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The didjeridu(didgeridog or yidaki of the Australian Aboriginal people consists of the narrow trunk

of a small Eucalypt tree that has been hollowed out by the action of termites, cut to a length of about
1.5 m, smoothed, and decorated. It is lip-blown like a trumpet and produces a simple drone in the
frequency range 55 to 80 Hz. Interest arises from the fact that a skilled player can make a very wide
variety of sounds with formants rather like those of human vowels, and can also produce additional
complex sounds by adding vocalization. An outline is given of the way in which the whole system
can be analyzed using the harmonic-balance technique, but a simpler approach with lip motion
assumed shows easily that upper harmonics of the drone with frequencies lying close to impedance
maxima of the vocal tract are suppressed, so that formant bands appear near impedance minima of
the vocal tract. This agrees with experimental findings. Simultaneous vibration of the player’s lips
and vocal folds is shown to generate multiple sum and difference tones, and can be used to produce
subharmonics of the drone. A brief discussion is given of player preference of particular bore
profiles. ©2006 Acoustical Society of AmeriddOl: 10.1121/1.2146090

PACS numbes): 43.75.Fg, 43.70.Aj, 43.75.Rs, 43.72.(DD] Pages: 1205-1213

I. INTRODUCTION times its manufacture has spread to most Aboriginal craft
The Aboriginal peoples of Australia have lived in com- communities and thence to many modern makers in other

parative isolation in this continent for something in excess Opouptrles. Quite apart from its tra%tlonal use _for the accom-
40 000 years. They are divided into many nomadic tribesPaniment of songs and ceremonteshe didjendu has also

each living in traditional lands and each speaking a dif'ferenpl':‘come w_|d_ely us_ed n _contemporary music b_aﬁds.
language but with many common customs. These peopl Th_e didjeridu is a sm_ple wooden tube, typlca_lly abou_t
have developed several devices that have attracted wide -5 m in length but sometimes made shorter, particularly in

tention, the best known being the boomerang, which returngent_ral Au;@r?‘lla. The tube 1S :er;]ved If_ron; th% ai]t.lot? of
to the hands of the thrower after quite a long circular flight,term'tes' which are common in Arnhem Land and which eat

and the didjeridu, usually spelled “didgeridoo” in nonaca-°ut the dry wood at the core of living Eucalypts, which is the

demic literature. They have also developed a version of thghajor tree genus in Australia. Some species have quite nar-
“bullroarer” that is similar to that found in many other an- W trunks, and the extent of termite damage can be assessed

cient cultures, and discovered how to imitate bird songs an@y knocking on the trunk with a heavy stick. When an ad-
other sounds using a “gum-leaf’ from a Eucalypt treeequa’re_ly eaten trunk is found, the tree is put down, t_radl_tlon-
pressed against the lips. ally using a sharpened stone, and a suitable section is cut
Lip-blown wind instruments are common in many an_from near its base. The termites leave a h_oneycomb-l_lke gal-
cient cultures, their form depending upon availability of Iene_d structure that can be cleaned out with a long stick and
simple tube-like or conical structures to define the air col-tN€ inside of the tube rubbed to moderate smoothness, a pro-

umn. Conch shells, for example, have been popular, as al&$SS that is pqssible because of the growth rings in the wood.
have been tubes derived from the hollow stems of bambog>°Me work with a sharp stone may be necessary at the two
The didjeridu was developed by the Yolngu tribes whoseEnds to give a smooth termln_at_|on. The bark is stripped from
traditional lands are in what is now known as Arnhem Land,th€ outside of the tube and it is then smoothed and usually
to the east of the modern city of Darwin on the central north-Painted with traditional tribal or family totem designs, using
ern coastline of Australia. In the tribal language the instry-Prown, black, and white pigments made from soil, charcoal,

ment is called a yidaki or yiraki. In comparatively recent @1d minerals held together with plant gums. Finally, the
smaller blowing end of the tube is smoothed for the player’s

lips by application of a ring of beeswax.
“Also at School of Physics, University of New South Wales, Sydney 2052,  1he sound of the didjeridu is a.|0V\{-pItChed d'rone with
Australia. Electronic mail: neville.fletcher@anu.edu.au frequency usually about 70 Hz, maintained for minutes at a
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time by the technique of “circular breathing” in which the 3 @
cheeks are blown out to hold enough air to maintain sounds
production, the soft palate is momentarily closed, and there
is a quick intake of breath through the nose. This technique is&
not unique to the didjeridu but has been used by traditional
Indonesian flute players, and is now common among profes-£
sional orchestral players of some woodwind instruments. Theg,
drone sound is normally modified by introducing emphasized§ v _real imaginary
frequency bands, known as formants by analogy with human -1 00 7000 3500 5000 3300 3000
vowel sound spectra, through change in the configuration of Frequency (Hz)
the upper vocal tract. These formants are usually introducec
in a rhythmic manner to produce a musical pattern. Occa-_. 4— ()
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~

[ANVINIPS - - -
T

= e = =

f=3

sional accents are also introduced by momentary leaps to thE 5 -
second mode of the air column, at a frequency between aboug T
2.5 and 3 times the drone frequency, depending upon theZ | ——-r " Bt P

© P D

shape of the instrument bore. Finally, while maintaining the
lip vibration, the player may also occasionally vibrate his
vocal folds as in singing to produce additional sounds or g
even subharmonics of the drone. These techniques are ofte
used to imitate the sounds made by native animals or ta © 20 ;‘:0 H6° 80 100
illustrate the text of a song or story. requency (Hz)

. The acoustics of the d|dle“qu tube is es§entlally trivial, g1 1. calculated input impedance just below the vocal folds for the ide-
since it consists of a tube of defined though irregular geomalized lung modela) over an extended frequency range, dhlover the
etry with enhanced wall losses because of roughness ar@hge of interest for the lip vibrations. The characteristic impedance of the

. . . s é)ronchus is about 2 MPasTh
porosity. Details of these parameters determine the distinc-

tion between an instrument considered “good” by the playep;ieq by about 65 000 small alveolar sacs which contribute
and one regarded as “podt;’ as will be discussed later. ot of the stored air volume. There are, of course, several
Interest however centers upon the coupling of the vocal raqatia| constraints to be obeyed by this structure so that the
to the instrument and on the vibration of the player's lips.;njes and finally the alveolar sacs can fit within the overall
There has been rather “tt!egfg'nv_eSt_'galt(')on of these problems;q|yme occupied by the lungs in the body. The whole struc-
except for work by Fletchet, Wiggins,™ Hollenberg,”and e is somewhat elastic, and the pressure inside it is main-
members of the present project te&m. tained by muscle tension on walls of quite large total mass.

The purpose of the present paper is to give a formal A 3 simple model for the lungs that is a good approxi-
analysis of the acoustics of the played didjeridu, includingmation to reality, we take the tubule diameter ratio after

the important contributions of the player’s lungs and Voca'branching to be 0.8, rather than the idealized value 822

tract. Some consideration will also be given to the effect ofynq take the tubule length ratio also to be 0.8. This allows the
vocalizing while playing. Only brief mention will be given

X - X ! geometrical packing constraints to be satisfied and gives a
here of experimental studies by our project team in order tQua| tyhule volume of about 1 liter, leaving the remaining

provide a comparison with calculated results. Detailed disz |itars of lung capacity to be provided by the alveolar sacs.

cussion of the measurements and experiments conducted iSis gtrajghtforward to calculate the acoustic input imped-
given in a companion papét,and a brief discussion of re-

X 4, ance for this idealized model, and the results are shown in
lated experimental results has recently been published.  rjg 1. Over the range of interest for the vibration of the lips,

near 70 Hz, the impedance is almost purely resistive and
Il. ANALOG NETWORK MODEL about equal to the characteristic impedance of the bronchus,

_3 . .
Analysis of the acoustic behavior of the entire system? X 10° Pasm? and the same is true in the range from
consisting of lungs, glottis, vocal tract, lips, and didjeridu about 0.5 to 3 kHz that is of interest for the vocal-tract reso-

tube is most conveniently carried out using an electrical neth@nces leading to sound formants. _
work analogt®*"in which voltage represents acoustic pres-  AS @ consequence of this analysis, it is a good approxi-

sure and current represents acoustic volume flow. Since tHBation to represent the lungs in the network model as shown
whole system is very complicated, it is helpful to treat it in " Fi9- 2@. Muscular pressure on the lungs is represented by
sections, beginning with the lungs. a dc voltage source in series with a very large inductance

representing the mass loédertance of the associated mus-
cular tissue. The acoustic compliance of the air volume in the
alveolar sacs is represented by a simple capacitance, while

The lung is a complex quasifractal structure of branch-the impedance of the network of tubules contributes a simple
ing tubulest®?°In a simplified version, starting just below resistance with magnitude about equal to the characteristic
the vocal folds the main tube branches into two bronchimpedance of an infinite tube of diameter equal to that of the
which continue to branch into pairs of tubules through 16subglottal bronchus. Such a model reproduces the behavior
orders. After 16 orders of branching the tubules are termishown in Fig. 1.

-2

pedanc

| real imaginary |

A. Lung impedance
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muscle fractal  vocal fold some numerical values for the geometrical parameters for

o fubules - aperture both the “uninflected droneflow tongue and “high for-
m mant” (high tongug configurations. As will be seen from the
pf;‘e‘i:ﬂfe Z:‘/V' — analysis to follow, the acoustical quantity of importance in
T —|_ l_ determining the spectral envelope of the didjeridu sound is
alveolar upper the frequency dependence of the input impedangcef the
N voeal tract vocal tract at the lips, as shown in Fig(b2 This quantity,
) measured by a modification of an impedance head developed
voeal - Tp | radiation by our group®?*is discussed in detail in the companion
"‘ didjeridu impedance e_xpenmental papér In the I_ow-tongu_e position, the mout_h
v simply extends the trachea into a uniform tube up to the lips,
L PM[ U, ‘PD Z,-',? giving a rather low value foZ,,. In the high-tongue configu-
T - ration, normally used to produce sounds with pronounced
(b) formants, the tongue is raised along its whole length and
) brought close to the teeth, so that it forms a narrow passage
‘t]rozf;l V!ilve didjeridu Ly Ry C of effective diameter about 10 mm from the root of the

tongue up to the lips. By changing the position of the lower
L, R G jaw and tongue, it is also possible to convert this passage
from almost cylindrical to nearly conical, with obvious influ-
ence upon the tract resonances, while the narrow duct diam-
Ly R, eter near the lips greatly increases the valug\ofThis effect
(c) (d) has been briefly described, both for the didjeridu and for
FIG. 2. (a) Electrical network representing the lungs, glottis, and vocal tractOther wind instruments, in a recent conference pUblicgﬁon'
of t‘he‘ didjeriduI player\.l\(lb) SirgplifiedIn?atworltj r%pyrgser:ti’ng th\é entire A detailed mo_d6| for the Im_pEdanQV of the whole
didjeridu+player system(c) Further simplified network used for calcula- VOcal tract at the lips can be built up using the analog net-
tion. (d) Simple model used for the vocal tract impedaige work shown in Fig. 2a), the variations in the geometry of
the upper vocal tract being detailed through the coefficients
Above the junction of the two bronchi, we find the con- Zj/(w). In the analysis to follow, however, a very simplified
striction of the vocal folds. Since these folds are inactivemedel will be used for the vocal-tract impedance, as shown

during normal playing, the larynx constriction can be repre-n Fig- 2d). This consists of two series-resonant LRC cir-
sented in the model by a simple series inductance, as showfUits in parallel, representing the resonances of the upper
It appears that skilled players on most wind instruments/0c@l tract, the characteristic impedande/C)™ of these
partly close(adducy their vocal folds so that the area of the CIrcults being chosgn to match the elxpect.ed |mpedgnce of the
remaining aperture is small, a feature first noted and examtocal tract for the high-tongue configuration, and with a fur-
ined in detail by Mukaf?*This provides a significant series ther parallel LR branch representing the impedance of the
inertance between the upper vocal tract and the lungs ar@ottal constriction and the lungs.

serves to isolate the upper-tract resonances to a large extent

from th_e damping influence of the resistive Iu_ng impedancec_ Didjeridu impedance

For typically adducted vocal folds, the opening is about 2 . ) o .

X 10 mm and the effective fold thickness, including end cor- ~ The acoustic properties of the didjeridu can be described

rections, perhaps 5 mm, giving an acoustic inertance at freby four impedance coefficien®?(w), the values of which
quency w of about 30@ Pasm?3 which is about can be calculated from the measured dimensions of the tube

2—6 MPas 2 in the frequency range 1—3 kHz that is of and the estimated roughness of the walls. Most genuine did-
interest for formants. This must be compared with charactederidu tubes flare progressively along their length so that
istic impedancepc/S~1 MPa s m? of the trachea and the their shape is roughly that of a truncated cone. For such a
estimated subglottal lung impedance, illustrated in Fig. 1fube, ideally open at end 2, the impedance maxima at the
which is nearly purely resistive and about 2 MPa$rm  mouth occur at frequencies, such that

magnitude. It is therefore evident that the vocal folds can kOl

have a significant effect on the resonances of the vocal tract Ki.L'=nm~ arctar(m>, (&
provided they are well adducted. 2

wherek,=w,/c, c is the speed of sound in ai; is the tube
diameter at the blowing endl, is the larger diameter at the
open endL is the tube length, and’ =L+0.3d, is the ef-

Above the vocal folds, which have already been dis-fective tube length including the open-end correctidror
cussed, the trachea is a nearly uniform tube of diametea cylindrical tube withd,=d;, the mode frequencies,
about 20 mm until it reaches the glottis, above which thegiven by (1) follow a sequence 1,3,5, times wc/2L’,
geometry is complicated by the movable lower jaw andwhile for a complete cone of the same length the sequence
tongue. Magnetic resonance imagitdRI) studies? of one  is 2,4,6, timesac/2L’. For an intermediate geometry of
of us (LH) while playing on a modified didjeridu provide small flare, the mode frequencies are given by

B. Vocal-tract impedance
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1 4(dy-d 2
wnz(n——>w—c{1+{1 (2—1)] } 2) sz7><1or4w2+o.a'd2 if kd, < 1
2

+
2/2L’ m2dy(n - (1/2))?
These frequencies lie between those of the limiting se- pc 500
quences mentioned above for cylindrical and for conical =——=~— ifkd>1 (6)

tubes of the same length, and thus might be described as a
“stretched quasiharmonic sequence.” A real didjeridu tubejn S| units.

being a natural object hollowed out from a tree trunk by

termites, does not have quite this regular form, though the

behavior of its lower modes is generally well approximated”'- LIP-VALVE OPERATION

by the flar_ed-tube relatio(). ) . The lip valve is in reality a complex mechanism with
o Experimental values for the impedance coefficientsyany degrees of freedom. The player's lips are somewhat
Zjj(w) can be obtained by measuring the input impedance of ¢ 3ng flexible, their geometry is complicated, and they
the tube from each end with the opposite end either open Qfg a1y close completely for part of each vibration cycle,
closed, in _separate measurements, or can be calculated if tﬂ‘ﬁis introducing very significant nonlinearity. As has been
geometry is assumed to be regular. If the shape of the bore @fnq yith vocal-fold models, construction of any detailed
the didjeridu is assumed to be a uniform cylinder of lerigth ., 14a| of the vibrating lips is a very major undertaking, and

as it may be i_n some Iaborato_ry_ experiments u_sing plastig,q appropriate model may well differ greatly from one
pipe, then the impedance coefficients have the simple forms,yer to another, or indeed during different types of perfor-

7P =70 = - jz, cotkL mance by a single player. For these reasons, among othe_rs, it
3) is preferaple to devglop a mod.el that is as simple as possible,
while still incorporating the major features of a real lip valve.
Experimental studies of players of brass-instruments
where Zy=4pc/ 7 is the characteristic impedance of the players® > have shown that the predominant lip motion at
tube, assumed to have diamettr and k=w/c—ja. The l0W frequencies can be described as that of “outward-

quantity  allows for viscous and thermal losses to the tubeswinging doors,” or the configuratioft, —) in the notation

ZD,= 272, =-jZycsckL,

walls according to the relation of Fletcher®? where the first symbol indicates the action on
" the valve of a steady pressure on the gpstream side and the
o~ 105/3“’_‘ (4) second symbol the corresponding action of a downstream
d pressure. For fundamentals of high frequency, these studies

. . ) ) of trumpet and trombone players show that a better approxi-
in Sl units. The numerical parametgris about 2.4 for per- . -u-1is that of ssliding doors” with configuratiofi-, +).

fectly smooth walls, but may become much larger than thigyyher studies have described the motion in terms of a com-
for the rough walls characteristic of a naturally producedy;tion of both types of motid and some as surface

didjeridu. , o waves propagating on the lips. To maintain generality we
If, as is typical of genuine instruments, the bore hasgy initially make no assumption about which of these con-
nearly the shape of a flaring truncated cone with diam@{er g, rations is a more appropriate approximation for the did-

at the blowing end and diametej at the open end, th]%?ﬁ%he jeridu and write the configuration symbol &s,,0,) where,
impedance coefficients have the more complicated S in the present case;,=+1 ando, may be either +1 or -1

5 4jpc| sin(kL + 6,)sin 6, depending upon the lip model adopted.
Z7,= T | Skl -0 Our own experimental studies of didjeridu players, de-
dy | sin( 2= 61) scribed in detail in the companion paﬁéshow that the lips
i . . are open for only about half of an oscillation cycle, that the
0= + “J_PE[M] (5)  lip opening is typically nearly elliptical, and that both elliptic
md; | sin(kL + 6, - 6,) diameters expand and contract to some extent together. The

areas of the lip opening thus has approximately the form

70— 70 - _ 4eC [ Sin 0y Sin 6, ] S(t) = A(coswt — cosg)*, (7)
12 21 7led2 Sin(kL+ 62 - 01) '

where A is a constant, £u<2, and the notatio ) is
whereg, =arctankx;, and 6,=arctankx,, with x; andx, being  intended to imply that the enclosed expression is set to zero
the axial distances of the ends 1 and 2 from the apex of th# it is negative. Here{/ 7 is the fraction of the period for
cone. Related expressions can also be derived for the inputhich the lip valve is open, and since this is typically about
impedanceZ, when the bore is terminated by a given half of the period for didjeridu playerg,~ =/2, though this
impedancefr,7 in the present case the radiation impedafige  may vary somewhat with playing style. The expres<ions
These coefficientii? must of course include the real parts usually referred to as a “transparent closure” model of the lip
due to viscous and thermal losses at the tube walls, as deibration, for obvious reasons.

tailed in(4). If d, is the diameter and, the area of the open While the opening and closing of the lips may not be
end, then the radiation impedance is also a complex quantitgxactly symmetrical in practice because of hysteresis effects
which has the approximate foffn in lip contact, we neglect this complication and write
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* (6%). Informal observations of competent didjeridu players
Sty =>, S, Cosnwt. (8) show that they typically raise the drone frequency when
0 wishing to emphasize formants.
A general approach that properly includes all nonlineari-
Consideration of7) for the transparent closure model indi- ties and treats finite vibration amplitudes is based upon the
cates that we should expect thsgt<n™%, but this needs to be “method of slowly varying parameters” described by Bogo-
checked by experiment. Stroboscopic measurements on thigbov and Mitropolsky:* In this approach it is assumed that
lips of a didjeridu player, as shown in Fig. 8 of our experi- the lip oscillation can be described by the expression
ment pqpe?? allow the opening area.t(.) be plotted as a func- z=2y+asin(wgt + ¢), (10)
tion of time, and from this the coefficient can be deter-
mined. To a reasonable approximation, as shown in Fig. 9 o&nd that both the amplitude and the phasep are slowly
that paper, it is found that,=n2s,, which differs from the  varying functions of time in the sense that they change by
predictions of the transparent closure model. The differenc@nly a small amount over one periodr2w, of the oscilla-
can be ascribed to a “soft” closure of the lips instead of thdion. If (9) is rewritten in the form
“sharp” closure when they pass through each other in this 42, ) dz
unrealistic model. The experimental result will be used in the 5 + wo(z=2) = 9(1&
calculations to follow, though it is possible that the player
may be able to modify this relation to some extent by changthen it can be show® that
ing the tension in the lip muscles. Indeed, Figc)%f the
. . ; . da 1
experiment paper shows just such an effect in the “low- — =~ —[[gcogwt+ ¢)]] (12
tongue” position, with the amplitude of higher harmongzs t w
for n>5 falling in amplitude even more rapidly than?.
Since it is not the purpose of this paper to calculate lip dé _ _ i[[g sin(wgt + #)]] (13)
awo 0 ’

.pM,pD>, (11

motion in any detail, an outline based upon a transparent  dt
_clqsure mode_l refe_rr_ed to above in which, instead Of. a r.e"’_ll\'/vhere the notatiof[ ] is to be taken to imply that only
istic nonelastic collision between the surfaces of the lips, it

d that hii A : idal moti d rms varying slowly in time relative to sipt are to be
assume at each fip executes a sinusoldal motion and €laiaineq. When the system settles into a steady state, the

vibration amplitudea is constant and so too id¢/dt,

o ; . ©¥mplying that the new steady vibration frequency d
modeled by ascribing an appropriate damping to the mouonrdlfﬁ)//dt.gThe qualitative resul)t,s are the sarr?e as );Luﬁined
of each lip. The outline of this model given below eXpresses,p e for the simple linearized model

itin one-dimensional form for simplicity. While detailed consideration of lip vibration is clearly

" Suppose that the uEstrea_m E_ressuwsgnt(:] t?idt?qwn_t necessary in a complete model for didjeridu sound produc-
stream pressurpp, as shown in Fig. @), and that both ac tion, creation of such a model is not the purpose of the

upon an effective lip ared. Let the lips be identical and present paper. Indeed, it will be sufficient to note that a

have comk_nned ‘?ﬁec“"e. mass and dampingy. If z Mmea-  model for lip vibration is possible and to specify its predic-
sures the Ilnear_hp opening, then an adequate approximation, by assuming reasonable values for the vibration ampli-
to the lip behavior on this model is tude and frequency. The frequency, as shown(18), de-
pends upon lip tension through the value @f, upon the
d?z  dz 5 didjeridu and vocal-tract impedances, and upon the nature of
Mgt Ygr t Mwo(z 20 = Alo1pu + o2Pp), (9 the lip motion as encoded in the parametessand .

. L . IV. SYSTEM ANALYSIS
where wq is the natural frequency of the lip vibration as

determined by their mass and tension. In the swinging-door In this section two approaches will be explored. The
case, the parametens and y should be defined in terms of first, which is potentially able to predict the operation of the
moments of inertia and centroid of pressure, but this makewhole system in detail, relies upon the “harmonic-balance”
no basic difference. approach to the behavior of the whole system. Unfortunately
Discussion of a simplified version of this problem, in this approach is quite complex and necessarily numerical, so
which the equilibrium opening is great enough that the valvethat the general trend of its conclusions is not readily appar-
does not close and the aperture widthis constant rather ent. The second approach reduces the whole system to the
than varying in synchronism with the aperture height, hasimplest possible approximation by considering only first-
been given elsewheré3 The conclusion is that the drone order terms. While the conclusions derived are certainly not
frequency must be a little above the didjeridu resonance imuantitatively accurate, this approach does show clearly the
the case of &+, —) lip valve and a little below the reso- general trends and, in particular, the way in which the spec-
nance in the case of @, +) valve. The player is presum- trum of the output sound depends upon the vocal-tract pa-
ably able to adjust the lip motion between these two configurameters, which is the main purpose of the whole analysis.
rations, as can trumpet players, though the total range of In both cases the system to be modeled is that shown in
variation in the case of the didjeridu is only about a semitond=ig. 2. Part(a) of this figure gives a model for the player’s
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lungs and vocal tract, while patb) compresses this into a 12 o
simpler system and includes the didjeridu as well. Finally, Y= <‘) [P~ (Zy + Zp)UT7S(t)
e . p
part (c) compresses the didjeridu subsystem further to give
the electrical analog network that will be analyzed. The es- - (E)m[ - ZUM2s(1) 17
sential feature of this progressive simplification is that both P '
the vocal tract and the didjeridu itself are ultimately repre-
sented by simp|e input impedancz@ and ZD! respective|y, where we have WritteﬁEZV+ZD for convenience. SUppOSE
on the two sides of the lip valve. The values of these twonow that
quantities can be readily calculated, as has already been dis-
cussed.

©

U =2 (u,cosnet + v, sinnwt). (18)
0

Recalling the Fourier expansid®) for S(t) and writing py

for the steady component of the mouth presgqyjeas given
In the harmonic-balance approafhhe procedure is as by (14),

follows, after the relevant values @&,(w) and Zp(w) have
been evaluated(i) Assume reasonable values for mouth

A. Harmonic-balance approach

©

pressurepy, lip vibration frequencyw,, and lip vibration 2. (U Cosnet + vy SinNwt)

amplitudea. Take the pressurpp at the input to the did- n=0

jeridu tube to be zerdii) Calculate the volume flow through 2\172 * 12
the lips as a function of time, using the Bernoulli equation. = (—) Po— > Z,(u, cosnwt + v, sinnwt)

(iii) Take the Fourier transform of this flow and use it to n=1

calculate the Fourier components of the pressprgandpp °°

in the mouth and didjeridu inputiv) Convert these pres- x> Sy COSMat, (19
sures back into the time domain, or perhaps simply deal with m=0

the component at the fundamental frequency, which nearl
matches the vibration frequency of the lig¢) Use this driv-

ing pressure difference to recalculate the frequency and a th tion inside th h b the did
plitude of the lip vibration, using either the “transparent clo-ITom e summation inside the parentheses because e did-

sure” model, or preferably a more realistic model, for lipiefidu tube impedanc&,=0 whenw=0. In (19), sinceZ,

motion and the solution techniques detailed in Sec. (Vi) ZR”J'(]jX“ is a complex quantity, Ehz symprLnusthb;/néer-
Iterate stepgii) through(v) until convergence is achieved. preted as an operator meaning “advance the pha y

(vii) Calculate the resulting sound power radiation from the, . As a rez_asonable approximation in the case of the did-
open end of the didjeridu tube jeridu, we might assume thpg> Z,u,,,Zw, for all n, so that

_S71/2 ; ; ; _
It is clear that this is a rather complex though straight-the factor[po—2]""* on the right in(19) can be simply ap

. 1/2rq _ i -
forward computational process, so that no simple genera{?rox'matid bypp 11 .(1/.2p0)h.2],fwhere&g1 e;ch casiélrepﬁ
conclusions can be drawn except by examining behavior iﬁeients t E]i sunlwlmatlon In this alctor( ). Since typlcaé/
many particular cases. For this reason such a detailed contt™ %> S for all n>1, we can also trea, sy, Up, Uy, an

putation will not be carried out or discussed further at thisV 5 belng all of zeroth order, Wh'm):,o anq hlgher terms
time. are all of first order or less. Even with this simplification,

however, and limiting consideration to harmonics upNo
the result is an algebraically complicated, though spaxse,

X N matrix equation containing nonzero elementg for j
B. First-order approximation =iandj=i+1.

Referring to Fig. 2c), and denoting the lung pressure by While this matrix could be solved for a specific case, for
p., the mouth pressure by, and the input pressure to the & _semiquantitative ar_lalysis it is appropriate to simpl{if9)
didjeridu by pp, the following equations can be written: still further by assuming thag, <, for all n>0, rather than
just for n>1. This carries with it the additional result that

%\/herezn is the value ofZ,,+Zp at frequencynw. Note that
he introduction ofpy has removed the zeroth-order term

PL—Pu =2V, (14 u,,v,<u for all n. Physically this amounts to the assump-
tion that, instead of closing in each cycle, the lips remain
Pp =ZpU, (15  substantially open but vibrate in a nonlinear manner so as to
generate all the ternmsg, with magnitudes approximately pro-
| 2(pw—pp) |2 portional to 1h2 Selection of terms in caswt and sinnwt
U= SO, (16) in Eq. (19 then leads to the simpler results
whereZ, is the input impedance of the vocal tract at a posi-  u.[(2pgp)*2+ SoRn] + SoXnUn = 2P0Sh
tion just inside the lips andy, is the input impedance of the (20)

didjeridu just outside the lips5(t) is the opening area of the vl (2P0p) M2 + SoRA] = SpXUn,
lips, andU is the acoustic volume flow through the lips.
Substituting(14) and (15) in (16) then gives which can be combined to give
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. 2poSn[(2pop)l/2+ SORn] (21) TABLE |. Model parameter valuegigh tongug.
" [(2pop) '+ SR, + 9X7

Didjeridu tube length L 1.3m
2 X Didjeridu tube diameter dy 40 mm
- PoSoSh”n (22) Loss coeff. for tube B 12
Un 112 2 2 )
[(2pop) ™"+ soR, 17 + S(Z)Xn First VT resonance fy 1.5 kHz
Th . be furth bined . h Second VT resonance f, 2.5 kHz
ese tWQ equations can be further combined to give t %of VT resonances Q 10
flow magnitude at frequencyw as Charact. impedance (LIC)H2 4 MPas m3
2pgs, Glottal open area 20 min
2, 212 0 .
(ug+vp)e= (23 Effective glottal length 5 mm
1/2 2 291/2°
[(2p0p) + soRn] + ngn] Blowing pressure in mouth Po 1 kPa
which can be simply evaluated explicitly. Max. area of lip opening S 50 mf
Frequency rel. first resonance 1.03

Since the quantity of interest is not the acoustic flow into
the didjeridu from the lips, but rather the acoustic radiation
from the open end of the tube, it is necessary to calculate the
transfer function involved. Referring to the network analog  As a first approximation, the small-signal res{@v) can
shown in Fig. 2b) and using a new notation withl;(n)  be used to predict the behavior of formants for such a cylin-
=u,+ju, and U,(n) being the acoustic flow from the tube drical didjeridu. The result will not be accurate at low fre-
into the radiation impedancaés, we can write guencies and applies to the high-tongue case in which the
upper formants are emphasized at the expense of the drone

_ D _-D
Pa(n) = Z3,Us(n) = Z35U(n) (24) fundamental. Because the vocal tract is a complex structure,
this will be approximated by assuming that it possesses two

_ D _-D
P2(n) = Z5,Ua(n) — ZpU5(n). (29 resonant impedance minima above 1000 Hz, in this case at

The minus signs in these two equations arise from the fact500 and 2500 Hz, respectively, these being separated by an
that both currents); andU, have been taken to flow clock- impedance maximum. The tract can therefore be simply
wise, as in Fig. B), rather than symmetrically with respect modeled as two series-resonant circuits in parallel, as shown
to Z; as is sometimes the convention. At the open end of thé Fig. 1(d), with characteristic impedances appropriate to

tube pr=ZgU,, so that(25) shows that the cross section of the constricted upper part of the vocal
b tract. The third parallel inpedance represents that of the glot-

Us(n) ~ D221 U, (n), (26) tis and lungs. The playing frequency was taken to be half a
Zyr+ Zg semitone(3%) above the fundamental resonance of the tube,

and this is the transfer function that is sought. Since normall;?hIS being fairly characteristic of actual playing in the case of

ZR<ZzDzv with most of the resistive losses due to wall ef- emphasized formants. The other relevant parameters are

fects in the tube and the reactive term easily included as given in Table I. . . A
: . . T . The results of this calculation are shown in Fig. 3 and
simple end correction, this transfer function is approxi-

mately equal tOZle/ZzDz' which has maxima at the same 297€€ Very well with high-tongue spectra measured on

frequencies as does the input impedance at the lip end of
the tube. 10

The radiated acoustic power at frequemayis therefore
| \/

D
Z3
75+ Zx

2
II(n) = RR(nw)Uz(n)2=RR(nw)[ Ul(n)] , (27)

whereRy, is the resistive component of the radiation imped-
anceZg as given by(6) andU,(n) =u, in the previous analy-
sis.

Vocal tract impedance

40

V. PREDICTIONS OF THE MODEL
20 -

The implications of this analysis can now be examined.
The simplest case is that in which the didjeridu is a narrow
uniform cylinder, for the impedance coefficieril’,-? for the 05 " - 3 2
tub_e are thfen gasily expres§ed, aq3n and the radiation Frcqucm;y - :
resistance is simply proportional to the square of the fre-
guency, as given by the lower range (6. The expression FIG. 3. (@ Vocal-tract impedance at the lips in units of MPa $nwith two
for the radiated sound power, as given (&), can then be simple resonances at 1.5 and 2.5 kHz, respectiyb)yComputed radiated

.. ’ . ’ spectrum for the case of a cylindrical didjeridu tube with other parameters as
evaluated explicitly once the relation of the drone frequency, tapie 1. 0dd harmonics of the drone frequency are shown with solid

to the first resonance of the tube has been specified. circles and even harmonics with open circles.

0.0 o
o'onoo°°".oo 69990 4
e P e® 0 4,00

. ® 640,

(b) o eece e 4

Relative sound power (dB)
o
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skilled players, as shown in Fig. 6 of our experimental U = A(sin wpt — X, }{(Sin wyt — ), (28

paper which also used a cylindrical-pipe didjeridu. It is , , ,
clear that there are two pronounced formants in the radiate}y€réx: andx, determine the closing fraction for each valve

sound spectrum, and that their center frequencies coinciddd the notatior ) is meant to imply, as before, that only
with those of the two minima in the vocal-tract impedance.pos't've values of the quantity concerned are retained. The

There is also a pronounced minimum at the frequency of th‘l__gesult is rather complicated and depends upon relative phas-

maximum in the tract impedance, as predicted. There ar&'d of the two vibrations, but it is clear that the resulting flow

other interesting features of the spectrum illustrated in Fig™ill contain terms of essentially all frequenciesp*nwy

3(b). Odd harmonics of the drone frequency are shown aWherem and n are integers. The dominant terms will be

filled circles and even harmonics as open circles. In the lowt"0S€ in which the values oh andn are small.
A particular example is the case in which the sung note

frequency range, odd harmonics are emphasized because of h ) X
the maxima in the transfer functial,/Z%, close to those 1S @ musical fifth(frequency ratio 3:p or more usually a

frequencies, but the fact that the drone frequency is a litidnusical tenth(frequency ratio 5:2above the drone funda-
above the first resonance means that the odd harmonics mo{ental- The difference combination with=n=1 in the first
progressively away from the transfer maxima, while the everf@S€ 0M=2, n=1 in the second then generates an impres-
harmonics move to closer matching and are consequentfy/Ve Subharmonic drone of frequenay/2, together with all
emphasized. An actual transfer of emphasis takes place &8 harmonics.” Most of the other sounds used in perfor-

about 1000 Hz and another one in the reverse direction dpance are complex and transient, so that little is to be gained

about 3500 Hz. This effect is also clearly seen in experimenPY analyzing them in detail.

tal measurements on a cylindrical didjeri’(fuln particular
cases where there is very near coincidence between harmonic
frequencies and tube resonances in a particular spectral ryll. DIDJERIDU QUALITY

gion, this effect may even lead to the production of an em-  Ajthough the geometrical form of native didjeridus var-

phasized formant band of completely different origin. ies widely, and good players can produce striking perfor-
In the calculation shown in Fig. 3, the playing frequency yances on a simple length of cylindrical PVC pipe, these

' ayers are able to rate didjeridus in terms of quality. There

was chosen to be 1.03 times the first tube resonance, which
typical for high-tongue playing. There is in this case no exacgo not appear to have been extensive studies of these ratings,

coincidence between an upper harmonic and a tgbe res@yt beginning attempts have been méademir,% in particu-
nances and therefore no single enhanced harmonic. A Vefy, has produced a quality criterion based upon the levels of
skilled player can, however, adjust the playing frequency t,5rmonics 2 to 5 relative to that of the fundamental, a did-

produce such a coincidence and therefore a greatly enhancggiqy, that is rated excellent by players having low levels for
amplitude for a particular harmonic, much as is done in the(hese harmonics.

“throat singing” of M°”90”337 though this technique is not Examination of the didjeridu preferences of different
used in traditional playing. . . clans in Arnhem Land shows, however, that there are striking
A rather similar simplified analysis can be applied to thejittarences in the preferred didjeridu shaBeClans from
case of a didjeridu with a flaring bore, though the algebra is=5stern Arnhem land, including the Yolngu, adopt a playing
necessarily a little more complicated. The results are 9eNe&tyle in which the use of rhythmic articulation and higher

ally similar to those demonstrated above. Because, howeveyhe modes for accents is pronounced, and their preference is
the frequencies of the low-frequency tube modes do not havgy, aimost cylindrical didjeridus. Clans from Western Arn-

a simple harmonic relationship, there are no clear frequencyem | and, in contrast, make little use of these higher modes
regions in which even or odd harmonics dominates. In addlbut exploit the timbre changes possible through the use of

tion, the low harmonics above the fundamental are generally,cq tract resonances, and their preference is for didjeridus
weaker because their frequencies do not approximate thogg, 5 flaring bore profile. Nontraditional didjeridu perform-

of tube resonances. ers use a combination of both styles, since they give did-
jeridu sound a quality that is not heard in any other musical
instrument.

VI. VOCALIZED SOUNDS It is easy to see the reasons for these preferences. A
narrow tube with a nearly cylindrical bore will have strong

For some of the sounds traditionally made on the diddower resonances in nearly harmonic relationship and it will
jeridu, the player vibrates his vocal folds as in singing, asbe relatively easy to produce the higher modes. The drone,
well as maintaining the lip vibration. This technique is tradi- too, will be strong in quality because the well-aligned reso-
tionally used to represent the cries of animals in a perfornances will reinforce the first few odd harmonics, a point that
mance that is illustrating a particular story or describing ais important since the sensitivity of human hearing is reduced
place. It is important to examine the nature of the resultanat the low frequency, 60—70 Hz, of the drone fundamental.
sound. The strong quality of the drone fundamental and its lower

In the simplest case, the performer plays the drone aharmonics then makes less obvious the subtle timbre changes
frequencywp and sings a note of rather higher frequeagy  produced by formant variations in the higher harmonics.

Each of the vibrating valves modulates the air flow at itsThese physical consequences appear to explain the prefer-

operating frequency, so that it has a form like ences of those playing in the Eastern Arnhem Land style.
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