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The didjeridu, or yidaki, is a simple tube about 1.5 m long, played with the lips, as in a tuba, but
mostly producing just a tonal, rhythmic drone sound. The acoustic impedance spectra of performers’
vocal tracts were measured while they played and compared with the radiated sound spectra. When
the tongue is close to the hard palate, the vocal tract impedance has several maxima in the range
1-3 kHz. These maxima, if sufficiently large, produce minima in the spectral envelope of the sound
because the corresponding frequency components of acoustic current in the flow entering the
instrument are small. In the ranges between the impedance maxima, the lower impedance of the tract
allows relatively large acoustic current components that correspond to strong formants in the
radiated sound. Broad, weak formants can also be observed when groups of even or odd harmonics
coincide with bore resonances. Schlieren photographs of the jet entering the instrument and high
speed video images of the player’s lips show that the lips are closed for about half of each cycle,
thus generating high levels of upper harmonics of the lip frequency. Examples of the spectra of
“circular breathing” and combined playing and vocalization are show20@6 Acoustical Society
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I. INTRODUCTION that gives it its Western name. Different tongue positions
have a strong effect on the sound spectrum. Sound files il-
The word “didjeridu” (or “didgeridoo” in the popular |ystrating these effects are given at www.phys.unsw.edu.au/
literature is an onomatopoeic Western name for a traditiona‘"jw/yidakididjeridu.htmI.
instrument played in parts of Northern Australia and known " ‘1,4 yidaki is a member of the lip valve family. In this

to the Yolngu people of Arnhem Land as the yidaki. Thefamily, the playing frequency is usually close to that of one

_Yolngu name y|dak|_ W'I.l be used th_roughout th'? Paper. I of the maxima in the impedance spectrum of the bore. The
is unusual among wind instruments in that the pitch is only o . \
o . : Lo effect of variations in the player’s vocal tract upon orchestral
rarely varied: the interest in performance lies in spectacularl, ve inst s i | modest. b f thei
rhythmic variations in timbre, which are produced by the P vive ins crjurEen i IS USl;ahmo esh _ecauseho e'f nar:-
player’s vocal tract. It is played using “circular breathing” to “_)W .o're. and the s aPe of the mout piece, w ere_as 'r‘ _t €
produce an uninterrupted sound: the player, traditionally &1daKi it is the preeminent musical feature. The yidaki is
man, fills his cheeks and uses this reservoir to continue t§1erefore an ideal instrument in which to study the interac-
play while simultaneously inhaling quickly through the nosetion among vocal tract, lips, and instrument.
(and bypassing the mouth at the soft palaterefill the lungs Previous studies of the acoustics of the yidaki have con-
with air. The differences between timbres produced by playsidered the lip motioriWiggins, 1988, the lip-bore interac-
ing using the mouth cavity alone, while inhaling, and thosetion (Fletcher, 1983, 1996 numerical modeling of the lip
produced using the complete tract, while exhaling, are usumotion (Hollenberg, 200§ the linear acoustics of the instru-
ally unavoidable and are incorporated into the rhythmicment(Amir and Alon, 2001; Amir, 200% and the acoustics
variation in timbre that is idiomatic for the instrument and of the vocal tract of players miming playir&letcheret al,,
2002). A very brief report covering work related to that re-
¥ Brief Communication reporting related studies has been published irported here has been given previougRarnopolskyet al,
Nature (Tamopolsky et al, 2005 . . ..
20095. That report used an instrument made in the traditional

YAuthor to whom correspondence should be addressed. Electronic mai
j.wolfe@unsw.edu.au manner, and therefore of unknown geometry.
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In what is now a standard model, Back(i®85 pro-  quencies of the second or third bore resonances may be
posed that the acoustic impedance of the bore of a windounded briefly for contrast. This is not usual in traditional
instrumentzZ;,s; and that of the tracZ,,;act in series on the playing in Western Arnhem Land, though it is used in the
valve and on the air flow through it. An understanding of theEast.
interaction between the instrument and the vocal tract thus  Because the bore is typically 30 to 50 mm in diameter at
requires detailed knowledge of the acoustic impedance of thiéhe smaller end, its characteristic impedance is lower by an
instrument, the acoustic impedance of the vocal tract, therder of magnitude than that of most of the members of the
vibratory behavior of the lip valve, the air jet entering the lip-driven musical instrument family such as the horn or
instrument, and their interaction. trumpet. This and the rather rough walls of the bore imply

It is relatively easy to determine the impedance of thethat the magnitudes of the maxima in the yidaki's impedance
instrument, particularly if only the maxima are important. spectrum are rather lower than those of other members of the
However, the impedance of the vocal tract is much harder tovind instrument family. Some consequences have been dis-
measure, particularly during playing. The vibrating lips gen-cussed in previous pape(Bletcher, 1996; Amir and Alon,
erate a sound signal that is transmitted both into the instru2001; Fletcheet al, 2001; Causseét al., 2004).
ment and into the mouth. Consequently, the sound level in-  Because the shape of the bore is largely determined by
side the mouth of the player is very high. This makes ittermites and the shape of the tree trunk, the variation among
difficult to make measurements of the acoustic impedance dhese instruments is great. The purpose of the current study is
the vocal tract of someone playing the yidaki. In the past, weo investigate the principles of operation, rather than the ef-
have made measurements of that impedance while playefscts of different instrumental geometriéshich is the sub-
mimed playing(Fletcheret al, 200]). However, producing a ject of another study For that reason, and to facilitate re-
given mouth configuration in the absence of audible feedproduction of the results reported here, two model
back is difficult, and it is not clear that yidaki players areinstruments were used. For acoustical measurements, we
capable of miming reliably, perhaps particularly with regardused a cylindrical PVC pipe. For optical measurements, we
to the aperture of the glottis, of which most people are noused a pipe made of plexiglass with a square cross section.
conscious. Experienced players reported that both model instruments

In this study, we report the development of a system thaplayed moderately well. Indeed instruments with a constant
allows the measurement of the acoustic impedance of theross section, usually made of PVC pipe, are occasionally
vocal tract, just inside the player’s lips, while he is playing used in nontraditional musical contexts, particularly when a
the yidaki. We compare this with the spectrum of the soundyiven pitch is required in order to play with other instru-
produced. We also report the motion of the player’s lips,ments.
using high-speed photography. These sets of observations are
used to test a simple model that explains how the acoustig viocal tract-instrument interaction
impedance of the tract affects the spectral envelope of the

sound produced. We also analyze other features of idiomatic ~ 1here are a number of reports on the effects of the vocal
playing: “circular breathing” and vocalization. tract on the sound on orchestral wind instrumefitot and

Bowsher, 1982; Clinclet al, 1982; Wolfeet al, 2003, but
the effects in such instruments are modest in comparison
A. The yidaki (didjeridu ) with those in the yidaki. These orchestral instruments have a
. . o narrow constriction in the mouthpiece and a smooth bore,
'_I'radnpnally, f[he material for a y|dak| IS selectgd b_y which is typically only several mm in the mouthpiece. These
tapping suitably sized tr_ee trunks tf) find one whose INteroke ot res give the instruments an impedance spectrum with a
ha_s been eaten b_y termites to provide a suitable central borgy joq of maxima whose values exceed considerably those of
',t is cut to a desired length, the bore is clean.ed .and SOM&he vocal tract. Consequently, there is only modest coupling
times shaped further, and a ring of beeswax is fitted to th%etween the two resonatofthe vocal tract and the bore of
smaller e_nd t_o make a coqurtable s_eal for_t_he player_'s Iipsthe instrument While the effect of the tract on timbre of
The OUtS',de.'fs some’ume; painted W!th trqdltlonal designs ofchestral instruments is large enough to interest composers
cultura! significance. The instrument is typically 1.2 to 1.5 m(e.g., Berio, 1966; Erikson, 1963t is small compared to the
long (different cultural groups have different styl@nd has  gyjing effects of the vocal tract on the timbre of the yidaki.

an irregular bore, which is usually spmewhat flared fromIn a previous papefFletcheret al, 2001 we reported sound
about 30to 50 mm at the blowing end t_o aIDOUtspectra, vocal tract configurations, and the impedance spectra
40 t0 150 mm at the open end. Sealed at the_l|p en_d ang players miming the playing of the yidaki. However, these
open at the other, its lowest resonance is typ'ca"ywere not measured simultaneously during playing, so we

50 to 80 Hz. Orchestral wind mstrume_nts usu_aIIy have S&Vivere then unable to make quantitative comparisons among
eral bore resonances whose frequencies fall in harmonic rgg .,

tios. Because of its shape, this is not usually the case for the
yidaki: it is usually neither a cylinder nor a nearly complete
cone and its resonances form a “stretched” quasi-harmon
series(Fletcher, 1998 Consequently, harmonics of the note
being played only sometimes coincide with a bore resonance The magnitude of the vocal tract effect in the yidaki

of the instrument. Higher or “overblown” notes near the fre-makes it an ideal instrument upon which to study vocal tract

@. Measurement of the vocal tract impedance during
performance
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effects in general. For this purpose, we have adapted an im- To measure the static mouth pressure during playing,
pedance spectrometer described previoudtpps et al, they were also asked to play with a range of loudness levels
1997 to allow us to make impedance measurements using awhile a small tube connected the mouth cavity to a water
impedance probe placed just inside the player’s lips, while henanometer.

is playing. This situation requires several practical compro-

mises. The sound due to the playing has comparable levels i \easurements of impedance spectra of the

the mouth and in the instrument. As this is “noise” for theinstrument

purposes of measurement of the impedance spectrum, the . . . )
signal-to-noise ratio is low. There is the further complication AN impedance spectrometer described previotSiyith

of a humid environment, which means that water-resistant oft &l» 1997; Eppset al, 1997 was adapted for this study.
disposable microphones must be used. On the other hanBi€fly, @ waveform is synthesized from harmonic compo-
this study is concerned with relating the spectral envelope of€nts, amplified, and input via a loudspeaker and impedance

the sound produced to the overall features of the impedandd@tching horn to a narrow high-impedance tube leading to
the item under test. This approximates an ideal source of

spectrum. Consequently, high-precision calibrated micro- ) . ; .
phones are not required. gcousnc curren_t. It_|s cahbrateq by conneqlor_w _to a rgfergnce
impedance, which is an acoustically quasi-infinite cylindrical
pipe whose impedance is assumed to be real, frequency in-
Il. MATERIALS AND METHODS dependent, and equal to its calculated characteristic imped-
A. Yidakis ance. From the coefficients of the spectrum of the measured
) o sound in this calibration stage, a new signal is synthesized to
For acoustic measurements, a “model yidaki” was madg, oquce a measured spectrum with frequency components of
of cylindrical PVC pipe, length 1210 mm and inner diametergqya amplitude. This is used as the acoustic current source
30 mm. (It is referred to as “the pipe” or “the instrument” ¢ yhsequent measurements and the unknown impedance
below) For the optical measurements of the lip motion andgpectrum is calculated from the pressure components mea-
for the flow visualization, a pipe with square cross sectiongreq in measurement and calibration stages, taking into ac-
was mgde of plexiglass with glas; panels folr the. optical pathzgynt the small, parallel admittance of the source. The bore
way. It is 1220 mm long and the internal width is 38 mm.  giameter of the yidaki is larger than that of the instruments
we have studied previousky\Volfe et al., 200) and conse-
B. Players quently a lower impedance reference was required. The
. i . acoustically infinite cylindrical pipe used for calibration in
One of the players, BL, traditional name Wilamara, is ahjs study had an internal diameter of 26.2 mm and a length
member of the Mara people of Roper River in Northern Aus-q¢ 194 m_ Because the first curve in the pipe occurs at 40 m
tralig, where he I_earned to play yidaki in the traditional style.from the spectrometer and because any curves have a radius
LH is an Australian of European cultural background whot 5 1y or greater, the effects of reflections from these curves

has been playing the yidaki for 8 years. AT is an Australiany e expected to be negligible and this reference impedance
of European cultural background who learned to play yidakighqyid be purely resistive.

for the purposes of this study. LH’s usual playing style has
the instrument displaced laterally from the center of the lips. . )
Neither he nor AT had trouble adapting to the presence of th ré(l:\tlleasurements of impedance spectra in the vocal
impedance probe behind the lips. BL, who has played for the
longest time and whose lip-instrument position is symmetri-  The microphone recording the pressure inside the tract is
cal, found the impedance probe disruptive, particularly forexposed to high humidity and high steady pressure. For this
the high tongue position. reason, we used inexpensive electret microphd@gsimus
Players were asked to produce three different moutt83-3013, which were replaced when necessary. It was nec-
configurations for recordings. One is called a high tongueessary to attenuate the acoustic signal to avoid clipping or
drone(hereafter “high tongueg’ the player holds the tongue harmonic distortion in these microphones. To do this, we
close to the hard palate so that there is a constriction in thased the acoustic divider circuit shown in Fig. 1. At low
air passage between the throat and the lips. This producesfi@quencies, where attenuation is most important, the imped-
strong formant between about 1.5 and 2 kHz, whose freances of both pipes in the dividéincluding the radiation
guency and amplitude may be varied by the performer. Thismpedance associated with the open end of the)tae
sound is very common in yidaki performance. In anotheressentially inertive, and the phase change along the length is
configuration, hereafter called “low tongue,” the playerssmall. At higher frequencies, there is a phase shift and a
were asked to play with the tongue low in the mouth andfrequency-dependent gain. The microphone therefore records
thus no lingual constriction. This configuration produces aonly a fraction of the pressure inside the mouth. This attenu-
sound without a strong formant and is used as a contrast tation is inside the calibration loop for the impedance probe,
the high-tongue drone. In the third configuration, players inso its frequency and phase response do not affect measure-
flated their cheeks and then expelled the air, while inhalingments. The source capillary has an inner diameter of 3.7 mm
as described above under “circular breathing.” In a differentand the microphone tube an inner diameter of 1.5 mm. Both
series, they were asked to vocalize at harmonic intervalbave a length of 35 mm. Measurements were made at a fre-
above the note they were playing on the yidaki. guency spacing of 5.383 Hz from 0.2 to 3.0 kHz.
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FIG. 2. The geometry of the square yidaki, seen from above, as configured
i for high speed photography.

.,
i Fig. 2. A mirror, mounted vertically on the end at 45°, al-

FIG. 1. The technique used to measure the impedance of the vocal tra@wed the Single.cam‘?ra to record the plane and lateral image
during performance. The sketch shows the impedance probe inserted intoGf the player’s lips simultaneously. Before each recording,
corner of the mouth. The schemastiop view—only approximgtely toscale the glass panels were heated with warm dry air to prevent
shows the geometry of the impedance probe and its location in the playery,»iar condensation. A video camera running at 1000 frames
mouth. The microphone capillary is hidden in the figure at the left. .

per second was used to record the images.

While the acoustic pressure acts upon a significant area
of the lips and this dfetermines their vibratory motior), theG. Flow visualization of the jet motion
pressure of concern in the production of formants in the
sound is that acting over the opening area of the lips. Mea- Images of the air jet inside the yidaki during playing
surements of acoustic impedance need to take this geometHere achieved using schlieren imaging, a nondestructive op-
cal mismatch into consideration, since essentially there is afical flow visualization technique, which is described else-
inertive correction, which may be either positive or negative where(Tarnopolsky and Fletcher, 2004
involved between this impedance and the plane-wave imped- This experiment also used the plexiglass yidaki. The
ance normally measured in a pipBrass and Locke, 1997; schlieren technique depends upon refraction of light rays as
Fletcheret al, 2005. The probe used for measurement of thethey pass through regions with varying refractive index, usu-
vocal tract impedance, shown in Fig. 1, has a narrow outle@lly provided by inhomogeneities in density. A curtain of
for the acoustic current. The impedance spectrometer is calbigher density gas was produced by releasing carbon dioxide
brated on a quasi-infinite tube of diameter 26.2 mm, which ifrom a manifold on the outer side into the yidaki through a
comparable with the size of the vocal tract. Consequentlyline of 11 holes of 1.5-mm diameter linking the manifold to
errors due to this effect are small. the yidaki (see Fig. 3. During playing, the air jet passes

These measurements required the impedance proiBrough and is contaminated by the curtain of carbon dioxide
shown in Fig. (8 mm wide and 5 mm highto be placed in and thus generates the necessary density gradient.
the mouth during playing. Impedance measurements start af- A light source that produced a single pulse of duration of
ter the player gives a signal that he is happy with the tongu@bout 0.2 ms was triggered electronically at a selected phase
position and the sound produced. The player then continuegf the lips’ opening(Tarnopolskyet al, 2000. Stroboscopy
to play on one breath, typically for about 10 s. During thisof a steady, sustained playing gesture was used to obtain
time an impedance measurement is made. A sample of thgages covering one period of the lip's oscillation in time
sound immediately following the impedance measurement isteps of 1 ms. The period of the lip oscillation was 14.3 ms
used to obtain samples of the radiated sound uncontaminatéer these experiments.
by that of the injected measurement signal.

air jet from vibrating Iipy

E. Measurements of sound spectra

The output sound was recorded on digital audio tape at manifold
44.1 kHz using an omnidirectional electret microphone, . O
placed on the axis of the yidaki, at a distance of 125 mm COs
from its end.

mouthpiece

F. Measurements of the lip motion

The transparent yidaki with square cross sectioen-
tioned abovg had two mouthpiece configurations. For mea-
surements of the lip motion, a round hole was cut in one side
for the player’s lips. To improve the image quality, sections
of plexiglass on the side and end were replaced with two

glass par_wels, 100 mm long and equal in width to the yidak_iFIG. 3. The geometry of the square yidaki, as configured for flow visual-
inserted in the optical path at the mouth end, as shown iration.

square
yidaki
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Inside the mouth, the higher resonances of the instrument
(some of which lie close to odd harmonics of the lip mofion
have only modest influence on the sound in the mouth.
Hence, in Fig. 4a), there is no systematic difference between
odd and even harmonics. At frequencies above 1 kiHe
range of interest the spectrum is increasingly dominated by
the response of the vocal tract to the injected acoustic cur-
rent. Here we see broad peaks or formants at about 1.5, 2.1,
{b) radiated sound with and 2.8 kHz. Because the injected current has been cali-

injected acoustic current brated to have flow components with magnitude independent
of frequency, these peaks correspond to maxima in the
acoustic impedance spectrum of the vocal tract in this con-
figuration.

Figure 4b) shows the spectrum of the externally radi-

(@) sound in player's mouth with
injected acoustic current

-20 -

-30

-40 4

-50 -

Relative sound pressure (dB)

E: ated sound produced by the yidaki, measured 125 mm from
the end of the instrument. This shows the strong harmonics
07 of the instrument’s sound. Odd harmonics dominate, because
-10- © fiﬁggzg Zggﬂgt igigl?rim of the impedance matching effects of the transfer function of
20 a the closed, cylindrical pipe. The figure shows the frequencies
30 of the harmonics of the sound and those of the impedance
40 maxima in the cylindrical pipdtitled “resonances; which
50 are approximately atf, wheren is an odd integer ané; is
the frequency of the lowest resonancéBecause of
0 frequency-dependent end effects, these frequencies are not
7o exactly harmonig. The effects of resonances on harmonics
resomances| | [ [ L LI L1 L0000 are discussed in more detail later. This spectrum is included
harmonics | HTTELELEEVRVIEEEEEREEEEERREEEprper e to allow comparison of the harmonics measured simulta-
s {d) impedance of vocal tract neously inside and outside the mouth. Above about 1.5 kHz,
‘?E the spectrum has an increased broadband component. This is
® 6 the (filtered) sound of the injected acoustic current. Some of
%/ 4 the sound injected into the mouth is radiated through the
8 opening lips and the yidaki. Some also leaks through the
% 2 cladding of the current source directly into the radiation
g field. Because of this unavoidable contamination of the radi-
- i ; , . . : ! ated yidaki sound by the acoustic current used to measure the
0 §00 1000 1500 2000 2500 3000 impedance, all sound spectra shown in subsequent figures

F H . ) . .
requency (Hz) were measured immediately following the impedance mea-

FIG. 4. A figure to illustrate the vocal tract impedance measurement whilSurement, during the same, sustained playing gesture. This is
the subject is playing in the high tongue configuratita).shows the spec-  also the case in Fig.(d).

trum of the sound pressure level measured in the mouth due to both lip Figure 4d) shows the acoustic impedance of the vocal
vibration and the injected acoustic curreftt) shows the radiated sound

spectrum measured simultaneously wit. (c) shows the radiated sound tract durm_g playing. The_ a_COUSt'C |mpedanc_e was _d_er'ved
measured just after the impedance measurement i.e. without the injectdd0m the signal recorded inside the mouth during the injected
acoustic currentd) shows the impedance of the vocal tract that was derivedsound as described above. Frequencies below 20(thdz

from (a). The sound pressure levels showr(a (b), and(c) are normalized lowest frequency in the injected curreratre omitted. To re-
relative to their largest frequency component. The frequencies of the har-

monics of the sound and of the resonances of the pipe are also shown wiﬁ_move t_he very large signal produce_d by the_ vibrating lips,
vertical dashes. The odd numbered harmonics are represented by longve points centered on each harmonic of the lip frequency up

dashes. to the 16th have been removed and replaced with a linear
interpolation. The resulting data have been smoothed by a
Ill. RESULTS AND DISCUSSION linear average over a window of 53.8 Hz and are presented

on a linear rather than a logarithmic scale. This process is

used hereafter to shoi, . when measured during playing.
Figure 4 shows how measurements of the acoustic im- Comparing Fig. &) or 4(c) with Fig. 4(d) shows that

pedance of the player’s tract were made during performancthe peaks in the vocal tract impedance occur at frequencies at

and then processed. Figuréasshows the spectrum of the which the spectral envelope of the radiated sound has

signal recorded inside the mouth during a typical example ofminima. This is considered further, below.

the high tongue configuration. The periodic vibration of the ~ When considering the spectral envelope of Fith) 4r

lips at about 70 Hz generates an acoustic signal that interactgc), one should remember that human hearing sensitivity

with the impedance of the tract to produce a series of hardeclines rapidly below about 300 Hz. Consequently, despite

monics, which are seen at frequencies below about 1.5 kHzheir relatively large amplitude, the fundamental and lower

A. Impedance of the player’s vocal tract
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harmonics are not very loud. Further, they vary little during 227 o4 SOUNG envelope minimum .
playing. The formants, on the other hand, occur at frequen-— vs impedance maximum .7

cies in the range of maximum sensitivity of the ear, and theyi 2.0 4 .o 4
change in response to changes in mouth configuration. It is g 3 e
these formants and the variation in them that contribute most 2

of the interest in yidaki performance. 187 °A'°8

>
1
0,

B. Relationship between the output sound and the
impedance of the player’s vocal tract

Y
1.4 .ADEI e0 LH
K o BL
. A A AT

The playing frequency is close to but slightly above tha
of the first resonance of the pipe, in accordance with Fletch-
er's (1993 analysis of an “outward swinging door” valve
that opens under excess pressure on the upstream side a
closes under excess pressure on the downstream|rside
tated(+, —)]. The signal radiated by this cylindrical yidaki
has stronger odd harmonics, especially for low frequencies. 10 12 14 18 18 20 929
where these harmonics fall close to the resonances of the Frequency of impedance envelope extremum  (kHz)
instrument, which are indicated by vertical lines in Fi¢c)4

The broadband component of the radiated siglaatjely due FIG. 5. On this graph, each filled symbol plots the frequency of a minimum
; ; '« [indn the spectral envelope of the radiated sound against the frequency of the
to the spectrometer signal leaking through the player’s IIp%earest maximum in the impedance spectrum of the vocal tract. Each open

into the yidak) is visible, especially at high frequencies. This symbol plots the frequency of a maximum in the spectral envelope of the
broadband spectrum has an envelope that resembles the imdiated sound against the frequency of the nearest minimum in the mea-
verse of the vocal tract impedance, which is discussed belov§Ured impedance spectrum. No clear impedance maxima were evident for
The signal in the mouth in Fig.(8), which is due to the player BL in the measured range. The dashed line is the line of equality.
interaction of the flow through the vibrating lips with the
vocal tract, shows no strong difference between even andnalysis. For this reason it will be discussed only briefly
odd harmonics, because the resonances in the tract are muoére, but is treated in detail in our companion theory paper
broader than the frequency differences between the harmoiFletcheret al, 2006. In most lip-valve instruments, the
ics of the lip vibration. maxima inZ;,, are very much larger than those4g,., For
The vocal tract impedance shows broad peaks at aghe yidaki, in the frequency range of interédtto 3 kH2,
proximately 1.5, 2.1, and 2.8 kHz. A weak peak belowthis is not the case, for two or three reasons. First, the yidaki
500 Hz is often seen when players mime playjdgta not has a larger cross section than does the mouth with the
shown, but see Fletchet al. (2001)], but here it is not seen: tongue raised and so it has a relatively small characteristic
it is possibly obscured by the strong signal from the vibratingimpedance. Second, in a traditional yidaki, wall losses due to
lips. roughness in the bore of a genuine instrument may also be
Comparing the vocal tract impedance spectiZig in important, though not for the PVC pipe used here. In Fig.
Fig. 4(d) with the radiated sound spectrum in Figcione  4(d), the peak inZy,y at 1.5 kHz has a value of about
notes that, wherZ,, is sufficiently large, the envelope of 8 MPa s m? for this configuration when the tongue is raised.
the radiated sound spectrum is low. This correlation was eviThe impedance of the pipe has peaks in this frequency range
dent in many such spectra, both from cylindrical pipes andf 3 to 10 MPa s ri*. Consequently, these broad peaks in
flared yidakis(data not shown Figure 5 shows the results of Z, give rise to a minimum in the acoustic flow in the
independent measurements of the high tongue configuratioyidaki, at the lips. For any given value of the transfer func-
for the three players described above. The minima andion between the two ends of the yidaki, a smdllat the
maxima in the spectral envelope of the radiated sound thanput yields a small acoustic pressure at the output. Of
fell in the range 1.0 to 2.2 kHz were recorded, as were theourse, the transfer function of a pipe is a strong function of
extrema in the vocal tract impedance measured immediatefyequency and has maxima at approximateflype=(2n
previously. In Fig. 5, the frequency of each minimum in the+1)c/4L, wherec is the speed of sound, is the length of
spectral envelope of the radiated sound is plotted against th#tie pipe, andh is an integer(At these frequencies, the pipe is
of the nearest maximum in the impedance spectffited a good impedance transformer to match the relatively low
symbolg and the frequency of each maximum in the soundradiation impedancg.But the resonances of the pipe are
envelope is plotted against that of the nearest minimum irtlosely spaced in frequency compared to those of the tract,
the impedance spectrum. The correlation is excellgm¢  so that several harmonics of the played sound will fall within
slope is 0.93 and the correlation coefficient is 0.9Bhe  a formant produced by a resonance of the vocal tract. This
impedance maxima correspond almost exactly to minima iralso explains the shape of the broadband component of the
the spectral envelope of the sound, while maxima in theadiated spectra, discussed above.
sound spectrum occur on average at frequencies slightly Figure 6 presents another example of a measurement
above those of the minimum in the impedance. with the high tongue configuration. We propose that the im-
Why does a peak i, reduce the level of the radiated pedance maxima id, ., measured just inside the lips shown
sound? The connection is a little obscure and requires carefiuh Figs. 4d) and Gc) are due to resonances of the upper
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additional vibrating signal source, so players will presum-
ably be used to keeping the glottis in a nearly closed con-
figuration.

The resonances of the tract in playing are therefore
somewhat analogous to those used to produce speech, the
differences being that for speech the glottis is the vibrating
signal source rather than the lips, and the lips are open. Vocal
formants in the kHz range occur at frequencies which pro-
duce standing waves in the tract with pressure antinodes near
10+ (b) radiated sound the glottis and a flow antinode at the lip open(@mdberg.,

-20 1977. In other words, they occur when the vocal tract is a
30 - most effective impedance matcher between the high imped-
40 - \ ance at the glottis and the low impedance of the radiation
50 4 field outside the mouth. The formants radiated by the yidaki
also occur when there is an impedance minimum at the lips
and, we hypothesize, a pressure antinode near the glottis
when it is nearly closed. Of course, in the sustained vowels
of speech, the lips are at least somewhat open, whereas in
odd even odd yidaki playing they are almost shut. In speech, the mouth
ﬁ:miggsi I|I I|I I|l IlI I|I |I||I||I | I |II I|I I|I ||| III ||I IIIII | II | I| | III opening affects primarily the first vocal formant
(F1, which occurs below about 1 kHz for all vowgldt is
the second forman{F2) that is of interest here, because it
{c) impedance of vocal tract falls approximately in the range 1 to 2 kHz. The frequency
101 of the F2 in speech depends somewhat on mouth opening.
o Consequently, the strong yidaki formant could be expected to
1 occur at frequencies comparable with, but not equal to, those
6 1 of second speech formants for a similar tract configuration.
4] Thus playing with a mouth configuration similar to that re-
quired to produce the vowel /i/, for example, will produce a
yidaki sound whose formant frequency is similar to but not
ol necessarily equal to that of the second formant in the vowel
| ' . : ; ' . /il. Further, to produce a yidaki formant, the mouth configu-
0 500 1000 1500 2000 2600 3000 ration must provide peaks in the tract impedance that have
Frequency (Hz) sufficiently high amplitude, so some vowel shapes with low
FIG. 6. A recording in the high-tongue configuration, but also illustrating tongue may not produce a clear formant, as is discussed be-
the effects of resonance coincidence. The top graph is the sound spectrulpw.

measured inside the mouth, the middle is the sound spectrum outside the end Figure 6 illustrates another effect that influences for-
of the yidaki at the same time, and the bottom is the impedance spectrum

inside the mouth during playing. At low and high frequencies, the oddMants in the output sound. Again, the playing frequency is
harmonics coincide with resonances of the pigertical dashes However,  Slightly above that of the first resonance—about 3 Hz in this
at around 1.5 kHz, even harmonics coincide with the resonances. case. Consequently, at a frequency approaching 1 kHz, the
odd-even difference in the sound spectrum disappears, be-
cause in this frequency range the harmonics fall almost mid-
vocal tract(i.e., the airway between the lips and the glottis way between resonances. At around 1.5 kHz, on the other
Mukai (1989 reports that experienced wind players performhand, it is the even harmonics that benefit from the reso-
with the glottis almost closed. A nearly closed glottis pro-nances of the pipe. This range is not far below the formant
duces relatively strong resonances at high frequencies béue to the vocal tract resonance. It might be possible, in

cause the coefficient of reflection is large. Consequently, aRrinciple, to observe broad and weak formants in the sound

frequencies above several hundred Hz, the impedance seenSRECTUM due only to this effect of an even or an odd har-

the lips is approximately that of an irregular tube closed afhnonic ha‘llppenlng_ to fa_ll ona res”onance of the yidaki: we call
this the “harmonic coincidence” effect. For an experienced

the glottis. The lungs, on the other hand, would produce a

termination that i ntially resistive at high fr nci S‘yidaki player, formants produced by this effect would be
€ ation that 1s essentially resistive at high frequencie relatively small compared to those produced by the minima
and therefore an airway with open glottis exhibits rather.

7~'in the spectral envelope that coincide with peakZjn.
weak resonancefslata not shown We propose that experi-  consequently, in this figure, as in Fig. 4, the maxima in the

enced yidaki players, like other wind players, also performmpedance of the vocal tract coincide with minima in the

with the glottis nearly closed and that this is necessary t&pectral envelope of the radiated sound. However, in Fig. 6
produce the relatively strong resonances that give rise tgout not Fig. 4, the formants at about 1.6 kHz is somewhat

strong formants in the output sound, as discussed below. Inassisted by the near coincidence of a harmonic of the lip
number of styles of yidaki playing, the glottis is used as anmotion (here anevenharmonig with a resonance of the in-

10 4 (a) sound in player’s mouth

Relative sound pressure (dB)
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Frequency (Hz) FIG. 8. The images on the left show one cycle of vibration of the player

AT's lips, from the front, photographed with a high speed camera. The bar
FIG. 7. The graphs are as for Figs. 4 and 6, but these data were taken durigs length 10 mm. The side vieat right were obtained stroboscopically
a note played with the low tongue configuration. by the schlieren flow visualization technique and are matched with the high
speed images to show one complete cycle. The scale bars have length

strument. As the player can readily make small adjustmenté0 m
to the playing frequency, it is possible that the playing fre-
guency is sometimes adjusted to take advantage of harmongide using the arrangement shown in Fig. 2. The side-view
coincidence, though this was not investigated here. pictures thus taken are not shown here. Instead we present in
Figure 7 shows the impedance measured inside theide view the schlieren images, which show both the air jet
mouth and the sound produced for a configuration in whickand the lip position. These were produced stroboscopically
the player held the tongue low in the mouth. The peaks irusing the arrangement shown in Fig. 3. Images from these
Zyact Were not as large as for the high tongue configurationfwo series are shown in Fig. 8. The images on the left of each
and consequently there is none of the shaping of the spectrphir are sequential pictures from one cycle. The pictures on
envelope of the sound as is produced with the high tongu#e right, however, were each obtained in different cycles
figuration. The impedance of the vocal tract is so low overfrom the stroboscopic series and were matched to those from
most of the frequency range that only the strong low harthe high speed series by matching the shape of the lips at
monics of the lip motion produce components that are clearlppening. The high speed fil@hoth front and side viepis on
visible above the turbulent noise present inside the mouthour web site(Music Acoustics, 2006 The lip shapes shown
There is no clear formant comparable to those near 1.7 kHbhere are qualitatively similar to the results reported by Wig-
in Figs. 4 and 6. The coincidence effect does increase the odgins (1988.
harmonics around 2.5 kHz. In this example, and in others  Figure 9 shows data from sets of images such as those
measured in the low tongue configuration, the odd harmonicen the left in Fig. 8, and the side view images taken simul-
in the signal recorded in the mouth were stronger than théaneously via the mirrofpictures not shown The data are
neighboring even harmonics. Whether this is due to thewveraged over ten cycles from a series made with the high
shape of the lip openingliscussed beloyor to sound trans- tongue configuration. The maximum camera spé&000
mission from the bore of the yidaki into the relatively low frames per secondimits the time resolution, and hence lim-
impedance load in the mouth, or to another cause, we do ndts the maximum frequency in an experimental spectA(if
know. However, one of its consequences might be the akio 500 Hz. However, the shape Aft) is used as an input in
sence of a clear coincidence effect around 1.5 kHz. a numerical model presented in our companion theory paper
(Fletcheret al,, 2006. Yoshikawa(1995 reported the mo-
tion of the lips of horn players. In the low end of the range,
their lips moved mainly along a horizontal aXis., parallel
Images of the playing lips were produced in two differ- to the bore of the mouthpiegewith a smaller opening mo-
ent ways. In one, a high speed camera operating at 100fon in the vertical direction. Like that of the horn players in
frames per second filmed the lips from both the front and thehe low register, the lip motion reported here thus conforms

C. Motion of the lips and air jet during playing
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(a) yidaki in general. Indeed, the period of the sound pressure
2 SRRk oscillation (14.3 m$ remained substantially unchanged
H},_;’ ﬁ\@} P4 when the CQ was supplied to form the curtain. To reduce
A" 2l S the effect of the CQ@jets on the air jet, the flow of COwas
. regulated so that the GQurtain becomes almost invisible at
o + the level of the opening of the lips. Some aspects of the
: < v motion of the jet are explained by the mouth opening. In Fig.
,_{H »—J{—- 8(b), the lips have just opened and the jet is well-defined and
£ narrow. In Figs. &)-8(e) inclusive, the lips remain open and
- the jet grows broader. This is possibly the result of changing
H %2?’-/ 1mm geometry of the jet separation from the lips as they open. It is
e interesting that the jet deviates noticeably downward from
~¢ the axis of the yidak{Figs. 8e) and &f)]. The downward
deviation may be caused by the changing geometry of the
Forward motion player’s lips as they open or it may be due to a momentum
150 (b) transfer between the jet and the descending, G@eam.
Once the lips closfgFig. 8f)] the momentum of the jet keeps
it moving and the disturbance of the “curtain” gradually dis-
100 e high appears.
low In a widely used Poiseuille-flow model for wind instru-
ments, the relation between the flow of air into the instru-
ment and pressure difference between the mouth and the in-
strument is calculated assuming conservation of energy
0 between the mouth and the jet, followed by dissipation of
—_—— 17— kinetic energy in the jet when it mixes with the air in the
0 2 4 5 8 10 24 instrument. When the air jet emerges from the lips it experi-
Time (ms) ences viscous drag from the surrounding air, which leads to
1 turbulent mixing because of the high speed of the jet. This
Tl (c) can be clearly seen in Fig. 8. The important thing for sound
Tl @ generation in the instrument, however, is simply the input
.. volume flow at a particular frequency multiplied by the in-
107 " 8- strument impedance at that frequency.

Upward motion
2

- -
5O
\
‘l
mi

Area {(mm?)
o]

o low ~. D. Idiomatic effects: Circular breathing and
102 ° T vocalization

Relative amplitude
°
=
Q
j=

Figure 10 shows aspects of the sound produced for an-
other important playing configuration: the inhalation phase
108 o necessary for “circular breathing,” during which the per-
1 5 3 T 0 former plays using the air in the inflated cheeks, with his
Harmonic number mouth sealed from the lower vocal tract with the soft palate.
) o This radical change in the vocal tract geometry makes a sub-
FIG. 9. Data from images such as those in Fig. 8, averaged over ten cyclegantia| change in the timbre and the necessity of frequent
(a) shows how the average position of the upper lip varies throughout g . : .
complete cyclefbars show the standard erfofb) shows how the average INhalation means that the change occurs often in continuous
area of the open space between the lips varies with time throughout a cyclelaying. Idiomatic playing makes a virtue of this necessity,
fc;ftthher?igh and low t0”9Uetgocf)}fi%gat‘i;zioséizh:amztti‘;isfei'nattir‘:z ﬁml;'ri;l;di . S0 that the sound produced using the cheeks as reservoir is
gash?ed Tlian;czglc;:ic‘;czgqsp%legituation inpwhich the harmonic compponents. vaf?‘ade an integral 6|em,ent Qf the rhythml(_: Struc_ture' Many of
asn2 he rhythms used require simple alternation of inhalation and
exhalation through the instrument. Typical mouth pressures
vary from 0.8 to 2 kPa and flow rates from 0.1 to 0.3 |/s.
to the “outward swinging door model” used to explain the The volume of air that can be expelled from the cheeks sup-
operation of lip-valve instrumentg¢Fletcher and Rossing, ports loud playing for only a fraction of a second, during
1998 and the yidaki(Hollenberg, 2000 which most players are unable to inspire deeply. Conse-
The schlieren images in Fig. 8 show the motion of thequently, a simple alternation of inhalation and normal play-
jet emitted from the lips by mixing the jet with GGrom the  ing allows only shallow breathing.
“curtain” introduced as shown in Fig. 3. The density of car- For this reason, players will sometimes play for several
bon dioxide is about 1.5 times greater than that of air. How-seconds using the air in the lungs, and then refill the tidal
ever, the total volume of CQs small so there is little reason volume during a series of three or four alternations between
to suspect that this alters significantly the behavior of thebrief inhalationgwhile playing with the cheek reservpand
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% -10 4 FIG. 11. The spectrum of a sound produced by playing a note with fre-
g 204 spectrum at B quencyf=70 Hz and simultaneously vocalizing at a frequecywhereg
2 =3f/2=105 Hz.
£ 20
© . . . .
s -40 ‘ \ ‘ guence for this study that it proved impossible to make ac-
> 50 - ceptable impedance measurements of the tract during this
£ 60 4 ‘ gesture.
o The spectra in Fig. 10 contrast the spectra of the sound
70 4 . . i : )
produced during one of the inhalations, during which the
04 mouth alone was the resonator upstream from the lips and
8 during the intervening exhalation.
£ o0 spectrum at A A further series of different timbres can be obtained by
8 vocalizing and playing at the same time. In this case, both
s 301 the vocal folds and the lips act as pressure-controlled valves,
§ -40 operating at opposite ends of the vocal tract. Due to the
2 50 strongly nonlinear interaction among lip motion, vocal fold
£ 60 - motion, and the air flow, a range of heterodyne components
& are generated. Simply, if the vocal folds have opening area
70 - S,=2a(n) sin(nwst) and the lips have opening ared
I T T T T T 1 _ . . h . )
o 500 1000 1500 2000 9500 3000 =3b(n) sin (nw,t), then the total flow, ignoring tract imped

Frequency (Hz) ance effects, is proportional §S, and thus has components

at all frequencieiw;+mw,. An example is shown in Fig.

FIG. 10. Top: an oscillogram of a sound sample during which the player] 1 Player LH plays a steady note at frequericy70 Hz,

inhales through the nose three times, while continuing to play-—an examplgpjje - simuyltaneously vocalizing at a frequengyz3f Cnsequently, the

of one of the common rhythms used in circular breathing. The amplitude” . . . .

falls during the inhalations and is largest during normal playing. Spectra o 109 Hz, a musical fifth above. The .fII’S'[ seyeral hgrmonlcs

sounds during normal playin@ and inhalation(b) are shown. and heterodyne components are indicated in the figure. Be-
cause of the harmonic relation between the two frequencies,
these components are equally spaced at frequerfdi2s

normal playing. This may be used when preparing for or=9/3=35 Hz.

recovering from the use of a high flow rate, such as may b@elovy the lip _fundamental, as the sound files demonstrate

used to play one of the upper resonances. (Music Acoustics, 2006

An example of a regular series of inhalations is shown in
Fig. 10. The waveform shows a series of three exhalations/. CONCLUSIONS

(Iargg amplitudg each followed by a brlefllnhalatlo(rsmall . When the player’s tongue is raised close to the hard
amplitudg. The amplitude decreases during each of the in- 2
alate, the acoustical impedance spectrum of the vocal tract

halations, which may be explained by the application of th‘%)as maxima with values of 2—10 MPa strin the range
Young-Laplace relation to the muscles of the cheeks: it i ¢ 3 kHz—comparable with or larger than a typical imped-
easier to apply a higher pressure with a given muscular terynce maximum of the yidaki in that frequency range. At the
sion when the cheeks are highly curved. The finite moutifrequencies of these maxima, the spectral envelope of the
volume and the consequent brief period during inhalationadiated sound has minima, because the frequency compo-
(typically 0.2 s for this playgrhad the unfortunate conse- nents of acoustic current in the air jet entering the instrument
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are reduced. In the frequency bands lying between the im-struments,” J. Sound Vib83, 181-217. _
pedance maxima, the lower impedance of the tract producd@Ps: J-» Smith, J. R., and Wolfe,(1997. "A novel instrument to measure
. . ) . acoustic resonances of the vocal tract during speech,” Meas. Sci. Technol.

a stronger acoustic current through the lips, resulting in a g 3775 1721
characteristic, strong formant in the radiated sound. ThesSegrickson, R.(1969. General speech: for trombone solo (with theatrical
formants in the radiated sound correspond approximately to effects)(Smith, Baltimore.
those of the second formant frequency produced in Speecﬂetcher, N., Hollenberg, L., Smith, J., and Wolfe(2002). “The didjeridu

. . . . and the vocal tract,” Proc. International Symposium on Musical Acoustics,
with '[h(.é same tract co_nflguranon. _T_he large Var_lat_lon be Perugia, edited by D. Bonsi, D. Gonzalez, and D. Stanzial, pp. 87-90.
tween impedance male:'.i and mlnlma, the vquatlon .thafiletcher, N. H.(1983. “Acoustics of the Australian didjeridu,” Australian
produces strong formants in the radiated sound, is consistenboriginal Studies1, 28-37.
with a g|0tt|s near|y closed, the Configura’[ion used by expeF|etChel’, N. H. (1993. “Autonomous vibration of simple pressure-
rienced wind players studied by Mukél989, 1992 This controlled valves in gas flows,” J. Acoust. Soc. ABB, 2172-2180.

. . . letcher, N. H.(1996. “The didjeridu (didgeridog,” Acoust. Aust. 24,
suggests that learning to play with the glottis nearly closecrll_lg)_ (1289 : (didgeridoo

may be important in developing technique on the yidaki.Fletcher, N. H., and Rossing, T. [1998. The Physics of Musical Instru-
Broad and weak formants can also be observed when groupsnents 2nd ed.(Springer-Verlag, New York
of even or odd harmonics coincide with a bore resonance. Fletcher, N. H., Smith, J., Tarnopolsky, A., and Wolfe(2D05. “Acoustic

The lips are open for about half of each cvcle and oper- impedance measurements—correction for probe geometry mismatch,” J.

p: P all ( Y PEI™ Acoust. Soc. Am.117, 2889-2895.

ate approximately as “outward swinging doors,” as describeetcher, N. H., Hollenberg, L. C. L., Smith, J., Taropolsky, A. Z., and
by Yoshikawa (1995 for the low range of the horn. The  Wolfe, J.(2008. “Vocal tract resonances and the sound of the Australian
motion of the jet is relatively simple and supports the ap- didjeridu (yidaki) II. Theory,” J. Acoust. Soc. Am119 1205-1213.

. . i ; . f Hollenberg, L.(2000. “The didjeridu: Lip motion and low frequency har-
proximation of one-dimensional motion made in several monic generation,” Aust. J. Phy&3, 835-850.

analyses{FIetcher, 1993; HoII_enberg, ZODOI-h_e present pa- Mukai, M. S. (1992. “Laryngeal movement while playing wind instru-
per has been concerned entirely with experimental measurements,” in Proc. International Symposium on Musical Acoustics, Tokyo,
ments. A theoretical analysis and justification of some of the Japan, pp. 239-242.

conclusions will be presented in a companion papéatcher Mukai, S.(1989. “Laryngeal movement during wind instrument play,” J.
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