The physics of playing clarinet and saxophone: how players
control articulation and timbre
Author:
Li, Weicong
Publication Date:
2016
DOI:
https://doi.org/10.26190/unsworks/19046
License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.
Downloaded from http://hdl.handle.net/1959.4/56318 in https://
unsworks.unsw.edu.au on 2023-01-09

The physics of playing clarinet and saxophone:
how players control articulation and timbre

Weicong Li

A thesis in fulfilment of the requirements for the degree of
Doctor of Philosophy

School of Physics
Faculty of Science
The University of New South Wales, Australia

March 2016

PLEASE TYPE

THE UNIVERSITY OF NEW SOUTH WALES
ThesisfDissertation Sheet
Surname or Family name: Ll
First name: WEICONG

Other name/s:

Abbreviation for degree as given in the University calendar: PhD
School: PHYSICS

Faculty: SCIENCE

Title: The physics of playing clarinet and saxophone: how players
control articulation and timbre

Abstract 350 words maximum: (PLEASE TYPE)

For musicians, a beautiful note has appropriate pitch, loudness and timbre, and is elegantly articulated. On clarinet and saxophone, frequency, sound
level, spectral envelope and articulation are controlled by breath, lip, tongue, vocal tract and fingers. Fingering effects are well understood and
analysed. However, in spite of their importance to players, the effects of these other parameters on the sound and how players control them are neither
discussed explicitly in pedagogical literature nor well studied in music acoustics. This thesis investigates these questions and the interesting physics
behind them.
One study was 'ecological': expert players played notes of different fundamental frequency, sound level, spectrum and articulation. While they
played, the sound, the acoustical impedance spectrum of the vocal tract, the blowing pressure and its time variation, the tongue-reed contact and the
coordination of these parameters were measured. In complementary experiments, the effects of the different control parameters were investigated in
detail by varying them one at a time using a clarinet-playing machine.
Different articulations {e.g. accent, sforzando, etc.) have different initial transients, with different rates of exponential increase in amplitude. Players
vary these rates by increasing the blowing pressure Pat different rates and coordinating this with the tongue release from the reed. Notes are
terminated either by decreasing P below a threshold or by tongue contact: both produce exponential decreases in sound pressure. The exponential
decrease rates are similar to those calculated from the bandwidths of the bore resonances. Q uiet notes can be initiated by tonguing in the hysteresis
region, where notes cannot start by increasing P only. Rapid tongue release from the reed and large initial tongue force produce substantial
discontinuities in air flow and thus strong transients.
Experienced saxophone players can vary the sound spectrum at constant pitch and loudness by changing the acoustic impedance spectrum of their
vocal tracts, though the variation is smaller in the radiated sound spectrum than in the player's mouth. Harmonics of the radiated sound falling near
peaks in the tract impedance are enhanced when the magnitude of the tract impedance peak is comparable with that of the instrument bore.

Declaration relating to disposition of project thesis/dissertation
I hereby grant to the University of New South Wales or its agents the right to archive and to make available my thesis or dissertation in whole or in
part in the University libraries in all forms of media, now or here after known, subject to the provisions of the Copyright Act 1968. I retain all
property rights, such as patent rights. I also retain the right to use in future works (such as articles or books) all or part of this thesis or dissertation.
I also authorise University Microfilms to use the 350 word abstract of my thesis in Dissertation Abstracts International (this is applicable to doctoral
theses only).

The University recognises that there may be exceptional circumstances requiring restrictions on copying or conditions on use. Requests for
restriction for a period of up to 2 years must be made in writing. Requests for a longer period of restriction may be considered in exceptional
circumstances and require the approval of the Dean of Graduate Research.
FOR OFFICE USE ONLY

Date of completion of requirements for Award:

THIS SHEET IS TO BE GLUED TO THE INSIDE FRONT COVER OF THE THESIS

ORIGINALITY STATEMENT
‘I hereby declare that this submission is my own work and to the best of my
knowledge it contains no materials previously published or written by another
person, or substantial proportions of material which have been accepted for the
award of any other degree or diploma at UNSW or any other educational
institution, except where due acknowledgement is made in the thesis. Any
contribution made to the research by others, with whom I have worked at
UNSW or elsewhere, is explicitly acknowledged in the thesis. I also declare that
the intellectual content of this thesis is the product of my own work, except to
the extent that assistance from others in the project's design and conception or
in style, presentation and linguistic expression is acknowledged.’

Signed ……………………………………………..............

Date

……………………………………………..............

COPYRIGHT STATEMENT
‘I hereby grant the University of New South Wales or its agents the right to
archive and to make available my thesis or dissertation in whole or part in the
University libraries in all forms of media, now or here after known, subject to the
provisions of the Copyright Act 1968. I retain all proprietary rights, such as patent
rights. I also retain the right to use in future works (such as articles or books) all
or part of this thesis or dissertation.
I also authorise University Microfilms to use the 350 word abstract of my thesis in
Dissertation Abstract International (this is applicable to doctoral theses only).
I have either used no substantial portions of copyright material in my thesis or I
have obtained permission to use copyright material; where permission has not
been granted I have applied/will apply for a partial restriction of the digital copy of
my thesis or dissertation.'

Signed ……………………………………………...........................

Date

……………………………………………...........................

AUTHENTICITY STATEMENT
‘I certify that the Library deposit digital copy is a direct equivalent of the final
officially approved version of my thesis. No emendation of content has occurred
and if there are any minor variations in formatting, they are the result of the
conversion to digital format.’

Signed ……………………………………………...........................

Date

……………………………………………...........................

Acknowledgements

I am grateful for the advice, assistance, collaboration and support of many people,
without which this thesis would not have been completed.
1.

Above all, I thank Professors Joe Wolfe and John Smith for being inspiring supervisors
who provide me lots of invaluable suggestions with experience, insight and wisdom. Joe
and John suggested the studies in this thesis. As co-authors of the publications, they offered
me helpful suggestions in revision. Joe also suggested the model in Chapter 4 and helped
with the revision of this thesis. I feel deep gratitude to them for their patience,
encouragement, company, friendship and support in various aspects. Working with them is
really great fun.

2.

I thank Jer-Ming Chen and André Almeida for sharing lots of experimental designs,
solutions, techniques and codes, and for inspiring me with a wide range of knowledge. As
co-authors of the publications, they contributed a lot to the experiments and revision. For
Chapters 3 and 4, André Almeida wrote the Matlab scripts for extracting individual
harmonics from the sound, designed and built the pressure control system, and suggested
the model for explaining the initial transients. The impedance head used in the study of the
vocal tract effect on saxophone timbre is modelled after that used by Jer-Ming.

3.

I thank my colleague Noël Hanna for taking time to read the early drafts of this thesis and
providing suggestions. I thank Neville Fletcher for the advice on the study of the effect of
vocal tract resonance on saxophone timbre.

4.

I thank Andrei Skougarevsky and Pritipal Baweja for designing and making the essential
hardware for the experiments.

5.

It's my great pleasure to work (and play) with the colleagues in the music acoustics group
at UNSW: Henri Boutin, Laura Wade, Natasha Pegler, Lauren Inwood, John Gray, Devin
Chen and the people mentioned above. Thanks for comradeship with sharing experimental
techniques and discussion over breaks.

6.

Many thanks to saxophonist Sandy Evans, clarinettists Deborah de Graaff, Diane Gardiner
and many other visiting musicians and volunteer subjects for participating in the long and
prosaic experiments, and for sharing advice about woodwind performance.

7.

The project was supported by the Australian Research Council. Also, I thank John Judge
from NICTA, ResMed and the UNSW team for the development of the clarinet-playing

machine, Yamaha Corporation of Japan for the clarinets and saxophones, Légère for the
reeds and Joe Tscherry and the School of Mechanical & Manufacturing Engineering,
UNSW for lending the high-speed camera.
8.

I thank the former and current heads of the School of Physics, Richard Newbury and Sven
Rogge, the postgraduate coordinator Michael Ashley, the former school manager Stephen
Lo and the secretory Sue Hagon for their support.

9.

My deep gratitude goes to my supportive parents, relatives, girlfriend Emily and her
parents. Special thanks to Carey Beebe for great help in various aspects. Many thanks to
my friends in Sydney.

Abstract

For musicians, a beautiful note has appropriate pitch, loudness and timbre, and is
elegantly articulated. On clarinet and saxophone, frequency, sound level, spectral envelope and
articulation are controlled by breath, lip, tongue, vocal tract and fingers. Fingering effects are
well understood and analysed. However, in spite of their importance to players, the effects of
these other parameters on the sound and how players control them are neither discussed
explicitly in pedagogical literature nor well studied in music acoustics. This thesis investigates
these questions and the interesting physics behind them.
One study was 'ecological': expert players played notes of different fundamental
frequency, sound level, spectrum and articulation. While they played, the sound, the acoustical
impedance spectrum of the vocal tract, the blowing pressure and its time variation, the tonguereed contact and the coordination of these parameters were measured. In complementary
experiments, the effects of the different control parameters were investigated in detail by
varying them one at a time using a clarinet-playing machine.
Different articulations (e.g. accent, sforzando, etc.) have different initial transients, with
different rates of exponential increase in amplitude. Players vary these rates by increasing the
blowing pressure P at different rates and coordinating this with the tongue release from the reed.
Notes are terminated either by decreasing P below a threshold or by tongue contact: both
produce exponential decreases in sound pressure. The exponential decrease rates are similar to
those calculated from the bandwidths of the bore resonances. Quiet notes can be initiated by
tonguing in the hysteresis region, where notes cannot start by increasing P only. Rapid tongue
release from the reed and large initial tongue force produce substantial discontinuities in air
flow and thus strong transients.
Experienced saxophone players can vary the sound spectrum at constant pitch and
loudness by changing the acoustic impedance spectrum of their vocal tracts, though the
variation is smaller in the radiated sound spectrum than in the player's mouth. Harmonics of the
radiated sound falling near peaks in the tract impedance are enhanced when the magnitude of
the tract impedance peak is comparable with that of the instrument bore.
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The physics of playing clarinet and saxophone:
how players control articulation and timbre

1

Introduction

In woodwind performance, given the same instrument, different players can produce
distinctive sounds. Sometimes, just a single note may be identified as beautiful. What is a
beautiful note? For some musicians, a simple answer would be a note with the appropriate pitch
and loudness, the desired timbre, and elegant articulation. To achieve these on a wind
instrument, players can control their breath, lips, tongue, mouth shape and fingers. Developing
the skills to control these is an important part of pedagogy and musicianship. Musicians usually
spend years on persistent study and practice to achieve or to approach the desired sound. This is
not only because that the effects of these parameters on the sound are complicated but also
because that several of the parameters are hidden in the player's mouth and may be difficult to
describe. Without understanding much of the physiology and physics involved, players instead
learn to play the instrument using combinations of gestures learned after practising for a long
time in a feedback system: they play a note and, if it is unsatisfactory, they may repeat with
different control parameters and thus approach the desired result. The fingers control the
geometry of the instrument in combinations and coordination that are relatively well understood
and analysed (Aoki et al., 2003; Miranda and Wanderley, 2006; Guillemain and Terroir, 2006;
Palmer et al., 2007; Almeida et al., 2009; Chen et al., 2009b; Verfaille et al., 2010; Nederveen
and Dalmont, 2012; Hofmann and Goebl, 2014). But what are the effects of these other control
parameters on the sound and how do players use them. In particular, how do they control
articulation and timbre?
The initial or attack transient at the start of a note (called 'initial transient' hereafter) is
associated with one of the salient perceptual dimensions of timbre and is important in
identifying instruments (Berger, 1963; Thayer, 1974). Musicians refer to the transients that
begin and end a note as articulation and consider articulation techniques to be an important part
of expressive and tasteful playing. On the clarinet and other reed instruments, articulation
usually involves 'tonguing', by which is meant the use of the tongue to touch the reed and to
release it to start a note (Sadie, 1984; Sullivan, 2006), and also less commonly, its use to stop a
note by touching the reed. Tonguing is involved in producing most articulations and tonguing
techniques have been discussed extensively in the pedagogical literature (e.g. Anfinson, 1969;
Brymer, 1977; Thurston, 1977; Thurston and Frank, 1979; Sadie, 1984; Gingras, 2004; Sullivan,
2006). However, one crucial detail — the coordination of the tongue contact on the reed with
the pressure of the air inside the mouth (i.e. 'blowing pressure' or 'mouth pressure') — is not
usually mentioned explicitly, and is usually not known by the player, because of the brevity of
the attack. Furthermore, the way in which transient features of the sound are related to physical
aspects of articulation has received rather little scientific study.

1

Players of reed instruments also vary the timbre of their sound for musical expression,
especially when playing jazz music on the saxophone. Many players report that they achieve
this by adjusting the shape of their vocal tract. In music pedagogy, saxophone teachers
emphasise the importance of adjusting the position of the tongue inside the mouth (cf. vowel
shapes) to change the timbre. Several studies on clarinettists and saxophonists have examined
the effects of the vocal tract on various advanced playing techniques, such as pitch bending,
glissandi, multiphonics (Chen et al., 2009b, 2011). However, the contribution of player's vocal
tract in producing timbre variation has not yet been studied.
This was one of the reasons for investigating saxophone playing. The clarinet was also
included, in part because that instrument has been the subject of many investigations of its
steady sound (Wilson and Beavers, 1974; Bak and Dolmer, 1987; Idogawa et al., 1993; Mayer,
2003; Dalmont et al., 2003, 2005; Dalmont and Frappé, 2007; Gazengel et al., 2007) and at
least one study of the start of the notes (onset) in artificial conditions (Bergeot et al., 2014).
Another reason was the availability of an automated clarinet-playing machine, which was
adapted for transient control in the present research. A photo of the two instruments studied in
this thesis is shown in Figure 1.1.

Figure 1.1. Photos of tenor saxophone and soprano B-flat clarinet.

The aims of this thesis are to investigate experimentally:
•

how clarinettists control the blowing pressure, tonguing and their coordination to produce
different types of articulations

•

the effects of blowing pressure, lip force (lip) and tonguing on transients using a clarinetplaying machine
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•

how saxophonists control the timbre and the effect of vocal tract resonances on the sound
spectrum
The thesis is divided into six chapters, starting with this very general introduction. The

background of the related topics is reviewed in detail in Chapter 2, including the playing
techniques in single reed pedagogy, the acoustic behaviour of the instrument (including the
technique used for measuring acoustic impedance), and the interactions between the player and
the instrument in single reed performance. Then the questions investigated in this thesis are
listed.
Chapter 3 presents an 'ecological' study of articulation by clarinet players: six different
kinds of articulation played by six clarinettists were studied by simultaneously measuring the
action of the tongue, the time course of the blowing pressure, the mouthpiece pressure, the
pressure in the bore of the instrument and the radiated sound. This allows the coordination
between tonguing and the mouth pressure to be studied during the different articulation attack
transients, and the quantification of their relationship to features of the sound, including the rise
time of the attack and the decay time of the finish.
In a complementary study, Chapter 4 shows experimental results on initial and final
transients using a clarinet-playing machine. The effects of the blowing pressure, lip force and
tonguing force, and acceleration on the transients were investigated in detail by varying them
one at a time with explicit control on the playing machine.
Chapter 5 investigates how the player's vocal tract interacts with the saxophone in
producing timbre variation. The vocal tract impedance spectra were measured with an
impedance head built into the mouthpiece and compared with the spectrum of the radiated
sound and the impedance spectrum of the bore while both expert and less experienced
saxophonists played.
Chapter 6 summarises the experimental results and implications from the previous
chapters and provides suggestions for future work. It also suggests some of the implications and
potential applications for single reed performance and pedagogy.
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Literature Review

For understanding the physics of playing single reed wind instruments, the instrument is
often simplified as comprising two interacting parts: the reed is considered as a valve, whose
behaviour is highly non-linear, and the bore as linear acoustic duct, operating as a resonator
coupled to the reed.
In the past decades, the linear acoustic behaviour of the instrument bore has been well
studied. However, one cannot explain even a single sustained note without considering the nonlinear behaviour of the reed. Several theoretical and experimental studies have investigated the
combination of the reed and the bore, and are discussed later in this chapter.
Further, when discussing subtle effects in music playing, the variable interaction between
the player and the instrument becomes important. As well as the fingers, the breath, lips, tongue
and vocal tract are subtly controlled by the player to contribute to the musicality of the
performance. In this thesis, the effects of some of these control parameters are investigated in
detail.
This chapter contains five parts. The first part provides a short introduction to the clarinet
and the saxophone. The following parts review the playing techniques in single reed pedagogy
and some of the important acoustics of the instruments. While considering linear acoustics, the
techniques used for measuring acoustic impedance are reviewed, because of the importance of
such measurements in this thesis. The final sections review the non-linear acoustics of the reedbore interaction and the scientific studies on player-instrument interaction in single reed playing.
The concluding remarks point out the problems investigated in this thesis.

2.1

A SHORT INTRODUCTION TO THE TWO INSTRUMENTS
The clarinet and the saxophone are the most common instruments in the family of single

reed wind instruments. The saxophone has an important role in wind bands and jazz music, and
the clarinet appears almost everywhere, in symphonic, solo and chamber music, in wind bands
and jazz, and in folk varieties. Figure 1.1 is a photo of a tenor saxophone and a soprano B-flat
clarinet.
For simplicity, the clarinet can be regarded as a pipe with a single reed and a largely
cylindrical bore and the saxophone can be treated as a pipe with a single reed but a truncated
conical bore. Clarinettists and saxophonists blow air into the instrument through the opening
between the reed and the tip of the mouthpiece to make the reed vibrate (more details are
discussed in § 2.3.2). The vibration of the air column inside the instrument bore interacts with
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the reed vibration to produce sustained sound, which radiates through tone-holes and the flared
open end, i.e. the bell.
Reeds of the two instruments are made from cane (Arundo donax). The vibrating part of
the reed is a cantilever spring with a somewhat wedged shape, thinnest at the tip. It is attached
to the mouthpiece with the thin end close to the tip of the mouthpiece and the thick end bound
firmly to the mouthpiece by a band with screws, called a 'ligature'. Saxophone and clarinet reeds
usually appear with different stiffness (called 'hardness' by players), and quantified from 1 (soft)
to 5 (hard). The rating of hardness is not standardised and varies somewhat between makers.
More recently, synthetic reeds have also become popular among musicians for their durability
and reliability. They are now quite widely used (Idogawa et al., 1993; Chen et al., 2009b, 2011;
Almeida et al., 2013; Hofmann and Goebl, 2014; Chatziioannou and Hofmann, 2015; Munoz et
al., 2014; Grothe and Baumgart, 2015). They are also used in this thesis, where their
repeatability and ability to play in dry air are much valued.
The clarinet usually has five parts: mouthpiece, barrel, upper joint, lower joint and bell,
and is usually made from hard wood or hard resin. The saxophone usually has a mouthpiece, a
crook and the main body (with a bell that is proportionally smaller than that of the clarinet), and
is usually made from brass.
The mouthpiece is usually made from hard resin. With a complicated inner geometry, the
mouthpiece connects the reed with the instrument bore. On the mouthpiece, the curved surface
against which the reed touches is called the 'lay'. The curvature of the lay is important as it
allows the player's lips to press and shorten the vibrating portion of the reed (Chen, 2009). For
the saxophone, the mouthpiece fits over the truncation of the taper of the conical bore. To
maintain proper intonation, the internal volume of the saxophone mouthpiece is approximately
equal to that of the missing conical apex (Fletcher and Rossing, 1998).
The lengths of the bore of the B-flat clarinet and that of the tenor saxophone are 660 mm
and 1490 mm, respectively (Dickens et al., 2007a; Chen, 2009). With the mouthpiece and the
reed, they produce lowest notes with wavelengths of nominally about 580 mm and 1640 mm.
The clarinet mouthpiece has a short taper; the barrel and upper joint are nearly cylindrical and
the lower joint is flared towards the bell. The bell is important in the radiation of high frequency
components, the intonation and tone colour (Benade, 1976). The saxophone has a larger bore
than other woodwind instruments. The main body is largely a conical bore with a half angle of
1.74° for the soprano and 1.52° for the tenor (Chen, 2009), giving the saxophone a broad output
diameter, which radiates better and produces a louder sound.
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In woodwinds, each particular configuration of open and closed tone-holes is called a
fingering, and each fingering is associated with one or more notes. Thus, players can change the
pitch of the note by varying fingerings, i.e. open and close the tone holes to change the effective
length of the vibrating air column in the bore. On both the clarinet and the saxophone, opening
and closing tone-holes are controlled by keys, though seven tone holes on the soprano clarinet
are covered directly by fingers and the left thumb.
The B-flat clarinet has a playing range of about four octaves from the written E3 note
with overblowing a musical twelfth whereas the saxophone starts from written A#3 and
overblows an octave. The standard range for the tenor saxophone is about two and a half
octaves, but experienced players can play an extra octave or more of higher notes in the
altissimo range. For historical reasons, both the B-flat clarinet and the tenor saxophone are
transposing instruments, so a written note actually sounds one musical tone lower on the clarinet
and a musical 9th lower on the tenor saxophone. For example, a written C4 note sounds A#3 on
the clarinet and sounds A#2 on the tenor saxophone.

2.2

PLAYING TECHNIQUES IN CLARINET AND SAXOPHONE PEDAGOGY
In the convention of music performance, developing skills of controlling intonation,

dynamics, timbre and articulation is essential to players. However, with advances in exploration
of new music, woodwind pedagogy and instrumental design, the requirements of the essentials
have increased substantially. Today top players are even expected to master more advanced
playing techniques, such as pitch bending, glissandi, bugling, altissimo playing, multiphonics,
circular breathing, flutter-tonguing, slap-tonguing, etc.

2.2.1 Articulation and tonguing
Articulation is essential for playing single reed instruments. The initial transient of a note
is associated with one of the salient perceptual dimensions of timbre and is important in
identifying instruments (Berger, 1963; Thayer, 1974). Musicians refer to the transients that
begin and end a note as articulation and consider articulation techniques to be an important part
of expressive and tasteful playing. Different articulations are associated with different envelopes
in the amplitude of the sound.
Articulation covers a wide range of different sound effects. For woodwind players, a
normal note usually requires tonguing to start. On the clarinet and other reed instruments,
articulation usually involves control of the breath and also 'tonguing', by which is meant the use
of the tongue to touch the reed and to release it to start a note (Sadie, 1984; Sullivan, 2006), and
also its less common use to stop a note by touching the reed.
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Legato or slurring of notes is a smooth transition between the sound of two successive
notes, with no interruption of sound production by the tongue or otherwise. [The acoustics and
control of legato transients have been studied by Hajda (2007), Almeida et al. (2009), Hofmann
and Goebl (2014), but are not studied in this thesis.] In staccato, clear gaps are left between
notes, and reed instrument players usually use the tongue to start and often to stop the vibration
of the reed. Other classes of articulation include portato (mezzo-staccato or slightly interrupted),
staccatissimo (spiccato or extreme staccato), accented and marcato (strongly accented).
Discussion of tonguing and articulation techniques can be found in clarinet teaching
material (e.g. Anfinson, 1969; Brymer, 1977; Thurston, 1977; Thurston and Frank, 1979; Sadie,
1984; Gingras, 2004; Sullivan, 2006) and, while there is some variation, some general principles
may be summarised. In normal single tonguing, the tip of the tongue usually touches the reed
and quickly releases it. Clarinet teachers usually advise moving the tongue as one would to
pronounce a syllable beginning with t, such as 'te'. For rapid non-legato passages, double
tonguing is often recommended: here the tongue mimes pronouncing 'te-ke'. The tongue
alternately touches the reed ('te') and the hard palate ('ke'), the latter interrupting the flow of air.
Other syllables such as 'tat', 'tah', 'la', 'ya', 'da', etc. are also used to describe how to achieve
different kinds of articulation (Gingras, 2004).
The concomitant control of blowing pressure, which affects the time variation of the
amplitude envelope of the sound, should also be important in transients, but is usually not
mentioned explicitly in the pedagogical literature. Clarinet players and teachers, when asked,
are usually unable to explain confidently how the mouth pressure varies in an attack, and how it
is coordinated with the tongue; this inability is not surprising given the brevity of the attack.
It appears probable that the instants when the tongue releases and sometime later touches
the reed, and their relation to how the pressure in the mouth varies with time, could be important
in generating the initial and final transients. How clarinettists control blowing pressure, how
they coordinate it with tonguing, and how these parameters affect the transients is therefore
interesting to both musicians and acousticians.

2.2.2 Timbre variation
Musical expression is of great importance in music performance. Musicians usually have
several ways to achieve this, e.g. adding vibrato, changing loudness, subtly varying the timing
and pitch, adjusting articulation and varying the timbre. Saxophonists vary the spectrum of their
sound in different musical styles and contexts, especially when playing jazz music.
The shape of the vocal tract during woodwind performance is widely regarded by
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woodwind instrument performers to be of potentially great importance to both pitch selection
and control and also to the quality of the sound. Many players also report that they achieve
timbre variation by adjusting the shape of their vocal tracts.
Vocal tract configurations used for different expressive effects are often described by
players in terms of various vowel-like mouth shapes [e.g. 'oo', 'ee', 'ah' (Gingras, 2004; Lawson,
1995; Brymer, 1977)]. In music pedagogy, saxophone teachers also emphasise the importance
of adjusting the tongue positions to change the spectrum of the sound. For example, Watkins
(2003) recommends using vowels such as 'oo' for the low register and vowels 'ee' for mid-toupper register; further, if timbre is too bright or too 'stuffy', the vowel used should be slightly
modified to adjust timbre in order to keep it 'balanced'. Similarly, on the clarinet, Gingras (2004)
teaches students to visualise the syllables 'ha', 'he' and 'hee' in order to influence timbre.
What is the effect of the vocal tract on the sound spectrum of the saxophone and how do
saxophonists achieve this? Besides that, some saxophonists think that they can easily hear the
variation in the sound spectrum they produce, but sometimes the variation is rather subtle to
listeners. Why is that the case?
These questions are interesting to both musicians and acousticians. Again, answers to
these questions are not mentioned in the pedagogical literature. Given that the parameters
controlled by the player are hidden in the mouth, investigations become difficult. And also the
effect of the vocal tract could be complicated.

2.3

ACOUSTIC BEHAVIOUR OF THE INSTRUMENT BORE
Studies on the acoustics of wind instruments are usually carried out in the frequency

domain, and often involve impedance measurement techniques and theoretical tools for
studying wind-instrument response in the frequency domain at small amplitudes (Benade, 1976;
Backus, 1997; Fletcher and Rossing, 1998). However, it is possible to perform time-domain
calculations using approaches such as impulse response and reflection function (Stewart and
Strong, 1980; Schumacher, 1981; McIntyre et al., 1983; Saneyoshi et al., 1987; Gilbert et al.,
1990; Adachi and Sato, 1995; Keefe, 1996; Sharp, 1996; Smith, 1996; Scavone, 1997; Barjau et
al., 1999; van Walstijn and Campbell, 2003).
The acoustics of the instrument bore is usually discussed in terms of acoustic pressure,
flow and impedance. Acoustic pressure p is measured in Pascals (Pa) and it is often expressed in
decibels (dB) with respect to 20 µPa. The airflow, associated with acoustic pressure, can be
either expressed in the form of acoustic flow velocity u (m·s−1) or acoustic volume flow
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U (m3·s−1). The acoustic impedance Z is defined as the ratio of acoustic pressure p to acoustic
volume flow through a given aperture:

Z=

p
U

(2.1)

For woodwind instruments, the acoustic impedance spectrum is one of the major factors
that determine the acoustic response of the instrument, and it displays important characteristics
of the instrument. It influences how the instrument will respond when excited at any frequency
or by a regenerative device such as a reed. In practical terms, the impedance of the instrument
for a particular fingering largely determines which notes can be played with that fingering, how
stable the notes are, whether they are in tune and what their spectrum will be.
The clarinet can be simply regarded as single-reed mouthpiece fitted to a bore whose
upper half is almost cylindrical, while the saxophone has a (somewhat different) single-reed
mouthpiece fitted to an almost conical bore. When air is blown into the small opening between
the reed and the mouthpiece, under suitable conditions, the reed begins an auto-oscillation in
which power from the steady flow (DC) is converted into an acoustic wave (AC), by exciting
one or more resonances of the air column inside the instrument. This wave, in turn, helps drive
the oscillation thus producing the sound. (This is discussed more formally in § 2.3.2.)
Though acoustic impedance is a linear quantity, sound production in the mouthpiece is
non-linear. The acoustic behaviour of the wave in the bore is almost linear (p < ~ 3 kPa, while
Patomsphere ~ 100 kPa), while the reed source is essentially nonlinear, because kinetic energy of
the air jet past the reed is largely lost, giving a 'Bernoulli' behaviour: p is approximately
proportional to U2, rather than to U. An analysis of sound production is conveniently separated
into linear and nonlinear components (Fletcher and Rossing, 1998).
The studies and progress on the acoustic behaviour of these two components, i.e. the
instrument bore and the oscillating reed are reviewed respectively in the following sections.

2.3.1 The acoustic impedance of the bore
For wind instruments, the acoustic impedance spectra of the bore are very important. The
impedance varies substantially with frequency as the instruments are designed to produce only
one or several frequencies in a particular configuration. In most cases of musical interest, the
playing frequency usually occurs very close to a resonance of the combined linear components
(Benade, 1976).
The input impedance of the clarinet for several fingerings was reported decades ago
(Backus, 1974). Several techniques for measuring acoustic impedance have been devised since
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then. Advances in measurement technology have allowed improvements. These methods and
techniques were reviewed in the literature (Benade and Ibisi, 1987; Dalmont, 2001; Dickens et
al., 2007b). Dickens et al. (2007a) made a series of impedance measurements of the clarinet for
standard fingerings from 100 Hz to 4 kHz by using an impedance head with three microphones
and two non-resonant calibrations, thus called the '3-microphone 2-calibration' method (3M2C).
This technique provides acoustic impedance over a large frequency and dynamic range with
good accuracy. The sketches of the measuring system are shown in Figure 2.1 and Figure 2.2.

Figure 2.1. Schematic of the 3-microphone 2-calibration impedance spectrometer. A vertical
dashed line indicates the measurement reference plane (Dickens et al., 2007b).

Figure 2.2. Schematic of the 3M2C technique used to measure the acoustic impedance of the
clarinet bore (Chen, 2009).

Later, the impedance of the clarinet for non-standard clarinet fingerings was also
measured using the same technique as an extension to the database (Chen, 2009), which is
available online (Music Acoustics, 2007).
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The information about these fingerings is of possible interest to players and teachers.
Based on the same measuring technique, the input impedance of the saxophone with different
fingerings was obtained (Chen et al., 2009a) and made available online (Music Acoustics, 2009).
Some of these impedance spectra of the clarinet and the saxophone are used in this thesis.
Figure 2.3 shows examples of the magnitude of the input impedance spectra of the B-flat
clarinet and the tenor saxophone acquired by the measuring system described above (Dickens et
al., 2007a; Chen et al., 2009a).

Figure 2.3. The magnitude of the measured input impedance curves for the written G5 notes on
the B-flat clarinet (left, Dickens et al., 2007a) and tenor saxophone (right, Chen et al., 2009a)
illustrating some typical characteristics.

On the impedance magnitude spectrum, sections with a positive slope have positive
imaginary components (analogous to electrical inductance); they are 'inertive': pressure leads
flow in phase. Those with a negative slope have negative imaginary components (analogous to
electrical capacitance), thus are 'compliant': flow leads pressure. Maxima and minima in the
impedance spectra usually correspond to real values of impedance; they are resistive: pressure
and flow are in phase.
For single reed instruments, the mouthpiece end is nearly closed. A modest acoustic flow
can therefore generate substantial acoustic pressures across the reed, thus the instruments
operate near maxima of the impedance. As shown in Figure 2.3, for this written G5 note in the
middle of the second register, both the clarinet and the tenor saxophone play at the second
impedance peak (2nd maximum on the curves). In each case, a register key has been opened to
weaken and detune the first peak, which inhibits production of the corresponding note in the
first register (respectively C4 and G4).
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For each fingering, the acoustic impedance spectrum of a woodwind instrument is
different and usually determines which notes can be played for that configuration, how stable
the notes are and whether they are in tune (Benade, 1976; Fletcher and Rossing, 1998).
Besides the relation between frequency and impedance, the acoustic impedance spectra
also provide information on the magnitude and the quality factor of the instrument (which is
used for the calculation in Chapter 3 and 4). For example, in Figure 2.3, the 4th impedance
maxima start to be substantially smaller than the previous ones for the tenor saxophone whereas
those for the clarinet decrease gradually as frequency increases. This has the practical
consequence that altissimo notes are more difficult to produce on saxophones than on clarinets.
The impedance spectrum also indicates cut-off frequency (Fletcher, 1979). For example, in
Figure 2.3, the clarinet has resonances up to 1.5 kHz (Dickens et al., 2007a) and consequently
plays notes approaching that frequency relatively easily but the tenor saxophone has a cut-off
frequency 760±250 Hz (Chen et al., 2009a).

2.3.2 The acoustic behaviour of the reed
Self-sustained oscillations of single reed instruments can be modelled using a linear
equation describing the input of the instrument bore (the input impedance), a non-linear
equation governing airflow through the reed opening and an equation (linear or not) governing
the dynamics of the reed (Schumacher, 1981). Oscillations with small amplitude have thus been
calculated in the frequency domain (e.g. Worman, 1971; Fletcher, 1979; Saneyoshi et al., 1987).
For strongly non-linear oscillations, calculations in the time domain have also been made
(Schumacher, 1981; McIntyre et al., 1983; Stewart and Strong, 1980).
The harmonic balance method was developed to determine the periodic response of
nonlinear systems (e.g. Nakhla and Vlach, 1976). The numerical calculations of both the time
signal and spectrum of the steady state in the case of forced oscillations are very quick and the
influence of any parameter can be easily investigated. Thus this method has been used for single
reed instruments (Gilbert et al., 1989; Fritz et al., 2004; Farner et al., 2006; Fletcher et al.,
2006). The fundamental principle of the method is the decomposition of the system by treating
the linear part in the frequency domain and the nonlinear part in the time domain. The
connection between the two parts is then calculated by direct and inverse Fourier transforms
(e.g. Schumacher, 1978a, 1978b). A variable truncation method was also established
(Kergomard et al., 2000) to obtain analytical solutions. However, both the harmonic balance
method and variable truncation method are not valid for studying transients (Fritz et al., 2004).
The minimum value of the blowing mouth pressure required to start the self-sustained
oscillations is called oscillation threshold Posc. When the mouth pressure increases to a
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sufficiently high value, the reed stops oscillation and this value is called extinction threshold Pext.
Above this threshold, the reed is held motionless against the lay. In the past decades, several
models (Wilson and Beavers, 1974; Atig et al., 2004; Ollivier et al., 2004, 2005; Dalmont et al.,
2003, 2005; van Walstijn and Avanzini, 2004, 2007; Chatziioannou and van Walstijn, 2012)
using different methods (Gilbert et al., 1989; Kergomard et al., 2000; Facchinetti et al., 2003;
Fritz et al., 2004; Silva et al., 2014) have been developed to explain the reed (oscillator) plus
resonator system, especially for the relation between pressure and flow past the reed, as well as
the thresholds. Related experimental observations (Dalmont et al., 2003, 2005; Dalmont and
Frappé, 2007; Almeida et al., 2013; Bergeot et al., 2014) were also carried out for verifying
these models.
The classical model proposed by Wilson and Beavers (1974) represented the relation
between the acoustic pressure and flow in the mouthpiece of a single reed instrument based on
Bernoulli equation at steady state:

U = wH

2Δp

ρ

(2.2)

where U is the volume flow, w is the width and H is the height of the reed opening, Δp is the
pressure difference between the two sides of the reed and ρ is the density of the air.
A simple model that considers the body of the clarinet as an open straight pipe without
any radiation or thermo-viscous losses (Maganza et al., 1986) cannot describe the extinction
phenomenon at high blowing pressures since there is no limit to the amplitude of the acoustic
pressure when increasing the mouth pressure. Experiments and simulations suggested that
losses have to be considered in the model (Atig et al., 2004). In one simplification, losses in the
pipe are introduced as a constant parameter which is independent of the frequency. This kind of
model was first used for the study of bowed strings by C. V. Raman (1888 – 1970) and is
therefore known as the 'Raman model' (Figure 2.4).
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Figure 2.4. Schematic view of a single reed mouthpiece in the Raman model (Ollivier et al.,
2004). Pm is the mouth pressure, p is the mouthpiece pressure, u is the acoustic flow into the
mouthpiece, ureed is the flow created by the reed (and is often neglected or included in the
resonator), and H0 is the height of the reed channel at rest.

The Raman model has been widely used for the study of musical instruments (Boutillon,
1991; McIntyre et al., 1983; Ollivier et al., 2004, 2005; Bergeot et al., 2013; Almeida et al.,
2015; Taillard and Kergomard, 2015). Dalmont et al. (2005) used this Raman model to obtain
an analytical calculation of the oscillations and their stability analysis. The oscillation and
inverse oscillation threshold, beating-reed threshold, saturation threshold and extinction
threshold were found to depend on parameters related to embouchure parameters and to the
absorption coefficient in the downstream resonator. Their values determine the dynamic range
of the fundamental oscillations. Artificial mouths have been developed to investigate
experimentally a range of different physical phenomena under playing conditions (Wilson and
Beavers, 1974; Bak and Dolmer, 1987; Dalmont et al., 1995; Wolfe et al., 2003; Almeida et al.,
2007, 2010, 2013; Bergeot et al., 2014; Grothe and Baumgart, 2015). The nonlinear pressureflow relationship in static conditions can also be measured using an artificial mouth (Dalmont et
al., 2003). Later, experimental results (Figure 2.5) were presented to emphasize the reliability of
the model, in which nonlinear losses at the end of the pipe were included (Dalmont and Frappé,
2007).
Figure 2.5 shows the quasi-static air flow into the bore as a function of the pressure
difference between the mouth and the mouthpiece (Dalmont and Frappé, 2007). A mass of paste
is fixed on the tip of the reed to avoid oscillation during the measurement. For a constant lip
force, when the mouth pressure is low, the reed aperture is assumed to keep constant. Thus,
according to Equation 2.1, the flow is expected to be approximately proportional to the square
root of the pressure difference. The flow increases with increasing mouth pressure. While in the
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high mouth pressure regime, when the pressure increases (or when the lip force is increased),
the reed tends to close, reducing the aperture and also the flow. Thus, the flow decreases with
increasing mouth pressure at high mouth pressure. When the pressure is sufficiently high, the
reed will close completely.

Figure 2.5. Quasi-steady Air flow versus the difference between pressures in the mouth and in
the mouthpiece. Different experimental curves show different forces applied by the lip to the
reed (Dalmont and Frappé, 2007). A mass of paste is fixed on the tip of the reed to avoid
oscillation during the measurement.

Everywhere on a U(P) graph, the steady (DC) conductance U/P is positive, and positive
conductance means dissipation of energy. Consider however the small signal acoustic (AC)
conductance ∂U/∂P: at low mouth pressure, a small change in flow and the corresponding
change in pressure implies a positive resistance for AC signals. However, over a range of higher
mouth pressures, the AC conductance is negative. Regeneration results: the negative AC
resistance produces acoustic power, at the expense of the positive DC resistance provided by the
lungs (Helmholtz, 1887; Fletcher, 1993; Nederveen, 1998; Fletcher and Rossing, 1998; Fritz et
al., 2004). This pressure-driven valve acts as a generator, overcomes the losses, e.g. the viscothermal losses in the bore and those dissipated from the reed, and operates over a wide
frequency range below the natural frequency of the reed itself.
In various models, the reed is usually treated as a simple cantilever spring, having its own
natural frequency, which is usually higher than the range of notes played on the instrument and
occasionally leads to an undesired squeak. In practice, the reed is inhomogeneous and is not a
simple spring because the lay is curved with a complex geometry.
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The studies on oscillation thresholds usually consider a constant blowing pressure. More
recently, the dynamic oscillation threshold was investigated using time varying blowing
pressure profiles with different increase rates on an artificially blown clarinet (Bergeot et al.,
2014). When a note is initiated by increasing blowing pressure (without tonguing), the
oscillation begins at a higher pressure value than the theoretical static threshold. Analysis of the
attack shows that, as soon as oscillation starts, mouthpiece acoustic pressure increases
approximately exponentially during the onset transient. In addition, even a fast linear increase in
the blowing pressure cannot produce a 'soft or fast' onset transient of sound without tonguing.
In summary, the acoustic behaviour of single reed instruments in the steady state has been
extensively studied. However, few studies on the transient behaviour of the instruments can be
found in the literature to date, in spite of the importance of the transients in identifying
instruments. Two early studies (Luce and Clark, 1965; Melka, 1970) measured the duration of
attack transients of various instruments and showed the dependence of the rise time of a note on
the type of the instrument, on the sounding pitch of the note played, and on the way the player
starts the note. Guillemain's model (2007) predicted that the player's vocal tract plays an
important role in the initial transients of clarinet notes. Guillemain and Vergez (2012) studied
the decay transients using a classical model and pointed out that the behaviour of the transients
could be related to the acoustic flow.

2.4

PLAYER-INSTRUMENT INTERACTION
Different musicians playing the same instrument can sound very different. This indicates

that the interaction between the musical instrument and the player is very important to the sound
produced. The performance techniques used by musicians cannot be easily explained by the
acoustics of the instrument alone, though linear acoustic behaviour of wind instruments has
been extensively studied and well understood. Some studies have investigated how musicians
interact with the instruments, such as the coordination between fingers and tonguing (Hofmann
et al., 2012a; Hofmann and Goebl, 2014), coordination between fingers and breath (Palmer et
al., 2007, 2009), body movement (Dahl and Friberg, 2007; Keller et al., 2010; Davidson, 2012;
Thompson and Luck, 2012; Albrecht et al., 2014), note transitions (Sawada and Sakaba, 1980;
Guillemain and Terroir, 2006; Almeida et al., 2009) and some studies have focused on the
acoustical aspects of the player, i.e. the vocal tract effects in woodwind performance and
advanced playing techniques (Tarnopolsky et al., 2006; Guillemain, 2007; Scavone et al., 2008;
Guillemain et al., 2010; Chen et al., 2009b, 2011; Fréour and Scavone, 2013; Auvray et al.,
2015).
In the player-instrument system for single reed instruments, the player controls the input
parameters including breath (blowing pressure), lips (force applied to the reed by the lip),
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tongue (touch and release of the reed), mouth shape (vocal tract impedance spectrum) and
fingers (bore resonance) to control the output sound during performance. The fingers control the
geometry of the instrument in combinations and coordination that are relatively well understood
and analysed (Aoki et al., 2003; Miranda and Wanderley, 2006; Guillemain and Terroir, 2006;
Palmer et al., 2007; Almeida et al., 2009; Chen et al., 2009b; Verfaille et al., 2010; Nederveen
and Dalmont, 2012; Hofmann et al., 2012a; Hofmann and Goebl, 2014). This thesis investigates
the other parameters controlled by the player, thus the studies on these elements are reviewed
here.

2.4.1 Breath, lip and tongue control
In the steady state, the blowing pressure, forces on the reed and any acoustical load
upstream are obvious control parameters of the output sound. In previous studies using playing
machines, playing frequency has been measured as a function of mouth pressure (Wilson and
Beavers, 1974; Bak and Dolmer, 1987; Dalmont and Frappé, 2007).
Of course, players control the blowing pressure using the muscles in the torso to control
their abdomen and lungs. These elements are also important (e.g. Vauthrin et al., 2015) but are
beyond the scope of the study and will not be addressed here.
The lip position and lip force are also very important to the vibration of the reed because
these two parameters change the effective stiffness of the reed, which affects its own resonance
frequency. And they also change the opening area between the reed tip and lay of the
mouthpiece, one of the parameters related to the regime and properties of oscillation of the reed.
In addition, the lip position and lip force also affect the damping of the reed, inhibiting it from
oscillating at its resonance frequency, which is higher than the sounding frequencies of the
clarinet. Some studies focus on the modes of the free reed in forced oscillations (Facchinetti et
al., 2003; Pinard et al., 2003). However, it is not straightforward how these modes might have
an influence on the functioning or the sound spectrum of the instrument. In performance,
players can change the lip position and lip force as control parameters, thus the lip might have a
considerable importance on the vibrations of the reed. Gazengel et al. (2007) studied the
mechanical characteristics of the real human lip with different lip tensions on the vibrations of
the single reed using a shaker and an impedance head. The mechanical response of the reed was
found to depend highly on the lip pressure.
A systematic study of the fundamental frequency, sound level and spectral centroid of the
clarinet for a wide range of mouth pressure, force applied by the lip on the reed, and position at
which it is applied, and the damping of the reed was conducted using an automated clarinet
playing system (Almeida et al., 2010). The results of the study provide the mapping in fingering,
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pressure and lip parameter space, of the regions that produce the intended note, poorly tuned
notes, notes in another register, slowly starting notes, squeaks or no sound at all. A more
detailed study focused on how these playing parameters affect the fundamental frequency,
sound level and spectrum (Almeida et al., 2013). On the mouth pressure and lip force plane,
over much of the playing regime, lines of equal frequency have negative slope, indicating that
sound level can be increased at constant frequency by increasing mouth pressure and decreasing
lip force in the low pressure region. The lines of equal sound level and those of equal spectral
centroid (the weighted average frequency of a power spectrum) show a similar pattern. These
features indicate that high pressure and low lip force produce the highest sound levels and also
stronger higher harmonics. Such a map, which shows the playing outputs of the instrument in
terms of the inputs of mouth pressure and lip force, is potentially useful for players because of
its implications for performance, especially variation of loudness and timbre without changes in
pitch.
As for tonguing, an early study (Anfinson, 1969) investigated several aspects of tonguing
on the clarinet using cinefluorography: X-ray movies of a player's mouth. Examples compare
staccato versus legato, tonguing at different speeds and in different registers. The basic action
of the tongue was the same for staccato and legato, but with higher tongue position and less
retraction of the tongue tip from the reed for staccato. Fast tonguing was found to involve
decreased movement of the tongue. Some players were found to use the upper surface of the
tongue to touch the reed while others used the tongue tip.
More recently, Guillemain et al. (2010) investigated pitch bending, glissando, legato and
attacks in saxophone playing. Mouth pressure, mouthpiece pressure and lip force were
measured while a saxophonist played a chromatic scale in the first and second register with a
normal tongue attack. The player used different lip forces when playing different notes and
varied the lip force during a note and it was reported that the tongue's removal from the reed is
followed by a drop in the mouth pressure. Hofmann et al. (2012b) studied tonguing and
transients while saxophonists played using a saxophone mouthpiece equipped with a pressure
sensor and a reed fitted with a strain gauge. Subsequently a discrimination study of various
kinds of articulation (legato, portato and staccato) was carried out (Hofmann and Goebl, 2014).
Tonguing has also been considered in several physical models used for single reed
synthesis. In Ducasse's (2003) model, blowing pressure and lip force were considered as the
control parameters and the tongue was modelled as a damped spring-mass system, where the
force it exerted on the reed could be varied. Sterling et al. (2009) modelled the use of the tongue
to interrupt the flow of air. The blowing pressure is assumed constant while the tongue is used
to introduce abrupt changes in the blowing pressure at the beginning and end of notes. In both
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Ducasse and Sterling's models, the blowing pressure and the tongue action are considered to
operate independently. Chatziioannou and Hofmann (2013, 2015) simulated the effect of
tonguing by modulating the equilibrium position of the reed and its internal damping based on a
single mass-spring reed model.
Overall, there are relatively few studies on tonguing, in spite of the importance that
pedagogues ascribe to it for producing different types of articulation. It appears that there has
been no quantitative study of how pressure is varied and how it is coordinated with the tongue
to produce different articulations. Further, the effects of the control parameters (blowing
pressure, lip force and tonguing) on the transients have not been studied quantitatively.

2.4.2 The vocal tract and its influence on various performing techniques
When talking about the role of the vocal tract in woodwind performance, early qualitative
studies confirm the importance of vocal tract effects on both timbre and pitch (Benade, 1985;
Hoekje, 1986). Later, different opinions have been published. For example, Clinch et al. (1982)
proposed that vocal tract resonance should match the frequency of the required notes. Backus
(1985) took the view instead that resonances in the vocal tract are so unpronounced and the
magnitude of the impedance is so low that the vocal tract effect appears to be negligible. The
magnitude of the effect of the clarinettist's vocal tract for a range of playing effects was
investigated by measuring acoustic pressure ratios of the upstream vocal tract to downstream
clarinet bore at harmonics of the sounding reed (Wilson, 1996). She observed that the role of the
player's vocal tract appears to be minor when playing in the clarinet's second register without
using the register key.
Some empirical and numerical studies on the acoustic role of the player's vocal tract in
woodwind performance support musicians' opinions that the upstream vocal tract affects the
pitch of the sounding note, as well as the output sound spectrum (Johnston et al., 1986; Watkins,
2002; Scavone, 2003).
During clarinet and saxophone performance, the player and instrument system can be
regarded as three components: the instrument bore, the oscillating reed and the player's vocal
tract. To the first order, stable reed oscillation occurs near a maximum in the acoustic
impedance Zload that loads airflow and the reed, which, along with the pressure difference
between mouthpiece and bore, determines the airflow into the instrument (Fletcher and Rossing,
1998). The reed may be accelerated by the acoustic pressure difference across the reed:

Δp = pmouth − pbore
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(2.3)

Here pmouth and pbore are the acoustic pressures in the mouth near the reed (upstream) and
in the instrument mouthpiece near the reed (downstream) respectively. Consider an acoustic
volume flow U passing through the opening area between the reed tip and the lay of the
mouthpiece. By definition, the acoustic impedance Zload 'looking in' to the bore is:

Z load =

Δp
U

(2.4)

Figure 2.6 shows a schematic in which a reed separates the upstream and downstream
ducts.

Figure 2.6. A schematic of the reed or lip that lies between the mouth (left) and instrument bore
(right) (Wolfe et al., 2010).
Continuity of flow requires that the flow into the mouth and that into the bore satisfy

U mouth = −U bore

(2.5)

In the simple model (Benade, 1985), it is assumed that and both pmouth and pbore act on
equal areas of the reed. The pressure difference can be written as:

Δp = pmouth − pbore = U mouth Z mouth − U bore Z bore = U mouth (Z mouth + Z bore )

(2.6)

A simplified result can be obtained as below,

Z load =

=

=

Δp
Δp
=
Δp
U U
mouth +
Z reed

U mouth ( Z mouth + Z bore )
U
(Z
+ Z bore )
U mouth + mouth mouth
Z reed

(2.7)

Z reed ( Z mouth + Z bore )
Z reed + Z mouth + Z bore

= Z reed //( Z mouth + Z bore )
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where // means 'in parallel with'.
So the impedance loading the reed is Zreed // (Zmouth + Zbore). The vocal tract and bore are
expected to behave as almost completely linear resonators. The reed behaviour is sometimes
considered to have two components: a linear component described by an effective impedance,
and the non-linear response described by the quasistatic U(P) curve discussed in § 2.3.2.
The method of Wilson (1996) was used to measure the ratio of the upstream vocal tract to
downstream bore impedances at harmonics of the sounding reed (Scavone et al., 2008;
Guillemain et al., 2010). It was found that during altissimo playing on the alto saxophone the
pressure component at the playing frequency is larger in the player's mouth than in the bore,
implying large vocal tract impedances and the need for vocal-tract influence when playing in the
altissimo range.
In principle, it is possible to measure the acoustic impedance by quantifying the pressure
and while producing a constant acoustic volume flow simultaneously from a measurement
source. This is usually achieved using a capillary at the source, thus is called the capillary
method. If the impedance of the capillary is much greater than that of the unknown load being
investigated, the high acoustic resistance of the capillary isolates and reduces the frequency
dependence of the current source driver (Webster, 1947).
Based on the capillary method of Backus (1974), the ACUZ method was developed as an
impedance measurement technique at the Music Acoustics group at UNSW. It has been used to
measure the acoustic impedance under different conditions (Smith et al., 1997, 2000; Wolfe and
Smith, 2003; Tarnopolsky et al., 2005, 2006). In Chapter 5, this method is used to measure the
vocal tract impedance of the players while they are playing. In this technique, a mid-range
speaker connected to a cone acts as a sound source. The smaller end of the cone is attached to a
narrow duct with high acoustic impedance which outputs a nearly ideal acoustic current source.
The current source provides a broadband excitation signal containing several hundred (or
thousand) frequency components. The relative phases of each frequency component are
randomised to minimise the sum of sinusoids (Smith, 1995). Due to the high acoustic resistance
of the output, the acoustic current source is almost independent of the acoustic load connected.
Thus, when the current source is sent to two different impedance loads, the ratios of sound
pressure spectra measured is the ratio of their impedance spectra (Backus, 1974). If the
calibration load is a quasi-infinite pipe (purely resistive, Wolfe et al., 1995), the sound pressure
spectrum measured for an unknown load will be simply proportional to the impedance spectrum
of that load.
The acoustic impedance spectra of players' vocal tract were measured while players
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mimed playing by using an impedance head adapted to fit inside a clarinet mouthpiece (Fritz et
al., 2003; Fritz and Wolfe, 2005). It was found that most players use a single, highly stable
vocal tract configuration over most of the playing range, except for the altissimo register. This
configuration varies substantially among musicians. The impedance peaks measured in the
mouth were as high as a few tens of MPa·s·m−3, comparable with those of the clarinet bore, but
no simple relation between the frequencies of the peak and the note played was reported. In
addition, it was reported that musicians change the configuration for 'special effects' such as
glissandi and slurs.
The interaction between the player and the saxophone and clarinet was explicitly studied
in this lab by measuring the vocal tract impedance spectrum using this technique while players
are playing (Chen et al., 2008, 2009b, 2011; Chen, 2009). Expert saxophonists and clarinettists
have been shown to use their vocal tract for executing advanced performance techniques, such
as performing in the altissimo register, bugling, multiphonics, pitch bending and glissando.
When playing the higher altissimo notes, experts produced strong vocal tract resonances (with
impedance magnitudes of 10 – 40 MPa·s·m−3) to sound the desired note. Expert saxophonists
adjust their vocal tract, while inexperienced players do not, and thus cannot produce these notes.
Figures 2.7 and 2.8 show the frequency and magnitude of peaks in the vocal tract impedance
and the relation between these peaks and the sounding pitch of saxophone and clarinet,
respectively. When using other advanced performing techniques, experienced players also tune
their vocal tract resonance. For example, the smoothly rising clarinet glissando, the sounding
pitch is controlled by smoothly varying a strong resonance in the player's vocal tract.
In principle, it is possible to study the effect of the vocal tract on the sound spectrum of
the saxophone using the same technique described above by measuring the vocal tract
impedance spectrum and the radiated sound while the saxophonists are playing.
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Figure 2.7. Frequency and magnitude of peaks in the vocal tract impedance and the saxophone
sounding pitch measured during playing the tenor saxophone. Symbol size codes the magnitude
of the vocal tract impedance. The red square box encloses the results in normal playing range
and the green line summarises those in the altissimo range (Chen et al., 2008, 2011).

Figure 2.8. Frequency and magnitude of peaks in the vocal tract impedance and the clarinet
sounding pitch measured during playing the clarinet. The red line summarises the typical vocal
tract behaviour of normal playing in the playing range and the green line summarises the results
of pitch bending in the same range (Chen et al., 2009b).
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2.5

CONCLUDING REMARKS
This chapter reviews the playing techniques in single reed pedagogy, the important

acoustics of the instruments and measuring techniques, and the studies on player-instrument
interaction in single reed playing. Several interesting and important questions have neither been
answered in the pedagogical literature nor in the scientific literature. The pedagogue might ask:
what is the physics behind a beautiful note? What physical effects are involved in starting and
stopping a note elegantly? And, between the start and the finish, how can a player control the
timbre?
The researcher could rephrase these questions thus: How do players control blowing
pressure and how they coordinate it with tonguing when producing different types of
articulation? What are the effects of the control parameters (blowing pressure, lip force and
tonguing) on the transients? How do players control the timbre and what is the effect of vocal
tract resonances on the sound spectrum? The studies on these questions are reported in the
following chapters.
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3

Control of Breath and Tonguing in Clarinet Articulation: an
'Ecological' Study on Expert Players1

3.1

BACKGROUND
As described in Chapter 2, articulation that involves tonguing is an important part of

expressive and tasteful playing. Although tonguing is involved in producing most articulations,
the crucial aspect of its coordination with the mouth pressure remains unknown. Do players
release the tongue at the same mouth pressure and then increase the pressure at different rates to
produce different articulations? Do they release the tongue at different mouth pressures and, if
so, do they release it above or below the oscillation threshold? Do the maximum pressures vary?
Is the pressure ever increased or reduced after a note has started? Answers to these questions are
important in understanding the acoustics of wind instruments in their transient state.
The answers could be useful in pedagogy. Despite the importance of this coordination
between mouth pressure and tonguing, it is usually not mentioned explicitly in the pedagogical
literature. Clarinet players and teachers, when asked, are usually unable to explain confidently
how the mouth pressure varies in each different attack, and how it is coordinated with the
tongue; this inability is not surprising given the brevity of the attack.
The clarinet is an obvious instrument on which to study these important questions about
articulation, because its acoustical properties in the steady state are relatively well understood
(e.g. Wilson and Beavers, 1974; Bak and Dolmer, 1987; Dalmont and Frappé, 2007, Almeida et
al., 2010, 2013). Although it might become possible to answer some of the above questions
using a playing machine, it raises the problem of requiring additional psychophysical
experiments to determine which envelopes of the produced sound correspond to those consistent
with musical notation. Performing ecological experiments with experienced players removes
this problem — for example, an experienced player will produce a sforzando note that is
consistent with the accepted meaning of the term.
1

This chapter is adapted from the published paper: Li, W., Almeida, A., Smith, J., and

Wolfe, J. (2016). "How clarinettists articulate: the effect of blowing pressure and tonguing on
initial and final transients," The Journal of the Acoustical Society of America. 139, 825–838. I
wrote the first draft of this paper and prepared the figures. Thesis supervisors Joe Wolfe and
John Smith suggested this study. They and co-author André Almeida made contributions to the
revision, and André Almeida wrote the Matlab scripts for extracting individual harmonics from
the sound.
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In this chapter, six different kinds of articulation played by six clarinettists were studied
by simultaneously measuring the action of the tongue, the time course of the blowing pressure,
the mouthpiece pressure, the pressure in the bore of the instrument and the radiated sound. This
allows the coordination between tonguing and the mouth pressure to be studied during the
different attack transients, and the quantification of their relationship to the rise time of the
sound.

3.2

MATERIALS AND METHODS

3.2.1 Experimental setup
A Yamaha YCL 250 clarinet with a Yamaha CL-4C mouthpiece was used in this study.
(This is a B-flat clarinet, and the written pitch is reported: e.g. written C5 sounds A#4.) A
Légère synthetic clarinet reed (hardness 3) was chosen because synthetic reeds can easily be
played dry, are disinfected quickly and have stable physical properties during long studies
(Almeida et al., 2013).

Figure 3.1. Photograph of the clarinet reed, mouthpiece and barrel modified to measure tongue
contact, mouth pressure, mouthpiece pressure and barrel pressure during performance. The
circular inset on the left shows a close-up of the mouthpiece tip, where the tongue sensor and
the two pressure transducers are visible.

An Endevco 8507C-2 miniature pressure transducer of 2.42 mm diameter was fitted at
one side of the mouthpiece for measuring the blowing pressure inside the player's mouth during
playing (Figure 3.1). The tongue sensor was an insulated copper wire of 80 µm diameter that
was glued to the middle of the lower surface of the reed. One end of the wire, with the
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insulation removed over 2 mm, was positioned flush with the tip of the reed. The other end
connects to a simple circuit involving a 1.5 V battery and a 40 MΩ resistor connected to the
player's thumb — see Figure 3.2. When the player's tongue touches or releases the reed, it also
makes or breaks contact with the end of the wire. The resultant change in the electrical current
produces a voltage change across the resistor that is recorded via an optical isolator. (The optical
isolator uses a modulated light signal to transfer an electrical signal between two isolated
circuits that have no electrical connection. This ensures that, even in the event of insulation
failure in the equipment, no electrical connection is possible between the player and the mainsoperated apparatus.) Changes in contact between tongue and reed produce a sharp pulse in the
recorded signal when differentiated by the high pass filter of the FireWire audio interface.
Players said that they could not notice the very small current involved. Players reported that the
presence of the wire increases the apparent hardness of the reed from 3 to approximately 3½,
but that otherwise it played normally. (3 or 3½ are typical values of reed hardness used by
professional 'classical' clarinettists.) The mouth pressure signal was modulated to avoid its
slowly varying (DC) component being removed by the high pass filter of the audio interface and
was demodulated in subsequent data processing.

Figure 3.2. A schematic diagram (not to scale) shows how tongue contact, mouth pressure,
mouthpiece pressure and barrel pressure are measured during performance.

A second Endevco pressure transducer with the same specification was fitted into the
mouthpiece through a hole on the other side of the mouthpiece, 27 mm away from the tip
(Figure 3.1), to measure the mouthpiece pressure. The normal clarinet barrel was replaced with
a (transparent) plexiglass barrel with similar internal dimensions. A ¼-inch pressure-field
microphone [Brüel & Kjær 4944A, frequency response (±1 dB): 16–70000 Hz, dynamic range:
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48–169 dB] was fitted into the wall of this barrel, 20.5 mm from the mouthpiece junction, to
record the acoustic pressure inside the bore via a hole of 1 mm diameter. (The signal at this
position is less affected by noise induced by turbulence than that measured in the mouthpiece.)
Both Endevco and Brüel & Kjær microphones have frequency responses that vary by less than
0.5 dB over the range 20 – 5000 Hz. Another microphone (Rode NT3) was positioned one bell
radius from and on the axis of the bell of the clarinet to record the radiated sound. Figure 3.2
shows the schematic setup.

3.2.2 Subjects and protocols
Six clarinettists having both classical and jazz backgrounds were involved in this study.
Three of them were music students with at least seven years' music training and playing
experience (players A, B and C hereafter). The other three were expert players with at least
eleven years of music training and extensive professional experience playing in orchestras and
as soloists (D, E and F).
This study was 'ecological': its aim was to discover how players control the parameters
involved in articulation in a musical context. For that reason, while players were told that the
study was to investigate articulation, no detailed instructions were given in words. Instead, the
'instructions' were given to them as music, using the normal notation, of which a short section is
shown in Figure 3.3. Before the formal measurements began, the players were allowed to
practise until they became accustomed to the clarinet, mouthpiece and reed. They were then
given a sheet of music paper with the notes written C4, G4, C5, G5 and C6 (but sounding one
tone lower on the B-flat clarinet).

Figure 3.3. Sample using the note C4 to illustrate the notation used to elicit the articulations
studied here.

Six different kinds of articulation were written, all separated by extended rests (fermate),
to allow players to release completely the mouth pressure between successive notes. The
requested articulations included normal (no articulation instructions given with the note),
accented (with > above the note), sforzando (sfz), staccato (a dot above the note). Normal,
accented and sforzando were notated as half notes (minims) and staccato was notated as quarter
notes (crochets) and, in all cases, the loudness (or 'dynamic', in musicians' terms) was notated mf
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(mezzo-forte or medium loud). Following this exercise, subjects were asked to produce notes
starting as softly as possible, both using the tongue and without using the tongue (hereafter
called minimal attack with tonguing and without tonguing). Every articulation for each note was
repeated at least six times. Finally, normal and staccato notes were also played with the
notations pp (very soft) and ff (very loud) for comparison. The notation used is shown in
Figure 3.3 for the case of C4, but not including the repetitions of the note. Tongue contact,
mouth pressure, mouthpiece pressure, barrel pressure and radiated sound were recorded
simultaneously. These experimental tasks and data obtained are summarised in Table 3.1. After
the measurements had finished, each player was asked to complete a questionnaire about their
musical background and experience, and how they understand and play different articulations.
subjects

articulations

notes

dynamics

measured signals

C4

mf

tongue contact

G4

pp (normal and

Pmouth

C5

staccato only)

pmouthpiece

G5

ff (normal and

pbarrel

C6

staccato only)

prad

normal
3 experts
(D, E, F)
3 students
(A, B, C)

accented
sforzando
staccato
minimal attack
with tonguing
minimal attack
without tonguing

Table 3.1. Summary of experimental protocols. Lower case p indicates an acoustic pressure, P
the total pressure. Every articulation for each note was repeated at least six times.

To extract the amplitude of individual harmonics, an algorithm first divides the quasiperiodic signal into individual frames, each of which has a length approximately equal to the
period of the fundamental. A set of time markers are then extracted which have approximately
the same phase. In a second step, a Fourier transform gives an estimate of the amplitude and
phase of each harmonic. This provides a time-resolution of one period, at the expense of a
slightly noisier amplitude value, because any random noise in the signal contributes to the
amplitude of the harmonics. This procedure can also introduce some errors because the exact
period usually corresponds to a non-integral number of samples. Tested on some synthesised
signals, the method showed up to twice the amplitude error that could be obtained using a
Heterodyne Detection (HD) method, but gave twice the time resolution. For this study, the
improved time-resolution allowed a better estimate of the exponential rate of increase,
particularly for rapidly increasing signals. It also avoided any small errors that the presence of
frequency modulation might introduce when using the HD method.
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3.3

RESULTS AND DISCUSSION

3.3.1 Players' responses
Subjects described the different ways in which they use their tongues and how they play
different articulations. Five of the six subjects reported that they had not thought about the
questions in detail previously. Nevertheless, interesting generalisations can be made from their
answers.
About tonguing techniques, all the subjects reported that for starting a note, the 'proper' or
'correct' way is to increase the blowing pressure before the tongue releases the reed. When
starting a note, subjects all agreed that the tongue is used like a switch, i.e. it prevents reed
vibration until the moment when the note is required to start. For the accent articulation, they
agree that a higher blowing pressure is allowed to build up before the tongue release. This
suggests that players could be aware of the existence of the oscillation threshold above which a
note can start spontaneously and that tongue control allows a note to be started at a required
moment despite the blowing pressure being higher than the threshold. When finishing a note,
most of the subjects mentioned that whether the tongue is employed depends on the music style.
Decreasing blowing pressure without the tongue touching the reed provides a 'soft' finish, but
the rapid finish involved in staccato requires the use of the tongue to stop reed vibration.
Two subjects emphasised that only the tip of the tongue should touch the very tip of the
reed. However, different views were expressed when discussing the motion of the tongue. Some
subjects thought the tongue travels forwards and backwards (horizontally) and others thought it
should only move vertically. The cinefluorographic study by Anfinson (1969) showed that the
tongue tip can travel in both directions.
The subjects also expressed different opinions about whether there is air flowing into the
instrument while the tongue is still touching the reed. Two subjects suggested maintaining air
flow whereas one suggested blocking the reed aperture by the tongue. Others mentioned that
either can happen depending on the type of articulation.
Three subjects expressed the view that the tongue action is basically the same for all of
the articulations, but that the time dependence of blowing pressure varies among different
articulations, and that its coordination with the instant of tongue release may also vary for
different articulations. [The initial transient occurs over a timescale (~ 100 ms) that makes it
difficult to sense the order of events, so it is possible that players may be mistaken.]
Players reported that playing an accent usually requires a higher blowing pressure and a
'stronger' use of the tongue than normal. Sforzando may require 'lighter' tonguing at onset, but
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(after the peak pressure) a faster decay of blowing pressure than an accent. They all agreed that
staccato involves a brief tongue touch after the sound starts, to stop the note. Minimal attack,
either with or without tonguing, is reported to require a slower increase and a lower value of
blowing pressure. All the subjects thought that the softest possible start occurs without tonguing.
In addition, one subject also emphasised the importance of maintaining a constant force applied
on the reed by the lip while starting a note.

3.3.2 Measured sound of various articulations
In the following sections, the measured pressures are compared and contrasted in three
stages. First, the overall features of the mouth and mouthpiece pressures are compared. Then the
radiated sound is discussed. Next the attack transient and its components are examined in detail.

Figure 3.4. Measured mouth pressure Pmouth (black, including DC and AC components),
mouthpiece pressure pmp (dark grey) and radiated sound prad (light grey, not calibrated) as
functions of time for typical examples of four of the different articulations of the written C5
note, as played by subject D (one of the expert players). t = 0 is defined as the instant when the
tongue ceased contact with the reed. In (d), the vertical arrow shows the moment when the
tongue touches the reed to stop the note. These and other sound files from this study are
available online (Music Acoustics, 2015).

Figure 3.4 shows typical examples of the mouth pressure Pmouth, mouthpiece pressure pmp
and radiated sound prad when subject D played the written C5 note (nominally 466 Hz) with four
of the different types of articulations. Subject D is one of the three expert players and the data of
this subject are used to present typical features of the tonguing and mouth pressure variation
33

here and in the discussion later. In each of the plots, the zero of the time axis is defined as the
instant when the tongue breaks contact with the reed. In Figure 3.4(d), i.e. staccato, the
downwards arrow shows the moment when the tongue touches the reed to stop the note — the
only articulation when this occurred. (Details of the onset region for these four articulations are
shown on an expanded time axis in Figure 3.5.)
Pmouth, the pressure measured inside the mouth, contains a slowly varying (DC)
component and a high-frequency or AC component due to the vibrating reed and finite acoustic
−
impedance of the mouth. The DC mouth pressure P mouth, as one of the important parameters that
players can control, was extracted for further study by averaging the measured mouth pressure
using a moving Blackman window covering 3 or 4 cycles of the note.
−
For the normal articulation, P mouth increases rapidly before the tongue releases the reed at
−
t = 0 — see Figure 3.4(a). After t = 0, P mouth continues increasing and then remains almost
constant for most of the duration of the note, before gradually decreasing. Soon after the tongue
releases the reed at t = 0, the amplitude of the acoustic pressure in the mouthpiece pmp starts to
−
increase until its amplitude is comparable with P mouth. Towards the end of the note, pmp
−
−
decreases while P mouth decreases. For this normally articulated note, pmp decays to zero when P
mouth

decreases to about 1 kPa.
−
For the simply accented note, P mouth is increased more rapidly, and attains a higher value

at tongue release t = 0 and a higher peak value before decreasing — see Figure 3.4(b). Unlike in
−
the normal note, both P mouth and pmp then begin a small, steady decrease during the note before a
−
final, more rapid decrease. Here, pmp decays to zero when P mouth decreases to about 1.5 kPa.
−
The sforzando note has an even more rapid increase of P mouth, and an even higher value
−
−
of P mouth at t = 0 — see Figure 3.4(c). After reaching a higher peak value, P mouth decreases
−
rapidly to a nearly steady value and remains near that value while the note fades to zero when P
mouth

decreases to around 1.8 kPa.
−
For the staccato note, P mouth rises more slowly than for the accent or for sforzando, but

reaches a comparably high value — see Figure 3.4(d). Only for this articulation is the tongue
−
used to stop the reed vibrating after P mouth has decreased.
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In all measurements, the acoustic component of the mouth pressure is typically 5 – 10
times smaller than the pressure in the mouthpiece. On all notes, the acoustic pressure in the
mouth is also much less than that in the mouthpiece or barrel. This can be explained using the
observation of Elliot and Bowsher (1982) and Benade (1985): From continuity, the flow out of
the mouth −Umouth is equal to that flowing into the bore of the instrument, Ubore. Thus, writing Z
for the acoustic impedance,

pmouth Z mouthU mouth
Z
=
= − mouth
pbore
Z boreU bore
Z bore

(3.1)

Usually, the magnitudes of the peaks in the mouth impedance spectra are substantially
smaller than those of the bore impedance, except for advanced techniques such as pitch bending
(Chen et al., 2009b). Further, if the player is not tuning the vocal tract resonance, which is
usually the case for normal playing, the frequency of the note played is not exactly at a peak of
the mouth impedance. Thus, the magnitude ratio of mouth impedance to bore impedance, and
therefore the ratio of acoustic pressure magnitudes, is expected to be substantially less than one.
The envelope of the radiated sound in Figure 3.4 is not simply proportional to that of
mouthpiece pressure because the two signals have different spectral envelopes. The standing
wave in the bore is dominated by the fundamental. However, the radiated sound has
proportionally more power at high frequencies because these are more efficiently radiated by
the bell. The difference in harmonic content and brightness can be clearly heard in the online
sound files (Music Acoustics, 2015).
For the musician, the radiated sound, prad, is very important. Players (and, for students,
their teachers) listen to the sound and adjust their technique so as to approach what is thought to
be an ideal envelope of the sound produced in a particular musical situation. For that reason,
and because of the time spent practising, the envelope recorded can be considered to approach
the ideal that the player wished to achieve: the radiated sound shows how the players interpreted
the instructions (none), (accent), sforzando and staccato.
In all the four cases in Figure 3.4, the maximum in prad is achieved in the first ~ 150 ms
after the tongue release. For the normal and accent case, it then reduces slightly before
maintaining a near steady value. For the accented note, however, prad rises about twice as rapidly
as for the normal note. A difference in the attack rise time is a salient feature (Krumhansl, 1989;
Caclin et al., 2005). prad also rises quickly in the sforzando note, but it rises to a higher level,
then falls rapidly before a further slow decay. The key feature of the staccato note is its brevity:
prad rises to a level slightly below that of the normal note and then decays. The sound examples
shown in Figure 3.4 and others are available on line (Music Acoustics, 2015).
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3.3.3 Initial transients
The attack transients are of particular interest. Figure 3.5 shows examples of the mouth
−
pressure P mouth, barrel pressure pbarrel and p1, i.e. the amplitude (RMS) of the fundamental
frequency extracted from pbarrel, when subject D played the written C5 note with normal, accent,
sforzando and staccato. Again, t = 0 is defined as the instant when the tongue ceases contact
with the reed. The vertical arrow in Figure 3.5(d) indicates the instant when the tongue touches
the reed to stop the note. pbarrel and p1 are shown on a logarithmic scale (dB with respect to
−
20 µPa) to illustrate their approximately exponential growth, while P mouth is shown on a linear
scale.

−
Figure 3.5. The slowly varying (DC) component of the mouth pressure P mouth (black), the
amplitude (RMS) of the fundamental p1 (dark grey) extracted from the barrel pressure pbarrel
(light grey) for different articulations for the written C5 notes played by subject D. In each
example the horizontal dashed line indicates the noise level in the barrel in dB calculated over
the 0.1 seconds before tongue release.

Rather than studying the amplitude of the overall radiated sound, the amplitude of the
fundamental frequency in the barrel (p1) is plotted because it can be determined in the presence
of considerably larger background noise. (The power in the noise is distributed over many
frequencies and so contributes little power at the frequency of p1.) Further, p1 is extracted from
pbarrel rather than pmp because the barrel signal is much less affected by the noise due to turbulent
flow past the reed than is the pressure in the mouthpiece, and this allows p1 to be distinguished
at a much lower level. The barrel microphone is located 93 mm from the reed tip and, for
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example, the wavelength for the written G4 note is about 1 m. So, with an antinode of pressure
in the standing wave occurring in the mouthpiece, there is only a small variation in p1 between
mouthpiece and barrel (7% for this note)
Before the tongue releases the reed, no periodic sound is observed and the noise level in
the barrel calculated over the immediately preceding 100 ms (about 109 dB with respect to
20 µPa) is used as a reference level for the beginning of the note; it is indicated by the dashed
line in each figure. The brief and slight increase in the noise in pbarrel that occurs about 50 ms
before the tongue release at t = 0 is due to the tongue touching the reed. Then the noise
decreases as the tongue starts to release from the reed. After the tongue release and until a few
tens of ms before the maximum value occurs, the growth of p1 during the initial transient
appears approximately linear on this semi-log graph, indicating an exponential growth in p1
during most of the attack transient in each case. However, this growth starts about 40 ms after
the tongue release in the example of Figure 3.5(a), suggesting that, for this player and this note,
−
the normal articulation has the tongue release the reed at a P mouth value below the oscillation
threshold. In the other three examples, the approximately exponential increase in p1 starts
immediately after tongue release, indicating a tongue release at or above the threshold.
(Differences among players are discussed below.) As shown in Figure 3.5, the attack time and
the exponential rate of increase of p1 vary substantially for different articulations. The variation
−
in P mouth with time — another example of how players can control the attack — also shows
different features.
−
For further analysis, several additional parameters describing the behaviour of P mouth and
pbarrel are now defined and illustrated in Figure 3.6. Using the subscript s for 'starting', ps is
defined as the value of the fundamental (p1) when it first exceeds the average noise level (i.e. ps
−
equals the average noise level) and Ps is defined as the value of P mouth at this instant. In the
absence of a player, this average noise level in the pbarrel is about 109±1 dB under a typical range
of laboratory conditions. It also lies within this range when a player has the instrument in the
mouth and is preparing to play. An empirical measure to characterise the end of the exponential
phase of the attack is taken when p1 has a value 6 dB below the peak value of pbarrel. (6 dB is
chosen because the exponential phase does not terminate abruptly.) The rise time ∆t is
accordingly defined as the time taken for p1 to increase from ps to the end of the exponential
−
phase. Pav is the average value of P mouth during this rise time ∆t. R (in Pa·s−1) denotes the
−
average linear rate of increase in P mouth and r (in dB·s−1) denotes the average exponential rate of
increase in p1 during the rise time.
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Figure 3.6. Plot showing how the parameters are defined. The graph at top shows the variation
−
of P mouth with time. That at bottom shows on a dB scale the time variation of pbarrel (grey) and p1,
the amplitude (RMS value) of the fundamental extracted from pbarrel. The 'starting value' ps is
defined as the value of the fundamental (p1) when it first exceeds the average noise level and the
−
'starting' mouth pressure. Ps is defined as the value of P mouth at this instant.

Figure 3.7 shows ∆t, the rise time and r, the exponential rate of increase of the
fundamental p1. (There is a strong negative correlation between these, but they are not exactly in
inverse proportion, because the starting and maximum pressures vary.) The averages and
standard deviations are shown for normal, accented, sforzando and staccato notes played by
experts (grey) and students (white). Figures 3.7(a) and (c) show the results for the written C4
note, (b) and (d) for the written G5 note. These two notes are chosen for discussion because C4
is near the middle of the lower or chalumeau register and G5, 12 notes higher, is near the middle
of the clarino register. The only difference in fingering for the two is the addition of the register
key for G5: this weakens and de-tunes the first impedance peak (Dickens et al., 2007a) causing
the instrument to play at the second peak. Typical standard deviations of ∆t and r for both
groups are about 20%. About half of this variation is due to variations among players: for an
individual player the standard deviation is typically 10%, as shown below.
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Figure 3.7. The average rise time ∆t and the rate r of exponential increase of the fundamental p1.
The averages and standard deviations are displayed for normal, accented, sforzando and
staccato notes played by experts (grey) and students (white). (a) and (c) show the values for the
written C4 note, (b) and (d) for the written G5 note. Vertical lines indicate the standard
deviations.

For experts playing C4 and G5, and for students playing C4, the accented and sforzando
notes usually have the shortest rise time and the largest averaged r among the four articulations
studied here, while staccato notes have intermediate values (as shown in the typical example in
Figure 3.5). A two-sample t-test comparing both ∆t and r of normal notes with those of the other
three articulations showed that the accented, sforzando and staccato notes are significantly
different from normal notes at the 5% significance level. The exception was for the written G5
staccato notes played by the students. A two-sample t-test also shows that the normal, sforzando
and staccato notes played by the students have longer rise times and smaller p1 rates of increase
than those played by experts (significant at the 5% level), except for the rise time for the written
C4 staccato notes. The rise times and p1 rates of increase of accented notes played by the two
groups are similar. (Figures for other notes are available in Appendix A.)
Figure 3.8 shows the averaged rise time ∆t and the rate r of exponential increase in the
fundamental p1 with standard deviation for normal, accented, sforzando and staccato notes
played by each of the three experts. Figures 3.8(a) and (c) show the results of the written C4
note, (b) and (d) for the written G5 note. The repetitions of each note with each articulation
played by each expert were reproducible, with typical variations in the averaged rise time and p1
rate about 10%. (Qualitatively similar results for other notes are shown in Appendix A.)
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Figure 3.8. The averaged rise time ∆t and the rate r of exponential increase in the fundamental
p1 for normal, accented, sforzando and staccato notes played by each of the three experts. (a)
and (c) show the values for the written C4 note, (b) and (d) for the written G5 note. Bars with
different shading represent the three expert subjects. Vertical lines show standard deviations.

The foregoing qualitative similarities among the different players indicate the influence of
a common musical culture: each player understands what accent, sforzando, etc. mean, and has
learned how to produce gestures with qualitatively appropriate features. Thus, when compared
with normal notes, accented and sforzando notes have a shorter rise time and larger p1 rate,
whereas staccato notes have intermediate values. Quantitatively, however, the rise time and p1
rate values of notes with a given articulation vary somewhat among players. Expert subject D
(dark grey bars in Figure 3.8) generally played the notes with a shorter rise time and a larger p1
rate than the other two expert subjects (E and F), whose data are more similar. This occurs for
other notes investigated here as well. Results for the three students also suggest that each player
shows consistent values that might be said to contribute to that player's personal style.

3.3.4 Blowing pressure and tonguing control
−
The effects of tonguing and P mouth upon p1 can now be considered. Figures 3.5 and 3.6
show that the increase in p1 can occur immediately upon tongue release [Figures 3.5(b), (c) and
(d), Figure 3.6], or be delayed [Figure 3.5(a)]; these conditions correspond to the tongue being
−
released when P mouth is respectively above or below the oscillation threshold. The timing of the
tongue release with respect to the attaining of the oscillation threshold thus affects the attack
transients and could be different for different articulations and for different notes; it could also
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vary among players. Figure 3.9 shows the proportion of cases in which tongue release precedes
note onset for the four articulations discussed above, for the student and expert players. Two
general observations can be drawn from Figure 3.9. First, for all the articulations, tongue release
precedes the note onset more frequently for higher notes. For the written G5 and C6 notes, 95%
of all measurements of these notes showed that both experts and students tend to release the
tongue below the oscillation threshold, whereas the proportion is much lower for C4, G4 and C5
notes. Subject C (one of the students) always plays sforzando notes without using the tongue,
thus the proportion for sforzando notes of the student group is higher than that of expert group.
Second, for C4, G4 and C5 notes, tonguing above the threshold occurs more frequently for
accent and sforzando notes than that for normal and staccato notes, i.e. higher chances of
tongue release above the threshold for articulations with higher rate r. Why do players
coordinate the tongue and breath in this way?

Figure 3.9. The percentage of measurements in which the tongue release precedes the note
onset, i.e. the tongue is released below the oscillation threshold.

−
Tongue release above the threshold involves a higher value of P mouth, and this in turn
produces a higher rise rate r and a shorter rise time ∆t for the note. The shorter rise time is
required for playing accent, sforzando and staccato notes so, for lower notes, these articulations
are tongued above the threshold. For higher notes, however, shorter rise times are achieved
without tonguing above threshold — see Figure 3.9. Players (particularly experts) always
tongue below threshold for all of the high note articulations, except staccato (where the
proportion is high but not 100%, perhaps because of the speed required for staccato). It is worth
noting that tonguing below threshold introduces a delay between tonguing and note onset that
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may be tens of ms [e.g. Figure 3.5(a)]. In this case, note onset may be largely controlled by an
−
analogue variable ( P mouth), rather than a binary one (tongue contact).
−
The values of P mouth during the rise time are expected to be important for controlling the
attack transients. Figure 3.10 shows the mouth pressure at onset, Ps, the rate R of increase in
mouth pressure and the average mouth pressure Pav during the rise time. These are shown with
standard deviation for normal, accented, sforzando and staccato notes played by each of the
three experts, with the same shading as in Figure 3.8. (Figures for other notes are available in
Appendix A.) The rate R is similar for both of the written C4 and G5 notes, but the Pav values
required for playing G5 with rapid attacks are lower (cf. Figure 3.8). Hence G5 is usually
initiated below threshold (Figure 3.9), whereas the lower note is tongued above threshold. For a
given note, accented and sforzando notes usually have higher Pav and rate R than normal and
staccato notes. Expert subject D (dark grey shading in Figures 3.8 and 3.10) showed a much
−
larger increase rate in P mouth and also showed a somewhat higher Pav than the other two expert
subjects. The three students also show individual consistency, but there are differences between
notes and between players.

−
Figure 3.10. The starting mouth pressure Ps, the rate R of increase in P mouth and the average
mouth pressure Pav during the attack. Means and standard deviations for normal, accented,
sforzando and staccato notes played by each of the three experts are shown. Written note C4 at
left, G5 at right. Different shading indicates the three expert subjects.
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3.3.5 Minimal attack
The accent, staccato and sforzando articulations discussed above each have a specific
musical notation, and normal articulation is elicited by the absence of a specific instruction.
Another articulation, idiomatic to the clarinet, is to begin a note at very low sound level and
with the least noticeable attack. This articulation is variously called minimal attack, softest start,
lightest tonguing or, colloquially, 'sneak in'. All players were asked to produce minimal attack
both with and without tonguing.

−
Figure 3.11. Measured mouth pressure P mouth (black), mouthpiece pressure pmp (dark grey) and
radiated sound prad (light grey) as functions of time for typical examples of minimal attack (a)
with tonguing and (b) without tonguing of the written C5 note, as played by subject D (one of
the expert players). t = 0 is defined as the instant when the tongue breaks contact with the reed.

−
P mouth and pmp profiles for minimal attacks with and without initial tonguing present
features that differ from those of other articulations. For comparison, Figure 3.11 shows typical
−
examples of P mouth, pmp and prad when subject D played the written C5 note with these two
−
articulations. Compared with normal notes, P mouth for minimal attack notes, either with or
without tonguing, is increased more slowly and has a lower value when the sound starts. Then
−
P mouth continues to increase until it is decreased to end the note. For minimal attack with
−
tonguing, the values of P mouth when the tongue is released are also lower than those for normal
notes. As might be expected, the rate of increase R for initial tonguing was smaller than that for
normal playing; for experienced players, R = 1.55±0.74 (C4) and 1.22±0.99 (G5) kPa·s−1; the
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rate was even lower for students, with R = 1.03 ±0.69 (C4) and 0.72±0.68 (G5) kPa·s−1.
−
For both types of minimal attack, P mouth shows a local maximum or overshoot that
approximately coincides with the start of the note. It appears that the player briefly increases the
pressure above a threshold level, then reduces it to avoid a too rapid increase in the sound.
Compared with minimal attack notes with tonguing, those without tonguing have smaller values
−
of the local maximum in P mouth. Further, the time to reach this pressure is several times longer
and has much greater variability, indicating that, without tonguing, notes can be started at even
−
−
lower P mouth and P mouth rate R, but with a greater uncertainty in time. This is consistent with
observations by Bergeot et al. (2014) using a clarinet-playing system: a lower average rate for
−
P mouth corresponds to a lower dynamic threshold. (Note that, for the minimal attack performed
'without tongue', the tongue is released while the mouth pressure is already a little elevated but
still well below threshold.)
For both types of minimal attack, the fundamental p1 also shows approximately
exponential growth during attack transients, but the exponential increase rate, r, is rather lower,
usually less than 500 dB·s−1. r also has a larger standard deviation. This slower rate is the
consequence of smaller values of Ps and Pav, ranging from approximately 1.5 to 2.5 kPa. In the
interview, all the subjects said that the softest possible start occurs without tonguing.
Consequently, it is not surprising that the minimal attack without tonguing has even smaller
values for Ps, Pav and the rate r of exponential increase in the fundamental p1. The values of
these parameters vary between players and for different notes, but all players produce the two
articulations using qualitatively similar gestures.
−
The lower values of P mouth and r were one reason for including the minimal attack
−
articulations, because they allow investigation of the dependence r( P mouth) in the lower range.
−
The inclusion of pp and ff notes (discussed below) also contributes data at either end of the r( P
mouth)

range.

3.3.6 Control of the initial transient
For a given threshold pressure, a player can, in principle, control the attack in two main
ways. The rate R of the rise in mouth pressure is one control parameter. Ps, the mouth pressure
when the level of the fundamental (p1) first exceeds the average noise level, is another: if the
tongue is released early as the mouth pressure rises, Ps can be small. The results in Table 3.2
−
show a correlation between R, the linear rate of increase of P mouth and r, the exponential rate of
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increase of p1: a higher r can thus be obtained by increasing R. However, the correlation
between r and Ps is even stronger.

players

experts

notes
correlation between r and Pav
correlation between r and Ps

students

C4

G5

C4

G5

slope (dB·s−1·kPa−1)

600

1840

610

910

coefficient of determination

0.92

0.85

0.84

0.78

slope (dB·s−1·kPa−1)

680

2020

740

1070

coefficient of determination

0.8

0.7

0.75

0.78

−1

correlation between r and R,

slope (dB·kPa )

20

50

20

70

the rate of increase of Pmouth

coefficient of determination

0.58

0.55

0.43

0.4

Table 3.2. The correlations between the rate r of exponential increase in the fundamental
−
frequency and three parameters describing the mouth pressure P mouth: Pav, is the average mouth
−
pressure, Ps is the mouth pressure when the note starts and R is the rate of increase of P mouth.
The number of samples for each regression varied from 75 to 78.

So r depends on both Ps and R. The average mouth pressure Pav during the rise time of the
−
attack can also be viewed as a control parameter which depends directly on both Ps and P mouth
rate R: starting at a larger Ps or increasing R gives a larger Pav. Table 3.2 shows the linear
−
regression analysis of r and Pav, r and Ps and r and P mouth rate R for the two notes discussed. Pav
and r have the strongest correlation suggesting that Pav can be regarded as a single, effective
control parameter for obtaining a desired r. For instance, playing accented and sforzando notes
generally requires a larger Pav, though different players may use different combinations of Ps
and R to achieve a larger Pav value. p-values for all cases are less than 10−7.
In Figure 3.12, the exponential rise rate r in the fundamental p1 is plotted against Pav for
the written C4 and G5 notes. Different symbols correspond to different articulations; grey and
white symbols correspond to experts and students respectively. The strong correlation is evident
between Pav and r: this is not surprising: a pressure well above the threshold gives a more rapid
increase rate r, while the relatively low Pav (produced mainly in the minimal attacks) gives a
small r.
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Figure 3.12. The rate r of increase in fundamental p1 versus Pav for normal, accented, sforzando,
staccato and minimal attack notes with and without tonguing played by experts (grey) and
students (white), (a) C4 and (b) G5 notes. Different symbols indicate different articulations.

For the written C4 [Figure 3.12(a)] and for G4 and C5 (Appendix A), the correlation
between Pav and r is similar for the experts and students. Both experts and students usually use a
higher Ps and Pav values while playing accented and sforzando notes, and these higher pressures
lead to a more rapid increase rate and a shorter rise time. At the other end of the range, the
professionals use lower values of Pav when playing minimal attacks. For playing the same
articulation, the differences in r and Pav between experts and students are modest, although
experts use a larger range of Pav. However, for the higher notes G5 [Figure 3.12(b)] and for C6
(Appendix A), the experts achieve more rapid rise rates r with Pav values lower than those used
by students.
The strong dependence of r on Pav shows that players can control r and thus the rise time
∆t by controlling Pav, the average pressure between tongue release and near saturation. Pav, in
−
turn, depends on the rate R of increase in P mouth and the pressure Ps at note onset, which is
usually the moment of tongue release (see Figure 3.9). Wind instrument players are able to vary
mouth pressure using muscles of the torso and airways (Vauthrin et al., 2015). Varying Ps, on
the other hand, is often achieved by timing the release of the tongue, whose mass is smaller and
whose muscles are presumably more agile than those of the torso. So it is interesting to see how
Ps and R contribute to r.
Figure 3.13 shows the average values of r plotted against the average values of Ps and of
R for normal, accented, sforzando and staccato notes played by each subject for the note C4. To
46

show how individuals vary these parameters to achieve the different articulations, a line joins
the normal to each other articulation, for each player. Compared with normal notes, almost all
the subjects increase both Ps and R (though with different combinations) while playing accented,
sforzando and staccato notes. Qualitatively similar results were observed for other notes
−
(Appendix A). So, overall, players use both Ps and P mouth rate R to determine the exponential
rate r (and thus the rise time ∆t). However, while there is considerable scatter in R, the
dependence of r on Ps is more consistent.

−
Figure 3.13. The average rate r of increase in fundamental p1 versus (a) average Ps and (b) P
mouth

rate R for normal, accented, sforzando and staccato notes played by each subject for C4

note. A line is shown for each subject connecting each accented, sforzando and staccato note to
the normal note of that subject. Different symbols and lines indicate different articulations and
subjects; grey and white symbols stand for experts and students.

3.3.7 Final transients of staccato
Among the six types of articulations studied here, staccato is the only one for which
players consistently used the tongue to stop notes. For other articulations, the tongue
−
occasionally touched the reed at the end of a note, but for most of these cases, P mouth was
already well below the oscillation threshold when the tongue touched and, although there is
significant hysteresis, the level of the periodic sound had already decreased to very low values
(less than 20 dB above the noise level). In contrast, for the staccato articulation, the three expert
subjects and one of the student subjects (A) all stop the notes using the tongue when playing C4,
G4, C5 and G5 notes. However, for the C6 note, tongue touch occurs during the decay produced
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−
by decreasing P mouth. Student subject C did not use the tongue to stop any notes and subject B
only terminated the note with the tongue when playing G4. (In the interview, all six subjects
stated that they used the tongue to stop the notes. This confusion by two of the students is
understandable: the staccato note stops quickly and the relative timing may be hard to perceive.)
Why is the tongue not used to stop the high notes? A likely explanation is that these have higher
values of threshold pressure, which means that they can be stopped by a small reduction in the
mouth pressure, so the tongue is not needed to achieve a rapid final transient. The players use
the same gesture as for low notes, but the note has already stopped by the time the tongue
touches the reed.
Figure 3.14 shows two examples of staccato notes played by two subjects: stopped with
and without using the tongue. For the note stopped using the tongue, the fundamental amplitude
p1 shows a nearly exponential decrease in amplitude (a constant rate of dB·s−1) in the final
transient immediately after tongue touch. The total duration of the tongue-stopped note is much
shorter in this case 3.14(a) than in the case 3.14(b) where the note is stopped by allowing the
mouth pressure to fall below the value where the note can be maintained.

Figure 3.14. pbarrel (light grey) and p1 (dark grey) of two G4 staccato notes played by subject D
and C respectively: stopped (a) with and (b) without using the tongue. The vertical arrow in (a)
shows the moment when the tongue touches the reed. Note the nearly exponential decrease over
4 orders of magnitude (a linear decrease on this semi-log plot). In (b), the note is stopped by
allowing the mouth pressure (not shown here) to fall below the value where the note can be
maintained.
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When or very soon after the tongue touches the reed, the process of auto-oscillation is
assumed to stop. From this moment, the energy in the standing waves in the bore is lost due to
viscothermal losses in the walls and, to a lesser extent, radiation from the bell and tone holes
(e.g. Benade and Gans, 1968). For a resonance, the quality factor Q, by definition, is 2π times
the ratio of the energy stored in the oscillating resonator (ES) to the energy dissipated per cycle
(EL) by damping processes. Defining E as the time average of energy stored:

Q = 2π

ES
E
2πf
= −2πf
=−
d
(ln p)
EL
dE / dt
2
dt

(3.2)

where f is the oscillating frequency and p is the pressure in the resonator, i.e. pbarrel. So the rate r
of exponential increase (here negative) can be expressed as

r=

d (20 log10 p)
20πf ⋅ log10 e
d (ln p)
= 20 log10 e ⋅
=−
dt
dt
Q

(3.3)

Q is also equal to the frequency-to-bandwidth ratio of the resonator. Thus, the rate r can
be calculated using the Q values derived from the acoustic impedance spectra measurements of
the clarinet (Dickens et al., 2007a), for the resonance at the fundamental frequency, which is the
dominant component for all these notes. The rates r thus calculated are shown in Table 3.3,
together with the values measured in the final transients of the staccato notes stopped using the
tongue.

rate r (dB·s−1)

C4

G4

C5

G5

calculated from bandwidth

−250±40

−320±30

−450±50

−540±50

measured from decay

−340±80

−400±30

−380±30

−520±50

Table 3.3. Values of the rate r of exponential increase (here negative in the decay) calculated
from the measured acoustic impedance of the clarinet and those obtained from the final
transients of the staccato notes stopped using the tongue.

The two sets of data in Table 3.3 are in approximate, but not excellent, agreement. One
possible explanation for the difference is the boundary condition in the mouthpiece: a reed
touched by the tongue might still leave a gap, which would give a boundary condition that could
vary among players and notes, and which would differ from the sealed mouthpiece used for the
impedance measurement. Similar values of r are found in a study on note extinction by stopping
a note in different ways (Guillemain et al., 2014). (The contribution of energy input from autooscillation of the reed is analysed explicitly in a simple model presented in the next chapter.)
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The exponential decrease in the sound level when the reed stops vibrating explains why
stopping the note with the tongue does not produce the unpleasant sensation of a 'click' in the
sound, as is produced when a periodic sound is stopped by reducing its amplitude abruptly to
zero.

3.3.8 Different dynamics
As well as the mezzoforte notes discussed above (medium loud, notated mf), the subjects
were also asked to play normal and staccato notes with different sound levels or, as a musician
would say, different dynamics. These instructions were given using the usual musical notation:
pp (very soft) and ff (very loud). As expected, they show qualitative similarities but quantitative
−
differences in the rise time ∆t, the p1 rate r, the onset pressure Ps and the averaged value of P
mouth

during rise time compared with those played with mf: notes played with pp have smallest r

and smallest Pav values, ff notes the largest. The correlation between Pav and p1 rate r for the
normal and staccato notes played with pp and ff also follows the correlation for those played
with mf and those of other articulations shown in Figure 3.12, but with data points distributed in
the different regions, e.g. Pav values for the C4 normal notes played with pp and ff played by
experts range from 1.9 to 2.4 kPa and from 2.6 to 3.6 kPa respectively.
For normal notes played at ff, it is interesting to compare the attacks with those of
accented notes at mf. A series of two-sample t-tests at the 5% significance level compared ∆t, r
and Pav values of these two types of notes. For ∆t, only 48% of all the 30 cases (five notes for
each of the six subjects) show a rejection of the null hypothesis (significant difference), and for
r and Pav, the rejection rate of the null hypothesis is 56% and 65% (when comparing these
values for accented and normal note played with mf, the rejection rate is higher than 83%). This
suggests that, for these players, an accented note at mf has a faster attack than a normal note,
and this is achieved with a greater mouth pressure: the accented mf note is achieved using values
comparable with those used in a normal note at ff and for a comparably brief period.

3.4

CONCLUDING REMARKS
In this chapter, clarinettists' tongue-reed contact, the time variation of the blowing

−
pressure P mouth, the mouthpiece pressure, the pressure in the instrument bore and the radiated
sound were measured for normal articulation, accents, sforzando, staccato and for minimal
attack, i.e. notes started very softly. All attacks include a phase when the amplitude of the
fundamental increases exponentially, with rates r ~ 1000 dB·s−1 controlled by varying both the
−
rate of increase in P mouth and the timing of tongue release during this increase. Accented and
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−
sforzando notes have shorter attacks (r ~ 1300 dB·s−1) than normal notes. P mouth reaches a
higher peak value for accented and sforzando notes, followed by a steady decrease for accented
notes or a rapid fall to a lower, nearly steady value for sforzando notes. Staccato notes are
usually terminated by tongue contact, producing an exponential decrease in sound pressure with
rates similar to those calculated from the bandwidths of the bore resonances: r ~ −400 dB·s−1. In
−
all other cases, notes are stopped by decreasing P mouth. Notes played with different dynamics are
−
qualitatively similar, but notes with higher sound level have larger P mouth and larger r.
Players have several control parameters and adjust more than one of them with time, so it
is difficult to discern their individual effects from this 'ecological' study. The next chapter
reports the use of a playing machine in which all the parameters are controlled explicitly and
varied one at a time.
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4

The Influence of Breath, Lip and Tonguing on Transients: a
Study Using a Playing Machine2

4.1

BACKGROUND
The previous chapter investigated how clarinettists coordinate tonguing with the time

variation in blowing pressure to produce the different articulations specifically required by
different musical conditions. The initial transient includes a phase during which sound pressure
increases exponentially over time before saturation. The rate of this exponential rise (r, in dB·s−1)
varies for different articulations and varies between players. To achieve different values of r for
different articulations, players vary the rate of increase in mouth pressure and also vary the
value of mouth pressure at which they release the tongue during the pressure increase. It is also
possible that players vary the force that the tongue applies to the reed before release (Guillemain
et al., 2010), and the acceleration a of the tongue as it moves away from the reed. However, it
appears that the effects of these parameters on the transients have not been studied
quantitatively.
The production of different articulations by players raises further questions: how does the
rate r depend on the control parameters, including the blowing pressure P in the mouth and the
force Flip applied by the lip? How important are the force Ftongue applied by the tongue to the
reed, the initial displacement of the reed ∆y0 and the acceleration a involved in removing it from
the reed, and what are their effects? These questions cannot easily be studied systematically
with human players. First, players do not hold P or Flip constant; neither can they vary them
independently; second, it is difficult to measure tongue force Ftongue and acceleration a precisely
during performance. For that reason, this chapter investigates the effects of different parameters
independently.
With playing machines, the thresholds are usually measured by increasing the mouth
pressure while holding other parameters constant. The measured values of the minimum
2

This chapter is adapted from the manuscript accepted by The Journal of the Acoustical

Society of America: Li, W., Almeida, A., Smith, J., and Wolfe, J. (2016). "The effect of
blowing pressure, lip force and tonguing on transients: a study on clarinet-playing machine." I
wrote the first draft of this paper and prepared the figures. Thesis supervisors Joe Wolfe and
John Smith suggested this study. They and co-author André Almeida made suggestions to later
drafts. André designed and built the pressure control system. Joe and André suggested the
model for explaining the initial transients.
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pressure required for oscillation exhibit hysteresis: they depend on how mouth pressure is varied
over time. For example, the pressure required to start oscillation by increasing mouth pressure
from lower values will be higher than the pressure required to maintain oscillation when the
pressure is decreased. Thus, on the (P, Flip) plane, an oscillation threshold curve measured by
small increasing steps in mouth pressure is different from one measured by small decreases in
mouth pressure. The area between the two oscillation thresholds and that between the two
extinction thresholds are hereafter called hysteresis regions. Notes cannot be started in the low P
hysteresis region by increasing mouth pressure, but can be sustained in the hysteresis region by
decreasing mouth pressure once started.
In this chapter, measurements of initial and final transients using a playing machine are
reported. Blowing pressure P, lip force Flip and the initial tongue force Ftongue are controlled and
held constant over a range of different values to measure their effects on r, the rate of
exponential increase in the fundamental of the sound. The motion of the reed and tongue are
recorded on high-speed video to determine the acceleration a of the tongue and to study the
growth over time of the amplitude of the reed vibration. The role of tonguing in playing within
the hysteresis region was also investigated.

4.2

MATERIALS AND METHODS

4.2.1 Experimental setup
Figure 4.1 is a schematic of the experimental setup. The design of the playing machine
has been described previously (Almeida et al., 2010). Briefly, the blowing pressure P is
controlled on the long time scale by adjusting the speed of a pump which provides air to the
artificial mouth and is kept constant on the short time scale by a proportional-integral-derivative
(PID) loop controlling a leak, which is opened and closed using an electromechanical shaker.
The instrument used in this study is a Yamaha YCL 250 clarinet with a Yamaha CL-4C
mouthpiece and a Légère synthetic clarinet reed (hardness 3) with a tongue sensor, described
below. A small slab of polyurethane foam (Sorbothane, Kent, OH) is used as the artificial lip.
Over a large range of playing parameters, this lip can avoid squeaks and produce a tolerable
sound. A mass hanging on the lip provides a known lip force to the reed. The masses used range
from 25 g up to 400 g (the value that closed the reed against the lay), in steps of 25 g.
The artificial tongue consists of a pad of the same material as the lip. This is pushed
vertically against the lip by a 2-beam system located above the artificial mouth so that the
vertical force and acceleration of the tongue can be controlled. As shown in Figure 4.1, a mass
m1 is located at the right of beam 1. Before the tongue is released from the reed, the weight of
this mass provides the force that produces an initial displacement ∆y0 of the reed from its
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equilibrium position. Beam 2 with a mass m2 on the right is located above and to the left of
beam 1, with a vertical separation d. The tongue is lifted from the reed when the left of beam 2
is released by the experimenter. Different combinations of m1, m2 and d produce different
tongue accelerations. With this system, the tongue force is always in the direction to close the
reed aperture, and its acceleration in initial transients is always in the direction to open it.
(However, the saliva on a human tongue allows it to pull the reed away from the mouthpiece.)

Figure 4.1. A schematic sketch (not to scale) shows the experimental setup. Here, the camera
has been displaced so that it does not obscure the artificial mouth. A screen capture image
(inset) from the high speed camera showing the mouthpiece (bottom), reed, and tongue. The
scale bar is 1.0 mm.

The reed and tongue motions are captured by a high-speed video camera (X-stream
VISIONTM XS-4) at 8000 frames per second, which is a compromise between resolution in
time and image size (180×140 pixels) and quality. With a light source located at the opposite
side of the artificial mouth, the tongue and the reed can be clearly observed with a large contrast
to the background (Figure 4.1 inset). Thus, the motion of the tongue and reed over time is
extracted by an automated image analysis routine that detected the averaged vertical position of
several points along the lower edge of the tongue and that of several points along the upper edge
of the tip of the reed. (Edges of the tongue and reed are detected as a maximum in the spatial
derivative of the image brightness.) In Figures 4.2 and 4.4, the tongue and reed motions are
smoothed by averaging over a window of 2 ms. The amplitude of individual harmonics in the
barrel pressure pbarrel and the radiated sound prad during the transient were extracted using the
method reported in § 3.2.2.
The blowing pressure is measured with a transducer (Endevco 8507C-2) giving both
steady (DC) and acoustic (AC) components. The sound pressures in the clarinet barrel and in
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the radiated sound are measured with microphones (Brüel & Kjær 4944A and Rode NT3
respectively). Contact between the tongue and the reed is measured via electrical conduction
between a fine wire of 80 µm diameter glued to the middle of the reed surface (as in the
previous study, see § 3.2.1) and a layer of aluminium foil on the surface of the artificial tongue.
The specification of the sensors used here was reported in § 3.2.1, but with the following minor
differences: all these parameters were obtained simultaneously with the video synchronisation
signal from the camera using a 4-channel data acquisition card (National Instruments, NI9234).
A FireWire audio interface (MOTU 828) recorded the radiated sound and video synchronisation
signal, the latter being used for synchronization of all the measurements.

4.2.2 Experimental protocols
Two different methods of controlling the tongue were used. The 2-beam, 2-mass system
shown in Figure 4.1 produces both a nearly constant tongue force and a nearly constant
acceleration upon release. Therefore, it was used in the experiments in which these values were
held constant and the blowing pressure P and lip force Flip were varied to study their effect on
initial transients.
The range of acceleration produced with different combinations of m1, m2 and d is limited,
so beam 2 in Figure 4.1 was removed when investigating the effect of tongue acceleration a at
constant P and Flip. The tongue force Ftongue, which determines the initial displacement of the
reed ∆y0, and the tongue acceleration a were both controlled by pressing the left end of beam 1
with a finger. This can produce a much larger range of tongue acceleration a than the 2-beam
system. Learning to use a finger to produce a range of accelerations a was a little like learning
tonguing when playing the instrument: the experimenter adjusted the force applied to achieve
different tongue accelerations and listened carefully, using the sound as a guide to make the
initial transients and therefore the accelerations as repeatable as possible. The initial
displacement of the reed ∆y0 and tongue acceleration a were then calculated post hoc from the
high-speed video images, and the series of measurements were continued until the desired range
of values of a and ∆y0 had been recorded. In this series of experiments, several combinations of
blowing pressure P, lip force Flip and mass m1 were chosen and kept constant. After each tongue
release, the tongue and reed motion were recorded by the high-speed video camera and the
tongue-reed contact, blowing pressure P, the sound in the barrel pbarrel and the radiated sound prad
were recorded simultaneously.
The saturation at the end of the initial transient is not abrupt. So the exponential increase
rate r was measured from the moment when the mouthpiece pressure first exceeded the
background noise until it was 6 dB below saturation. (More details are discussed in § 3.3.3).
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To investigate the effect of blowing pressure P and lip force Flip on the exponential
increase rate r, tonguing parameters (i.e. a and Ftongue) were kept constant using the 2-beam
system. The lip force Flip was first set at a low, constant value and blowing pressure P was set to
a constant value above Posc. The tongue was released and tongue action, P, pbarrel and prad were
recorded. Then P was increased to the next sampling point for data acquisition and similar
procedure was repeated until P was above the extinction threshold Pext. The lip force Flip was
then increased to a new constant value and similar procedures were repeated.
For the study on tonguing in the hysteresis region, P was initially set at the maximum
value the pump can provide (about 7 kPa) and P, pbarrel and prad were recorded. Then P was
decreased to the next sampling value and kept constant for data acquisition. This procedure was
continued until P was well below Posc. In the next stage, P was increased in small steps until the
blowing pressure reached its maximum value. In this pair of experiments, the artificial tongue
never contacted with the reed. Then, similar experiments with tonguing while increasing P were
carried out using the 2-beam system to activate the tongue. With a constant tongue force Ftongue,
P was first set below the threshold Posc and the tongue was released. Then the procedure was
repeated with successive slight increases in P until Posc was exceeded. Similar experiments were
repeated, but with a different Ftongue. The lip force Flip was then increased to a new constant
value for the next set of measurements where data for decreasing P and for increasing P with
and without tonguing were again recorded. Except during experiments, the mass hanging on the
lip was removed to minimise changes in the reed properties due to any plastic deformation of
the reed under load.

4.3

RESULTS AND DISCUSSION

4.3.1 The effects of tongue force and acceleration on initial transients
In this part of the study, the tongue force Ftongue was determined by the mass m1 on beam
1 and the acceleration was controlled manually to produce a large range of accelerations. Figure
4.2 shows the reed and tongue motions, pbarrel and prad for three typical examples of initial
transients of the written C4 note played with the same P (4.6 kPa) and Flip (1.5 N), but different
tongue force Ftongue and accelerations a. t = 0 is the instant when the tongue ceased contact with
the reed, detected by the tongue sensor. The tongue force Ftongue is 0.05 N for Figures 4.2(a) and
4.2(b) and 0.15 N for 4.2(c).
The tongue force displaces the reed ∆y0 from its equilibrium position before oscillation
begins. ∆y0 is approximately 40 µm for Figures 4.2(a) and 4.2(b) and 80 µm for 4.2(c). The
motion of the tongue near t = 0 shows an approximately parabolic shape. Thus, the tongue
acceleration a during release was obtained by fitting a parabola over a distance range of 0.2 mm.
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Here, the acceleration a of these fitted curves for Figures 4.2(a) – 2(c) has values 0.27, 1.94 and
1.91 m·s−2 respectively, called small, large and large in Figure 4.2. The sound files and videos
for this and other figures are available online (Music Acoustics, 2016).

Figure 4.2. The top row shows the tongue and reed motion; the second the amplitude of the
barrel pressure pbarrel. The third shows the barrel pressure pbarrel and its fundamental p1 and third
harmonic p3; the fourth the radiated sound prad. The dB scales show 20log(|p/20µPa|). All
examples have the same blowing pressure P (4.6 kPa) and lip force Flip (1.5 N), but different
initial reed displacements ∆y0 (using different tongue forces Ftongue) and tongue accelerations a.
The note is written C4 (nominally 233 Hz). The horizontal dashed line indicates the noise level
in the barrel in dB over the 0.1 seconds before tongue release at t = 0. The magnified insets
show the change in pbarrel at tongue release; the two scale bars are 20 Pa and 10 ms, respectively.

Figure 4.2 shows that the trajectory of the reed and the tongue agree within one pixel
before the tongue breaks contact with the reed, indicating that the reed's stiffness can accelerate
it rapidly enough to maintain contact, at least for accelerations less than 1.9 m·s−2.
After tongue release, the time course of growth in reed vibration and sound are different
for the different values of the initial displacement of the reed (produced by different Ftongue) and
the tongue acceleration. Here t200pa is defined as the time taken for pbarrel to reach 200 Pa (140 dB
with respect to 20 µPa) after tongue release. The t200pa values for Figures 4.2(a) – 2(c) are 77, 41
and 32 ms, indicating that vibration and sound start to increase earlier and reach higher values
sooner after a larger initial tongue displacement ∆y0 and/or a larger tongue acceleration a.
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The earlier start of the exponential rise with larger tongue acceleration and tongue force
does not appear to be caused by the reed having a greater initial potential energy (due to larger
∆y0) or larger kinetic energy when the reed reaches its equilibrium position after release (due to
larger a). In each case, the reed stops at its equilibrium position for several milliseconds after
tongue release, thereby losing the potential energy associated with its initial elastic displacement
and the kinetic energy associated with its motion as it follows the moving tongue. Instead, the
effect of ∆y0 and a on the initial transient appears to be due to the rapid change in the air
flowing into the mouthpiece: in Figure 4.2(c), the initially closed reed channel opens and the
reed returns to its equilibrium position in about 8 milliseconds, producing a large change in the
airflow. In Figures 4.2(a) and 4.2(b), the reed channel is not completely closed before the
tongue release; it opens and the reed returns in about 17 and 6 milliseconds. p1, the amplitude of
the first harmonic in pbarrel, shows a very rapid increase above noise levels that coincides with
the action of tongue release, as shown in the insets of Figures 4.2(b) and 4.2(c). This shows that
large tongue acceleration a and/or large initial displacement ∆y0 of the reed can produce the
immediate large change in p1 of pbarrel. Similar sudden rises above noise in the p1 in the barrel
were also observed when human players performed accents (see § 3.3.3). In both cases, however,
it should be noted that, p1, the amplitude of the first harmonic in prad outside the bell, does not
rise suddenly above the noise (bottom row of Figure 4.2).
It is not surprising that the reed loses its initial mechanical energy: in the steady playing
condition, the vibration of the reed is driven by the standing wave in the bore, which stores
much more energy than does the reed. The playing frequency lies well below the natural
frequency of the reed, which is close to that of the squeak that is feared by clarinettists. It is
important to have enough loss in the lip (and perhaps the reed) to prevent oscillations at or near
the natural frequency of the reed — playing a clarinet using teeth instead of a reed produces a
squeak. None of the sound samples in this study show a brief oscillation near the reed frequency,
and neither do those in the study of human players. The reed's initial motion is not wasted, of
course: the sudden change in airflow past the reed travels down the bore to the open tone-hole
array, where it is reflected. It returns and interacts with the reed to start the exponential increase.
We return to discuss regenerations and losses below using a simple model of auto-oscillation.
As the vibration of the reed grows, it quickly becomes asymmetrical as the reed
approaches the lay. For the same tongue force Ftongue and initial displacement ∆y0 of the reed
[Figures 4.2(a) and 4.2(b)], the main difference in reed motion is that, for large a, the vibration
starts sooner after tongue release. When there is both a large initial displacement ∆y0 and a large
acceleration a [Figure 4.2(c)], there is a further difference: the third harmonic rises abruptly
above background and remains proportionally stronger during the rise in both reed motion and
radiated sound. In the barrel pressure, the third harmonic is below the first by about 14 dB in
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Figures 4.2(a) and 4.2(b) and 12 dB in 4.2(c). In the sustained part of the notes, however, the
levels of the third harmonic are approximately equal at 86 dB. In the radiated sound, the sound
level of the third harmonic is closer to that of the first because the bell radiates high frequencies
better than low, so the effect is noticeable in the radiated sound. For the three cases shown in
Figure 4.2, the amplitudes of the fundamentals p1 and the third harmonics p3 in barrel all
increase exponentially. The rate r of exponential increase of the fundamental is 475±20 dB·s−1
for all cases, indicating that (with constant P and Flip), the tongue force and acceleration have
little effect on r.

4.3.2 The effects of P and Flip on initial transients
In Chapter 3, the study using human players (who vary the blowing pressure P during
transients) showed that the exponential increase rate r increased with increasing average P soon
after the tongue release. That study did not measure lip force Flip, which is also probably varied
by human players. To investigate how r varied with P and Flip under controlled conditions,
tonguing was conducted using the 2-beam, 2-mass system, in which tongue force Ftongue and
acceleration a were kept constant. For the experiments reported below, the tongue force Ftongue
was 0.15 N and the acceleration a was 2.51±0.12 m·s−2.
After the tongue release, r can be negative as well as positive. When the blowing pressure
is slightly below the oscillation threshold, the initial change in flow at tongue release and its
reflections produce a sound with an exponential decay — a negative value of r. In this condition,
although the reed provides some positive feedback, the power it injects is insufficient to
overcome losses in the bore and lip (discussed below in § 4.3.3). The barrel sound is a brief
'pop', giving the sensation of the pitch of the note corresponding to that fingering. A typical
example is attached in Appendix A and the sound file are also available on Music Acoustics
(2016).
Figure 4.3 shows the rate r versus P for different sets of lip force Flip for the written C4
note. The r(P) behaviour is qualitatively similar for all Flip: at low and moderate P, r increases
with increasing P; at higher P, r decreases and reaches zero at the extinction threshold. At the
lowest Flip measured (0.5 N), r has a maximum rate of 730 dB·s−1 at a blowing pressure of about
5 kPa and the extinction pressure was beyond the range of the experiment. Because both
blowing pressure P and Flip act to close the reed against the mouthpiece, the extinction pressure
decreases with increasing Flip. The maximum value of exponential increase rate r is also lower
for larger Flip, and occurs at lower P: r is always less than 240 dB·s−1 when Flip is more than
2.5 N, producing a much slower increase in the amplitude of the fundamental during the initial
transient. A similar figure for the written G5 note is available in Appendix A.
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Figure 4.3. Below the faint diagonal line are data showing the rate r of exponential increase in
barrel fundamental frequency p1 upon the blowing pressure P for different values of the lip
force Flip. For comparison, the data above the diagonal line were measured on human players
(§ 3.3.6) when using the different articulations indicated by the symbols. For the human data,
the x-axis is the average of the (varying) blowing pressure and the lip force is unknown and
probably varying.

For comparison, the data of r versus average blowing pressure Pav from the study using
human players (§ 3.3.6) are added above the diagonal line in Figure 4.3. For the human data, the
pressures shown are the average blowing pressure, because human players increase P during the
initial transient. For any given P, the averages of these human data all lie above those of the
present playing machine study: student players, achieve higher values of r than the machine,
and experts achieve higher rates still. As shown in Figure 4.2 and above, r does not depend on
the force or acceleration of the tongue. The most likely explanation for the low r using the
machine is that the losses in the artificial lip are greater than those in human lips. A possible
reason for this is that, as explained above, the material and geometry of the artificial lip were
chosen to produce a tolerable sound without squeaks over a substantial range of P and Flip. The
lips of human players presumably have lower losses but clarinettists, especially experts, have
sophisticated feedback mechanisms to avoid squeaks and have learned to play in restricted areas
of the (P, Flip) plane. Finally, the human data do not show a negative r(P) slope region, probably
because there is no incentive for players to raise both P and Flip into a region where r(P)
decreases.
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Figure 4.4 shows the reed and tongue motions extracted from the high-speed videos using
the method described in § 4.2.1, as well as pbarrel and prad for four typical examples of initial
transients of the written C4 note. These examples all have similar tongue acceleration a
(2.56±0.04 m·s−2) and initial displacement ∆y0 (0.08 mm). The first three have constant lip force
Flip = 2.0 N: they illustrate the effect of varying blowing pressure P, with values 2.91, 3.65 and
4.19 kPa in Figures 4.4(a), 4.4(b) and 4.4(c) respectively. The effect of varying Flip is illustrated
by comparing Figures 4.4(b) and 4.4(d), for which Flip is 2.0 N and 1.0 N respectively; P is
3.65 kPa for both. The sound files and videos are available online (Music Acoustics, 2016).
From the sound files, differences in loudness and timbre are evident; there are also slight
differences in playing frequency. [A previous study using the same playing machine (Almeida
et al., 2013) investigated in detail how the sound level, playing frequency and spectral centroid
of a steady note vary with different combinations of blowing pressure P, lip force Flip and other
parameters.]

Figure 4.4. As in Figure 4.2, the top row shows the tongue and reed motion; the second row
shows the barrel pressure pbarrel on a linear scale. The third and fourth rows show respectively,
on a log scale, pbarrel and prad, the pressure radiated by the bell, and the amplitudes of their first
and third harmonics. Tongue acceleration and initial reed displacement are the same for all
figures. (a), (b) and (c) illustrate the effect of varying blowing pressure P at constant lip force
Flip. Comparing (b) and (d) shows the effect of varying Flip at constant P. The horizontal dashed
line indicates the noise level in the barrel over the 0.1 seconds before tongue release at t =0.

The rate r of the exponential increase in the fundamental of the barrel pressure pbarrel for
the four examples shown in Figure 4.4 is 210, 365, 345 and 390 dB·s−1, respectively. This
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illustrates the dependence shown in Figure 4.3: r increases then decreases with increasing P and
also increases with decreasing lip force Flip.
The growth of the third harmonic p3 in pbarrel and prad during the initial transient is
interesting. In all the examples in Figure 4.4, the rate of increase for p3 is larger than that for p1
in pbarrel; this difference is particularly noticeable for small Flip. In 4.4(c) and 4.4(d), the
amplitude of p3 in the prad is several dB higher than that of p1 for tens of milliseconds. This
contributes to 4.4(c) and 4.4(d) having brighter, harsher sounding attacks than 4.4(b). Further,
one can differentiate the transients more clearly when varying Flip and P (Figure 4.4) than when
varying ∆y0 and a (Figure 4.2) over the range studied here. The main difference among the
sound files for Figure 4.2 is the time taken for the sound to increase to a given level from the
instant of tongue release. However, this variation is not clearly audible in the sound files (Music
Acoustics, 2016).

Figure 4.5. A schematic plot of volume flow U versus blowing pressure P for different lip
forces; after Dalmont and Frappé (2007).

Some of the effects of P and Flip on the rate of increase r could be qualitatively explained
in terms of the dependence of volume flow U on P in the absence of a resonant bore
downstream. Figure 4.5 is an idealised representation of such measurements made by Dalmont
and Frappé (2007), following Benade (1976). At low P and for constant Flip, U is approximately
proportional to P½ because the kinetic energy of the air flowing through the narrow aperture
between reed and mouthpiece is produced by the blowing pressure (then largely lost in
turbulence downstream). At high P, however, increasing P tends to close this aperture and so
U(P) has a negative slope. A sufficiently high P or Flip or combination of these closes the reed
permanently against the lay at an extinction point (U = 0). Similarly, in the present study, high P,
Flip or combination of the two closes the reed and the r(P) lines on Figure 4.3 also reach the r =
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0 axis. [In a simple model in which the reed is treated as a one dimensional spring with effective
stiffness independent of Flip and P, the descending U(P) curve intercepts the U = 0 axis with a
finite angle. In reality, the curvature of the mouthpiece (Figure 4.1) means that the length of the
vibrating part of the reed decreases with increasing Flip and P, making it stiffer and reducing the
slope in U(P), as was shown by Dalmont and Frappé.]
Consider small oscillations in P and U at constant lip force Flip, and neglect the inertia of
the reed and losses associated with its motion. At low P, the slope of U(P), which is the acoustic
conductance of the reed excitation system, is positive and energy associated with the oscillation
is dissipated. At higher P, the small-signal acoustic conductance ∂U/∂P is negative (while the
static conductance U/P is always positive). In this regime, auto-oscillation with a resonant load
is possible as steady power from the source of U and P is converted into acoustic power. The
bore of the clarinet, the reed and the lip all have finite losses, so one would expect autooscillation to commence when the average slope of the U(P) curve is sufficiently negative
(suggested by A1, A2 and A3 in Figure 4.5). With increasing Flip (which tends to close the reed),
the maximum in U(P) falls at lower values of P. This helps explain the behaviour of r(P) on
Figure 4.3 at low P: the value of P at which the experimental lines cross the r = 0 axis decreases
with increasing Flip over most of the range of Flip. (This model is quantified below.)
On the high P side of the curves, where ∂U/∂P is negative, the average slope becomes
more negative with increasing P (B in Figure 4.5). This helps explain the region of increasing
r(P) in Figure 4.3. However, when the average P approaches the extinction threshold, the slope
of U(P) becomes less negative (C in Figure 4.5). These observations help explain why r(P) first
increases with increasing P in Figure 4.3 and then decreases as the extinction point is
approached.
A similar series of experiments was also conducted on the written G5 note. The fingering
for this note is like that of C4, except for the addition of the register key for G5. For this note,
the curves for rate r versus P for different sets of lip force are qualitatively similar to those for
C4, but with a smaller range of P and Flip: 2.3 to 4.9 kPa and 0.5 to 1.75 N, respectively (see
Appendix A). For this note, the P values when r becomes positive (i.e. where ∂U/∂P becomes
negative according to the simple model) vary only a little with varying lip force, a difference
which is not readily explained by the simple model discussed above. This might be due to the
fact that the inertia of the reed, which is not included in this simple model, is not negligible at
high frequencies.
Players rarely begin notes without using the tongue. One likely reason is that the tongue
gives greater control over the timing of the initial transient, and timing is a very important
variable in music. The pulse in airflow produced by the tongue-induced reed motion initiates the
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exponential rise at a controlled time. The rate of the exponential rise is controlled independently
by blowing pressure and lip force. The current study used constant blowing pressures and
sustained notes were initiated at pressures above the threshold (sustained notes are not produced
below the threshold). It is also possible to initiate a note by raising the pressure through the
threshold value, which has been done in a playing machine study (Bergeot et al., 2014). In that
case, the initial transient usually begins soon after the threshold pressure is passed, so that the
initial exponential rise rate is not independently controlled. In one part of the study with human
players (§ 3.3.5), players were asked to begin notes as softly as possible, with and without using
the tongue. Without the tongue, expert players can approach the threshold smoothly, but there is
greater variability in the time for the acoustic pressure to reach a given value. For notes played
normally and with several different types of accents, players sometimes release the tongue
slightly before reaching the threshold pressure, especially for higher notes. The human tongue
can of course move in three dimensions. Further, it can pull the reed away from the mouthpiece
using the adhesive properties of saliva, allowing the reed's stiffness to accelerate it towards the
mouthpiece. However, as explained above, tongue action mainly determines the timing of the
initial transients, and the size of the initial pulse in airflow, rather than the rate r of exponential
increase.

4.3.3 A simple model
In this section, a simple model is proposed for the auto-oscillation of the reed and to
explain the dependence of the exponential increase rate r on P and Flip. For the early part of the
transient, well before saturation, only the fundamental is considered. The instrument is assumed
to play at a frequency near a peak of the acoustic impedance Zbore of the bore. That peak is
represented by the parallel resonance of a compliance C, inertance L and resistance Rbore, as
depicted by the elements inside the dotted border in Figure 4.6. In this empirical model, Rbore is
the (large) resistive impedance of the bore at resonance; Rbore, C and L appear in parallel with
the reed source. If the clarinet plays near a maximum in impedance of the bore, then the bore
impedance at the playing frequency is almost completely resistive (Zbore = Rbore) and the pressure
and flow are in phase. This means that the reed can be represented as a resistance, Rreed. Rreed
may be either positive, and thus dissipative, or negative, in which case it can produce positive
feedback and auto-oscillation.
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Figure 4.6. A simple equivalent AC circuit model. The parallel elements inside the dashed
border (L, C and Rbore) are an empirical representation of the acoustic impedance Zbore of the
bore at frequencies near the peak at which the instrument plays. Rreed represents the small-signal
acoustic resistance ∂P/∂U of the reed, which may be positive or negative, as shown in
Figure 4.5.

Taking p as the RMS acoustic pressure across all the elements in Figure 4.6, the total
energy stored in the compliance and inertance together is Cp2 at any time. Averaged over an
integral number of cycles, the rate of increase in the stored energy is therefore 2Cp·dp/dt. So
conservation of energy may be written as
power produced by reed source = power dissipated in bore + rate of increase in energy
storage

−

p2
p2
dp
=
+ 2Cp
Rreed Rbore
dt

(4.1)

Writing the parallel resistance

R// = 1 /(1 / Rreed + 1 / Rbore )
Equation 4.1 becomes

dp
p
=−
dt
2 R// C

(4.2)

which has the solution

p = p0 e −t / τ
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where τ = 2 R//C =

2 Rbore RreedC
Rbore + Rreed

(4.3)

where τ = 2R// C is the time constant.
If the reed aperture is shut (no flow), then the reed resistance is very large, so

τ = 2 Rbore C and the oscillation amplitude decays exponentially with properties determined by
the bore, as expected. However, when Rreed is negative and if also |Rreed| < Rbore, then τ is
negative and the amplitude of the oscillation increases exponentially with rate (in dB·s−1)

r = −10log10 e ⋅

( Rreed + Rbore )
Rreed Rbore C

(4.4)

The threshold is predicted for the pressure P that gives Rreed + Rbore = 0 .
If the clarinet plays at a frequency near that of its first impedance peak, then (for the
parallel resonance circuit in Figure 4.6) Rbore ~ Zpeak ~ 80 MPa·s·m−3 for C4 (Dickens et al.,
2007a). The quality factor Q and the resonant frequency ω0 of the Rbore, L and C parallel
resonance are related by Q = ω0RboreC. So C = Q/Rboreω0. Using the values from Dickens et al.
(2007a), C is 0.21 mm3·Pa−1. From Equation 4.4, Rreed is a function of r which is in turn a
function P and Flip. So the data in Figure 4.3 can be presented as Rreed (P, Flip) in Figure 4.7.

Figure 4.7. The AC resistance Rreed as a function of blowing pressure P and lip force Flip. The
horizontal line indicates the threshold at Rreed = −Rbore = −80 MPa·s·m−3.

For sufficiently small oscillations, and in the absence of any losses associated with the
vibrating reed and the lip in contact with it, Rreed, which is the AC value of ∂P/∂U, would equal
the reciprocal of the slope of the U(P) sketched in Figure 4.5, representing the quasi-static
behaviour of the reed. The reciprocals of the curves in Figure 4.7 can be integrated to give
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curves qualitatively similar to the corresponding regions of those in Figure 4.5. The integration
is not complete, however, because the measurements do not include pressures far below
threshold or pressures that exceeded the range of the pump used. Qualitative similarities are also
seen with the model of Dalmont et al. (2005), which uses a massless and lossless reed and lip,
and a reed represented as a linear spring. The data in Figures 4.3 or 4.7 can be used to estimate
parameters in that model, but the present system differs from that simple model in several ways.
Apart from the forces and losses associated with motion of the reed and lip, the curve in the
mouthpiece on which the reed bends means that the spring constant varies as a function of P and
Flip. Further, the reed and the lip that moves with it have inertia. Finally, there are losses of
energy associated with the motion of the reed and lip.

4.3.4 Tonguing in the hysteresis region
The effect of tonguing on hysteresis was studied for the written notes C4, G4 and G5.
With all other conditions constant, the clarinet plays in a finite region on the (P, Flip) plane.
Here, Figure 4.8 shows the measured plane for the written C4 note. Different shadings show
whether the intended note or another note plays. For each lip force, the oscillation threshold (at
low blowing pressure P) and the extinction threshold (at high P) are the values of P at which the
radiated sound level drops to background noise level. [For both thresholds, P increases as the lip
force decreases, thus showing negative slopes in the lines on the (P, Flip) plane.] Both
observations are consistent with Figure 4.5 using an argument like that in § 4.3.2 and § 4.3.3
above. Adjacent to these lines are hysteresis regions: areas in which the boundaries of the
playing region are history dependent. At constant Flip, and without tonguing, both the oscillation
threshold and the extinction threshold are greater for increasing P than decreasing P. In practice,
the hysteresis region on the low P side is more interesting to players and is related to initial
transients, and so is further discussed here.
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Figure 4.8. Measured playing regions on the (P, Flip) plane for the written C4 note. Solid dark
and pale grey lines show the oscillation (left) and extinction (right) threshold for decreasing and
increasing P respectively. Different shadings indicate the different regimes.

In Figures 4.9(a) and 4.9(b), the amplitude of the fundamental p1 obtained from prad is
plotted against the blowing pressure P at two values of constant lip force: 2.0 N and 1.0 N. The
lines linking data shown with downward pointing triangles show measurements made as P was
decreased; in this range, the sound level fell to the level of noise at P = 2.52 kPa for Flip = 2.0 N.
Three separate data sets show the results for increasing P. With no tonguing (upward pointing
triangles), auto-oscillation is detected above the background noise when P rises above 2.87 kPa.
For the smaller tongue force (Ftongue = 0.1 N), the sound level rises suddenly at P above 2.78 kPa
and for the larger tonguing force (Ftongue = 0.15 N), above 2.69 kPa. In Figure 4.9(b),
qualitatively similar behaviour is shown for a different lip force, Flip = 1.0 N.
The area around Flip = 1.5 N and P = 3 kPa in Figure 4.8 is interesting because, in the
absence of tonguing, the wrong note can be initiated: G5 instead of C4; i.e. the instrument plays
at the second peak in the impedance spectrum of the bore, rather than the first. Musicians could
either avoid this region of (P, Flip), or else use appropriate tonguing. The difficulty of
descending a twelfth from the clarino register (e.g. from G5 to C4) without tonguing is well
known to clarinettists. [The parameters used in Figures 4.2 and 4.4 lie in the stable range of (P,
Flip).]
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Figure 4.9. (a) and (b) show the amplitude p1 of the fundamental in the radiated sound prad
versus P for two values of the lip force (Flip = 2.0 and 1.0 N respectively). P was gradually
increased without tonguing (rightmost upward arrow) and decreased (downward arrow).
Between these two lines lie data for increasing P, but with tonguing using two values of tongue
force.

The area of hysteresis leading to a wrong note varies among notes. For instance, it
appears to be absent for the written G4 note in the throat register (Li et al., 2014). For this note,
the instrument plays at the first peak of the input impedance of the instrument bore (Dickens et
al., 2007a), while the second peak is at about 1046 Hz (the written D6). For notes in the clarino
register (whose fundamental lies near the second peak of the input impedance of the instrument
bore), one could ask whether wrong notes whose fundamental corresponds to the first peak of
the input impedance might be initiated. However, opening the register key to favour production
of the clarino register not only detunes the first impedance peak, but also reduces its magnitude
(Dickens et al., 2007a). For the written G5 note studied here, only a weak component near this
detuned peak at about 280 Hz (close to the written E-flat 4) was observed in the sound with
some combinations of P and Flip, and it was not audible in the sound files. The (P, Flip) plane for
the written G5 note (Appendix A) shows features similar to those shown for C4 and G4 above,
but with a smaller and narrower range of lip force, from 0.50 – 1.75 N. In the hysteresis region
at low P side (2.14 – 2.36 kPa), notes can be started with tonguing while increasing P.
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These data show that tonguing can initiate auto-oscillation in the hysteresis region, and
that larger Ftongue accesses a larger region of it. A likely explanation is that the abrupt movement
of tongue and reed produces a sudden increase in the airflow U through the aperture into the
instrument. In the region where auto-oscillation is possible, the resultant pulse travels down and
up the bore and, being amplified on reflection at the reed, is the beginning of regeneration of the
sound.
One implication of this figure for players is that they can end a note by playing
decrescendo from a moderate value of P all the way down to the lower oscillation threshold.
Further, the player can adjust the lip force as the threshold is approached. A second is that quiet
notes can be started within the hysteresis region by using the tongue; increasing the tongue force,
and therefore making a larger sudden change in the airflow, allows notes to be started at lower P.

4.3.5 Final transients using the tongue
In the 'ecological' study (§ 3.3.7), student and expert clarinettists were found to use the
tongue to stop notes in just one of the six types of articulations studied: staccato. This makes a
qualitative difference: for a tongue-stopped note, the fundamental amplitude p1 in the pbarrel
shows a nearly exponential decrease in amplitude in the final transient immediately after tongue
touch, whereas the final transient without tonguing includes the relatively slow reduction in
amplitude while the blowing pressure falls to threshold level, followed by an exponential decay.
In that study, the quality factors calculated using the exponential decay rates for each tonguestopped note are similar to those calculated from the bandwidth of the peak in the impedance
spectrum near which the instrument plays that note. This indicates that, for the notes stopped by
human tongues, the decay rate is controlled chiefly by the passive acoustical properties of the
bore, rather than by the players. In terms of the simple model, 1/Rreed is approximately zero in
Equations 4.1 to 4.4, r is negative and τ = 2 Rbore C .
In the present study, final transients were studied for notes finished by letting the tongue
fall with two different known masses dropping 40 mm. This system generated known final
resting tongue forces, but had the disadvantage that the tongue bounced on the reed before
coming to rest.
Figure 4.10 shows the variations y in the reed and tongue positions, as well as pbarrel and
prad for two examples of final transients with same blowing pressure P (4.6 kPa) and lip force
Flip (1.5 N), but different final tongue forces Ftongue of 0.15 and 0.05 N. After the bounces, nearly
exponential decreases in the barrel pressure can be observed in both cases: the rate r is
−185 dB·s−1 and −135 dB·s−1 for Figures 4.10(a) and 4.10(b) respectively: the smaller tongue
force provides the smaller decay rate (less negative r). For different blowing pressure P and lip
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force Flip but constant tongue force Ftongue that is large enough to close the reed, r has similar
negative values (order of −200 dB·s−1).
For this written C4 note, the rate r derived from the bandwidth of the measured acoustic
impedance spectrum of the clarinet (Dickens et al., 2007a) is −250±40 dB·s−1. The r values
obtained in this study are larger (less negative) than these values. One possible explanation is
that the artificial tongue touching the reed with a small tongue force leaves a gap in the reed
channel and does not completely prevent reed vibration, so that a small positive feedback partly
compensates for the losses in the bore. Consequently, the parallel resistance of Rreed and Rbore is
somewhat larger than Rbore because of the negative Rreed, which gives a larger time constant and
a less negative r.

Figure 4.10. The effect of tongue force on the final transient. Graphs displayed on the left and
right correspond to large (0.15 N) and small (0.05 N) final tongue forces respectively. The same
blowing pressure P (4.6 kPa) and lip force Flip (1.5 N) were used for all measurements. Figures
at the top are for averaged tongue and reed motion, the amplitude (RMS) of the fundamental p1
and the third harmonic p3 extracted from the barrel pressure pbarrel and the radiated sound prad
respectively as functions of time.

4.4

CONCLUDING REMARKS
In this chapter, a clarinet-playing machine and high-speed camera are used to investigate

how blowing pressure P, lip force Flip and tonguing parameters affect transients. Initial reed
displacement decays quickly after tongue release. However, tongue release rapidly changes the
airflow and, for P above the oscillation threshold, initiates an exponential increase in the sound.
72

The rates r of exponential increase in the fundamental of the sound and the reed motion range
from several tens to several hundreds of dB·s−1, increasing with increasing P and decreasing Flip.
Tongue force Ftongue and tongue acceleration a have little effect on r at constant P and Flip, but
larger Ftongue and a start notes earlier after tongue release and large Ftongue produces a quicker
growth of the third harmonic during the transient. There is a hysteresis region on the (P, Flip)
plane where regenerative oscillation is not produced spontaneously by increasing P only. Here,
large Ftongue can initiate sustained notes at low P. Stopping notes with the tongue produces
exponential decay in the sound at rates less than expected from bore losses; smaller Ftongue
produces lower decay rates.
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5
5.1

Vocal Tract Influence on Timbre3

BACKGROUND
As discussed in Chapter 2, many saxophone players achieve timbre variation by using

different vowel-like mouth shapes to change the vocal tract configuration. It should be noted
that the two chief determinants of vowels are the tongue shape and the lip aperture. Because the
latter is not a free parameter when the lips are sealed around the mouthpiece, the use of vowel
configurations in this context is thought to refer largely to tongue shape.
The vocal tract configuration presumably affects the quality of the sound via changes in
its acoustic impedance. In Benade's simple model (1985) of a reed driven by the pressure
difference across it, flow continuity requires that the acoustic impedances of the bore (Zbore) and
the mouth (Zmouth), act in series to load the reed (and also in parallel with the reed, i.e. Equation
2.7: Zreed // (Zmouth + Zbore). (The detailed deduction is shown in § 2.4.2) Thus, for sufficiently
large values of Zmouth, the shape of the vocal tract could influence the sounding pitch and
spectrum.
Backus (1985) attempted to measure Zmouth and found its value to be negligible in
comparison with Zbore. Wilson (1996) found that the role of the player's vocal tract appears to be
minor when playing in the clarinet's second register without using the register key, but it is
important when playing in the altissimo range. However, Fritz and Wolfe (2005) used an
impedance head mounted in the mouthpiece to measure Zmouth while players mimed playing.
They found that the different mouth shapes used by players for different musical effects can
have different impedance spectra and that their magnitude can be comparable with Zbore. More
recently, measurements of Zmouth have been made on saxophone and clarinet players during
playing (Chen et al., 2008, 2009b, 2011). These studies found that large peaks in |Zmouth| can be
produced by advanced players and tuned at or near the playing frequency to play the altissimo
range, to 'bend' notes or to control multiphonics. These results showed that peaks in Zmouth were
tuned for musical effects, but none of these studies related Zmouth to the spectrum of the output

3

This chapter is adapted from the published paper: Li, W., Chen, J.-M., Smith, J., and

Wolfe, J. (2015). "Effect of Vocal Tract Resonances on the Sound Spectrum of the Saxophone,"
Acta Acustica united with Acustica. 101, 270–278. I wrote the first draft of this paper and
prepared the figures. Thesis supervisors Joe Wolfe and John Smith suggested this study. They
and co-author Jer-Ming Chen made contributions to the revision. The impedance head used in
this study is modelled after that used by Jer-Ming.
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sound.
A complementary technique is to measure simultaneously the acoustic pressure in the
mouth (pmouth) and the mouthpiece (pbore) (Wilson, 1996; Scavone et al., 2008; Fréour and
Scavone, 2013). Continuity at the reed requires that the flow into the bore, U, at each frequency
f, is the opposite of that into the mouth. These and the definitions of the impedance of the mouth
and the bore, measured at the reed, give

−

pmouth ( f )
p (f)
= U ( f ) = bore
Z mouth ( f )
Z bore ( f )

(5.1)

Consequently
Z mouth ( f )
p
(f)
= − mouth
Z bore ( f )
p bore ( f )

(5.2)

Scavone et al. (2008) observed changes in the ratio pmouth/pbore = −Zmouth/Zbore when
players were instructed to change the tongue position while playing a single note; this is
consistent with variations in the vocal tract impedance affecting the output sound.
Using the two techniques described above, changes in the acoustic response of the vocal
tract have thus been shown to be related to various advanced playing techniques, including
performing in the altissimo register, bugling, multiphonics, pitch bending and glissando (Fritz
and Wolfe, 2005; Chen et al., 2008, 2009b, 2011; Wilson, 1996; Scavone et al., 2008; Fréour
and Scavone, 2013; Guillemain et al., 2010). However none of these studies have compared the
impedance spectrum in the mouth Zmouth with the spectrum of the sound, either pbore or prad.
How could Zmouth affect the radiated sound? And would an increase in |Zmouth| at the
frequency of a higher harmonic increase or decrease the power output of the instrument at that
frequency?
For a given fingering, temperature profile and gas composition, Zbore is fixed, but all the
other terms in the equations above vary. Consequently, when the player varies Zmouth, pmouth does
not simply vary in proportion with that change, because pbore varies as well. The transpedance T
that relates the radiated pressure, prad, to the acoustic flow U into the mouthpiece is defined as:
prad = TU. Like Zbore, T depends on the instrument alone and is constant for a given fingering,
temperature profile, gas composition and measuring position. So

p rad ( f ) = −T ( f ) ⋅
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p mouth ( f )
= T ( f ) ⋅U ( f )
Z mouth ( f )

(5.3)

One of the control parameters available to the player is the vocal tract configuration,
which determines Zmouth. All else equal, variations in Zmouth are expected to vary the output
U and thus the radiated sound spectrum, prad, in ways that are not proportional to the changes
in Zmouth (or to those in pmouth).
To my knowledge, the relation between prad and Zmouth has only been measured for the
didjeridu (Tarnopolsky et al., 2006), a lip-valve instrument; I know of no study in which prad or
pbore and Zmouth have been compared for reed instruments. It is worth emphasising that the
equations above do not tell how prad depends on pmouth: this relationship depends on how the
flow U is related to these pressures. Consider two hypotheses:
Hypothesis A. Using the Benade argument (Benade, 1976, 1985), Zbore + Zmouth acts in
series on the reed, so it could be that, with appropriate phase, an increased magnitude of Zmouth at
the frequency of a harmonic could alter the reed vibration so as to increase the acoustic current
at that frequency, which would lead to increased prad: Peaks in |Zmouth| produce formants —
broad peaks in the envelope of the sound. If this were the case, then Equation 5.3 requires that
pmouth is increased by a greater factor than prad, which agrees with the observation (discussed
later) that listeners hear a smaller effect than do players.
Hypothesis B. Suppose that a large magnitude of Zmouth inhibits the flow U into or out of
the mouth, and that this effect dominates. In that case, Equation 5.3 predicts the opposite effect:
prad decreases for harmonics that fall near maxima in Zmouth: Peaks in |Zmouth| produce
antiformants in the envelope of the sound, as observed for the didjeridu (Tarnopolsky et al.,
2006).
Both of the hypotheses are based on Equation 5.3: for hypothesis A, an increase in Zmouth
and a greater increase in pmouth lead to an increase in prad. While for hypothesis B, an increase in
Zmouth and a smaller increase in pmouth lead to a decrease in prad.
What determines the relative magnitudes of the harmonics of pbore and pmouth? For
individual harmonics, the linear Equation 5.1 relates flow to pbore and pmouth. However, the
relative amplitudes of the harmonics depend on a nonlinear time-domain differential equation
for flow past the reed. This has been solved using the harmonic balance method (Nakhla and
Vlach, 1976) for a simplified model of a clarinet with no vocal tract effects (Gilbert et al., 1989).
Kergomard et al. (2000) use the variable truncation method for a clarinet-like model. Fletcher et
al. (2006) use a method like harmonic balance for a simplified cylindrical lip-reed instrument
including an upstream resonator.
Zbore usually has a very large value at the playing frequency, and often at the first few
harmonics. Consequently with either hypothesis, Zmouth is expected to contribute significantly to
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the series combination only if the peaks of Zmouth have large magnitude and if the fundamental or
harmonics of the note fall near those peaks. Measurements of the impedance spectrum of the
tract have been made during performance using a broadband acoustic current source and an
impedance head built into the mouthpiece.
Varying the vocal tract geometry changes Zmouth across a wide range of frequencies, so the
influence of Zmouth on the amplitude of harmonics of the sound is a possible mechanism that
could cause the changes in spectral envelope across that range. Scavone et al. (2008)
investigated the influence of the vocal tract on the saxophone sound spectrum, as well as other
advanced performance techniques, by looking at the ratio of the acoustic pressure measured in
the player's mouth to that inside the mouthpiece during playing. Their results showed that, for
three of their subjects, changes in pmouth were usually in the same direction as those in pbore. That
study, like previous measurements of vocal tract impedance (Chen et al., 2009b; Guillemain et
al., 2010), was limited to 2 kHz, while the sound of the saxophone has strong harmonics at
frequencies well above this (Music Acoustics, 2009).
To my knowledge, no previous study on reed instruments has measured the vocal tract
impedance spectrum and its effect on the spectral envelope of the sound (either radiated or in
the bore), or studied how changes in the vocal tract affect the spectrum above 2 kHz. Both are
reported in this chapter. Expert and less experienced saxophone players were asked to produce
the same note with different vocal tract configurations, aiming to produce substantially different
sounds, but with the same pitch and loudness. A measurement head mounted in the mouthpiece
measured the impedance spectrum in the mouth from 100 to 10000 Hz. Simultaneously, the
sound inside the player's mouth and the radiated sound were recorded.

5.2

MATERIALS AND METHODS

5.2.1 Experimental setup
A Yamaha Custom EX Tenor Saxophone with a Yamaha 5C mouthpiece was used for all
experiments. A Légère synthetic saxophone reed, with the maker's rating of 'hardness' 3, was
used throughout the experiments; synthetic reeds have the advantage that they can be played dry,
disinfected quickly and have stable physical properties over long studies (Almeida et al., 2013).
The acoustic impedance spectra of the saxophone bore (Zbore) were taken from the
database (Chen et al., 2009a) measured previously on the same instrument that was used for the
present study. These impedance spectra were measured from 80 to 4000 Hz with a spacing of
1.35 Hz using the three-microphone two-calibration (3M2C) method calibrated with two nonresonant loads (Dickens et al., 2007b).
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To measure directly the acoustic impedance of the player's vocal tract during playing, an
acoustic impedance measurement head based on the capillary method was modified from Chen
et al. (2008). The measurement head (Figure 5.1) consists of a narrow stainless steel tube with
internal cross sectional area of 2 mm2 integrated into the saxophone mouthpiece. An Endevco
8507C-2 miniature pressure transducer of 2.42 mm diameter was similarly fitted in the
mouthpiece, adjacent to the stainless steel tube. The relative positions of the tube, the pressure
transducer and the tip of the reed are thus fixed — this ensures that Zmouth is measured at the
same position as the acoustic load on the tip of the reed. These modifications increase the
thickness of the mouthpiece by 2 mm at the bite point. However, this is not regarded as a
significant disturbance by players (Chen et al., 2011), some of whom routinely use mouthpieces
with different geometry for different styles of music. A broadband acoustic current with
harmonics from 100 to 10000 Hz with a spacing of 5.38 Hz was injected into the player's mouth
through the stainless steel tube during playing. The pressure transducer measured the sound
pressure in the player's mouth, which includes both that produced by the vibrating reed and the
response of the vocal tract to the injected probe current. The impedance measurement system
was calibrated by connecting the impedance head in the modified mouthpiece to an acoustically
infinite cylindrical waveguide (length 197 m, internal diameter 26.2 mm), which provides a
purely resistive impedance for axial modes [the first propagating non-axial mode is the (0,1)
mode at 16 kHz. The impedance system was tested on finite pipes with known geometry over
the frequency range to 10 kHz. The system was calibrated before each experimental session.

Figure 5.1. A schematic cross-section of the mouthpiece showing the capillary method
measurement head (mounted in the mouthpiece) used to measure the vocal tract impedance
during playing.

Another microphone (Rode NT3) was positioned one bell radius from and on the axis of
the bell of the saxophone to record the radiated sound for spectral analysis. The saxophone
position was fixed and the recordings made in a room treated to reduce background noise and
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reverberation. The pressure transducer on the acoustic impedance measurement head (mounted
in the modified mouthpiece) was also used to record the sound inside each player's mouth.
The raw acoustic impedance spectra were then analysed and treated (Chen et al., 2009b)
to remove the harmonics generated by the vibrating reed and filtered to reduce the noise
introduced by airflow turbulence inside the mouth.

5.2.2 Subjects and protocols
Eight saxophonists having both classical and jazz backgrounds were involved in this
study. Six of them were expert players with more than 10 years' music training and extensive
professional experience playing in orchestras and as soloists. Two were amateurs without
formal music training, playing the saxophone occasionally. Using the modified mouthpiece
described above, the players were asked to produce at least two different mouth configurations.
One was described as like 'ee', with the tongue high in the mouth, and the other like 'ah' with the
tongue low. The actual tongue position is itself not important; the aim is to alter Zmouth which is
then measured. Using shapes approximating these, they were asked to achieve different timbres
by only adjusting the tongue position while keeping other parameters and variables constant (e.g.
bite force on the reed, embouchure, pitch and loudness). Of these, only the playing frequency
and sound level were monitored during the measurements: data were not used if the playing
frequency between pairs of measurements for 'ee' and 'ah' differed by more than 6 cents or the
sound level differed by more than 1.4 dB. Before each experimental session began, the players
were asked to practise on the modified mouthpiece to become accustomed to it. Then they were
asked to keep the pitch constant using visual feedback from a pitch meter placed in front of
them. All the players were asked to produce a series of notes (written G4, C5, G5, C6 and E6)
and to play each note at least twice for the same vocal tract configuration. For each
measurement, the player was asked to sustain the note for at least 6 seconds, while the
broadband current was injected into the player's mouth and its response recorded. The acoustic
impedance of the player's vocal tract, ranging from 100 to 10000 Hz, was measured in two
separate measurements over the ranges 100 to 5000 Hz and 5000 to 10000 Hz.

5.3

RESULTS AND DISCUSSION

5.3.1 Players' responses
All subjects reported that it was much easier to produce larger timbre changes when they
were allowed to change the pitch, typically by ten or more cents. One possible reason is that
large changes in the vocal tract configuration produce a change in the acoustic load on the reed
that not only changes the harmonic content but also the frequency of vibration: a small change
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in the fundamental frequency has an n times greater effect on the nth harmonic, which may be
enough to shift it from coinciding with a bore resonance to not coinciding, or vice versa.
Whether or not a harmonic coincides with a bore resonance has a large effect on the radiated
sound, so modest tuning changes can vary the spectral envelope. However, once the players
were asked to keep the pitch constant using a pitch meter to provide visual feedback, the timbre
variation in the radiated sound was then less salient to the experimenter and, for the less
experienced players, sometimes hardly noticeable. Nevertheless, all the expert players were still
able to maintain the pitch while varying the sound spectrum noticeably. The discussion in this
study is restricted to the changes produced at constant pitch.
In an interview before the experiment, players described how they varied timbre. All
reported that they used various vowel-like mouth shapes, of which the most commonly cited
were 'ah' and 'ee'. Most subjects reported using the 'ah' vocal tract configuration as their default
position during normal performance for jazz playing, while the 'oo' tongue position was
regarded as a common position for playing classical music and the 'ee' vocal tract configuration
is unusual, which some players use to create a deliberate timbre variation. The vocal tract
configurations for each vowel probably vary from one player to another and thus probably
produce different sound spectra; in this study, subjects were asked to produce configurations
approximating 'ah' and 'ee' and the differences between these for each player are analysed. The
subjects in the study by Scavone et al. (2008) also reported thinking that they influenced the
sound by vocal tract variations.

5.3.2 Sound spectra and vocal tract impedance
Figure 5.2 shows the radiated sound spectra of one note (written C5 on tenor saxophone,
sounding A#3, 233 Hz, near the top of the lowest register of the instrument) and the measured
vocal tract impedance spectra of one expert subject. The note was played with different sound
spectra by adjusting tongue position: in Figure 5.2(a), the subject reported using an 'ah' vocal
tract configuration (the normal position reported by this player) and in Figure 5.2(b) the 'ee'
tongue position. |Zbore| for the fingering used for this note is also shown. In each case, the sound
level at one bell radius from the bell was 107 dB. The amplitudes of the fundamentals of the two
notes are similar. Further, their spectral centroids are almost equal (1.18 kHz for 'ah' and
1.19 kHz for 'ee'). For spectra like those shown in Figure 5.2(a) and 5.2(b), it is formants (broad
local peaks in the spectral envelope) that give them different sounds, not overall properties like
the centroid. Figure 5.2(c) shows the difference in the amplitude of the harmonics of the
radiated spectrum between 'ah' and 'ee' vocal tract configurations. In the frequency range of 700
to 3000 Hz, the amplitudes of most of the harmonics in the radiated spectra for the 'ee' vocal
tract configuration are greater than those for the 'ah' vocal tract configuration: for the 3rd, 6th,
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9th, 12th and 14th harmonics, the amplitude difference is about 5 dB and for the 7th, 8th and
13th harmonics, the amplitude difference is about 10 dB. This is consistent with the increase in
harmonic components in the range 800 to 2000 Hz that was observed by Scavone et al. (2008)
when the tongue was moved towards the reed.

Figure 5.2. An expert player produced different sound spectra for the same note by adjusting
tongue position: (a) 'ah'-like and (b) 'ee'-like vowel. In each case, the radiated sound spectrum
(dashed blue line) of the sounded note A#3 (nominally 233 Hz) is plotted on the same graphs as
the magnitude of the impedance spectra of the vocal tract (thin black line). The impedance
magnitude of the bore of the saxophone for that fingering is also plotted on those graphs (broad
grey line). The phases of the tract and bore impedances are plotted on separate graphs. Figure
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(c) shows the difference in the amplitude of the harmonics of the radiated spectrum between the
'ah' and 'ee' vocal tract configurations.

5.3.3 Vocal tract influence
How are these modifications in the spectral envelope produced? There appears to be a
correlation between formants in the radiated sound and the magnitude of vocal tract impedance.
In Figure 5.2, for the 'ah' vocal tract configuration, |Zmouth|, is smaller for 'ah' than for 'ee' over
the range 300 to 3000 Hz, except for a narrow region near 2300 Hz. For the lower half of this
range, |Zmouth| for 'ee' is comparable with |Zbore|, whereas, |Zmouth| for the 'ah' configuration is
much smaller than |Zbore|. The results suggest a possible correlation between changes in the
amplitude of the harmonics in the radiated sound and changes in the magnitude of the vocal
tract impedance Zmouth, a correlation that might be quantified by examining a larger data set.
Although the sound levels of the notes for 'ee' and 'ah' were always within 1.4 dB of each
other, they were always slightly different. Consequently for analysis, the amplitude of each
harmonic in the radiated sound was normalised by dividing it by the amplitude of the
fundamental to give the relative amplitude p'. (The fundamentals, with relative amplitude 1 by
definition, are omitted from Figures 5.3 and 5.4 and the following analysis.) The relative
amplitudes were then compared for the vocal tract configurations players produced when asked
for configurations resembling 'ee' and 'ah'. In Figure 5.3, the ratio of the p' for the two
configurations is plotted against the ratio of the measured values of Zmouth at the frequency of
each harmonic. The saxophone bore only exhibits strong impedance maxima in the range from
100 to 2000 Hz (Chen et al., 2009a) and, for this reason, the data have been analysed in two
frequency ranges: (a) 100 to 2000 Hz and (b) from 2000 and 10000 Hz. The figure collates data
measured from the six expert players. Because the magnitude of Zmouth is expected to be
important, it has been indicated by the size of the symbols. The values of Zmouth have thus been
binned into the three following ranges; smaller than 1 MPa·s·m−3, from 1 to 3 MPa·s·m−3 and
larger than 3 MPa·s·m−3.
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Figure 5.3. Changes in vocal tract impedance and changes in the radiated sound produced by the
expert players for all the notes. p' is the relative pressure amplitude of harmonics: the ratio of p
to that of the fundamental. For two different vocal tract configurations ('ee' and 'ah'), p'ee/p'ah is
plotted against |Zmouth,ee|/|Zmouth,ah|), i.e. against the ratio of the magnitudes of Zmouth for those two
configurations. (a) shows the range from 100 to 2000 Hz and (b) from 2000 to 10000 Hz. The
size of each circle represents the magnitude of the larger of the two values of Zmouth, as indicated
in the legend. Filled grey circles have at least one value of |Zmouth| > 3 MPa·s·m−3, and the
superposed lines show the linear fit to these data on this log-log scale indicating the degree of
correlation.

Figure 5.3 shows a large range in |Zmouth,ee|/|Zmouth,ah|, because of the variation in the
resonances of the vocal tract with tract configuration. There is also considerable scatter, both in
this plot and in individual plots for each player. The scatter is different for different frequency
84

ranges and for different ranges of |Zmouth|. Consider first the frequency range from 100 to
2000 Hz, the range over which |Zbore| exhibits strong peaks. Table 5.1 and Figure 5.3 show that
the correlation and the dependence of log (p'ee/p'ah) on log (|Zmouth,ee|/|Zmouth,ah|) is not significant
for |Zmouth| < 1 MPa·s·m−3 (small circles) and modest for |Zmouth| < 3 MPa·s·m−3 [small and
medium sized circles in Figure 5.3(a)]. This is as expected according to the Benade model
(1985) with Zbore and Zmouth acting in series: variation in |Zmouth| has little systematic effect when
|Zmouth| << |Zbore|. However, the slopes of the regression increase with the magnitude of |Zmouth|.
For |Zmouth| > 3 MPa·s·m−3 the R2 value is 0.512 and the p-value is 4×10−7, indicating a strong,
though incomplete, correlation [large grey circles and the superposed coloured line in
Figure 5.3(a)]. The positive correlation indicates that peaks in |Zmouth| tend to increase the
amplitude of harmonics at nearby frequencies in the radiated sound. The consequent increase in
harmonic amplitude can be several-fold. (There are differences among players: for example, for
|Zmouth| larger than 3 MPa·s·m−3 in the frequency range of 100 – 2000 Hz, the slope for each
player varies from 0.28 to 0.78 and the R2 value varies from 0.269 to 0.985.)

Frequency range
100 – 2000 Hz

2000 – 10000 Hz

|Zmouth|

Slope

R2

p-value

Number of samples

< 1 MPa·s·m−3

0.082

0.011

4×10−1

81

1 – 3 MPa·s·m−3

0.27

0.36

6×10−8

68

0.51

4×10

−7

38

2×10

−2

378

−6

265

> 3 MPa·s·m

−3

< 1 MPa·s·m

−3

1 – 3 MPa·s·m

−3

> 3 MPa·s·m−3

0.42
0.12

0.014

0.18

0.074

7×10

0.26

0.61

2×10−7

31

Table 5.1. Linear regression analysis of the data shown in Figure 5.3.

In the range 2000 – 10000 Hz, the bore impedance spectrum has no strong peaks. In this
range, there is also a significant dependence of log (p'ee/p'ah) on log (|Zmouth,ee|/|Zmouth,ah|).
However, the slope value obtained in the regression analysis shows a weaker effect of the Zmouth
on the radiated sound than that in the lower frequency range.

5.3.4 Experts versus less experienced players
Figure 5.4 and Table 5.2 present the data for the less experienced players, in the same
format as Table 5.1 and Figure 5.3, respectively. An obvious difference is that there are many
fewer data with |Zmouth| > 3 MPa·s·m−3, especially at low frequency: these less-experienced
players were generally unable to produce large values of |Zmouth| in the range below 2000 Hz,
which also explains why they were unable to play in the altissimo range (about 700 – 2000 Hz)
(Chen et al., 2008, 2011). Apart from that, the R2 and p-values for |Zmouth| smaller than
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3 MPa·s·m−3 present similar features as those in Table 5.1: when the magnitude of Zmouth is
smaller than 3 MPa·s·m−3, the amplitude change in the harmonics of the radiated sound does not
depend strongly on the change in |Zmouth|. Nevertheless, the several grey circles in Figure 5.4(b)
tend to show similar correspondence between the difference of magnitude of Zmouth and the
difference in the relative amplitude of the harmonics. In Table 5.2, the R2 value for |Zmouth| larger
than 3 MPa·s·m−3 in the frequency range from 2000 – 10000 Hz is close to that shown in
Table 5.1.

Figure 5.4. Changes in vocal tract impedance and changes in the sound produced by less
experienced players for all the notes (cf. Figure 5.3). For two different vocal tract configurations
('ee' and 'ah'), the ratio of magnitudes of p' is plotted against the ratio of magnitudes of mouth
impedance. (p' is the ratio of pressure in a given harmonic to the pressure in the fundamental.)
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Frequency range
100 – 2000 Hz

2000 – 10000 Hz

|Zmouth|

Slope

R2

p-value

Number of samples

< 1 MPa·s·m−3

−0.04

0.009

0.50

50

1 – 3 MPa·s·m−3

0.004

0.0004

0.09

22

< 1 MPa·s·m−3

0.07

0.007

0.27

180

0.07

0.021

0.11

123

0.29

0.603

0.005

11

1 – 3 MPa·s·m
> 3 MPa·s·m

−3

−3

Table 5.2. Linear regression analysis of the data shown in Figure 5.4.

Figures 5.3 to 5.4 and Tables 5.1 and 5.2 show that the correlation is stronger when the
magnitude of Zmouth is large. This is consistent with the Benade series model and hypothesis A
from the introduction: if the effect on U is due to changes in the series impedance Zmouth + Zbore,
|Zmouth| should be comparable with |Zbore| or greater to have a strong effect on the radiated sound.

5.3.5 Correlation between the series impedance and the radiated sound

Figure 5.5. The correlation between changes in the acoustic impedance loading the reed and
changes in the radiated sound for the expert players. For two different vocal tract configurations
('ee' and 'ah'), p'ee/p'ah is plotted against |Zmouth,ee+Zbore|/|Zmouth,ah+Zbore|), i.e. against the ratio of the
magnitudes of Zmouth+Zbore for those two configurations. Light and dark grey circles show the
range from 100 to 2000 Hz and from 2000 to 10000 Hz respectively. For each point, the
magnitude of the larger of the two values of Zmouth is greater than 3 MPa·s·m−3.

87

For this reason, Figure 5.5 and Table 5.3 examine the correlation between changes in the
acoustic impedance loading the reed and changes in the radiated sound for the expert players. In
this plot, all points lie in the first or third quadrants: an increase in |Zmouth+Zbore| always leads to
an increase in the amplitude of harmonics of the radiated sound at nearby frequencies when
|Zmouth| is comparable to |Zbore|.

Slope

R2

p-value

Number of samples

100 – 2000 Hz

> 3 MPa·s·m

−3

0.54

0.339

0.0003

34

2000 – 4000 Hz

> 3 MPa·s·m−3

0.34

0.294

0.003

27

Frequency range

|Zmouth|

Table 5.3. Linear regression analysis of the data shown in Figure 5.5.

5.3.6 Sound in the mouth
Figure 5.6 compares the different effects of Zmouth on the sound spectra in the mouth and
in the radiated sounds. An expert player sounded A#3, (nominally 233 Hz and written C5 on
tenor saxophone), using the 'ah' and 'ee' vocal tract configurations. The altered tract produces a
substantial change in the radiated spectra: the relative level of several harmonics is varied by 5
to 10 dB. However, a larger change is evident in the spectra measured inside the mouth, as
predicted by Equation 5.3.
Inside the player's mouth, the relative amplitude of most harmonics is varied by more
than 5 dB and sometimes by more than 15 dB. This result is consistent with the players'
observations: following the experiment, subjects listened to recordings of the radiated sound
produced by the two articulations. They reported that the difference in sound in the recording is
less than what they hear when playing. This is not surprising: when playing, subjects can hear
the sound inside the mouth via the bones and tissues (Békésy, 1948), and so hear changes in the
sound spectrum that are considerably larger than those heard in the recording or by other
listeners.
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Figure 5.6. The ratios of the magnitude of Zmouth (dashed line), and the relative amplitudes of
harmonics (a) in the radiated sound and (b) in the mouth, as a function of frequency for the
configurations 'ee' and 'ah'.

5.3.7 Timbre variation on the saxophone and the didjeridu
To my knowledge, the only other instrument for which Zmouth and prad have been studied is
the didjeridu (Tarnopolsky et al., 2006). For this low-pitched lip-valve instrument, it is observed
that maxima in |Zmouth| coincide very closely with minima in the spectral envelope of |prad| in that
instrument: i.e. peaks in |Zmouth| suppress flow between the lips at nearby frequencies. For that
instrument, the modeling (Fletcher et al., 2006) supports hypothesis B of the introduction.
For the saxophone, the correlation is in the opposite direction: maxima in |Zmouth| are
correlated with maxima in |prad|, and the correlation, while strong, is not closely tuned, as in the
didjeridu. The two instruments are very different, of course. The didjeridu has a large input
89

diameter, which means that both the characteristic impedance and the peaks in |Zbore| are much
smaller than those of the saxophone. Consequently, even modest peaks in |Zmouth| can have large
influence on the output sound of the didjeridu. Though the |Zbore| of the saxophone is larger than
that of the didjeridu, expert players are still able to create a strong vocal tract resonance whose
magnitude is comparable with that of Zbore to vary the sound spectrum.
The valves of the instruments are also very different. The lip has a much larger mass than
a saxophone reed and, in lip-valve instruments, it is thought that the lip's natural frequency lies
close to the playing frequency (Fréour et al., 2013; Eveno et al., 2014) which is about 80 Hz for
the didjeridu: well below the frequency of peaks in Zmouth. It is therefore plausible that the
presence of a large acoustic impedance at frequencies well above that of the lip motion might
have relatively little effect on the motion of the lip itself. In contrast, reed resonances usually lie
above the playing frequency (Fletcher, 1993) and can contribute to the sounding formants in
reed instruments (Smith and Mercer, 1974). Further, simulations of the interaction of a clarinet
reed with standing waves in a pipe (Facchinetti et al., 2003) show that the higher modes of the
reed vibration are driven at frequencies somewhat displaced from their eigenfrequencies.
Although the details are not yet known, it appears likely that, in the frequency bands where high
pressures are generated in the mouth, the motion of the reed is modified by the increased
acoustic load of the tract and that this can increase the acoustic current and thus the radiated
pressure at those frequencies.

5.4

CONCLUDING REMARKS
In this chapter, the radiated sound prad and the mouth impedance Zmouth were measured

simultaneously over the frequency range from 100 to 10000 Hz while saxophonists played. For
notes sounded over the normal and altissimo playing range, experienced saxophonists are able
to produce distinctive variations in the spectral envelope of the radiated sound, without
changing the pitch or the amplitude of the fundamental, using different vocal tract
configurations. When Zmouth was adjusted to have magnitudes comparable with the input
impedance of the bore, Zbore, harmonics of prad were usually increased at nearby frequencies,
both for the range over which the saxophone has strong resonances (100 – 2000 Hz) and for the
higher range (2 – 10 kHz). Less experienced players who are unable to produce strong peaks in
Zmouth produce much smaller variations in prad. prad correlates more strongly with the series
impedance Zmouth + Zbore: for large values of |Zmouth|, larger series impedance at a particular
frequency always produced larger radiated power. The change in sound inside the mouth is
proportionally larger than that in prad, which explains why players judge the timbre to be more
changed than do listeners.
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6
6.1

Conclusions and Perspectives

SUMMARY OF FINDINGS

6.1.1 Player's Control of Breath and Tonguing in Clarinet Articulation
In the study on tonguing by human players (Chapter 3), all the initial transients of the
fundamental frequency in the bore pressure show approximately exponential increases with rate
r. A large range of values of r (from 50 to 2700 dB·s−1) can be produced by varying the mouth
pressure Ps at note onset and R, the subsequent rate at which the mouth pressure is increased.
The rate r is most strongly correlated with Pav, the average mouth pressure during the rise for
the attack transients of all the notes of all the articulations studied, including those of minimal
attack notes with low Pav and r values. Pav is in turn dependent on Ps and R. To achieve a larger
r in the attack transients used for accented and sforzando notes (r ~ 1300 dB·s−1, compared with
r ~ 800 dB·s−1 for normal and staccato), players increase both Ps and R: they control both the
−
timing of the tongue release and the rate of increase in P mouth (Pav ~ 3.0 kPa, compared with
Pav ~ 2.6 kPa for normal and staccato). Experts usually produce shorter rise times and larger
rates r of increase in the fundamental p1 than do students. For higher notes, the experts achieve
large rise rates r with Pav values lower than those used by students.
Minimal attack notes use lower pressure values ranging from 1.5 to 2.5 kPa and show a
much lower exponential increase rate (Pav ~ 2.1 kPa and r ~ 250 dB·s−1) and greater variability
−
in the attack transients, with P mouth reduced after its maximum, which avoids a rapid increase in
−
the sound level. Minimal attack notes without tonguing can be started at even lower P mouth than
those with tonguing, but with greater uncertainty in onset time. For all articulations in the higher
notes, the tongue almost always releases the reed before the note onset; this is rare in low notes,
particularly for expert players.
When playing staccato, players usually touch the tongue to the reed at the end of the note.
For all but the high notes, this tongue touch initiates the end of the note via a rapid exponential
decay. The quality factors calculated using these decay rates are similar to those calculated from
the bandwidth of the corresponding impedance peaks. For low staccato notes, experts use the
tongue to stop the note more frequently than do students. For high staccato notes, and for all
notes with other articulations, the note is stopped by reducing the mouth pressure before the
tongue touch.
Normal and staccato notes played with ff are qualitatively similar to those played with mf,
−
but with larger p1 rate and averaged P mouth values, and vice versa for those with pp.
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It appears that notes with different types of articulations produced by different players are
qualitatively similar, but have often been achieved through different combinations of mouth
pressure and tonguing.

6.1.2 The Influence of Breath, Lip and Tonguing on Transients
Under the conditions studied in this thesis (described in Chapter 4), the mechanical
energy of the reed that is produced by tonguing is quickly lost. However, the sudden change in
the aperture for airflow past the reed produces an acoustic current pulse in the bore. Over a
limited area in the plane of blowing pressure P and lip force Flip, successive reflections of this
pulse interact with the reed to cause the amplitude of the fundamental in both reed vibration and
bore pressure to grow at an exponential rate r. Different combinations of constant P and Flip
produce r values ranging from negative to ~ 800 dB·s−1, which overlap with the lower range
produced by human players. When the blowing pressure is above threshold, the tongue action
largely determines the timing of the initial transient, whose rate of exponential rise is
determined independently by the blowing pressure and tongue force. For constant P and Flip,
varying tongue force Ftongue and tongue acceleration a have little effect on r values. However, a
larger Ftongue and a (and the changes in the reed aperture and air flow that accompany them)
cause the exponential rise to begin earlier. A larger Ftongue can produce a quicker growth of the
third harmonic in the radiated sound during the initial transient, which affects the sound heard in
the initial transient.
Tonguing can initiate notes within the hysteresis region on the (P, Flip) plane where notes
cannot be initiated by increasing P only. Notes can be started at lower P values if a larger
tonguing force Ftongue is used.
Notes stopped by touching the reed with the mechanical tongue decay exponentially at a
rate somewhat smaller than that calculated from the bandwidth of the corresponding impedance
peaks. The rate of decay decreases as the tongue force decreases. A simple model for the small
signal AC resistance of the reed source explains semi-quantitatively how P and Flip control the
exponential growth rate r.

6.1.3 Timbre variation on the saxophone
The radiated sound prad and the mouth impedance Zmouth were measured simultaneously
over the frequency range from 100 to 10000 Hz while saxophonists played. When playing at a
constant frequency and amplitude, saxophone players can vary the spectral envelope of the
radiated sound considerably by altering their vocal tract configuration. The variation in the
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sound radiated and thus heard by listeners is rather smaller than that inside the player's mouth,
which influences the player's perception.
At frequencies where the amplitude of the Zmouth is at least comparable with those of Zbore,
i.e. several MPa·s·m−3 or more, larger amplitudes in Zmouth usually enhance the level of
harmonics in the radiated sound. A stronger correlation is observed when the series impedance
is considered: when the magnitude of Zmouth is comparable with Zbore, increases in |Zmouth + Zbore|
at any frequency always increase the radiated pressure at that frequency. These results indicate
that an increased magnitude of Zmouth at the frequency of a harmonic could alter the reed
vibration to increase the acoustic current at that frequency, leading to increased prad. (This result
contrasts with the case of the didjeridu, the other instrument for which Zmouth and prad have been
compared. In the didjeridu, large values of |Zmouth| reduce the magnitude of prad.)
Compared with experienced players, less experienced players, who are unable to produce
strong peaks in Zmouth, have smaller variations in the radiated sound spectra. For saxophone
students, this suggests that the key to achieving variations in sound spectrum without changing
the pitch is learning to produce strong vocal tract resonances using an appropriate vocal tract
configuration — a skill that is also needed to play in the altissimo range.

6.2

POTENTIAL APPLICATIONS AND FURTHER WORK

6.2.1 Articulation on the clarinet
The study on how clarinet players control the transients suggests that players can vary
mouth pressure and its coordination with the instant of tongue release to produce initial
transients with desired rates r of increase. The implication from the study on the effects of
breath, lip and tonguing on transients is that players can use a large tongue force and release the
tongue quickly to vary the spectrum of the sound during the initial transient.
For the study on the hysteresis region on the low P side of the (P, Flip) plane, the
implication is that players can end a note by playing decrescendo from a moderate value of P all
the way down to the lower oscillation threshold. Further, the player can adjust the lip force as
the threshold is approached. Also, for a given lip force, quiet notes can be started at a P value
within the hysteresis region using the tongue. With a larger tongue force, notes can be achieved
at even lower P. This means the ability to start notes quietly, a feat which is often required on
the clarinet.
Also, the results of these studies could be useful for modelling the initial and final
transients and sound synthesis. The effects of blowing pressure, lip force, tongue force and
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acceleration might be considered in the transient models and the experimental values of the
parameters obtained might be used to verify different models.
It would be interesting to see the motion of a human player's tongue and the reed recorded
on high-speed video and to compare this with that obtained using the playing machine, which
might help explain why human players can achieve larger rates r of increase in the initial
transients. It would also be interesting to learn how expert players achieve higher rates than do
the students studied here.
Because this information is potentially useful to players, students and teachers, there is an
incentive to present it in an accessible way to those groups. The web is a suitable medium,
because it can readily include sound files, and the Music Acoustics Lab has a tradition of
producing such material.

6.2.2 Timbre variation on the saxophone
Implications of the study on timbre variation may influence students and teachers of
saxophone and other reed instruments. Producing strong variations in the radiated sound
spectrum at constant pitch and loudness requires the generation of peaks in Zmouth of magnitude
at least a few MPa·s·m−3. This value is comparable with those required to play in the altissimo
range (Chen et al., 2008, 2011; Scavone et al., 2008), suggesting that it may be possible to teach
the two different techniques together. Further, the spectrum modifications do not require tuning
of the peaks in |Zmouth|, so it should be an easier technique to master than playing the altissimo,
which many students find very difficult. However, students need to be aware that the variation
they hear is much greater than that in the radiated sound, so it may be useful to practise using a
microphone, amplifier and headphones to deliver the prad signal. Also, it would be pedagogically
interesting to produce a device that monitors how a student learns to change the vocal tract
resonance to produce timbre variation and makes progress.
As with the articulation study, there is an incentive to make the results broadly known to
musicians, students and teachers.
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Supporting Materials

1. Supplementary materials for Chapter 3.

The average rise time ∆t and the rate r of exponential increase of the fundamental p1 for the
written G4, C5 and C6 notes (from top to bottom). Those for the written C4 and G5 notes are
shown in Figure 3.7. The averages and standard deviations are displayed for normal, accented,
sforzando and staccato notes played by experts (grey) and students (white). Vertical lines
indicate the standard deviations.
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The averaged rise time ∆t and the rate r of exponential increase in the fundamental p1 for
normal, accented, sforzando and staccato notes played by each of the three experts for the
written G4, C5 and C6 notes (from top to bottom). Those for the written C4 and G5 notes are
shown in Figure 3.8. Bars with different shading represent the three expert subjects. Vertical
lines show standard deviations.
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−
The starting mouth pressure Ps, the rate R of increase in P mouth and the average mouth pressure
Pav during the attack. Means and standard deviations for normal, accented, sforzando and
staccato notes played by each of the three experts are shown. Figures from top to bottom are for
the written G4, C5 and C6 notes. Those for the written C4 and G5 notes are shown in Figure
3.10. Different shading indicates the three expert subjects.
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The rate r of increase in fundamental p1 versus Pav for normal, accented, sforzando, staccato and
minimal attack notes with and without tonguing played by experts (grey) and students (white)
for G4, C5 and C6 notes (from top to bottom). Those for the written C4 and G5 notes are shown
in Figure 3.12. Different symbols indicate different articulations.
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−
The average rate r of increase in fundamental p1 versus (a) average Ps and (b) P mouth rate R for
normal, accented, sforzando and staccato notes played by each subject for the written G4, C5,
G5 and C6 notes (from top to bottom). Those for the written C4 note are shown in Figure 3.13.
A line is shown for each subject connecting each accented, sforzando and staccato note to the
normal note of that subject. Different symbols and lines indicate different articulations and
subjects; grey and white symbols stand for experts and students.
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2. Supplementary materials for Chapter 4.

The barrel pressure pbarrel and the amplitude (RMS) of the fundamental p1 with an exponential
decay after tongue release. This is a typical example when the blowing pressure is slightly
below the oscillation threshold. In this case, the blowing pressure P is 2.34 kPa and the lip force
Flip is 2.5 N. The sound file is available on Music Acoustics (2016).

Similar to Figure 4.3, this figure shows the rate r of exponential increase in barrel fundamental
frequency p1 upon the blowing pressure P for different values of the lip force Flip for the written
G5 note. For comparison, the data above the diagonal line were measured on human players
(§ 3.3.6) when using the different articulations indicated by the symbols. For the human data,
the x-axis is the average of the (varying) mouth pressure and the lip force is unknown and
probably varying.

110

Measured playing regions on the (P, Flip) plane for the written G5 note. Solid dark and pale grey
lines show the oscillation (left) and extinction (right) threshold for decreasing and increasing P
respectively. Different shadings indicate the different regimes. The (P, Flip) plane for this note
shows features similar to those shown for C4 (see Figure 4.8), but with a smaller and narrower
range of lip force Flip.
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Appendix B

Reprints of Articles

Findings from research performed during the course of this degree (reported in sections of
this thesis) have been published, and some are listed here. The journal papers are not listed as
the related materials are discussed in the chapters.

1. Li, W., Chen, J.-M., Smith, J., and Wolfe, J. (2013). "Vocal tract effects on the timbre
of the saxophone," in Proceedings of Stockholm Music Acoustics Conference,
Stockholm, Sweden. (peer-reviewed)
2. Li, W., Almeida, A., Smith, J., and Wolfe, J. (2014). "Tongue control and its
coordination with blowing pressure in clarinet playing," in Proceedings of the
International Symposium on Music Acoustics, Le Mans, France, pp. 541–546.
3. Li, W., Almeida, A., Smith, J., and Wolfe, J. (2014). "Tongue, lip and breath
interactions in clarinet playing: a study using a playing machine," in Proceedings of the
21st International Congress on Sound and Vibration, Beijing, China. (peer-reviewed)
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mouth during playing. Next, an Endevco 8507C-2 miniature pressure transducer of 2.42 mm diameter similarly
fitted in the mouthpiece, adjacent to the stainless steel
tube, is used to measure the sound pressure in the player' s mouth, which includes both that produced by the
vibrating reed and the response of the vocal tract to the
injected probe current. These modifications increase the
thickness of the mouthpiece by 2 mm at the bite point.
However, this is not regarded as a significant disturbance
by players [5], some of whom use different geometry
mouthpieces for different styles of music.
The impedance measurement system is calibrated by
connecting the modified mouthpiece to an acoustically
infinite pipe (length 197 m, internal diameter 26.2 mm).
To make a measurement, the player is asked to sustain a
note for at least 6 seconds, while the broadband probe
signal is injected into the player's mouth and its response
recorded.
Three expert saxophonists, each with more than 10
years' classical and/or jazz background, participated in
the study. Using the modified mouthpiece described
above, the players were asked to achieve different timbre
by only adjusting the tongue position while keeping other
control parameters constant (e.g. biting force on the reed,
embouchure, pitch and loudness).
Another microphone (Rode NT3) was positioned one
bell radius from and on the axis of the bell of the saxophone to record the radiated sound for spectral analysis.
The raw acoustic impedance spectra were then analysed
and treated [4] to remove the harmonics generated by the
vibrating reed and to smooth the airflow turbulence
measured inside the mouth.

Figure 1. A schematic cross-section of the mouthpiece
shows the capillary method used in the measurement of
the vocal tract impedance during playing.

3. RESULTS AND DISCUSSION
All our subjects were able to produce different timbre by
changing their tongue position, for notes across the normal and altissimo playing range, without much difficulty.
One general observation applies to all players: variation
of the sound spectrum inside the mouth was much greater
than that of the radiated sound. The player can hear the
sound inside the mouth via transmission from mouth to
ear through the bones and tissues, which explains why
timbre changes may sometimes seem significant to the
player, but rather less so to listeners.

Further, the players were usually able to produce larger
timbre changes when they also changed the pitch, typically by ten or so cents. An obvious explanation is that large
changes in the vocal tract configuration produce a change
in the acoustic load on the reed that not only changes the
harmonic content, but also the frequency of vibration.
When constrained to keep constant pitch, the players
were probably limited to a smaller range of vocal tract
changes, for which the pitch could be compensated using
other control parameters, such as the biting force on the
reed.
Nevertheless, all the players in this study could produce
significant changes in the spectral envelope of the radiated sound while maintaining a constant pitch. Here, we
restrict discussion to the changes at constant pitch only.
The execution of these changes seems to vary from one
player to another, and slight adjustments of the tongue
can result in subtle timbre variations. This highlights the
difficulty of comparing across different players, so in this
study, we compare only the timbre variation with different tongue positions (vocal tract configuration) for the
same player. In particular, two of our subjects report that
the ' ah' tongue position is their default position during
normal performance, especially for jazz playing. While
the ' ee' tongue position is unusual, some players use it to
create a subtle timbre variation. One subject noted that
the 'ah' tongue position provides brightness while the
' ee' tongue position gives a 'dark and nasal' sound.
Figure 2 shows the sound spectra of one note (written
C5 on tenor saxophone, sounding A#3, 233 Hz) and the
measured vocal tract impedance spectra of one subject
playing that note with different timbre by adjusting
tongue position, (a) for the normal 'ah' tongue position
and (b) for the 'ee' tongue position. The spectral envelopes in Figure 2 (a) and (b) clearly show the timbre variation. The amplitude of the third and fourth harmonics in
the spectrum of the ' ee' tongue position is much greater:
about 10 dB larger than those of the 'ah' tongue position.
Other harmonics in the frequency range from 1.5 to
3.0 kHz all have about 5 dB difference than those of the
'ah' tongue position. The sound spectrum of the ' ee'
tongue position also shows broad peaks (formants) at
about l.8 and 2.3 kHz, whereas that of the ' ah' tongue
position, shows formants at about 1.6 and 2.5 kHz. How
do these modifications in the spectral envelope relate to
the resonances in the vocal tract?
In the Z mouth spectrum for the ' ee' tongue position, the
second and third impedance maxima shift to about 0.9
and 1.8 kHz, and their magnitudes are increased to about
8 and 3 MPa·s·m-3, respectively, which is comparable
with the magnitude of Zoore· Figure 2(b) shows that, over
the frequency range where Zmouth exceeds Z bore, the amplitude of harmonics here are substantially increased above
their amplitude for the normal 'ah' tongue position. In
other words, the biggest increase of the amplitude of the
harmonics seems to correspond to the maxima in the vocal tract impedance of the 'ee' tongue position, when the
magnitude of Zmouth is sufficiently large. This is consistent
with an observation by Scavone [3]: for one of the players in that study, the fifth and eighth harmonics in the
radiated sound increased when the ratio of the pressure in
the mouth to that in the mouthpiece increased.
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Articulation is one of the most important techniques of playing wind instruments, and it requires skilful control
of the tongue. Clarinettists use their tongues in coordination with rapid mouth pressure changes to initiate
transients. An expert player studied here produces accented and sforzando notes with the fastest increases in
pressure, starting by releasing the tongue from the reed while the mouth pressure is low, and reaching the highest
levels of mouth pressure. For staccato notes, the tongue was used to stop the reed vibration and thus the sound.
For all others, decreasing mouth pressure terminated the note. An experiment using a playing machine
investigated another use of the (mechanical) tongue under controlled conditions. Without using the tongue, the
threshold mouth pressure at which notes begin with gradually rising mouth pressure is higher than that at which
the notes cease under slowly falling pressures. For pressures lying in the hysteresis region between these two
thresholds, transient displacement of the reed by the tongue initiates sustained notes.

1

Introduction

Musicians refer to the transients that begin and end a
note as articulation, and regard good articulation as an
important component of expressive and tasteful playing. On
the clarinet and other reed instruments, starting a note after
silence usually involves tonguing: briefly touching the reed
with the tongue [1 ,2]. Controlling the time variation of the
envelope of the sound pressure involves control of the
pressure in the mouth. This paper investigates these two
control parameters of articulation, and the coordination
between them in clarinet playing.
Previous results from playing machines show that the
region of parameters that produce a sound exhibits
hysteresis. For example, consider an experiment in which
mouth pressure is varied, all other parameters, including lip
force, being held constant. The pressure at which a note
starts when pressure is gradually increased is found to be
greater than the pressure at which a note stops when
pressure is gradually decreased. Similar hysteresis is
observed on the high-pressure side of the playing regime
and, in both cases, the range of pressures depends on the lip
force [3,4,5]. A detailed report on this hysteresis and the
role of the tongue will be presented at another conference

[6].
Different articulations produce different amplitude
envelopes. It appears likely that the times when the tongue
touches and releases the reed, and their relation to the time
variation of pressure in the mouth, could be important in
determining the initial and final transients. To study this,
measurements on human players are conducted using an
instrument with a pressure sensor mounted on the
mouthpiece so as to measure mouth pressure, microphones
in the bore and near the bell to measure the bore pressure
and radiated sound, and a sensor on the reed to determine
the timing of tongue contact and release.
Players of reed instruments refer to a range of
articulation classes. A smooth transition between the sound
of two successive notes is called legato or slurring of notes.
In legato, the player does not interrupt sound production
using either the tongue or the flow of air. In staccato, clear
gaps are left between notes, and reed instrument players
usually use the tongue to start and often to stop the
vibration of the reed, a process called tonguing. Other
classes of articulation include portato (semi-staccato or
slightly interrupted), staccatissimo (extreme staccato),
accented and marcato (strongly accented); these are
frequently used for different artistic effects.
In normal single tonguing, the tip of the tongue usually
touches the reed. For rapid non-legato passages, some
players use double tonguing, using the tongue in actions
similar to the pronunciation o f "te-ke". The tongue

alternately touches the reed ("te") and the hard palate
("ke"), the latter interrupting the flow of air.
Mathematical models of single reed instruments with
the tongue articulation have been published. That of
Ducasse [7] includes blowing pressure, lip force and the
tongue interaction with the reed. The tongue was modelled
as a damped spring-mass system and the force it exerted on
the reed could be varied. Sterling et al [8] described how
the tongue is used to interrupt the flow of air. In both, the
mouth pressure and the tongue action are considered to
operate independently.
Hoffman [9] used a saxophone mouthpiece equipped
with a sensor of the pressure in the mouth and a reed fitted
with a strain gauge. The results showed a damping effect of
the tongue on the oscillating reed between two articulated
tones and that the release of the tongue affects the transient
of the output sound. Guillemain et al [10] measured the
mouth pressure, mouthpiece pressure and lip force while a
saxophonist played a chromatic scale in the first and second
register with a normal tongue attack. They found that the
tongue's removal from the reed leads to a drop in the mouth
pressure.
In this paper, the measurements investigate the action of
the tongue, the blowing pressure, the barrel pressure and the
radiated sound while the player is producing different kinds
of articulation. Its aim is to study how tonguing and breath
control are coordinated to achieve desirable transients. This
is a pilot study using only one experienced player. A study
comparing the techniques of different players is being
conducted. A playing machine with an artificial tongue is
also used to investigate, under controlled conditions, the
use of the tongue to initiate notes at mouth pressures below
the threshold at which pressure alone would initiate them .

2

Materials and methods

A Yamaha YCL 250 clarinet with a Yamaha CL-4C
mouthpiece is used in this study, together with a Legere
synthetic clarinet reed (hardness 3), chosen for its stability,
hygiene and stable physical properties.
An Endevco 8507C-2 miniature pressure transducer of
2.42 mm diameter was fitted at one side of the mouthpiece
for measuring the blowing pressure inside the player's
mouth during playing (figure 1). A copper wire of 80 ,urn
diameter is glued to the middle of the lower surface of the
reed. One end of the wire is flush with the tip of the reed
and the other end connects to a simple circuit (figure 2)
using a 1.5 V battery. When the player's tongue touches or
releases the reed, it also touches or releases one end of the
wire and conducts a very small electrical current between
the wire and the subject's body. This produces a voltage
across a 40 Mn resistor and is recorded via an optical
isolator (to ensure that there is no electrical connection
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between the player and the apparatus). Players report that
the presence of the wire increases the apparent hardness of
the reed from 3 to approximately 3 Y2, but that otherwise it
played normally. (3 or 3\12 are typical of reed hardness
values used by 'classical' clarinetists.)
The normal bane! is replaced with a (transparent)
plexiglass bane! with the same internal dimensions. A Y.inch pressure-field microphone (Briiel & Kjrer 4944A) is
fitted into the wall of this ban·el, 20.5 mm from the
mouthpiece junction and records the pressure inside the
bore via a hole of 1 mm diameter. Another microphone
(Rode NT3) is positioned one bell radius from and on the
axis ofthe bell of the clarinet to record the radiated sound.

microphone

pe1formance and experience with recitals and chamber and
orchestral music. Before the experiments began, the player
was allowed to practise until he became accustomed to the
clarinet, mouthpiece and reed. Then the player was asked to
produce a series of notes (written C4, G4, C5, G5 and C6),
each with different kinds of ruticulation: normal, accented,
sforzando (sfz), staccato ru1d struting as softly as possible,
using the tongue, hereafter called minimal attack. The
player was asked to play all notes with similar loudness
(mezzo:forte) throughout the experiment. Tongue action,
mouth pressure, bruTe! pressure and radiated sound are
recorded simu.ltaneously.
Another experiment investigated initiating notes in the
hysteresis regime of the blowing pressw·e and lip force
plane using an rutificial tongue incorporated into an
automated clarinet playing machine. The details of the
playing machine ru·e described elsewhere [4,6]. The
hru·dness of the reed used in this experiment is 3.0.

3

Figure I : A schematic sketch (not to scale) of the
mouthpiece and bane! used to measure tongue contact,
mouth pressure (upstream) and bane! pressure
(downstream).

R
<-->

Figure 2: A circuit diagram shows how tongue contact with
the reed is measured.
An expert clarinettist participated in the study. He has
more than 12 years' experience, a bachelor's degree in

Results and discussion

Each of the fi ve articulations for each note was repeated
4 times for each of the five notes. The repetitions were
highly reproducible, with variations in the peak mouth
pressw·e of typically of about 0.5 to 5%, depending on the
ruticulation. Figure 3 shows typical examples of the mouth
pressure and barrel pressure when the player was playing
the written C5 notes with different kinds of articulation, (a)
normal, (b) accented, (c) sft, (d) staccato and (e) minimal
attack, using the tongue to start the note as softly as
possible. In all the figures, the zero of the time axis is the
moment when the tongue ceases contact with the reed. In
the figure for staccato, the aiTOw shows the moment when
the tongue touches the reed to stop the note -the only
articulation for which this was done.
ln all measurements, the acoustic component of the
mouth pressure is much less than the DC component. The
acoustic pressure in the mouth is also much less than that in
the baiTel. This can be explained using the model of Benade
[II]: From continuity, the flow out of the mouth is close to
that into the bore of the instrument. It follows that the ratio
of mouth to mouthpiece acoustics pressures equals minus
one times the ratio of their acoustic impedru1ces. Usually,
the magnitudes of the peaks in the mouth impedance
spectra are about I 0 or more times smaller thru1 those ofthe
bore impedru1ce [12]. Fwther, if the player is not tuning the

Table I: Peak value of the mouth pressure (Ppeak), the values when the tongue releases (Pu) and touches the reed (P11), time
dw·ation and average rate for the mouth pressure increasing from zero to Pu ru1d Ppeak of different kinds of ru·ticulation for
the written C5 note.
Pu (kPa)

P11 (kPa)

P peak (kPa)

t 1: P0 -7 Pu (s)

Rate (P0 -7 P,,) (kPa/s)

tz: Po-7 Ppeak (s)

normal

2.55±0.2 1

-

3.16±0. 16

0.2 1±0.03

12. 14±0.2 1

0.3 1±0.04

accented

2.43±0.29

-

4. 16±0.04

0. 16±0.02

15.19±0.29

0.36±0.03

sft

1.9 1±0.40

-

4.32 ±0.09

0. 13±0.02

14.69±0.40

0.33±0.07

staccato

2.25±0.09

2.17±0.22

3.39±0.02

0. 17±0.02

13.24±0.09

0.27±0.02

minimal attack

1.77±0.25

-

2.50±0.07

0.23±0.0 1

7.70±0.25

0.46±0.12
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Figure 3: Mouth pressure (black) and barrel pressure (grey) of typical examples of different kinds of articulation for the
written C5 notes and the attacks shown. Plots on the right show the starting transients for each articul ation on an expanded
time axis. In (d), the arrow shows the moment when the tongue touches the reed to stop the note.
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vocal tract resonance, which is usually the case for normal
playing, the frequency of the note played is not at a peak of
the mouth impedance. Consequently, the magnitude ratio of
mouth impedance to bore impedance is expected to be very
much less than I 0, as reported here.
The time course of the mouth pressure and barrel
pressure of different kinds of articulation are compared in
figure 3. Here we define the peak value of the mouth
pressure as P peak> the value when the tongue releases the
reed asP~, and when the tongue first touches the reed as Pu.
These are compared in table I .
For the normal note shown here, the mouth pressure
increases to 2.44 kPa in 197 ms, at which time the tongue
releases the reed. The mouth pressure continues increasing
to 3.1 0 kPa and remains almost constant for about
1.5 seconds before gradually decreasing. The amplitude of
the barrel pressure decreases while the mouth pressure
decreases, and ceases when the mouth pressure decreases to
about 1 kPa. For the simply accented note, the mouth
pressure is increased more rapidly: it reaches a P~ of
2.16 kPa value in 164 ms, and attains a peak of 4.11 kPa
before decreasing. For the staccato note, P~ is 2.34 kPa
after a rise time of 183 ms. For this articulation only, the
tongue touches the reed to stop the note (C5) shortly after
the pressure decreases from the peak value of 3.40 kPa. The
tongue remains out of contact with the reed for 230 ms.
Perhaps surprisingly, P~ is about 1.80 kPa fo r both the
sft and mini mal attack. However, the sound starts much
later in the minimal attack. The explanation may be that, for
the sft note, the mouth pressure rises very rapidly to its
peak val ue (PpeaJ, which is about twice that of the minimal
attack note. After reaching the peak value, the profile of the
mouth pressure for sfz and minimal attack notes also show
similar features, i.e. the mouth pressure is decreased to
about 2 kPa and maintained until the notes fade out.
The values of P,,, Pu and Ppeak of different kinds of
articulation for the written C5 note are shown in table l.
From the table we can see that the values of P., for normal,
accented and stacca/0 notes are comparable and larger than
those of sft and minimal attack notes.
This player stops the notes using the tongue to touch the
reed when playing staccato, but stops the notes by
decreasing the mouth pressure for all other articulations.
Consequently, there are no Pu values for normal, accented,
sft and minimal attack notes. The standard deviation of Pu
is larger than that of P 11 for stacca/0, indicating the
coordination for stopping the notes may not be as important
as that for starting the notes, or that the player has less
control.
For the peak value of mouth pressure, the Ppeak ofsjz has
the largest values, foll owed by that of accented, stacca10,
normal and minimal attack notes. In terms of the time
duration for the mouth pressure increasing from zero to P.,
and Ppeak (here defined as t 1 and 12 ), accented, sft, stacca/0
and normal notes seem to have comparable t 1 and t2 values,
while minimal attack notes have the largest val ues. Thus,
the average rate of increasi ng the mouth pressure for
minimal attack notes is about half of that of accented notes.
For sft, staccato and normal notes, the average rate is
slightly lower than that of the accented notes.
The average rate of increasing the mouth pressure for
staccato notes is close to that for sft notes. H owever, the
standard deviation of P~ for stacca/0 notes is smal ler than
that for sft notes, suggesting that playing staccato may
require a better coordination between the tongue release
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and the variation in mouth pressure. For minimal attack
notes, the average rate of varying the mouth pressure is
lower than that for staccato notes, but the standard
deviation is larger. Thus, the coordination for playing
minimal attack may not be critical, or perhaps it is simply
less called for and so less practised.
The results for the other 4 notes studied (C4, 04, 05,
C6) generally present features that are qualitati vely similar
to those discussed above. We repeat that this is a pilot study
on a single musician and caution should be used in
extrapolating to other players. A study on a larger
population is currently in progress.
The result of the experiment on the clarinet-playing
machine presents another role of the tongue: initiating notes
in the hysteresis regime of the mouth pressure and lip force
plane. ln figure 4, the sound level of the written C5 note is
plotted against the mouth pressure at a constant lip force of
1.0 N. In one part of the experiment, the mouth pressure is
gradually decreased (downward pointing triangles). In
another part, it is gradually increased (upwards triangles).
The oscillation thresholds for decreasing and increasing
mouth pressures are about 2.2 and 2.5 kPa, respecti vely, as
shown in the figure. The region between the two thresholds
is the hysteresis regime where notes cannot be started
spontaneously when increasing the mouth pressure only, so
the sound level is equal to the background noise. The
circles on the graph are from an experiment where the
mouth pressure was maintained at a steady value, and the
tongue initiated the notes. For these notes, the sound levels
are close to those measured when decreasing the mouth
pressure. This effect will be discussed in greater detail in a
later paper [6].
_y....--------_.._..-_, ___

.r--!

102
_100
[II

,"#--

::!. 98
Qj
> 96
Gl
...J

'0

c

"'0

(/)

i

,/ •

94
92
90
88

______,...._-_-_-_
'!_-

..,-.•

tt"'

~

i

/

l

i
I
::

I

J

/
l
•.,/ A --A-----MJ..

2.2

2.4

-T- Pressure Decrea se
...._Pressure Increase

• Tonguing

2.6

Mouth Pressure (kPa)

2.8

3

Figure 4: Measurements using a clarinet playing machine.
The radiated sound level of the written C5 notes fo r a
constant lip force of 1.0 N. They are plotted versus mouth
pressure while mouth pressure is gradually decreased and
increased (triangles). The circles show sound levels for
steady pressures as indicated but with the tongue starting
the notes.
Other factors not measured in this study may also be
relevant for the attacks, including the detailed manner by
which the tongue is released from the reed.

4

Conclusions

For the human subject involved in this study, the time
course of the mouth pressure presents different features for
different kinds of articulations: the P., val ues for sft and

minimal attack notes are smaller than those of normal,
accented and staccato notes; the Pv•'"' values of sfz and
accented notes are larger than those of staccato, normal and
minimal attack notes. However, sft and accented notes have
the fastest increases in pressure. Staccato notes are finished
by using the tongue to stop the vibration of the reed while
notes of other articulations are finished by decreasing
mouth pressure. The standard deviations of P~x may suggest
a possible coordination between the tongue action and the
variation of the blowing pressure controlled by the clarinet
player. Besides its role in different articulations, the tongue
can also assist in starting sustainable notes in the hysteresis
region, where reed oscillation cannot be initiated by only
increasing the mouth pressure.
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Articulation - the skilful control of transients - is one vital part of good playing of wind
instruments. Another is the ability to control pitch, loudness and timbre independently. In the
steady state, the frequency, sound level and sound spectrum depend on the steady pressure P
in the mouth, the force F and its point of application to the reed by the lower lip. They also
depend upon the details of the reed, mouthpiece and the clarinet itself. Initial and final
transients often involve the use of the tongue to produce rapid pressure changes or to damp or
to displace the reed. The interaction of these parameters is studied here using an automated
playing system. For any combination of other variables, the boundaries of the region of the
(P ,F) plane that produce a note are history dependent: at a constant F, the minimum P is
greater for increasing than decreasing P . In this hysteresis regime, initial displacement and
release of the reed with the tongue can initiate notes at values of P below the minimum for
increasing? alone. Sound files are at http://www.phys.unsw.edu.au/jw/clarinetrobot.html

1.

Introduction

The clarinet is one of the most popular wind instruments and has become a standard
instrument for studying the coupling between the non-linear pressure-flow relations at the reed and
the linear behaviour of the bore. How clarinettists produce desired sounds is an important question
that interests both musicians and acousticians. During performance, the player controls the
fingerings, breath, lip, vocal tract configuration and tongue to produce a note with the desired pitch,
loudness and timbre. These control parameters can be specified by several physical variables. The
sound produced can also be quantified by its fundamental frequency, sound level and spectrum. The
mapping of the player's control parameters to the resultant sound is an interesting topic in physics.
Musically, this study is also of interest, especially to clarinet students and teachers.
The key system of the clarinet allows the player to control the sounding pitch by opening and
closing a series of holes on the bore of the instrument. Each configuration of the open and closed
holes is called a fingering. It determines the downstream acoustic load on the reed, which usually
controls the oscillation of the reed during normal playing. Thus the fingering largely determines the
sounding pitch. However, other control parameters can also vary the pitch over a moderate range.
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One key control parameter is the pressure P of the air in the mouth. Another two are the force
F applied by the lip to the reed and the position where that force is applied. Undesired high
frequency sounds, called "squeaks", are usually produced ifthe force is directly applied to the reed
by the teeth without the intervening lip, so the damping of high frequencies by the player's lip is
important. During performance, changes in dynamics at the same pitch are often involved and this
requires that the player must have good control of the P and F. According to practical experience,
playing more loudly (which usually means increasing P) often lowers the pitch, while biting harder
1 3
(increasing the F) can raise the pitch as compensation. - Players have to learn to adjust these
control parameters simultaneously to avoid pitch changes while playing a crescendo or diminuendo.
For a fixed embouchure (including constant lip force at the same position), the reed starts to
oscillate at a particular value, called the oscillation threshold P osc, as the blowing pressure increases.
It does not start to oscillate for pressures above a higher value, called the extinction threshold P ext,
the static pressure excess necessary to hold the reed closed against the mouthpiece. These
thresholds have been studied both theoretically and experimentally in the past, together with the
regeneration process and pressure-flow relations. 4 -5 The thresholds are functions of the lip force.
More explicitly, the thresholds are lines with a negative slope on the (P,F) plane, as shown
schematically in Fig. 1. They divide the plane into several regions. In the regions P > Pext(F) and P
< P osc(F), reed os~:illation does not o~:~:ur and no periodi~: sound is produ~:ed. Mu~:h of the area
between the two lines is the normal playing region, where players can vary sound level and timbre
by changing the P and F, while also making small changes to the pitch - less than a semitone. At
the bottom-left comer of the playing regime, there is often a region where undesired high frequency
sounds can occur; these are called squeaks.

,....
' .....

' \ ...............
\
...

'·

\

L&..
Q)
(.)

...
0

silence

LL

a.
...J

silence
Blowing Pressure P
Figure 1. A schematic (P,F) plot showing various regimes. No sound can be produced in the area above the
extinction threshold P > P ext(F) nor below the oscillation threshold P < P osc(F). The intended note is
produced in the area between the two thresholds. However, squeaks are often produced in the bottom-left
comer of the intended note region.6

Investigations of the influence of the vocal tract during playing show that experienced
clarinettists are able to increase and to tune their vocal tract resonances to facilitate pitch bending.
In normal playing in the normal range, however, the influence of the vocal tract appears to be less
important; the impedance of the vocal tract is then much less than that of the bore of the
instrument. 7
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Articulation, which involves using the tongue to control transients, is an important skill in
clarinet playing. We shall show in this paper that the tongue has another role, which is to select
operating states in regions of bifurcation or hysteresis. For the clarinettist, this means the important
ability to start notes quietly, a feat which is often asked of the clarinet.
Reeds and mouthpieces have a range of geometries and properties, and their selection is
important to clarinettists. Reeds are quantified by what manufacturers call "hardness", which
roughly describes their cantilever stiffness. Hardness is given a dimensionless value ranging
typically from 1.5 to 4.5. Various theoretical and experimental studies focus on the effect of reed
properties on the sound. 4 •8- 10 The geometry of the mouthpiece, the shape of the lay and the opening
of the mouthpiece at the tip are also reported to be important.
There are difficulties in studying the influence of playing parameters on the sound with
human players. First, some of the parameters are hard to measure or to control. Second, players tire
if asked to investigate large volumes of parameter space. These problems can be avoided by using
an automated clarinet playing machine with explicit and independent control of playing parameters,
including blowing pressure and lip force. This allows mapping of the outputs (frequency, sound
level and spectrum) in terms ofthe inputs (pressure, lip force, reed stiffness, and the influence of the
tongue). Such an automated playing machine was developed by a National Information and
Communications Technology Australia Ltd (NICTA) and the University of New South Wales
(UNSW) team partly due to this motivation. "
The original design of the playing machine was reported previously. 11 In that system, several
parameters including the fingerings, blowing pressure P , lip force F, lip position, reed stiffness, and
mouthpiece geometry are used as inputs and the frequency, sound level and spectrum are regarded
as outputs. The blowing pressure P is controlled by adjusting the speed of a pump which provides
air to the artificial mouth and is kept constant on a short time scale by a proportional-integralderivative (PID) loop controlling a leak. A small slab of flexible plastic is used as the artificial lip.
Over a large range of playing parameters, this lip can avoid squeaks and produce a tolerable sound.
The lip force and lip positions are controlled by two servo motors. The whole machine is controlled
by a microcontroller connected to an embedded Linux computer. Programs running on the computer
send requests to the microcontroller which then controls the playing machine. Another advantage of
the playing machine is its flexibility: various extensions can be added to the system for particular
purposes.
The playing machine differs from a human player in several ways. The damping properties of
the artificial lip are different from those of human lips. However, qualitatively, they should still
show similarities. As for the artificial mouth, it has a different shape from that of human mouth and
is largely made of rigid materials. However, because this study does not focus on the effect of the
vocal tract, the artificial mouth is designed to avoid any strong upstream resonances. Thus, the
shape of the mouth is assumed to have little influence on the sound.
In order to study how the blowing pressure and lip force affect the pitch, sound level and
spectrum, such a playing system was used to map the sound produced as a function ofthese control
parameters, thus defining regions that can produce the normal note, poorly tuned notes, notes in
other registers or no sound. Oscillation thresholds were measured in experiments in which the
blowing pressure was either decreased or increased. Additionally, an artificial tongue was
incorporated into the automated playing system to investigate the role of the tongue in note
production. It is found that the tongue has an important role in enabling access to some regions of
the (P,F) plane where hysteresis is observed.

2.

Materials and methods

Some of the apparatus used for this study was reported previously.6 Figure 2 is a schematic
showing how the artificial tongue was incorporated into the artificial mouth of the automated
ICSV21, Beijing, China, 13-17 July 2014
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clarinet playing machine. The tongue is a rectangular prism of polyurethane foam (Sorbothane,
Kent, OH); the same material as used for the lip. It is connected to a lever above the artificial mouth
so that the vertical movement of the tongue is controlled by moving the other end of the lever. A
mass of 100 g is located at one end of the lever to provide a comparatively large tongue force in the
absence of force at the other end of the lever. The variation of tongue force may have some effect
on the transient of the produced notes, but in this study the tonguing is simply regarded as a binary
control parameter, i.e. touch and release, and the resting tongue force is kept constant (at about 1
newton) during the experiments.

mouthpiece

tongue

mouth

r

air pump

hanging
mass

Figure 2. Schematic sketch (not to scale) of the artificial mouth with the tongue.
The experiment whose results are shown below was performed using the standard fingering
for the written G4 note on the Bb clarinet. The lip force (hanging mass), ranging from 25 g up to the
value that closed the reed against the lay, was adjusted in steps of25 g.
The lip force was kept constant during each set of measurements. Initially the blowing
pressure was kept at the maximum value the pump can provide (about 7 kPa) and the blowing
pressure, together with the radiated sound was recorded for frequency and sound level analysis.
Then the blowing pressure was decreased to the next sampling point and kept constant to obtain the
blowing pressure and the radiated sound data. This procedure was continued until the blowing
pressure was far below the P osc· A companion experiment was then performed while the blowing
pressure was increased in small steps, rather than decreased, until the blowing pressure reached its
maximum value. The artificial tongue was not in contact with the reed for these measurements with
increasing and decreasing pressure. Next, a series of measurements was made during which the
artificial tongue was now used to attempt to initiate sounds in the region P < P osc: in this range,
where oscillation does not occur spontaneously, the lever controlling the artificial tongue was used
to 'tongue' the reed by quickly touching and then releasing the reed rapidly to start the note, as the
human player does in real playing.
The lip force was then increased to a new constant value for the next set of measurements
where data for decreasing and increasing pressure were again recorded, and the effects of
'tonguing' investigated. There was at least a 15 minute interval between each set of experiments,
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during which the lip force was removed to avoid any change in the reed properties due to the
plasticity of the reed.
Thus, this series of experiments mapped the sound in the (P,F) space when decreasing
pressure, increasing pressure and with artificial tonguing. The (P,F) space studied here almost
covers the range used by players.

3.

Results and discussion

Figure 3 shows the mapped (P ,F) plane for the written note G4 played with a reed of hardness
3. 5 and the lip force applied at a position 10 mm away from the tip of the reed. Each dot or cross
represents a measured point. The solid lines show the extinction and oscillation thresholds P ext(d)(F),
P asc(d)(F) measured for experiments with decreasing blowing pressure; the dashed lines show the
same limits for increasing pressure Pext(i)(F) and Pasc(i)(F). The plane shows similar global
characteristics to those reported previous!/ in that the extinction and oscillation thresholds are lines
with negative slopes. P asc(d)(F) has a negative slope of about 50 cm2; P ext(d)(F) about 5 cm2. The
slope of Pext(d)(F) is negative because either P or F may close the reed. The latter slope, about 5
cm2, can be interpreted as the effective area on which the pressure acts to close the reed against the
mouthpiece.
The area between the two threshold lines for decreasing and increasing P reveals a hysteresis
region on the low P (and low sound level) side of the playing region; it has a width of about 200 Pa.
There is also a hysteresis region on the high P side, with a width of about 80 Pa, which is narrower
4
than that observed by Dalmont and Frappe. One of the reasons for this may be the difference in
protocol: those authors used a continuously increasing pressure, whereas in this work, a few seconds were allowed for the sound to stabilise at each pressure step.
These areas are important to players: for example, starting at a moderate value of blowing
pressure, a player can decrescendo to a lower sound level than the limit suggested by the P asc(i)(F)
line for increasing P. Also, at any given lip force, they can play with higher average pressure in the
mouth than the static pressure required to close the reed. The hysteresis on the low P side represents
hysteresis in the onset of regeneration, or a bifurcation in the operating state of the reed-instrument
system. On the high P side, the hysteresis can be explained because, at pressures above the steady
extinction pressure, it is still possible to open the reed because standing waves in the bore exert
pressure on the reed from the mouthpiece side.

ICS V21, Beijing, China, 13-17 July 2014

128

5

21st International Congress on Sound and Vibration (ICSV21), Beijing, China, 13-17 July 2014

X

2.5

g

..~ 1.5

X

X

X

X

X

2

X

Pext decreasing P

X

X

X

'''

X

X

Y

X

X

X

X

X

X

X

~. • • • • • • •

Silence J.: • • • • •
''
tt\t
X

X

X

X

•

t

I

IL

I

a.
:::;

X

1

X

X

- ..

J. •

''

Poscxincreasing P
X

0.5

X

X

X

7
X

XXX'

~. ••

X

\

\

XY

•

Pose decreasing P
X

2

X

)c

2.5

N.ote

\' ' '

)(

\
...... \

3

3.5

t

4

4.5

5

5.5

6

6.5

7

Mouth Pressure (kPa)

Figure 3. The playing region is bounded on the left by the threshold pressure and on the right by the
extinction pressure. Dashed lines are for experiments with increasing pressure, solid for decreasing. Dots and
crosses show the points in parameter space measured in this study for the written note G4 (dots for playing
regime, crosses where no periodic sound was produced). For the points in the (low) hysteresis area at left,
oscillation was initiated using the tongue.
The hysteresis region at low P was investigated further using the tongue. For P < P osc(d), the
tongue could not initiate oscillation. However, starting from silence, the tongue could initiate
sustained oscillation in the region P asc(d) < P < P asc(i)· How is this possible?
A likely explanation is that the tonguing displaces the reed from mechanical equilibrium,
providing a sufficient initial displacement to produce mechanical oscillation of the reed (which has
its own mass and stiffness); the oscillation is then sustained by the regeneration mechanism,
provided that p > p osc(d) · This effect is probably complicated by transient pressure effects in the
mouth due to the motion of the tongue and its direct effects on the motion of the reed - these were
not investigated here.
Figure 4 plots the sound level against the blowing pressure P for a constant lip force F of
1.0 N while P is first decreased, then increased and finally with the tongue initiating the notes. In
the hysteresis range P asc(i) < P < P asc(d), the sound level of the notes gradually decreases when
decr easing P until it reaches P asc(d)· When increasing P, the sound level is close to the background
noise (largely due to turbulent flow of air) until P arrives at P asc(i)· When P ;::: P asc(i), the note starts,
showing a j ump in the sound level curve. The sound level of the notes initiated with the tongue is
almost equal to that when decreasing the P . Similar results are obtained for other values of F. So,
once oscillation is initiated, the sound level is a function of F , P and other parameters and does not
exhibit significant hysteresis.
The possibility of accessing the hysteresis r egion between P osc(i) and P asc(d) using the tongue is
important for the clarinettist because very quiet notes can be started at low blowing pressure using
the tongue. This low sound level range of the clarinet is widely requested by composers.
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line) and with the tongue initiating the notes (dotted black line) for a constant F of 1. 0 N.

4.

Conclusions

When other variables are kept constant, the boundaries of the playing region on the (P ,F)
plane show hysteresis on both the low and the high P side. For the conditions reported here, these
regions have widths of about 200 and 80 Pa on the low and high P sides respectively. On the low P
side, initial displacement and release of the reed by the artificial tongue can initiate sustained
oscillation and tone production across all of this hysteresis region, i.e. in a range for which
regenerative oscillation is not produced spontaneously by increasing P. Thus, because low P is
associated with low sound levels, tonguing allows the initiation of the quietest notes in the playing
region. It is expected that the automated clarinet playing system may have further applications in
the study of clarinet behaviour, including, for example, the transient behaviour of the sound. More
recent results will be presented in the oral version of this paper.
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