassimilarmod-
els of the humanvocal tract but it sufficesfor a first
cut. We considerthe tract to includethe larynx and
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the tongue.Thetractcanhave varyinglengthdueto
physicalmovementof thehead[6].

4. Beak

Sincebirdsdonothavelips,wemustmodeltheopen-
ing of beaks. Simplemodelsfor beaksweredevel-
opedby Fletcher[7]. In essence,beaksactin asimilar
mannerto horns[8]: they exhibit a cutoff frequency
that actsasa variablehigh passfilter. Beaksize is
correlatedwith pitch[9] asonemight expect. Beak
opening(gape)canchangethepitchby shorteningthe
vocaltractastheoral cavity becomesflared.It could
alsochangethevocal tract impedanceby closingthe
tube[6] asthebeakcloses.

In thispaper, wewill examineeachoneof thesesynthe-
sis problemsoneby oneandfinally demonstratehow they
canbeinterconnectedto simulatethesoundsof birds.

3. VOCAL SOURCE MODEL

Bird songhasbeena topic of investigationfor many years
amongornithologists[10] andcomposerssuchasMessiaen
(e.g.,Catalogue d’Oisseaux). But it wasGreenewalt[2] who
first proposedan acousticalmodel for soundproduction.
His work formsthebasisof subsequentwork on theacous-
ticsof theavian vocaltract.

3.1. Systemmodels

Thesystemmodelbeginsat the lungsandthenfollows the
air flow from the syrinx forward. This canbe modelledin
thesamemannerasthehumanvocaltract[11]. Greenewalt[2]
proposeda simpleacousticalmodelof a time-varyingcon-
striction resulting in turbulent flow. Casey and Gaunt[4]
proposedthreedifferentmodels: a vibrating membrane,a
vibratingstringandanaerodynamicmodel.They concluded
thatthevibratingmembranemodelwasusefulfor harmonic
spectrawhereastheaerodynamicmodelwasmoresuitedto
puretoneor noisyspectra.Fletcher[7] disputesanumberof
theseclaims.

3.2. Modeling the syrinx

Oneavenuefor vocalsourcemodelingis to take the exist-
ing humanmodelsand changethem to accommodatethe
anatomyof birds.Themostcommonhumanmodelis Ishizaka
and Flanagan’s two massmodel[12]. This was modified
by Mergell, et al.[13] for mammaliannon-humansources.
Rodet[14] alsodemonstratedhow oneandtwo massmod-
elscanbeusedassourcesin musicalinstruments.

Fletcher[15] developeda numericalmodelof thevocal
sourceof Ravensthat triesto duplicatesomeof thenonlin-
eareffectsseenduringlargeamplitudevibration. He noted

thatthesyrinxmodelheproducedwasincapableof produc-
ing whistledsong.Furtherstudiesby Fletcher[16] examine
the generationof jet flow in a restrictedorifice. He also
mentionsthepossibilityof “modelocking” betweentwo vi-
bratingsyringealmembranes(Thiswasmentionedearlierin
thecontext of musicaloscillators[17]). Fletcher[18] alsoex-
plorestheconceptof independent oscillatorsresultingfrom
vastly different oscillating frequencies. He suggeststhat
suchoscillationsmight produce“chaotic” calls.

An accuratedescriptionshouldregardthesyringealmem-
braneas a 2-D distributed systemwith a infinite number
of resonantmodes,andmodelit usinga secondorderpar-
tial differentialequation.However, this is far too detailed
for our purposes,andFletcher[16] suggeststhatmuchsim-
pler modelsareable to capturethe basicfeaturesof pres-
surecontrolledvalves. The syrinx is thereforetreatedas
a lumpedmasssubjectto elastic restoringforcesand in-
ternaldissipation.Nonlinearinteractionwith theairflow is
describedfollowing the Ishizakaand Flanagan[12] model
for thehumanglottis. This is alsousedto modelcomplete
closureof the syrinx: during closurean additionalrestor-
ing force is addedanddissipationis increased.It mustbe
stressedthat this also introducesa strongnonlinearity in
the system. During the whole closedphasethe syringeal
flow is zero, and consequentlyits spectrumis broadened
andhigherpartialsaregenerated.Themaindifferencewith
the IshizakaandFlanaganmodelis that thesyrinx is mod-
elledasa singlemass,whereastheir standardhumanvocal
fold modelis modelledastwo coupledmasses.

Furthermore,it mustalsobeacknowledgedthat thehu-
man vocal tract is a sourceof nonlinearinteraction; the
avian vocaltractnodoubtalsoexhibitssuchbehavior.

3.3. Tracheaand Tract models

Brittan-Powell, et al.[19] summarizethreedifferent theo-
ries:

1. The syrinx is a multiphonicsourceandthe outputis
bandpassfiltered by the vocal tract – in essencethe
syrinxandtractaredecoupled.

2. The syrinx andtract areacousticallydecoupled,but
they trackeachotherthroughneuro-coordination.

3. The syrinx andtract arecoupleddirectly so that the
tractsuppressesharmonicsgeneratedatthevocalsource.
This wasalsoproposedasa modelfor thecoloratura
soprano[20].

Fletcher[7] analyzedthe Oscinetract model shown in
figure1. Here,the lungsareconnectedto two differentsy-
ringeal membranes.Eachsyrinx is connectedto the tra-
chea.The tracheamodelis connectedto themodel,which
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hasa tongue.Finally, the beakis connectedto the mouth.
Fletchergivestheacousticalimpedanceas
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where
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denotestheimpedanceof thebronchifrom ports�
and � and

�
denotesthe impedanceof the tracheafrom

ports
�

and � . ��� denotesthe secondbrochus.Among the
simplificationsmadehereis the assumptionthat the walls
are smoothand frictionless. Fletcherclaims that suchan
adjustmentleadsto a differenceof “only” 10%,thereforeit
is neglectedin his results.Notethatif thesecondbronchus
is closed,i.e., thesinglebronchuscase,then

� ��� ���
.

Assumingtheimpedanceof tracheaandbronchicanbe
modeledwith tubes,thentheclassicalapproximation[8] is:

����� �!� ��� �"	 � �$#&%('*),+.- (2)
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where
�4#5�7698: ,

+
is the wavenumber ; 8 � �=< , > is the

well known angularfrequency ?
@BA , C is thecrosssectional
area,and A is the frequency in Hertz. < is the attenuation
constant?EDGF�HJILK .

3.4. Mouth and Beakmodel

Fletcher[7] alsopresentsmodelsof both themouthandthe
beak.Themouthcanbemodeledin muchthesamemanner
asthe humanmouth,with the exceptionthat the tongueis
(of course)lessflexible thanthehumanequivalent.A sim-
ple model is asa short pieceof pipe with a time varying
crosssectionalarea.Fletchergivesthe input impedanceas
follows:

��� � ��� 	 � �� � 
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where M denotesthe impedanceof the mouth, P denotes
thebeakinput impedanceand R denotesthe impedanceof
thelarynx.

Fletcherprovidedtwo modelsof thebeak:firsthepresents
asimpleslottedcylindrical modelandthenaconicalmodel.
His final beakmodelis:

P 
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and W is the beakopening(gape)and the end correctionb] 
 ALVXW �4c HJd Hfe - � F�HJILKOA -g�ih W .

4. COMPUTER SIMULA TION

Theacousticwaveguidemodelis asshown in figure3. As
shown in figure3, thevocalsourceproducesa forwardgo-
ing pressurewave. Thereturnfrom thetract is thenegative
goingwaveshown on thebottom.
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Figure3: Waveguideimplementation

4.1. Glottal source(syrinx)

The syrinx is modelledaccordingto the discussionin sec-
tion 3.2.Thevaluesfor themassescomefrom thepaperby
Fletcher[15] althoughhedoesnotgivethemassof themem-
braneor springconstantdirectly. Thereforewecomputethe
membranevolume,assumingthat themembranedensityis
approximatelyF�H�HfH Kg/mj (asin Titze[21] for vocalfolds),
andfind the massk . Next, we choosethespringconstant+

suchthat theresonancefrequency ?
@BA
l �nm +oh k of the
syrinx matchesa desiredvalue. In our simulations,

+
is a

time-varyingcontrolparameter, sothatthepitchof thetone
canbe adjustedover time. The discretizationtechniqueis
basedon thebilineartransformationandtheK-method[22]
is usedfor dealingwith non-linearitiesin thesystem.

4.2. Transmissionlines

After thesource,we modelthetracheaandbronchii. Since
anatomyplayssuchacritical partin thesimulation,thevar-
iousparameters(all in mm) canchangetremendously:

-
is

thelengthand p is theradiusof thetube.

parameter oil bird raven budgie-
trachea 100 70 50
p trachea 2.5 3.5 2-
bronchusq 10 0 0
p bronchusq 1.5 0 0-
bronchusr 15 0 0
p bronchusr 1.5 0 0-
beak 20 20 10

Notethat for theraven,thebronchiarezero;this is be-
causetheravenhasa singlesyrinx andsowe canplacethe
bronchuson the measurementof the trachea. The trans-
missionlines shouldbe implementedwith fractionaldelay
lines[5], particularlyif thelengthof thetransmissionline is
to be madevariable. All of the transmissionlines areas-
sumedlossless,but couldbemadelossy[23].

The3-portjunctionis alsolossless,whichmakesit very
easyto implement.
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4.3. Reflectancefilters

Finally, the beakis implementedas two 5th orderButter-
worth filters, onefor thehighpassandonefor the lowpass.
Thepole trajectoryfor thefilters shouldfollow thenonlin-
ear path of the beakcutoff as discussedby Fletcher(and
seenin equation5)

4.4. Simulation

Figure 4 shows the output of the syrinx simulation. The
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Figure4: Syrinxoutput

outputof thesyrinx is usedastheinput to thetransmission
line. The transmissionline of a bird is small, for example,
a ?*H mm tubewill beonly ?Jd e�s samplesat t�tuF�H�H Hz. The
low passfilter outputis fed backto the syrinx model. The
final outputafterthebeakhighpassfilter is shown in figure
5. An individualperiodoutputis shown in figure6.
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Figure5: Pressureoutput

5. CONCLUSION

It must be acknowledgedthat in the absenceof scientific
certainty, it is adventurousto implementanavianvocaltract
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Figure6: Zoominto pressureoutput

model. However, sincewe areinterestedin thesoundsand
not thescientifictruth, this makesit easier. Therearemany
directionsfor futurework, includingmode-lockingof mul-
tiple syrinxes,the introductionof aerodynamicmodelsfor
thethreeport junction,lossytransmissionlinesandtongue
models.
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