How do clarinet players adjust the resonances of their vocal
tracts for different playing effects?
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In a simple model, the reed of the clarinet is mechanically loaded by the series combination of the
acoustical impedances of the instrument itself and of the player’s airway. Here we measure the
complex impedance spectrum of players’ airways using an impedance head adapted to fit inside a
clarinet mouthpiece. A direct current shunt with high acoustical resistance allows players to blow
normally, so the players can simulate the tract condition under playing conditions. The
reproducibility of the results suggest that the players’ “muscle memory” is reliable for this task.
Most players use a single, highly stable vocal tract configuration over most of the playing range,
except for the altissimo register. However, this “normal” configuration varies substantially among
musicians. All musicians change the configuration, often drastically for “special effects” such as
glissandi and slurs: the tongue is lowered and the impedance magnitude reduced when the player
intends to lower the pitch or to slur downwards, and vice vers®2005 Acoustical Society of
America.[DOI: 10.1121/1.2041287

PACS numbes): 43.75.Pq, 43.75.Yy, 43.75.St, 43.58.BNHF] Pages: 3306-3315

I. INTRODUCTION relatively weak resonances, because it is terminated with the
- 1 .3 high losses in the lungs and lower airways. In contrast, an
4Ac_ousté0|ans(3a_ckus, Benadé, Hoekje; thnsonet almost closed glottis provides a high coefficient of reflection
al.,” Wilson’) are divided over the extent of the influence of . .
A . . ; . for acoustic waves at all but the lowest frequencies, and so
the respiratory tract in playing reed instruments, of which the : L
. . . -would be expected to give strong resonances, similar to those
clarinet is the most studied example. The reed and the air; T :
L ; . ; that give rise to formants in speech. For that reason, we shall
flow past it interact with acoustical waves in the bore of the ,
. . . , . refer hereafter to the player’s vocal tract as the resonator that
instrument and with waves in the player’s tract. A simple.
o is controlled by the player.
argument shows that the acoustical impedances of these are .
Impedance measurements have been made previously

approximately in series.The cross section of the clarinet r(_BenadeZ, Backus! Hoekje? and Wilsor§) but are not fully

bore is rather smaller than that of the tract, so its characteex loitable or anolicable due to the fact that thev either were
istic impedance is higher. Further, the resonances in the in: P PP y

strument have a high value of quality factor, so the peaks ilﬁ)herformedd 1inde|r cond_ltlotns tha; do tﬂoi t(;loselly Iiejenr]]ble
impedance have high value and, to first order, usually detel.t- 0se used o piay an instrument, or that they lacked phase
mine the playing regime of the bore-reed-tract systddey- information, or contained high levels of background noise.

ertheless, the effects of the impedance spectrum of the VOCMoreover, they were made n most cases on only one sub-
tract, even if smaller than those of the clarinet, may be imJect. The measurement conditions should reproduce, as much

portant, because musicians are often interested in subtle dS possible, the playing condition, so that the player can

fects. For instance, a 1% change in frequency could be gutomaticglly adopt thg tract configurations used in playing
large mistuning for a musician, and subtle changes in thélnder particular conditions. For example, Berfaseasured

spectral envelope may be important in controlling timbre andhe impedance of a clarinettist's tract by inserting into the

musical expression. Most researchers agree that the effectﬁ’éayer_’s mouth a pipe _con_taining_ the acoustical source a_md
small but important—even if they do not necessarily agreéhe microphone. The pipe inner diameter was 20 mm, which

about how the vocal tract affects the sound production—forces the player to open the mouth considerably more than

except for Backus who considers that the player’s tract has 3¢ Would \3/vhen playing a clarinet. This problem was solved
negligible influence on the instrument tone. by Hoekje; who used a similar arrangement, with the excep-

Strictly speaking, it is the impedance of the entire air-tion that he reduced the size of the part which goes into the

way of the player, from mouth to lungs, that loads the reed offusician’s mouth. Overall, Hoekje measured somewhat low
lips and that drives the air flow past them. However, Mikai Values of the impedandenaxima about 8 MPa s™), there- _
reported that experienced players of wind instruments keeff"® Much smaller than the maxima measured for the clarinet
the glottis (the aperture between the vocal foldsimost ~ USing most fingeringéwolfe et al, Backus). This may be
closed when playing. This is very important to the possibleeXF"a'ned by the fact the player could not breathe into the

influence of the tract: with an open glottis, the airway has@pPparatus, nor was the glottis aperture monitored. It is likely,
therefore, that the subject may have relaxed the glottis, and

thus reduced the magnitude of the airway resonances, as dis-
dCurrent address: LIMSI-CNRS, BP 133, 91403 Orsay, France; electroni€ussed ear!'er- This is the case too W'th Back]umasure-
mail: claudia.fritz@ens-lyon.org ments which only give a maximum magnitude of
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5 MPas m®. That would explain as well why he reported to sound source
that the values he obtained could not be consistently repro-
duced, as a musician cannot be consistent with his glottis if
he cannot blow. Moreover, all these studies only give the
amplitude of the impedance but not the phase. Wisoea-
sured the complex impedance in a situation in which a clari-
nettist could mime playing while exhaling, in order, to her
opinion, to keep the glottis opgin contrast with the images FiG. 2. Cross section of the clarinet mouthpiece containing the impedance
in Mukai's work’). These measurements were made with zhead and a lossy shunt.
chirp of % s duration, and so have a relatively high noise
c_omponent. The performers were three professional cIariner this type into the clarinet mouthpiece so that it can mea-
tists and two advanced amateurs. She was also able to obtaifjre the impedance that loads the clarinet reed without dis-
values for the impedance during playing at the frequencies %rbing the player.
the harmonics of the note played. These are interesting val- 5 range of impedance heads afaylindrical) reference
ues but, because they are widely spaced in frequency, thgayequides are available. For this experiment, we chose to
give little information about the tract configuration and few ,ce one with diameter 7.8 mm, because it yields a cross-
data for numerical simulations. There may have been probsectional area comparable with that of the effective surface
Igms In consistency, because the two methods did not alwayge, of the reed protruding past the lower lip inside the
give similar results. ) _ mouth. Such an impedance head was mounted inside a modi-
It has not yet prqved possible to mak.e accur.ate impedfieq clarinet mouthpiece as shown in Fig. 2. The angle is
ance measurements in the vocal tract during playing becaugg,osen so that the head passes through the upper surface of
of the very high sound levels produced by the refthe  {he mouthpiece just beyond the point where the player’s
acoustic current produced in the tract by the reed is cOMPageth rest and meets the lower surface at the position of the
rable with that produced in the clarinet, so peak pressurg,aq tip. The end of the attenuaidine current sourdeand a
levels are high.Consequently, it is still necessary to measuregy o) microphonéCountryman CAI-B6 miniature B6, diam-
cIarinettist miming playing. In our measyrements reporte%ter 2 mm positioned =9 mm from the end of the head, and
here, a direct current shunt was placed in parallel with thene impedance at the end is calculated using the transfer ma-
impedance head, to allow the players to blow normally, angyix for a cylindrical waveguide.
SO tp adopt a tract configuration approaching that used for g angle produces an elliptical area at the end of the
playing. _ _ measurement head. For calibration, this was simply sealed
~ Our measurements were done on professional clarinel, the circular area of the reference waveguide, with the
tists ar_1d advanc_ed students. They were as_ked to play notegnters aligned. Several other geometries were also tried: one
on their own clarinet, set up for normal playing, and then to,seq 4 bent waveguide between the measurement plane and
mime playing on the instrument containing the impedancgne reference plane. Another used straight tubes as here, but
head. Notes over the range of the instrument were choSefhe extra volume at the ends of the ellipse were filled with
and players were asked to play and to mime a range of conyadeling compound. To estimate the effect of the disconti-
Q|t|ons requiring different embouchures to adjust the intonay,jities thus produced, the impedance was measured for a
tion or register, or to produce other effects. range of waveguides with simple, known geomettiggin-
drical pipes of different diameters and lengtHer which the
impedance is known from other measurements to agree well
Il. MATERIALS AND METHODS with theory. The most successful fits were obtained from the
A. The impedance spectrometer geometry shown: the simple straight impedance head with
he open elliptical end. For pipes of same diameter as the
ead, the comparison between the measurement gives an er-
ror of 1% in frequency and up to 20% in amplitude at high

microphone

lossy shunt

The setup is based on the impedance spectrometer d
veloped previousl§7? which uses a source of acoustic current
produced from an output with high acoustic impedaftsse fr 0
Fig. 1) and which is calibrated using an acoustically infinite equency.

. . - A The mouthpiece was sealed with epoxy so that the mea-
waveguide as the reference impedance. This reference is a . \

. S . . L surement head is connected only to the player’s tract and not
straight, cylindrical stainless steel pipe, 7.8 mm in dlameteEO the clarinet. In anv case. the position of the head. which
and 42 m long, so that echos, in the frequency range of in- ’ Y ' P '
hould measure the impedance in the plane of the reed near
terest, return attenuated by about 80 dB or more. SeveraIt

compromises were made to incorporate an impedance hedd tip, prohibits the installation of a r.eed. Preliminary experi-
ments showed however that musicians could reproduce em-

bouchures that had very similar acoustic impedance spectra.
impedance This suggested that they have a high developed sensory or
megsured muscle memory and can mime easily a configuration that

pedance they use regularly. This is not surprising: it is presumably

etshing forn  Samater what they must do normally before playing in order to have

FIG. 1. A schematic of the impedance spectrometer using the capillar)me desired pitch and timbre from the beginning of their f_lr_St
method. note. However, players are not usually aware of the position
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of the vocal folds and the glottis and so, if they are notprecision in frequency. The frequency resolution was set at

blowing air, they may close them or relax them. For that5.4 Hz. The measurement time was set at 1@wept for

reason, a shunt with a dc impedance, judged by a clarinettistome unusual embouchuyess it is tiring and hard for a

to be comparable with that of a clarinet under normal playingnusician to hold a constant embouchure longer.

conditions, was introduced to allow subjects to blow nor-

mally. A small pipe(40 mm long and 3 mm diamejewas

positioned to provide a shunt or leak from the mouth to the . RESULTS

outside air. Its short length ensured that resonances and alrh-'

tiresonances fell beyond the frequency range of interest and. The survey

measurement, its diameter ensures that its characteristic im- L
. : . Except from one amateur player, all the participating

pedance is between 10 and 100 times larger than the maxima .. . : .

: . . AR musicians consider that their vocal tract has a very important

in the vocal tract impedance with which it is in parallel, and . . . .

. : . . . - influence on the timbre. Regarding the pitch, four of them

it was filled with acoustic wool which makes the impedance

e . ink that the vocal tract is important wher he thirteen
largely resistive, reduces the turbulent noise due to flow, anHﬁI that the vocal tract Is important whereas the thirtee

: . . ?thers regard it as very important.
provides a dc resistance comparable to that of a real clarinet. e :
For more specific details, we shall only quote here the

To prevent water condensation in the measurement ap- . - . .
. A - musicians who were the most able to describe their own
paratus, a low voltage electrical circuit was used to raise the ..~ " ; .
. R Gtilization of the vocal tract. We shall retain their own vo-
temperature of the impedance head to 40 °C. . S
cabulary, which often corresponds to mental and musical im-
ages. Some of the subjects, with busy schedules as perform-
ing musicians, had done no teaching for many years and

were therefore not in the habit of describing what they do
Seventeen players took part in the experiment and theiyith the mouth.
musical level varied between advanced student and profes- player B, a very experienced music teacher, reported
sional. They first answered a survey about their musicahaving reflected at depth on what she does in order to explain
backgrounds and their opinions about the influence of the to her pupils. She changes the vocal tract shape for:
vocal tract when playing. Throughout all measurement ses- o o ) )
sions, a digital audio tape recorder was used to record play) Note bending(i.e., adjusting the pitch using the mouth,

ers comments and played sounds. The microphone was po- 'ather than keys on the instrumgnt , .
sitioned 10 cm from the bell. (2) changing tonal colors to give character to interpretations.
For measurements, each player was asked first to play a For that_effect, she especially uses two configurations. In
note mezzo forteon his/her own clarinet, and then to mime €. which she names for the vowel in *hee,” she reports
playing the same note on the modified clarinet. The notes, ~that she has the back and middle tongue in a high posi-
selected after discussion with clarinettists, waveitten) G3, tion, increased lip tension, the soft palate is lowered and
G4, G5, and G6. G3 is close to the lower end of the instru- (e throat somewhat closed. This embouchure she uses
ment range and uses almost the full length of the nearly ~2and recommends for brightening the sound. In another
cylindrical part of the bore. It is a good example of a note in ~ Named for the vowel in *haw,” she reports a high soft
the chalumeau register. G4 uses the fundamental mode of a Palate, the back of the tongue lowered and the throat
relatively short section of the bore: it is an example of anote ~ MOre open. This she recommends and uses for darkening
in the throat register. G5 uses the speaker or primary register 1€ timbre; o
key and the second resonance of a medium length tube: it f§) for changing articulation: the tongue has to be as close as
an example of the clarion register. G6 uses two open register Possible to the tip of the reed to have a light articulation.
holes and is an example of a note in the altissimo register. ~ S° the “hee” configuration is usually more appropriate
The subjects then played and mimed some unusual em- than the “haw” one.

_bouchure§: some Pecu“?‘f configurat_ions suc_h as pitch ben?—ier tongue touches the lower lip but not usually the lower
ng (Iowerlng the pitch without changing the f|nger)mglgr- teeth. The tongue can actually touch the lip/teeth in low or
fing a _reglster change and embouchur_e_s of their OWILarion register but not in altissimo register. It is in general
suggestion used for different playing conditions. They Were sween 1 and 2 mm away from the teeth

also asked to mime embouchures described in terms of vow- Player D, another exgerienced player. and teacher. re-
els (in particular “ee” and "awy, a description used by some gorted lifting the soft palate in order to obtain more reso-

clarinettists. For the slurred register change, the musicians_ - ond projection which, she said, induces a richer sound.

were asked to mime over 5S \{vhat they usually do in Iessjhe reports that her tongue touches neither the lower teeth
than a second, during the transient between two notes. . LT . .
nor the lower lip, and is in different positions according to

The measurements were made over the rang e register:
0.1-3 kHz, which includes the playing range of the instru- '
ment. In this range, there are usually three vocal tract resd<) for the low register, the tongue is low and arched, 1 cm
nances, at typically 0.3, 1.3, and 2.3 kHz, although the fre- away from the lip;
quency varies among different players and playing(2) for the high register: the tongue is higher in the mouth,
conditions. The sampling in the frequency domain was cho- moves a little forwardabout 8 mm away from the Ijp
sen as a compromise between a high signal to noise ratio and becomes wider, and flattens.

B. Procedure
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FIG. 3. Typical results of measures testing the reproducibility of the player’s ﬁ. S0 1058 |-iE.|:| 550 2500 3000
tract configuration: the impedance spectra of the vocal tract of the same [zl
player (player G miming playing the note G3 on three occasions over an z
interval of 40 min. Mole:
d
&

One advanced student, player H, prefers having the 10 : 1
tongue high in the mouth so the sound is more “focused.” He E AN PRV AV
uses changes in the vocal tract for register change, large E e AN
intervals, pitch bend, and multiphonics. : "',.-1-...-""

Player C, a very experienced professional player, re- ; ' ‘I.'h_‘___:"" |
ported that he enriches the sound in high harmonics by open-
ing the oral cavity. Further, he “opens the throat,” but not
necessarily the glottis, when he descends a register. Above 5 b
all, however, he reports using his facial muscles in order to o 'ﬂmﬁ“;ﬁh A 00
modify the embouchure.

Another very experienced professional player, player A, . bt G
imagines, when playing, “focussing the sound through the
nose.” She has the impression that the more her soft palate is “
arched the more the sound is “focussedt”should be re- il
marked that the velum must be closed or very nearly closed 5 ! I,-""' R i
during clarinet playing, to avoid a dc shunt through the nose o o l‘r,-"i"i
that would prohibit playing. However, the muscular tension £ i I #_;-'-.I "“'""" BUAR
in the velum could in principle affect the impedance spec- £ :'# ! '._.r':
trum.) o B

In at least one case, disagreements among the opinions {
of the musicians were reported. Player D reported that large

e B0 1008 1580 2000 2500 3000

mouth cavity was useful for a “rich, focussed” sound, while Fgumny Hz]

others reported that they achieved such a sound by lifting thEIG 4 The imped waof th ratory ai ft enced
. . . 4. € Impedance spectra o € respiratory airway or two experience

tongue Close_t(_) the_SOft pal_ate. One p933|ble explar_1at|on l&ofessional musician@layer B in black and player E in grgyfor notes

that the musicians in question have different meanings fota (top) and G6(bottom.

“rich” and especially for “focussed” in this circumstance.

note (written G3 over the course of a sessidtypically

40 min). Players were able to repeat their embouchures

rather reproducibly: in the typical result shown in Fig. 3, the
Reproducibility was tested on each musician by makingsecond resonance is obtained at 1250 Hz with a standard

about five measurements of the embouchure for the sanseviation of 3% in frequency and 15% in amplitude.

B. Reproducibility of the impedance
measurements
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FIG. 5. A comparison of the impedance spectra measured on player C for 1o
the configurations for normal playing and for performing a pitch bend. -
E
n
&
C. General comments E i
Most of the subjects in our study reported that, for nor- =
mal playing, they use an embouchure that varies little over i [
mosF of the range, except for the highest register. This was 0.1 % 7560 00 8000
confirmed by the measurements: for all players, the form of Irequancy [He|
the impedance spectra is quite stable over the whole register,
except sometimes from the altissimo register.
The geometric average amplitude of the impedance is _a
similar for all musicians. The first peak, whose frequency is "'E
between 200 and 300 Hz, has an amplitude between 1.8 and L
5.6 MPa s m®. The next resonances are on the other hand ":_' 1
different for both amplitude and frequency. For some player B [§i, | =~ piich band
embouchure combinations, the amplitudes are in the range 'r' '_:Lrl"tl-'lm[llel;unmw
iah i o ammuchies
30-100 MPa s i which is of the same order as that of the o - ]
) . . a 1000 000 a0
impedance of the clarinet at its resonantes. trecumncy [Hz|

The difference between the impedance spectra recorded _ _
for the “normal” playing configuration and that measured forzr'g' g'b'g‘lg\;";c‘)’ra;s;? :;“é":le;I;")‘,’izgpLogﬁzgfrg%'oﬁg’%?zﬁ f'g rigg‘éz
the tract configuration used for “special effects” is not veryused for some less usual effe¢tmttom.
large for any of the student players measured. For some of
the professional players, however, the effect was very large.
However, the spectra measured for the different special eféasured when they were asked to mime the “aw” embou-

fects also varied substantially among these players, just as | ure. However, th? average 'e,"e' of |r11pe?ance, ev?n f?r
did for normal playing these players, was in general higher for “ee” than for “aw.

For several players, the “ee” configuration produced Not all players use the “eg" and "aw” _terminc_)logy for_ the_

' . %mbouchure and it is possible that the instruction was in this
strong peak between 560 and 1000 Hz, a peak that is asspage confusing. It is important to remark that this terminol-
ciated with the constriction between tongue and palsé® gy in terms of vowels refers more to the position of the
Fig. 7). For many players, however, the configuration theytongue in the mouth than to the real configuration of the
produced when asked to mime the “ee” embouchure had nwocal tract in speech as the mouth of the player is of course
such peak and indeed resembled somewhat the impedancelosed around the mouthpiece.
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ey |Hz| FIG. 8. The impedance spectra of the vocal tract of player A for two con-

figurations associated with a “nice” sound or with a “bad” one, i.e., one
FIG. 7. The impedance spectra of player D's airway for two configurationswhich is to be avoidednote GS.
described as “ee” and “aw,” for the note C5.

It is interesting to note the remarkable similarity in the
D. Differences among players for “normal” playing impedances for “special effects” between two professional
mode players who played together for several years in a major

We study here the configurations that musicians use irFational orchestra, whereas they do not adopt the same con-

“normal” playing, which means the configuration they adopt |gurgt|on fforhnorm?l plgyln(iiFllg. 6. dh | of
usually, when they have no special musical intentions, in the . ©"€ of the pro es-3|ona players f,-xp:resse er control o
mezzo forteuance. For comparisons, we choose the note GR'tCh and timbre thus: she uses an “ee” for the high register

which is representative of the low and medium register and” for brightening the sound and in contrast she adopts an

the note G6 for the high register. In Fig. 4, the same two awW’ configuration for darkening the timbre and lowering

musicians mime playing each of the notes the pitch. The differences between these two configurations
The configuration for the note G4 is qualitatively similar 2€ "éPresented in Fig. 7.

for both musicians. A few exceptions apart, it is a configu-

ration used by many players in the normal playing mode for. Subtlety

almost the whole range of the clarinet, as shown in the fig- In most cases, different tract configurations that were

ures available iq Ref. 11.' However, _the conf_iguration_ adol:)tegeported to be used to produce different effects on the sound
for the very high reg|ster_ can differ quite c_on&dz_arablywere found to have different impedance spectra. However,
among players: some musicians adopt a 'conflguratlon th%r some of the players, the impedances measured when they
enhances the second peak and moves it into the frequenwere miming “good” and “bad” embouchures differed by
range of the note played whereas some others_ tend to adon%ounts comparable with the measured reproducibility of a
configuration that reduces the amplitude of this peak. single embouchure. For example, Fig. 8 shows a large simi-
larity between the impedances for embouchures described by
a very experienced soloist as those corresponding to a “nice”

) and a “bad” sound. We presume that in this case the differ-
Players agree that they use different embouchures fagnces had more to do with aspects of the embouchure such as

different effects. The embouchure includes the lip and jawjip tension and position, and less to do with the tract con-
position, and hence the force, the damping, and the positiofigyration.

on the reed may vary. The aspect being studied here is the
way in which the mouth or vocal tract geometry changes can,
affect the impedance spectrum. The substantial changes
shown in Fig. 5 suggest that the latter effect may not be  The players are classified into groups for which the im-

negligible even if the configuration in normal playing is quite pedances look similar for notes G3 to G5. The results of one
stable over the whole register. player contained unexpected and unexplained high levels of

E. Variations used by players

Summary of the measurements
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TABLE |. Summary of the features of impedance spectra measured on 16 players for the vocal tract configurations they used for the different.cases listed

Normal playing

Special effects

Players G3, G4, G5 G6 pitch bend
A, B, C, E, and Two resonances: 1000—1400 Hz The second resonance dis- Only one resonance: 600
one other (3.2x10P-10' Pas m®) and appears for players A, C, Hz (1.3x 10’ Pas m®) for
2100-2400 Hz. and D. For player F, the player D, 1400 HZ4 X 10’
second resonance is lowered Pas m?) for F, 2500 Hz
by 500 Hz. for A and 2700 Hz(in the
last two cases, it is actually
the first resonance which
disappears
Player D One resonance: 700 Hz, This resonance is shifted to Strong resonancel.8x 10

5.6X 10° Pas ms.

Players H, F and four
other players

The impedance grows con-
tinuously with the fre-
guency, withy a slope of 30
dB for 2500 Hz. Two small
resonances at 1200 and
2000-2300 Hz.

1400 Hz.

The second resonance is
slightly enhanced.

Pas m?3) at 700 Hz which

suggests that she uses a

“ee” configuration.

For half of the players,
the resonances disappear;
for the otherglike player
E), the first resonance is

strongly enhanced.

Player G G3-G4: Two acute resonances As for G5. As for G3 and G4.
at 1200 and 2100 Hz. G5:
one strong resonance at
1400 Hz.
Two players Same configuration for all playing modes. One strong resonance at 2200 or 2500 Hz,

between 3.X 10" and 16 Pas m®.

noise, and are omitted. Results are summarized in Table |I. pc . (ol s (ol
The first resonance is not listed. It is present for all players, B= grsm o) C= Eysm I’ @
its amplitude is hardly varied and its frequency only slightly
little varied for playing conditions. Its frequency is betweenwith
220 and 280 Hz and its amplitude between X BF and o
7 <3 [Ttw
1.8X 10" Pas m®. y=/—, 2
B+jw
IV. THEORETICAL MODEL T=vp+]jw), ®)
A. Model for the vocal tract L2
=A%, o)
This model draws on work in speech science, where B (jw+r)jw+wfv @
scientists are more interested in what happens at the glottis
and usually calculate either the transfer function or the im- o= \m (5)

pedance at the glottis. However, numerical simulations
which were done in speech synthesis to calculate the impedvherer and w,, are related to the yielding properties of the
ance at the glottis can be used in our study by inverting th&ocal tract and represent, respectively, the ratio of wall re-
calculation and using the appropriate impedance at the glokistance to mass and the mechanical resonance frequency of
tis. The model used is the one developed by Sdfdfith  the wall. Their values are set to=408 rad s* and w,/27
yielding walls. The vocal tract is represented by concat=15 Hz. w, is the frequency of a resonance of the tract
enated cylinders and the relation between the variables at thehen sealed at both the glottis and the lips, and which is
input of cylinderk+1 and cylinderk (k=0 at the glotti$is  associated with the finite mechanical compliance of the
the following: walls (like the “breathing mode” in a string instrument
w;/27=200 Hz. The parametqg is a correction for ther-
<I0k+1> _ (A B)(pk) mal conductivity and viscosity, which is set tq
Uesi/ \C D/\u =4 rad st.

The calculation was done was done using a program
written by Story* except that it was inverted in order to
calculate the impedance at the mo(dind not at the glottis

A= chos%(ﬂ') To complete the calculation we need the glottis geometry
c/’ (tube Q as, in contrast with speech, the vocal folds are not
3312 J. Acoust. Soc. Am., Vol. 118, No. 5, November 2005
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vocal tzact trachea + lungs = infinitc pipe element representing the glotfigis one is actually divided
a in two elements: the first has the same length as the others

n;‘_‘—'_‘—\_l_,_ ot whereas the second is used to adjust the effective length of

the glotti9. A complication is due to the insertion of the
FIG. 9. A schematic of the waveguide used to model the respiratory airwaymouth iece about 10 mm in the mouth. which puts the first
It is not to scale, and the number of elements has been reduced for clarit¥. p . . ! B p
The clarinet mouthpiece is inserted between the lips at left. wo tract elements effectively in parallel with the rest. The
iterative calculation of Sec. IV A is conducted on 33 tract
glements, beginning at the glottis, which is loaded with the
subglottal resistance. This gives the impedardgeThe two
elements closest to the mouth and sealed at the mouth end
give an impedancé&,. The total uncorrected impedance is
therefore

entirely closed. We also need the boundary condition at th
glottis: po=Zsdp, WhereZyy is the input impedance of the
subglottal tract.

B. The glottis

According to the laryngoscopic study by MuKathe chzi’
glottis of professional wind musicians is usually a narrow 21+ 2,
slit, to which our first-order approximation is a rectangle ofyhich, when the end correction mentioned earlier is added,
length a=10 mm, width b=1.5mm, and thicknesse  gives
=3 mm.

However, the discontinuity between the cross section of Zyr=Zn+ jZogl (8)
this slit and that of the trachea requires an acoustic end cor- c
rection. Here the glottis is treated as a tube baffled at botl) ., Zy=pcl (mt2).

ends, hgvmg an effectwe length qgﬁ:f”—wﬁg wherery is The result of end effects and the parallel elements at the
the equivalent radius of the glotiis,=vab/7=2.2mm. (I 04n  are  noticeable primarily at high  frequency
prlr_10|ple, the end correction for a slit is greater_ than tha_t for(>3000 H2. However, at such frequencies the unidimen-
a C'FCU'?“ aperture_ of the_ same af‘ézh-lovyever, this appProXI~  gignal model fails anyway because of its neglect of trans-
mation is appropriate, given the experimental uncertalr)tlesverse modes. For example, El-Mastial ® showed how the

Consequently, cylinder 0, which represents the g!otu lane wave approximation gave poor predictions for the be-
and thus connects the vocal tract to the subglottal tract in th avior of the tract at frequencies above 4500 Hz. Further
model, has a lengther=4.7 mm and areab. refinement is therefore inappropriate in this simple model.

What is of practical importance in these corrections is their
C. The subglottal tract substantial reduction of the amplitude of the resonances at

For all but very low frequencies, the results depend onlyhigh frequency, which avoids artifacts in simulations that
very weakly on the subglottal tract, so we use a very simpldiave strong high frequency resonances that do not corre-
model. (Fig. 9). spond to those of the tract made of flesh. Further, the cutoff

The lungs are very lossy at the frequencies of interestfrequency of an array of open tone holes in the clarinet is
and so reflections are minimal. For that reason, they ar&/pically around 2000 Hz, so our interest need not exceed the
modeled here as a purely resistive load with the same chafange 0—3000 Hz.
acteristic impedancé.e., an infinitely long pipe whose ra-

()

dius equals that of the tracheg=9 mm) E. Results for two vowels: Adjustment
Zoy= P_C_ (6) The aim of this simulation is to “invert” the model, i.e.,
¢ a2 to obtain the area function from the impedance spectrum.

Solutions to inversion are not unique, but other constraints
on vocal tract shape eliminate many. An inversion was ob-
tained with assistance from Story, which mapped the calcu-

In comparison with the cross-sectional area of thelated impedance of the complete model, including correc-
mouth, the area of the reed inside the mouth is small, as i8ons to the area function. The program begins with the first
that of the impedance head. It resembles thus a small pistahree resonance frequencies and the mapping was generated
vibrating in a baffle that seals a larger waveguide, or a disusing area functions such as given by Stetyal!’ (using
continuity in waveguides, which is often modeled by adding4-mm elements In general it was found that the impedance
an end correction to the smaller element. Physically, the volspectra calculated from the mapped area functions differed
ume of air in the end correction has an inertance comparableoticeably from the original impedance measurements. A fur-
to that of air in the strongly diverging part of the radiation ther program was therefore written to allow iteration by local
field in the larger guide. The end correction for a baffled pipeadjustment of the area function to improve the fit. By such
is used at this end of the vocal tract, too: an element withterations, anatomically possible area functions giving the
radiusr=3.9 mm and lengtth=0.85.*° experimental impedance spectra were obtained.

As we used mainly the MRI data from Story and TitZe, Two important results are shown. Clarinettists often re-
we divided the vocal tract, of length 170.4 mm, in finite fer to two tract configurations as “ee” and “aw,” being those
elements of length 4 mm, giving 44 elements, plus the zerotifor the vowel soundéthose of “heed” and “hoard’sensibly

D. Correction at the input of the mouth
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FIG. 10. Top: area function for the vowels /i/ and (Hata from Story and  FIG. 11. Top: area function for the vowel (data from Story and Titze with
Titze with glottis addell Also shown are the calculated tract configuration glottis adde¢l Also shown are the calculated tract configuration named “aw”
named “ee” by clarinettists, as determined from inversion. The abscissa iby clarinettists, as determined from inversion. The abscissa is the element
the element number: the first two are the glotsiee Sec. IV D, the next 44,  number: the first two are the glottisee Sec. IV [ the next 44, of length

of length 4 mm, comprise a tract 174 mm long. Bottom: the impedance4 mm comprise a tract 174 mm long. Bottom: the impedance spectrum for
spectrum for the “ee” tract configuration measured on one of the authorthe “aw” tract configuration measured on player B.

(player G an amateur clarinettist.

tematically lower than that of other musicians. Thus for the

resembled by the playing position. The resemblance is onipa@me vowel, the first peak of player G has an amplitude
approximate, of course: for the vowels, the mouth is open t®etween 5 and 7 MPa sTh and is thus better predicted by
different extents, whereas in the playing configuration th¢he numerical simulation.
mouth is sealed by the mouthpiece of nearly constant area. ~ Overall, the inversion results have only moderate agree-

For “ee,” Fig. 10 shows the plausibility of the area func- Mment, and the area functions must be adjusted “by hand” in
tion, which is rather similar to that of the vowels (theed”) ~ Order to give impedance spectra close to those measured.
and #/ (“hid”). This configuration has a cross section at theFurther, some effects have been neglected, such as the fact
palatal constriction lying between the values reported for théhat some players place the tip of the tongue just behind the
two vowels, which in English differ little except in their lower lip, which might plausibly add a parallel compliance
duration. At the mouth end, the area function is set equal t@ssociated with the air volume under the tongue. Neverthe-
the cross section of the clarinet mouthpiece, 15 mm from the
end. x 10

It proved impossible, however, to fit the first peak, for
which the inversion gave frequencies that were systemati-
cally too high (e.g., between 230 and 250 Hz instead of
200 Hz for “aw” and between 250 and 280 Hz instead of
230 Hz for “ee’).

A resistance of 1.5 MPa sThwas added at the glottis.
Although this was an empirical adjustment to fit the mea-

""""" experf’s glottis
- - - amateur’s glottis
openthroat  |..

()]

impedance [Pa.s.m-3]
S

Sured helght Of the peak values Of Impedance, It mlght be 2 ......................................................................
justified by considering that energy would be lost from . .
propaganng waves dye to turbulence produced by flow % 1000 2000 3000
through this narrow slit. frequency [Hz]

For the case of “aw!(Fig. 11) the area function found by _ . o

inversion closely resembles that of the corresponding Vowefl.G' 12, Ca!culated impedance spectra for a tract in the configuration “ee

. ) . Wwith three different values of the glottal opening. Two are taken from the

HOWG_VE"y the magnitude of the first peal_< IS tO(? great, €VelQata of Mukai for an expert and an amateur player, the third is for an open
allowing for the fact that the peak for this musician is sys-glottis.
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less, this does not prevent the obtaining of approximate areachieve fine sound quality using rather different tract con-
functions and allows in particular the determination of afigurations. Nevertheless, two general trends can be ob-

palatal constriction. served. The players try to keep their configuration stable for
most part of the register, which is in contrast to Johnson’s
F. Influence of the glottis opening suggestiofithat players may tune one of the vocal tract reso-

‘nances to the note played. On the other hand, the configura-
tion can be changed substantially for special effects such as
difficult slurs across registers or pitch bend: players lower

(1) the glottis is an expert’s glottis, almost closed, i.e., a slitthe tongue and the overall magnitude of the impedance when

Figure 12 shows the impedance for an “ee” configura
tion (as described in Fig. d@alculated in three cases:

of area 15 mrfy they aim to bend the pitch down, or to slur downwards over
(2) the glottis is an amateur’s glottis, partially closed, of registers, and vice versa. To examine this phenomenon in
section 90 mrfy more detail, we hope that, in the future, it may be possible to

(3) the glottis is the same as the previous case and the crossrake such measurements in real time in order to determine
sectiontional area of the last two cylinders of the vocalhow the musician changes his configuration during a transi-
tract (just above the glottjswas increased for more re- tion.
alism: it is indeed very likely that the amateur not only
opened the glottis wider but also opened further the upackNOWLEDGMENTS
per part of the vocal tract.. . ]
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