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ABSTRACT

Previous qualitative studies(Mooney [1], Benadd2], Hoekje[3])
con rm musicians'opinionsthatthevocaltract(VT) affectsboth
timbre and pitch. Johnston,Troup and Clinch [4] modelledthe
tractasa one peakresonatgrwhich, if tunedto the fundamental
fo of a clarinet, givesa playing frequeng of fo. But this result
dependaupontheir particulartractimpedanceZ, which is small
andreal at harmonicsof fg. In generalthe playing frequeng is
shifted.

We relatethe o w andthe pressurealifferenceat the reedby
theusualnonlinearBernoulli's equationin thetime domain,sim-
pli ed asathird orderpolynomial. In the frequeng domain,the
impedancesf the clarinetandthe vocaltractarein series.To ob-
tain an analyticalresultfor the frequeng shift, we expandabout
the thresholdoscillation. We comparethis resultwith numerical
resultsfrom the harmonicbalancemethod. Finally, impedance
spectrameasuredn an arti cial VT with a discretebut variable
areafunction are usedin this theoreticalstudy We suggesthat
tuningthevocaltractto fo mayberareandunnecessary

1. PHYSICAL MODELLING

The clarinetis modelledhereasa self-sustainedscillatorwith a
linearexciter (thereed)whichis couplednonlinearlyto two linear
resonatorsthe pipe andthe vocal tract. In previous studies,the
tractwasoftenignored. A sketchof the mouthpiecds showvn in
Figure[l which includesthe meaningof the physical quantities
used.In contrasto mostpreviousmodels herethemouthpressure
Pmouh IS Notconstanbut insteadhastime variation:

Pmotth = Pmo+ Pm(t) 1

wherePyy is the DC componen{usedalonewhenthe effects of
theVT areomitted),whichis assumedo bethe source and pm(t)
is theacousticcomponentassumegberiodic.

Figurel: Sthematicview of the systemwith dimensionlesghysi-
cal quantities
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1.1. Thereed

As thereedis not our maininterest,we will restrictdiscussiorto
the casewherethe playing frequeng is muchlower thanthat of
the reedresonanceand describethe reedas a simple spring, of
stiffnessk; so

key(t) = (p(t)

pm(t) Pmo)  (Dp  Pmo) )

1.2. The pipe

The pipe is usually characterizedy its input impedancewhich
describedts resonances High frequenciesare not importantin
our study so, for the modellingonly, our ‘clarinet’ is a cylinder,
whoselengthl is assumedo includeendeffectsfor radiationand
the volumevelocity dueto reeddisplacementandin which radi-
ationlossesarengylectedcomparedo visco-thermabnes. It has
neithertone holesnor bell (which are not importantto the oscil-
lation mechanism).Dispersionis aswell neglected. We indicate
thefrequeny domainby usingcapitallettersandwrite thedimen-
sionlessequation

P(w) = Zp(W)U (wW); ®3)
Thedimensionlesiputimpedancés givenby [5]:

itan(k) o)

S
K = —— iyh

Zp(w) =

where i (5)
fp

andwherey ' 1:3 for commonconditionsin air, f, = c=4l is the
rst resonancﬁﬁqueng of thepipe,andh is adimensionlestoss
parameterh = = |,I=r2 asderivedin ref.[6, Ch.6].

1.3. Thevocaltract

Thevocaltractis modelledasa (linear) impedanceZy, as'seen’
by the reed(seethe discussiorin a companiorpaper{7]). Flows
enteringthe mouthandthe instrumentarein oppositedirections,
So:

Pn(w) = Zn(w)U(w); (6)

Following Jonhstoret al [4], we approximatethe vocal tract
asa one peakresonatgran admittedlycrudephysical modelthat
ignoresanatomicatetails,which areasyetnotreally well known.
We notethat only the lowesttract resonancdalls in the rangein
which the instrumenthasstrongharmonicsunlessplayedloudly.
Further this allows usto examineJonhstoret al's propositionthat
coincidenceor non coincidenceof the VT resonancevith one of
theinstruments resonancenay beimportant.
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1.4. The nonlinear coupling

Assumingsomehypothesesin particularthatthe systemchanges
sufciently slowly for Bernoulli'slaw to bevalid andincludingthe
volume o w dueto the reeddisplacemenin the boreimpedance
of theboreasdescribedabore, theair o w atthereedis relatedto
the pressuraifferenceDp acrosst thus:

fory> H
fory H
Q)
whereS(t) = (H + y(t))w is the cross-sectionadreaof the open-
ing, determinedy thereedwidth w anddisplacemeny.
Denotingdimensionlespressureand o w with atilde, nondi-
mensionalisingrressureby dividing by thatwhich closeghereed,
Pv, impedanceby dividing by thecharacteristiempedanc®f the
boreZy, andde ning adimensionlessouthpressurey, we write:

P
- St) 2Dp Pwj=rsignDp Pm)
uw=

Dp= % and 0= % (8)
P
g= Py 9)

A dimensionles&mbouchure’parametecharacterizethemouth-
pieceandthe mouthposition:

S

z= ZowH (10)

2
I Pm
Substitutingdimensionlesguantitiesn equation(7) gives:

- L 9— -
G(Dp) = z(1+Dp 9 jg Dpjsigng Dp)  (11)

forDp> g 1andO otherwise.

Hereafter all parametersare dimensionlessand the tilde is
omitted. For smalloscillations,i.e. closeto the oscillationthresh-
old, the previous equationcanbe expandedasa third-orderpoly-
nomial:

u(Dp) = uge+ ADp+ BDp?+ CDp°; (12)
where
wo=2(1 9°g A= 23—3951?
a- 3L ST
8932’ 160>~

Solving the non linear systemcomposedf equationg3),(6)
and(12) is simpli ed by combiningthe rst two thus:

DP = (Zp+ Zm)U = ZU (14)

Theimpedance®f the pipe andof the VT arethusin series,and
Z = Zp+ Zmistheequivalentimpedance.

2. THEORETICAL INFLUENCE OF THE VT ON THE
PLAYING FREQUENCY

Kergomardet al. [5] shaved thatin the caseof the clarinet, the
variabletruncationmethodis a good approximationto calculate
the spectralenvelopeeasilyandanalytically In the rst iteration,
even harmonicsare ngglected. In the secondthey are calculated
from the odd harmonics. Higher harmonicsare presumechot to

in uence lower harmonicssoequationsanbetruncatedattheor-

derof theharmonicto becalculatedje theequationsaretruncated
atthe rst orderwhencalculatingthe rst harmonic. This solu-
tion is substitutednto the equationgruncatedat the third orderto

calculatethethird harmonicandsoon.

Here we use the sameanalytical technique,but with these
modi cations to the physical situation: the pressuredifference
acrossthe reedreplaceghe pressuran the mouth,andthe series
impedanceof clarinetand VT replacesthat of the clarinet. We
do not expectthatthe additionof the VT impedancen serieswill
stronglyaffecttheamplitudeof oddor evenharmonicof pressure
in themouthpieceunlessavocaltractresonancéescloseto ahar
monic. However, theVT impedanceanhave alargereffectonthe
pressuren themouth,especiallythe evenharmonicof the played
note,andthereforeonthepressurdaifferenceacrosghereed.This
in turn canaffect the playing frequeng. Hencewe do not neglect
evenharmonicsandthereasorfor thatis now explained.

Thevariabletruncationmethodis in particularusedto obtain
easilythe playing frequeng. Equation(12) truncatedo the rst
orderandequation(14) give indeedfor the rst harmonic:

Y1DP, = ADP; + 3CDP;jDPyj2 (15)

whereY = 1/Z is the admittanceof the seriescombination. This
gives
Y1 A
3C
ThisimpliesthatA(Y1) = 0 becausall othertermsof this equa-
tion arereal,andthusgivesthe playingfrequeng, calledwg. The
thresholdpressureas asgivenby A=Y 1(wgp) = A1p. For themost
simpli ed systemaharmonicpipefor the clarinet(no dispersion)
with no VT in uence, this implies of coursethatthe playing fre-
queng is equalto the rst resonancef the pipe. But if we now
addavocaltracttunedto the rst resonancef thepipe,we would
expectto obtainthe sameplaying frequeng. However, this result
is not repeatedor numericalsolutionsof lesssimpli ed versions
of the problem. Thesesolutionswere calculatedby the program
Harmbal developedby Farneret al. [8] which usesthe harmonic
balancemethod[9] andobtainsthe solutionfor N harmonicgrom
thesolutionfor N 1 harmonics.

To seehow introductionof the secondharmonicproducesa
frequeng shift, wewill truncateequation(12) to thesecondrder
The choiceof zeroin the time domainis arbitrary so for cornve-
niencewe chooseDP; to bereal. Thefollowing equationsarethen
to besolvedsimultaneously:

YDP, = ADP;+ 2BDP;DP,+ 3CDP} + 6CDPyjDP,j?
Y,DP, = ADP,+ BDP?+ 6CDPZDP,+ 6CDP2jDP,j2

For simplicity we have chosento usethe Small OscillationsAp-
proximation,usedby WormanfL0] andGrandetal. [11]. Nearthe
threshold DP, is a secondorderof DP; (Worman[10Q]) sowe can
neglectquadraticandhighertermsin DP; to obtain:

joPyj2 = (16)

Y1 A = 2BDP,+ 3CDP} a7
(Y2 ADP, = BDP? (18)
So
DP, = BOP{ 19)
Y, A
DP2 = (Y1 AlY2 A 20)

2B2+ 3C(Y, A
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Following the developmentof Grandetal [11] for conditions
closeto the threshold,we canwrite A= Ajg+ dA. Furthersup-
posingthat the playing frequeny remainscloseto wgp we write
w= wp+ dwandY1(w) = Ajp+ dAy(w). If dw  wp, thisgives

dA1(w) = Agp 2iQ3v—‘:)" , Where Q is the dimensionlesgjuality

factor of the impedancepeaknearwhich the oscillation occurs.
Y 2(Wp) is a priori complex so we write Y2(w) in the following
form:

Ya(w) = A(Azo) + IA(Azo) + dAz(w) (21)
with dAx(w) = O(d(w)), whichwe canneglectin rst approxima-
tion.

As the left handside of equation(20) is real, the imaginary
partof theright handsideis zero,which gives:

dw _ dA 282
wo  2A10Q 2B2R + 3C(R?+ I2)
withR = A(Azo) Ajpandl = A(Az()).

(22)

3. MEASUREMENTS

Measurementsf theVT impedanceveredoneby usingtheacous-
tic impedancespectrometedevelopedby Smithetal [12]. What
is new is the couplingof the VT to the spectrometeandthe use
of animpedancéneadmountednsidea clarinetmouthpiecgFig-

ure?2), thatcanbethencoupledto thetractof ahumanplayeror to

anarti cial vocaltract(VT) composedf discreteelements.The
arti cial tractis modelledonthe MRI dataof StoryandTitze [13]

(Figure3d).

from the sourc

acoustic attenuato)
clarinet mouthpiece

micfophone

Figure2: Sdhemeof the measuementhead

Astheimpedancdeadhasacrosssectiomapproximatelyequiv-
alentto the partof thereedwhichis insidethe players mouth,we
measuregheimpedancef theVT as“seen”by thereed.

The VT is coupledto a semi-in nite pipe which modelsthe
lungs,assumeahon-re ective. The glottis canbe chosenopenor
closed(20 or 6 mm diameter)asthis variesamongmusicianses-
peciallybetweerbeginnersandprofessionalsespectiely [14].

discs of different cross sections

Figure3: Sdhemeof thearti cial VT

Thediscreteelementractgiveswealerimpedanceeakshan
doesa continuousmodel,but they fall atnearlythe samefrequen-
cies.

4. RESULTS

For experiencedplayerswho usetheir vocal tract, the glottis is
nearlyclosed[14], which increasese ection at the glottis andso
enhanced/T resonancesWe thereforeconsideronly this case,
andusethe MRI dataof StoryandTitze [13] which wereobtained
in speechwherethe glottis is almostclosed. We presenthere,in
Figure4, theresultsfor two vowelscommonlycitedby mostof the
players:/ze/asin “had” for thelow registerand/i/ asin “heed” for
thehighregister This of courseds only anapproximationpecause
theembouchureonstrainghe player's jaw position.
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Figure4: Amplitudeof the VT impedanceor the vowels/ee/and
fil.

Theseresults(amplitudeandfrequeny of theresonancesjre
consistentith previous numericallysimulatedand experimental
results(Hoekje[3], SommerfeldandStrong[15]).

Thevowel /ee/hasrelatively weakresonancesoit shouldnot
affect muchthe soundof the clarinet. But the vowel /i/ presenta
high peak,at 753 Hz, so we canexpectanin uence on the pitch
aroundthis frequeng. Theimpedancés muchhigherbecaus¢he
tongueis in a high positionwhich reduceshe apertureinsidethe
mouth.

We considerseveral cases. In one case,the pipe frequeng
was varied over the range720-750Hz: ie on the low frequeng
side of the strongpeakin /i/. The playing frequeng variesneg-
ligibly for /ae/. For /i/, the playing frequeng is lessthanthat for
/ee/by anamountthatincreasesvith frequeng over this range:ie
it increasesasthe VT impedancencreasesAnothercaseuseda
pipe frequeng of 228 Hz, which lies in the middle betweenthe
impedancepeaksfor the rst resonancem the two vowels cho-
sen(Figured). At this frequeng, thevocaltractis inertive for the
vowel /i/ andcompliantfor /ee/. In both casesthe frequengy shift
is of order0:2%, andthe directionchangewith mouthpressure,
for reasonghat we do not yet understand.We also considerthe
casewherethe rst resonancdérequeng of the clarinetis 753 Hz
(approximatelythenoteG5), ie whenthepipefrequeng coincides
with thepeakin /i/. This caseis of interestbecausef theproposal
of formanttuning[4], andit is the onewhoseresultsareshavn in
Figureb.

As the impedancesre dimensionlessn our calculation,we
have to divide the impedanceof the VT by the impedanceof the
clarinet.We canmodelit by thegeneraformulaof theimpedance
of onepeakresonator:

Zm(f) = iZg (23)

2 Kk
ki K2+ig:
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whereZy is thedimensionlessharacteristiempedancek = 2p=f
andk; = 2pF;=c and Q; arerespectiely the frequeng andthe
quality factorof theresonanceFitting the modelto our measure-
mentgivesF, = 753Hz, Zy = 35andQ; = 6. We canthencal-
culatethe valuesof the differentparameter¢ Q = 14,R = 0:.056
andl = 0:567)andobtainthe shift in the playingfrequeng from
equation(22) (seeFigureb).

2

—— approximation
Harmbal

1.5]

0.5

frequency shift in %

0.35 0.355 0.36
gamma

Figure5: Frequencyshiftin percentin functionof the dimension-
lessmouthpressue, givenby the approximation(22) and by the
programHarmbal

Theresultsarecomparedo thoseof Harmbal Thedifference
is quiteacceptablesoourapproximationgive agoodideaof how
the playingfrequeng evolvesfor smallmouthpressures.

As well asanalysingthe effectsof vocaltractimpedancethe
Harmbaltechniquecanalsobeusedio analyseheeffectof chang-
ing reed parameters.This is interestingbecausefo changethe
pitch, clarinetistsmove boththetongueandthelower jaw. Lower
ing thejaw increasesheeffective lengthof thereed,decreasingts
chacteristidrequeng. The stiffnessandthe valueof H, asfunc-
tions of the force appliedto closethe reed(the 'jaw force'), were
measuredlirectly on a clarinetand reed. Using measured/al-
uesfor modestchange®f this jaw force,andinputtingthedepen-
dentdimensionlesparameterso the modeldescribedabove give
changesn playing frequeng of the sameorderasthosegivenin
Figure5 for theeffectof thevocaltract. Therelative importanceof
theseeffectsin playingremainspf coursea questiorto besettled
experimentally

5. CONCLUSION

The playing frequeng shift obtainedin the caseof a VT tuned
to the rst resonancdrequeng of the clarinetis interesting. If
playersdid tunetheir tract resonanceo coincidewith an instru-
mentresonancehe playing frequeng would shift. However, we
doubtthatthis is what playersdo. More importantly this simple
caseshovs a mechanismwherebythe playing frequeng canbe
changedy changego vocaltractgeometry Thisis importantbe-
causemusiciansclaim to do it, and model experimentson other
instrumentshaw it [7].

On atheoreticalpoint of view, further studywill be donein
orderto improve formula (22) by usingan extensionof the VTM
to t betterto the numericalresultsof Harmbal

In anotherhand,themodelreportechereneglectsseveralim-
portantphysical features.Measurementsf the impedanceof the
VT of musiciangmimingtheir playingembouchurevill becarried
outto try to analysein moredetailthe role of the tongueandthe
glottis. The discreteelementVT will now be usedin a blowing
machineto investigatethis shift experimentally
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