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"Amongtheartistichierarchythebirdsareprob-
ablythegreatesmusiciango inhabittheplanet”
Messiaen[l

ABSTRACT

Bird songsarefascinatingacousticohenomenaln this pa-
per, wefirst examinetheacoustianechanismsf soundpro-

ductionin birdsandcontrasthemwith theiranatomy Next,

we describethe simulationof a one-masssourcetogether
with a simpletransmissioriine modelfor a psittacinebird.

In concluding we discussuture areasfor research.

1. INTRODUCTION

Bird songshave providedinspirationto composerandlis-
tenersfor centuries.But the acousticmechanisnof sound
productionremainsa point of scientificcontention.In this
paper we study the mechanism®f soundproductionin

birdsandcompareandcontrastheiranatomyandtheirsounds

usingexistingacousticamodels.We implemented simple
model of a single tract bird with a modified humanvocal
source. In concluding,we will alsopoint out areasfor fu-
tureresearch.

2. PAST WORK

The formal study of the acousticsof bird songoriginated
with Green&valt[2]. Greenavalt proposedhesyrinx asthe
soundsourcein birds asopposedo the vocalfolds in hu-
mansand other primates. However, anatomyis destiry...
Differentavian familieshave differentvocaltracts. For ex-
ample,songbirds(Oscineshave two syrinxesbelor acom-
montracheaasshawn in figure 1. Psittacinespn the other
hand,resembleghe humanvocaltractby having asinglesy-
rinx, tracheaandtractasshavn in figure 2. The syrinx can
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Figurel: Oscinetractmodel
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Figure?2: Psittacingractmodel

belocatedeitherabove or below thetrachea.
Using the standardwaveguide physicalmodel[3, we
candivide the synthesigrobleminto four aspects:

1. Syrinx

The Syrinxis believedto bethe sourceof oscillation
in the avian vocaltract. It wasfirst studiedin detalil
by Casg andGaunt[4]. The exactacousticaffunc-
tioning of the syrinxremainscontroversialandis still
thesubjectof scientificinquiry.

2. Trachea

As statedabore, in Oscinestherearetwo syringeal
valves (four membranegotal) connectedria a com-
mon trachea. Becausethe oscillationscan interact,
we mustmodelthetracheaasa 3-portjunctionin this
case. Threeport junctions, for instance,were used
by Valimaki[5] to modeltoneholedn theflute. The
Psittacinesbeingsimpler usea modifiedhumanvo-
cal tractmodelwithout the 3-portjunction.

3. Tract

We cansimply modelthe tract asa smoothfriction-
lesstube.Of coursethisis asrealisticassimilarmod-
els of the humanvocaltractbut it suficesfor a first
cut. We considerthe tractto includethe larynx and
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thetongue. Thetractcanhave varyinglengthdueto
physicalmovementof the head[§.

4. Beak

Sincebirdsdonothavelips, we mustmodeltheopen-
ing of beaks. Simple modelsfor beakswere devel-
opedby Fletcher[]. In essenceéyeaksactin asimilar
mannerto horns[g: they exhibit a cutoff frequengy
that actsas a variable high passfilter. Beaksizeis
correlatedwith pitch[9] asone might expect. Beak
opening(gape)canchangehepitch by shorteninghe
vocaltractastheoral cavity becomedlared. It could
alsochangethevocaltractimpedancey closingthe
tube[q asthebeakcloses.

In this paperwe will examineeachoneof thesesynthe-
sis problemsone by one andfinally demonstratéow they
canbeinterconnectedo simulatethe soundof birds.

3. VOCAL SOURCE MODEL

Bird songhasbeena topic of investigationfor mary years
amongornithologists[1) andcomposersuchasMessiaen
(e.g.,Catalogue d’ Oisseaux). Butit wasGreengvalt[2] who
first proposedan acousticalmodel for soundproduction.
His work formsthebasisof subsequenvork ontheacous-
tics of theavian vocaltract.

3.1. Systemmodels

The systemmodelbegins at the lungsandthenfollows the
air flow from the syrinx forward. This canbe modelledin
thesamemanneiasthehumarnvocaltract[1]]. Greensvalt[2]
proposed simpleacousticaimodelof atime-varying con-
striction resultingin turbulent flow. Casg and Gaunt[4
proposedhreedifferentmodels: a vibrating membranea
vibratingstringandanaerodynamienodel. They concluded
thatthevibratingmembranenodelwasusefulfor harmonic
spectravhereaghe aerodynamienodelwasmoresuitedto
puretoneor noisyspectraFletcher[1 disputesanumberof
theseclaims.

3.2. Modeling the syrinx

Oneavenuefor vocal sourcemodelingis to take the exist-
ing humanmodelsand changethemto accommodatéhe
anatomyof birds. Themostcommorhumanmodelis Ishizaka
and Flanagars two massmodel[13. This was modified
by Mergell, et al.[13 for mammaliannon-humarsources.
Rodet[14 alsodemonstratethow oneandtwo massmod-
elscanbeusedassourcesn musicalinstruments.
Fletcher[1% developeda numericalmodelof the vocal
sourceof Ravensthattriesto duplicatesomeof the nonlin-
eareffectsseenduringlarge amplitudevibration. He noted

thatthesyrinx modelhe producedwvasincapableof produc-
ing whistledsong.Furtherstudiesby Fletcher[1$ examine
the generationof jet flow in a restrictedorifice. He also
mentionghepossibilityof “modelocking” betweerntwo vi-

bratingsyringeaimembrane$Thiswasmentioneckarlierin

thecontext of musicaloscillators[1T). Fletcher[1§ alsoex-

ploresthe concepif independent oscillatorsresultingfrom

vastly different oscillating frequencies. He suggestghat
suchoscillationsmight produce‘chaotic” calls.

An accuratalescriptiorshouldregardthesyringeamem-
braneas a 2-D distributed systemwith a infinite number
of resonantmodes,andmodelit usinga secondorderpar
tial differentialequation. However, this is far too detailed
for our purposesandFletcher[16 suggestshat muchsim-
pler modelsare ableto capturethe basicfeaturesof pres-
sure controlledvalves. The syrinx is thereforetreatedas
a lumped masssubjectto elasticrestoringforcesand in-
ternaldissipation.Nonlinearinteractionwith the airflow is
describedfollowing the Ishizakaand Flanagan[1R model
for the humanglottis. This is alsousedto modelcomplete
closureof the syrinx: during closurean additionalrestor
ing force is addedanddissipationis increased.It mustbe
stressedhat this also introducesa strong nonlinearityin
the system. During the whole closedphasethe syringeal
flow is zero, and consequentlyits spectrumis broadened
andhigherpartialsaregeneratedThe maindifferencewith
the Ishizakaand Flanagarmodelis thatthe syrinx is mod-
elledasa singlemasswhereasheir standarchumanvocal
fold modelis modelledastwo coupledmasses.

Furthermoreijt mustalsobe acknavledgedthatthe hu-
man vocal tract is a sourceof nonlinearinteraction; the
avian vocaltractno doubtalsoexhibits suchbehaior.

3.3. Tracheaand Tract models

Brittan-Pawvell, et al.[19 summarizethree different theo-
ries:

1. The syrinx is a multiphonicsourceandthe outputis
bandpasdiltered by the vocal tract— in essenceghe
syrinxandtractaredecoupled.

2. The syrinx andtract are acousticallydecoupledbut
they trackeachotherthroughneuro-coordination.

3. The syrinx andtractare coupleddirectly so thatthe
tractsuppressesarmonicgjenerateatthevocalsource.
This wasalsoproposedasa modelfor the coloratura
soprand20].

Fletcher[] analyzedthe Oscinetract modelshavn in
figure 1. Here,the lungsareconnectedo two differentsy-
ringeal membranes.Eachsyrinx is connectedo the tra-
chea. Thetracheamodelis connectedo the model,which
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hasa tongue. Finally, the beakis connectedo the mouth.
Fletchergivestheacousticaimpedanceas

B}y (B1 1 Toz + TiiToo — Th)

Z =Bu—

whereB;; denotegheimpedancef the bronchifrom ports
i andj andT denoteghe impedanceof the tracheafrom
portsi andj. B' denoteghe secondbrochus.Amongthe
simplificationsmadehereis the assumptiorthat the walls
are smoothandfrictionless. Fletcherclaimsthat suchan
adjustmenteadsto a differenceof “only” 10%,thereforeit
is neglectedin his results.Note thatif the secondoronchus
is closed,.e., thesinglebronchuscasethenB;; = oo.
Assumingtheimpedanceof tracheaandbronchicanbe
modeledwith tubes thenthe classicalapproximation[8is:

Z11 = Zss = —jZptankl (2
Z12 = Z21 = —_]ZB csc kl (3)

whereZp = &, k is the wavenumber? + ja, w is the
well known angularfrequeng 2 f, S is the crosssectional
area,and f is the frequeng in Hertz. « is the attenuation
constan® x 1075,

3.4. Mouth and Beak model

Fletcher[] alsopresentsnodelsof boththe mouthandthe

beak.Themouthcanbemodeledn muchthe samemanner
asthe humanmouth, with the exceptionthat the tongueis

(of course)lessflexible thanthe humanequialent. A sim-

ple modelis asa shortpieceof pipe with a time varying

crosssectionalarea. Fletchergivesthe inputimpedanceas
follows:

Tiy(Mas + K)
(Toz + My + L)(Mag + K) — M7,
whereM denotegheimpedanceof the mouth, K denotes

the beakinput impedanceand L denoteghe impedanceof
thelarynx.

Z =Ty — (4)

Fletchemprovidedtwo modelsof thebeak:firsthepresents

asimpleslottedcylindrical modelandthenaconicalmodel.
His final beakmodelis:

. ké csc? k8

K(f,9) = jZp[-cot - + )

2 cot (k) - K

and g is the beak opening(gape)and the end correction
d(f,9) ~0.051+ 1075 f1?/g.

4. COMPUTER SIMULATION

The acousticwaveguide modelis asshawn in figure 3. As
shawvn in figure 3, the vocal sourceproducesa forward go-
ing pressurevave. Thereturnfrom thetractis the negative
goingwave shovn onthe bottom.

B}, (ByTpy 4+ T11Toy — T) + Bn(TnTzz(l—) T%)

Bronchus
Waveguide
Bronchus
Waveguide

Bronchus
Waveguide

Trachea
Waveguide Filter
3-port
Junction
Trachea Low Pass
Waveguide Filter

Figure3: Waveguideimplementation
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4.1. Glottal source(syrinx)

The syrinx is modelledaccordingto the discussionin sec-
tion 3.2. Thevaluesfor the massesomefrom the paperby
Fletcher[1% althoughhedoesnotgivethemassof themem-
braneor springconstantlirectly. Thereforeve computethe
membranesolume,assuminghatthe membranalensityis
approximatelyl 000 Kg/m® (asin Titze[21] for vocalfolds),
andfind the massm. Next, we choosethe springconstant
k suchthattheresonancdrequeny 2r fo = \/k/m of the
syrinx matchesa desiredvalue. In our simulations,k is a
time-varyingcontrol parametersothatthe pitch of thetone
canbe adjustedover time. The discretizationtechniqueis
basednthebilineartransformatiorandthe K-method[22]
is usedfor dealingwith non-linearitiedn the system.

4.2. Transmissionlines

After the source we modelthe tracheaandbronchii. Since
anatomyplayssuchacritical partin the simulation thevar
ious parametergall in mm) canchangetremendously? is
thelengthandr is theradiusof thetube.

parameter | oil bird raven budgie
lirachea | 100 70 50
Ttrachea 2.5 3.5 2
lbronchus 10 0 0
"bronchus | 1-° 0 0
lbronchug 15 0 0
"bronchus | 1-° 0 0
lbeak 20 20 10

Note thatfor the raven,the bronchiarezero;thisis be-
causeheravenhasa singlesyrinx andsowe canplacethe
bronchuson the measurementf the trachea. The trans-
missionlines shouldbe implementedwith fractionaldelay
lines[q, particularlyif thelengthof thetransmissiodine is
to be madevariable. All of the transmissiorlines are as-
sumedosslessbut couldbe madelossy[23].

The3-portjunctionis alsolosslessywhich malkesit very
easyto implement.
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4.3. Reflectancefilters

Finally, the beakis implementedastwo 5th order Butter
worth filters, onefor the highpassandonefor the lowpass.
The pole trajectoryfor thefilters shouldfollow the nonlin-
ear path of the beakcutoff asdiscussedy Fletcher(and
seenin equatiorb)

4.4. Simulation

Figure 4 shows the output of the syrinx simulation. The

normalized displ. and flow

— - syrinx displ.
— airflow
N o

0091 0092 0093 0094 0095 0096 0097
time [s]

\ /
S

Figure4: Syrinx output

outputof the syrinx is usedastheinput to thetransmission
line. Thetransmissiodine of abird is small, for example,

a 20 mmtubewill beonly 2.56 samplesat 44100 Hz. The

low passfilter outputis fed backto the syrinx model. The

final outputafterthe beakhigh pasdfilter is shavn in figure

5. An individual periodoutputis showvn in figure 6.

rad. pressure [Pa]
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Figure5: Pressur@utput

5. CONCLUSION

It mustbe acknavledgedthat in the absenceof scientific
certainty it is adventurougo implementanavianvocaltract

rad. pressure [Pa]

0.091 0.092 0.093 0.094 0.095 0.096 0.097
time [s]

Figure6: Zoominto pressureutput

model. However, sincewe areinterestedn the soundsand
not the scientifictruth, this makesit easier Therearemary

directionsfor future work, including mode-lockingof mul-

tiple syrinxes, the introductionof aerodynamianodelsfor

thethreeportjunction,lossytransmissiodines andtongue
models.
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