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Abstract

Abstract

The measurement of human airway dimensions has aeeaguent objective in the
fields of respiratory medicine and speech resedrahhas proven difficult to achieve
non-invasively due to the airway’s function in kreag, swallowing and speaking.
Acoustic pulse reflectometry (APR) has been empulayeclinical studies of the vocal
tract for several years, normally in the functidnaoway measurement. The focus of
this work is to utilise APR in capturing vocal ttgarofiles during the phonation of
vowel sounds, for the purposes of sound synthd®ysmaking an equivalent tube model
of the vocal tract, the propagation of an acoustawe can be readily calculated using
techniques such as waveguide modelling, whichiwiturn allow us to synthesise sound
and form the basis of a physical model of the voitke attractions of this technique for
vocal tract measurement are many: it is non-ingsafe, repeatable and inexpensive.
In this thesis, the basic theory describiray@propagation in tubes of varying cross-
section is outlined, together with a review of hitve time domain technique of APR can
be used to measure the input impulse responsetabudar object, such as the vocal
tract, from which the bore profile can be calcufabsing the layer peeling algorithm.
Experimental measurements of the human vdadt during the phonation
(imitation) of five non-nasalised vowels [a, e, 0, u] are presented, using recent

enhancements to the APR technique (MLS excitatigmats and virtual DC tube
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method) for a single subject, together with optatien of the APR technique for vocal
tract measurement and its application in a grougystising adults and children.

To validate the results obtained using th&kABchnique, a comparative study with
an accepted ‘gold standard’ imaging technique (M#tigrResonance Imaging - MRI) is
presented, using the same subject, a voice professin both studies. The results from
this study show reasonable overall agreement bettvee APR and MRI data, with the
limited resolution of the acoustic technique tegdito broaden features and
underestimate cross sectional areas, particulartge region of the pharynx and glottis.
Protocols and supplementary documentation requosedcientific, clinical and ethical
review bodies for the use of human volunteers seaech trials are provided. From this
study a data corpus of vocal tract measuremengmtisered, using the techniques of
APR and MR, in adult males, adult females anddrhih.

In conclusion, limitations of the APR techmiqfor vocal tract measurement are

discussed and potential improvements are proposed.
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Chapter 1

Introduction and outline of

research programme

“In the beginning was the voice. Voice is soundomgath, the
audible sign of life.”

--Otto Jespersen [1]

1.1 Context

From the first cries of primeval man to the inggint articulations of modern language,
the human voice is a complex and wondrous instriraed has been used as a method

of communication, expressing emotions, utteringggarsignals and singing.
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The voice is arguably the first and original mubigsstrument, and the art and
development of singing, when musical tones areywed by vocal effort, is so basic to
the human species that it was almost certainly aradteristic before language was

developed.

Singing is part of all cultures and is associatathva diverse range of functions
including religion, entertainment and other matt@snsidered important to the
individual. From time immemorial, mankind has usétging to praise gods, strike fear

into enemies, woo suitors and recount history wahads and stories.

1.1.1 Voice Synthesis

The interest of this thesis is in the area of ptaismodelling voice synthesis, and in

particular, the synthesis of the singing voicerfarsical applications.

Over the last fifty years, research in the fieldvofce science and related technology
has significantly intensified. This has led toraajer understanding of the human voice
mechanisms, numerous new applications of compeech, transmission and coding
of speech, and voice recognition which have founeag into our daily life. From the
mobile phones we use, to the daily announcementhee, the products of voice

science are all around.
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One such area is that of voice synthesis. In thstmgeneral sense voice synthesis is
the production of ‘synthetic’ or ‘artificial’ voiceaising a personal computer or other
computing device This involves producing an electronic signal ethiwhen played
through a transducing device, such as a loudspeadsambles the human voice enough
for the human brain to interpret it as such. M@ehnically, this means that the signal
must contain a reasonable representation of theingpiand different harmonic

resonances associated with the underlying formaritee vocal tract [2].

Several methods of voice synthesis exist, the npmgiular and commercially
successful at present being concatenative speethesys. This method is based on the
concatenation (or stringing together) of segmehtearded speech. Signal processing
techniques are used to assemble the parts, whithvaxy in size from sentences or
words down to syllables or phonemes, rejoining theces into suitable speech.
Generally, concatenative synthesis gives the matsiral sounding synthesised speech.
However, natural variation in speech and automasetiniques for segmenting the
waveforms sometimes result in audible glitches hie butput, detracting from the
naturalness. A notable feature of this methodha ho underlying principles of voice
generation are modelled since, in basic terms,rguerded parts of real speech are

played back from a speech database to produceotbe output.

! The reference here is to electronic voice synshiegimeans of signal processing and negates earlier
mechanical forms such as the bellows-operated ‘gtamiiechanical Speech Machine' by Wolfgang von
Kempelen of Vienna, Austria, described in his 1p&perMechanismus der menschlichen Sprache nebst
der Beschreibung seiner sprechenden Mascfiimechanism of human speech with description sf hi
speaking machine", J.B. Degen, Wien).
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It is generally considered that a plateau will eached in terms of the optimal quality
that can ever be achieved via this form of synthgsi4], as there will always be a ‘join
cost’ between each speech unit, no matter how largpeech database that units are

selected from.

In contrast to this approach, physical modellingtled voice, or its counterpart in
speech science termed ‘articulatory synthesisthes synthesis of voice sound using

mathematical models of the human vocal tract aedatticulation processes.

Physical models for voice synthesis have often lregected because of their poor
sound quality and are not currently sufficientlywadced or computationally efficient to
be used in commercial systems. Therefore at pretbes method of synthesis is mostly
of academic interest. With a greater understandinthe phonatory system and the
availability of fast computers, these trends argirio@ng to be reversed. The computer
is able to solve iteratively complex systems of aouns that describe the physics of
flow generation and sound propagation in the humacal folds and vocal tract,
allowing high quality models to be realised in wiscience research. By using
equations and algorithms to describe and simulegghysical laws of voice generation,
this method has the advantage of being able toaicttevith ‘real’ control parameters of
voice physiology, giving it the potential to creatdevel of natural voice never before

attained by any form of synthesis.
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However, a model, by its definition, is only an eppmation of the observed
phenomenon. Therefore the challenge for the gsteistto encapsulate the important

features of the real physical system into the model

Speech generation is a very complex topic thatnelserom physical and medical
science to the areas of linguistics and phonetiesefore a multidisciplinary approach
is required. A satisfactory physical model of tléce has not yet been realised, but the

advantages of such an approach would be benetiicesich discipline. For example:

- the synthesis of individual voices could be bagsohuthe actual physiology [5]

- speech transmission could use a set of physicakbgd parameters for increased
naturalness of the speech

- applications in medical diagnostics — such as tloglating of pathologic voice

caused by edema or fold nodules [5, 6]

Before such goals can be achieved, much work igined) at a fundamental level. The
first stage is the analysis and measurement at statl dynamic anatomical structures

used in voice production which can be translatéal fimture voice models.

The focus of this work is on developing a non-invasnethod to measure the bore
(shape) of the vocal tract for static targets dicatation, which can be used as ‘real’

geometric data for application in a physical manfehe voice.
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1.1.2 Airway Measurement

The measurement of the vocal tract is not only mkrest to the voice science
community. The anatomical structures used in v@iaeduction are shared with the
other human processes of breathing and swallowlmgefore to analyse and understand
their principle of operation is also of great imamce to medical science. The human
vocal tract and upper airway are one and the shoteye use them interchangeably to
refer to the context of their application; the téumcal tract’ when referring to the voice

and the term ‘airway’ when referring to the resgurg system.

Marshall [7] showed that measurements of airwayetisions would be of clinical
benefit in the investigation of obstructive slegmaea (which is caused by occlusion of
the upper airway) and in the general anaestheticagement of patients. However,
there were no techniques for measuring airwaysrtigtthe requirements of being non-
invasive, portable, inexpensive and simple to dedi@. The standard clinical methods
of X-ray computed tomography (CT) and Magnetic Rese Imaging (MRI) were
shown to produce limited data under certain spiseidiconditions, but were not suitable
for routine measurement or monitoring. This wadlue of vocal tract measurement

for speech.

In vivo studies of the vocal tract are of limitedeuwhen investigating voice
mechanisms as they are invasive and impinge onaldunction. Therefore, for almost
forty years, speech researchers have experimentbedawoustic methods for estimating

the dimensions of the vocal tract.
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1.1.2.1 Acoustic Methods

In the late 1960s, Schroeder and Mermelstein [Pyrid€asured the resonant frequencies
of the vocal tract from which airway dimensions g#nen inferred (having assumed the
vocal tract length). Several years later, Sondid aolleagues [11] adapted a time
domain reflection method which was originally dexggd as a seismological technique
for the study of the earth’s crust. The principlas that an explosion generated at the
surface would cause an impulsive acoustic waverdeet down into the earth. At
changes in density within the rocks, a portionhs incident wave would be reflected,
and as there will be many layers of different dignghe resulting reflections would
form a complicated response when measured at theceu The sequence of reflections
measured at the surface was termed the input impelsponse. Ware and Aki [12]
were first to provide an algorithm which would adkte the reflection coefficients
(densities) of the layers from this impulse resgongiowever, their method did not
compensate for losses experienced by the incidewt weflected waves whilst

propagating through the rock layers.

Sondhi et al. suggested that applying the sanfetgge to propagation in air using
an airborne pulse, the cross-sectional area db@dustructure could be calculated from
its reflections (input impulse response). For aywneasurement, this meant applying a
pulse of sound into the mouth of a subject andrdiog the resulting reflections at the
lips. Using the Ware-Aki algorithm, the cross smwl area of the airway as a function

of distance from the lips (area profile) could betedmined. This technique did not
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require any assumption of vocal tract length. slthis technique, known as acoustic

pulse reflectometry (APR), which forms the subgcthe present work.

The history of this technique has been reviewedetail in the thesis of Sharp [13]

and only a summary is presented here.

1.1.2.2 APR Measurements on Human Patients

In the late seventies and early eighties, Jacksaih [@4] were the first to report on the
measurement of physiological structures by meaguhe area profiles of excised dog
tracheas and lungs using the APR technique withWaee-Aki algorithm, and then
subsequently human airway casts [15]. Their methioAPR involved generating an
acoustic impulse in a source tube and transmitiingpto the airway. The signal
underwent partial reflection and partial transnuesat changes in impedance, caused by
changes in cross-sectional area along the lengtheoirway, and created a reflection
sequence. The returning sequence travelled bactheisource tube without further
reflection and was recorded by a microphone emhkddéhe wall of the source tube.
The Ware-Aki algorithm used to reconstruct the syesctional profile did not take into
account losses in the airway, however good arefilggovnere still achieved because

losses had not proved significant when reconstrgdai short object such as the airway.

The first clinical applications with measuremenitshmman patients were carried out

by Fredberg et al. [16], laying the groundwork frarich a series of successful clinical
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trials followed [17-19]. Marshall [7, 20-23] contied the development of the

reflectometer specifically for use in clinical ajgglions and, in particular, obstructive
sleep apnea. His work focussed on developing lactemeter that was portable and
simple to operate, whilst at the same time allowstjects to breathe during
measurements and display airway area profiles eal-time’. Part of this involved
shortening the source tube length to only a fewig®ires and applying a mathematical
treatment which removed the need for maintaining time separation between the
incident pulse and source reflections. The airpafiles calculated using the Ware-AKki
algorithm were found to be reasonably accuratenbtias great as that achieved by the

longer source tube reflectometer.

1.1.2.3 APR Measurements on Musical Wind Instrument s

In parallel research in musical acoustics, muchkw@d gone into developing the APR
technigue and applying it to the measurement o$bend wind instruments [24-26].
Compared with the human airway, many of theseunsénts are much longer in length.
As a result, losses affect the input impulse resposignificantly and need to be
accounted for in the bore reconstruction algorithaccurate results are to be achieved.
Such losses could not be included in the Ware-Adgorgthm, therefore an alternative
algorithm was developed by Amir et al. which incangted viscothermal losses [27, 28].
This lossy layer peeling algorithm was successfudigd by Sharp, in conjunction with a

method he proposed for removing the DC offset efitiput impulse response (DC tube
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method), to provide accurate reconstructions ofitkernal profile of brass instruments
[13, 29, 30]. As a variation on the DC tube methkemp [31] proposed a ‘virtual DC
tube’ method which simulates the effect of the DMbet without the need for an
intermediate physical coupling. This method wasamdy convenient, it also provided a

perfect coupling between object and source tube.

The lossy layer-peeling algorithm and virtual D®d&umethod are used throughout

this work and are described in more detail in Céiegp8 and 4.

10
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1.2 Aims and outline of thesis

The aims of this thesis are:

1. to develop the APR technique as a non-invasivénaaetor measuring the bore
of the vocal tract for static targets of articubati

2. to apply, and investigate the repeatability, of tABR technique for the
measurement of the vocal tract in a group studyadfinteers ranging from
children to adults.

3. to implement a comparative study between APR and fdRthe measurement
of the vocal tract during the phonation (imitatiarf)vowel sounds, and produce
a framework for future investigations, which wilhcdude all supporting
documentation to satisfy scientific, clinical & athl bodies for the use of human
volunteers in research trials.

4. to produce a corpus of data of vocal tract measentsnfrom APR and MRI
investigations, which can be used as ‘real’ geoimetata for application in a

physical model of the voice.

Chapter 2 begins with an introduction to voice picithbn in relation to anatomy and
physiology. Differences between speech and singiagsummarised and the translation

of physical principles into a physical model of thece are presented.

In Chapter 3, the basic theory for plane wave pgapan within tubular cavities is

described together with a method for solving theeise problem of determining the

11
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dimensions of an object from its input impulse ese. A development to the standard

APR technique using MLS excitation signals is alsmmarised.

A working reflectometer using enhancements to thadard technique together with
modifications for its application to measuring theman vocal tract is described in
Chapter 4. The operating procedure is discussedtiail and measurements on test

objects are presented.

In Chapter 5, the optimisation of the APR technifmemeasurement of the human
vocal tract using a single subject for the purposénvestigating repeatability of the

technique under controlled conditions is described.

Chapter 6 describes the procedure and applicatiacheo APR technique for vocal

tract measurement in a group of volunteers (ranfymm children to adults).

A true validation of measurements can only be sedliby comparing results with an
accepted gold standard technique. Chapter 7 tescthe design, process and results
from a peer reviewed study entitledCdmparative study between acoustic pulse
reflectometry (APR) and magnetic resonance imagifMRI) for volumetric

measurement of the vocal tract during vowel proidmét

In Chapter 8, a summary of the main conclusionsthad work are presented.

Suggested extensions of this work are then given.

12



Chapter 2

The human voice

2.1 Introduction

In this chapter, the basic principles of voice prettbn are introduced and methods used

to model the voice systems are presented.

2.2 The voice organ

The voice organ constitutes three different systeires breathing apparatus, the vocal
folds and the vocal tract. The principal featuaes shown in the midsagittal section

through the head and neck sketched in Figure 2.1.

13
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Nasal
cavity

Lips
Velum

Pharynx

Larynx

Vocal folds

Figure 2.1: Mid-sagittal profile showing the principal features of the voice organ

(adapted from [32] p.472)

Consider the physical system that gives rise toattmustical signal of the voice. The
acoustical behaviour of the organ begins by fillthg lungs with air. By compressing
this volume, an airstream is forced upwards throtigh trachea (windpipe). At the
uppermost part of the trachea is the larynx which short tube composed of muscle and
cartilage that acts as a valve, regulating the tdwir between the trachea and pharynx
(the back of the throat). At the base of the larghe mucous membrane lining which is
folded inward from each side forms what are colety known as the vocal folds, and

the slit-like opening between them is called thettgd. The separation and tension of

14



Chapter 2: The human voice

the vocal folds are controlled by the muscles i@ lrynx and can be held apart to
permit the free flow of air in breathing, or broagiosely together to allow phonation.
The forcing of an airstream through the glottighis latter state sets the vocal folds into
vibration, alternately opening and closing the tgloaperture. As a result, the flow of
air from the lungs is modulated at the vibratioeginency of the vocal folds, and it is

this that determines the pitch of the speech a@isgsound.

The sound wave generated within the larynx by thmating vocal folds travels
through the pharynx, the mouth (oral cavity) an@ thasal cavity before finally
emerging from the lips and nose apertures. Eaeftychas its own characteristic
resonance frequencies, which play a vital role etedmining the vocal output sound.
Each cavity resonance gives rise to a formant regiothe spectrum of the radiated
sound. By adjusting the articulators (i.e. the ropg of the lips, the position of the
lower jaw, and the shape and position of the tophgine singer or speaker is able to
choose particular combinations of formant freques@nd produce what we perceive as

voice sounds, such as vowels.

The human voice is able to produce a large vamdtgounds; voiced, unvoiced,
fricatives, plosives, nasals etc. However, in @iscussion of the acoustics of the voice
organ, we shall concentrate on the non-nasaliseckdcsounds of the singing voice.
That is, sounds that are produced by vibratingvibeal folds and resonate within the

larynx, pharynx and mouth cavities, which consgttiite vocal tract.

15



Chapter 2: The human voice

The pitch of a sung note is determined by the widnafrequency of the vocal folds.
With very few exceptions, the motion of the foldsalmost completely independent of
the shape of the vocal tract, whereas the choi@ prticular vowel sound is made by
modifying the vocal tract to produce three or fotharacteristic formants; the
frequencies of the formants corresponding to argivewel are very nearly the same
regardless of the pitch at which it is sung [32].convenient way of describing these
acoustical features can be found in the ‘sourcerfilheory’ proposed by Fant in the
early sixties [33]. The theory states that spegaduction can be divided into two

independent parts:

- Source of acoustic energy

- Variable acoustic filter

In this model (see Figure 2.2), the source of amownergy is at the larynx (i.e.
vibrating vocal folds), and the supralaryngeal Vdcact serves as a variable acoustic

filter whose shape determines the phonetic quafithe sound.

For voiced sounds, the vibration of the vocal fqddsduces a periodic, harmonic-rich
signal at the fundamental frequency. The sign#laissmitted outside the mouth by the
vocal tract, which has a frequency dependent gBesonances of the vocal tract
produce peaks in the gain spectrum that in ture gise to maxima in the envelope of
the radiated sound spectrum. The broad peaks @notliput sound spectrum are
formants, which as discussed previously are chenatit features of voiced speech

sounds. It is important to note however that trenfant peaks in the resulting radiated

16
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sound spectrum will occur on the closest sourcenbaic peaks to the resonance peaks,

therefore the resonant frequency and the formaquincy are not necessarily the same.

Figure 2.2: Source filter model of speech production

The following sections consider the acoustics @& Woice organ in more detail by
concentrating first on the sound source (the vdalas), and then on the vocal tract

resonances.

17
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2.3 The vocal folds

The flow-induced oscillation of the vocal folds loeg when a build-up of pressure
behind the closed vocal folds eventually forcesrtapart, allowing air from the lungs
to flow through. The Bernoulli force, which arisiesm the reduction in pressure due to
the air flow, acts together with the natural mysataforces of the folds to pull them

together again. As they close, the air flow is affit the Bernoulli force disappears and
a new cycle begins. Each cycle produces a singlell spuff or air, with tens or

hundreds of these small puffs of air being releasanty second and filtered by the vocal

tract.

The vocal fold vibration must be self-sustaininggige rise to a continuous sound.
When the folds are closing, the airflow through tjettis begins to decrease, but
airflow above the glottis continues to move with game speed due to inertia. This
creates a region just above the vocal folds whezealr pressure decreases as airflow is
slower moving through the glottis than it is leay@bove. Therefore the Bernoulli force
boosts the closing of the folds before the airfldiaappears at full closure. This is the
regeneration condition which allows the vibratian draw energy from the air flow

supplied by the lungs [32].

A typical glottal flow waveform is shown in Figue3.
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Tp Increasing air flow rate

Th Decreasing air flow rate

1 Length of time during each cycle in which air is flowing (i.e. folds
© are open)

T Total duration of each vibrational cycle

U, Average rate of air flow

Uac Maximum rate of flow

Figure 2.3: Two cycles of a typical glottal flow waveform (from [34] p.127)

In addition to the variables shown above, two otlrezful variables can be derived

which define how the waveform is shaped [34]:

- Qo -the open quotient, which is equal tgTl. This can be expressed simply as the
percentage of time in each cycle during which tidd are open.

- Qs -the skewing quotient, which is equal tg/T,. This is the portion of time in
each cycle during which the folds are moving outlyativided by the time in
which they are moving inward. More simply, the skeyvquotient is a number

that explains how far from symmetric (how skewdwad waveform peak is.

The shape of the glottal waveform helps to deteentime loudness of the sound

generated, and also its timbre (sound quality).jayged’ waveform (with a large
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skewing quotient or small open quotient) which esents sudden changes in airflow
will produce more high frequencies, and result ibrassy' timbre. A smoother curve,
representative of gradual changes in airflow (ogeatient and skewing quotient both

high) will tend to produce a more 'breathy' sousd] [

A vocalist can control the open quotient) By moving the vocal processes (tips of
arytenoid cartilages at one end of each vocal falo§er together or further apart during

phonation.

The fundamental repetition frequency of the wavefdiT), which determines the
pitch of the sung note, is controlled by the mass t@nsion of the vibrating areas of the
vocal folds. Some of the characteristic differenbetween the male and female voice
can be attributed to men in general having largel more massive vocal folds than
women, affecting the fundamental pitch in speedahtae range of pitch in singing. Ata
low pitch the vocalist’s folds are relatively slagkth almost the whole area vibrating.
A rise in pitch is achieved by increasing the miecaension on the folds, which

become longer and thinner.

The movement of the vocal folds is more complexttiat of a simple vibration. Not
only do the folds move sideways, laryngoscopicisidsing high-speed recordings and
stroboscopic imaging have revealed a phase lageesetwnovement of the upper and
lower part of the folds in a wave-like motion (oftealled the mucosal wave). The folds
have been shown to vibrate in many different norrmaldes in the same way as

stretched strings or membranes of musical instrasn¢B5]. However, a greater
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understanding of the mechanics and acoustics datkiex is particularly difficult due to
its inaccessibility and the non-uniformity and adulity in time of its component parts

[32].

The frequency spectrum of the glottal waveform shanvFigure 2.3 consists of a set
of harmonic components whose amplitudes rapidlyedese with increasing frequency.

Examples of spectral slope envelopes on such drapeare shown in Figure 2.4.

Figure 2.4: Examples of spectral slope envelopes on a harmonic (glottal)

frequency spectrum (after Titze [34] p.130)

The influence of the glottal waveform shape on tinebre of the sound can be
deduced from the spectral slope envelopes. Inr€igut, the middle slope depicts a fall

of 12 dB/octave over the glottal spectrum whicleessidered the rate for normal vocal
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guality. At either side of this, a spectral slagfearound 6 dB/octave, the least severe
slope, results in stronger high frequencies aneégy& more ‘brassy’ sound, whilst the
most severe slope of 18 dB/octave would result imae ‘breathy’ sound as it has

stronger low frequencies compared to higher freqasn which rapidly drop off in

strength.

2.3.1 Vocal fold modelling

The most common approach to the modelling of véadlvibration behaviour treats the
folds as mass-spring systems. The mass repregentsody of the fold, whilst the

spring portrays the tissue stiffness or restorimgd in the vocal fold. More recently,
damping constants have been introduced to repréisentiscosity (energy absorption)
of the tissue. Ishizaka and Flanagan [36] werdfiteeto successfully capture the out-
of-phase motions of the upper and lower surfaceffolds using two-mass models of
each fold, simulated by separate masses couplea fyring (shown in Figure 2.5).

Although the two-mass model can produce a glottaleform for use in a voice model,
it is still only a very basic approximation of tpaysiological system and is unable to

model higher modes of oscillation.
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Figure 2.5: Two mass model of the vocal folds presented by Ishizaka and Flanagan [36]

Multiple mass coupled systems have been showmtalaie more complex vibration
modes and are also able to mimic the disruptionheo vibratory pattern of certain
pathologies such as vocal fold nodules and edem&7538]. However, the better a
model imitates the physiological behaviour of thecal folds, the more complex the
calculations become and the number of parametersase rapidly. Currently real-time
calculations can only be achieved with simple med#ierefore at present there is a
compromise between the complexity of the model @sdapplication in a synthesis

system.

A comprehensive review of vocal fold models cariduand in Kob [5].
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2.4 Vocal tract resonances

Returning to the source-filter theory describedvimesly, Fant [33] proposed that
human vocal resonators act as an acoustical I&ssthe sound wave leaves the vocal
folds, it is filtered by the vocal tract resonancd&his resonance imprints its own
acoustical “personality” on the sound’s harmoniedpum. Based on the size, shape,
and density of the walls of the enclosures, resmeatan have one of four effects on the

harmonic spectrum of the source sound. The fiider.

- Amplify
- Attenuate
- Nullify

- Pass the sound through unaltered

In the singing of most vowels, the velum closestb# entrance to the nasal cavity,
therefore the vocal tract can be thought of asng khin tube with a cross-section that
varies considerably with its length (through theytex, pharynx and mouth). The length
of the vocal tract is typically 17.5cm in men argth in women, although considerable
variations occur. The resonances of such a tupergkstrongly on the bore profile. If
we simplify the vocal tract and consider it to beydindrical tube of constant cross-
section closed at the larynx and open at the lipkeired to as a closed tube), we can
calculate the resonances of the tube. The nesthalia vowel [] matches closely this

representation whereby the tongue is neither haggHaw, nor is it placed to the front or
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the back, and in effect makes the cross sectigheofocal tract approximately constant

from glottis to lips.

Each resonance will have a standing wave pattettmavpressure antinode (a velocity
node) at the closed end representing the laryrikagoressure node (a velocity antinode)
at the open end representing the lips. The forrfaldhe resonance frequencies of a
closed tube is [39]

F = c(2n-1)
4L

(2.1)

wheren is the resonance number (an integei} the speed of sound in air, ands the
effective length of the vocal tract. Taking thecabtract length of an adult male to be
17.5cm and approximating the speed of sound irai850ms*, the first resonance

frequency will be F, =¢/0.7=50CHz. From equation (2.1), higher resonances will
have frequencies which are odd integer multiplesFgf therefore F, =1500Hz, and

F, = 2500Hz.

This is a simplified case and in general the retegthip between the shape of the vocal
tract and the formant pattern is a complex one.[38l}ering the shape, for example by
moving the tongue, affects each resonance of tlcalwoact in a different way. This
will be explored in more detail in Chapter 5 whdhe acoustic and articulatory

description of vowels is discussed.
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2.4.2 Vocal tract modelling

The bore of the vocal tract is essentially tubullaerefore an accurate digital waveguide
model [40] can be derived by approximating the hgradile using cylindrical segments.
The classical approach for constructing an arttomjamodel of the vocal tract is the
Kelly-Lochbaum model [41] (also referred to as &mder model or waveguide model).
This involves approximating the bore of the voacalct using cylindrical tubes of
varying cross-sections from the glottis to the rhowor nose opening. Since the
transitions between adjacent cylindrical segmeapseasent discontinuities in the area
function, the number of segments must be suffigjertigh for an accurate
approximation of the real vocal tract [5]. By ugiwaveguides or digital filters, the
propagation of an acoustic wave between cylindsegiments can be calculated. Figure
2.6 shows a cylindrical tube approximation of tleeal tract for a simulated vowel [u].
In Chapter 3, the propagation of plane waves imdyical tubes and the reflection and
transmission of the waves at discontinuities isdbed. Cylindrical segments are used
for ease of computation. However, refinementshi aylindrical modelling approach
have been presented that use conical tube sectodsfractional delay filtering

techniques [42].

26



Chapter 2: The human voice

Figure 2.6: Cylindrical tube approximation of the vocal tract for a simulated

vowel [u] (after Titze [34] p.151)

The underlying basis of all these modelling techiegrequires ‘real’ geometric data
of the vocal tract so that a discretised model banmplemented. As discussed in
Chapter 1, airway and vocal tract imaging is inh#yedifficult. Traditional methods
have involved calculating cross-sectional areasmf¥orays, and more recently CT and
MRI scans. However, access to such equipmentpsresive and these methods have
limitations on their applicability to vocal tracteasurement. The focus of this thesis is
in the development of a non-invasive acoustic teghnthat is able to measure the bore
profile of the vocal tract for static targets ofieulation (vowel sounds) which can then
be used in discretised models for simulating thealotract in voice synthesis

applications.
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2.5 Differences between speech and singing

Speech and singing clearly have much in common,thadnodern understanding of
speech production is well surveyed by Fant [33] &tahagan [43]. For example, in
speech, and more especially in singing, there igranf breathing. Ordinary inspiration
and expiration necessary for the oxygenation ofltlo®d is performed automatically
and subconsciously. However, in singing, the respry apparatus is used like the
bellows of a musical instrument, and it is con&dlland directed by the will of the
singer. The art of breathing properly is fundarakefdr the proper production of the
singing voice and the speaking voice of the ordtas necessary always to maintain in
the lungs a sufficient reserve of air to finish lagse, therefore when the opportunity
arises it is desirable to take in as much air asipte through the nostrils, and without
any apparent effort. The expenditure of the aithe lungs must be controlled and
regulated by the vocalist in such a manner as éolyme efficiency in loudness with

economy of expenditure [44].

There are significant differences between speedh singing in terms of their
production and perception by humans. In singing.ekample, the intelligibility of the
phonemic message is often secondary to the intomathd musical qualities of the
voice. Vowels are often sustained much longeringisg than in speech, and precise,
independent control of pitch and loudness overgelaange is required [45]. The time
ratio of voiced/unvoiced/silent phonation is appneately 60%/25%/15% in speech,

compared to the nearly continuous 95% voice timsinging [46]. There is often an
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intentionally introduced deviation in the voiceghitin singing (singer’s vibrato), and
there can on occasions be the acoustical phenonwdribe singer’'s formant (grouping
of the third, fourth, and sometimes fifth formaimgether for increased resonance [47,

48)).

A more detailed examination of the differences leetw speech and singing can be

found in Cook [49].

The motivation to investigate the synthesis of #ieging voice stems from the
different priorities between it and that of speegimthesis. Speech involves complex
articulations to form acoustical signals that we cacognise as words. Conversely,
whilst singing can involve shaping the voice tonfowords, other types of voice
instrumental music which use open sounds such agelgoor nonsense syllables
(“vocables”) also exist. Therefore, a synthesisdelowhich negates complex

articulations is still a valid model of the singiugice.

The work in this thesis involves measuring the Vdcact bore for static targets of
articulation, such as the sung vowel sound. lensisaged that the corpus of data
collected here can be implemented into future vanod in particular, singing voice

models.
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2.6 Discussion

The basic principles of voice production and ddéferes between speech and singing
have been described in this chapter. The soultee-fheory of speech production has
been used to describe the acoustics of the voiceitamas been shown how the

functional components of the voice system can éatéd as being independent of each
other. The translation of physical principles afberved phenomena of the vocal fold

and vocal tract systems into models which simutlaé behaviour has been presented.

The focus of this work is to develop a non-invasasoustic technique to measure
vocal tract profiles in the phonation of vowel sdan By making equivalent tube
models of the vocal tract, the propagation of amuatic wave through the cylindrical
segments can be readily calculated. When usednbicration with a vocal fold model,

a physical model for voice synthesis can be redlise

In the next chapter, the nature of sound and tl@gwation of plane waves within

varying cross-section tubular objects is discussed.
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Chapter 3

Acoustic Pulse Reflectometry

3.1 Introduction

Acoustic pulse reflectometry (APR) was introducedGhapter 1 as a tool for non-
invasive measurement of the input impulse respohsetubular object, from which the
internal bore dimensions can be calculated. Befm@ceeding with experimental
measurements of test objects it is first necesgamynderstand the basic principles of
sound propagation and how the input impulse resp@ereated through acoustic wave
reflection and transmission within an object. Tokowing will examine how a sound
wave is reflected if it meets a single discontipuibmpared to multiple discontinuities
(varying cross-sectional areas, as in biologicaites such as the vocal tract) and how
this input impulse response can be used, togetitértie layer-peeling algorithm, to

reconstruct the bore profile of the object or cavit
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3.2 The nature of sound

Sound is the propagation of energy by a mechamesk through matter, which obeys
Newtonian mechanics and requires a mass contaimmgglium to support its

transmission [50]. The structure of the mediuml wétermine both the velocity and
wave characteristics of the transmitted wave. énsowave incident upon this medium
will cause a displacement of the particles of thedimm, so that they move back and
forth in relation to one another. This longitudimaotion causes periodic alternate
crowding and un-crowding of adjacent particles,atirg regions where particles are
compressed together (compressions) and other egibvere the particles are spread
apart (rarefactions). The distance between twa®ari compression or rarefaction of
the particles determines the wavelength of the m@eichl wave in a particular

supporting medium.

Sound waves are introduced into a medium by digpdguarticles from their rest state
(e.g. by the vibration of an object). The disturbathen travels from particle to particle
through the medium, transporting energy as it movelse amount of energy which is
transported past a given area of the medium pérofitime is known as the intensity of
the sound wave, therefore the greater the amplitdgbrations of the particles of the
medium, the greater the rate at which energy rssprarted through it, producing a more

intense sound wave.
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The intensity of a sound wave constantly decreases travels through a medium
such as air or tissue. This decrease in intemsitalled attenuation and is due to the

following three factors:

1. Divergence of the sound wave;

As a sound wave diverges, the energy of the soumgews being distributed over a
larger cross-sectional area. i.e. as energy isezord and the area through which this
energy is transported increases, the intensity rdastease. Therefore intensity is
proportional to energy per unit area and decreasesoportion to the divergence of

the sound wave (obeying an inverse square reldtiphs

2. Absorption of sound energy by the medium (e.g. aior tissue);

Absorption is the transfer of energy from the soude to the medium. The energy
is spent overcoming the internal frictional foradsthe particles within the medium

and ultimately degrades into heat production.

3. Deflection of sound out of the wave;

The greater the sound frequency for a given ang#itthe more rapidly the particles
within the medium move and the greater the enexggrded in overcoming friction.

Thus absorption is proportional to frequency. diditon to frequency, the amount of
absorption depends on the viscosity of the mediumugh which the sound travels.

In general, the more rigid the medium, the gretiterabsorption.
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In addition, the path of sound waves depends uperstirface it meets. Sound waves
are reflected by smooth surfaces and scatteredughrsurfaces. A surface is “smooth”
if the size of irregularities is small relative tloe wavelength and “rough” otherwise

[51].

The simplest mode of propagation of sound is in ftven of plane waves. The
fundamental (plane wave) mode propagates at ajuéecies and travels in an axial
direction with wavefronts that are uniform acrdss tavity cross-section. Higher order
modes reflect off the cavity as they travel alotsgléngth and consequently have non-
uniform pressure distributions across the caviBach mode has an associated cut-off
frequency below which it rapidly attenuates, sosdnet propagate. Above its cut-off
frequency, a mode will propagate. The cut-off frecy corresponding to the first
nonplanar mode isy, =1.84c /r for an air-filled cylindrical cavity, where is the speed
of sound andr is the radius of the tube. Expressed in Hertig i approximately
f.=100/r [52]. Therefore, if the bandwidth of the inpugrmsal is greater than the

lowest cut-off frequency of the cavity (which magry along its length), a mixture of

plane waves and higher order modes will propagate.

In the case of the vocal tract, higher order mattepropagate but, at present, the bore
reconstruction algorithm can only deal with planaves. It is acknowledged therefore
that the bore reconstructions may not be completetyrate due to the fact that energy

is lost to higher order modes which could resultam underprediction of the cavity
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cross-section. Research to include higher ordedeman the bore reconstruction

algorithm is currently ongoing [31].

To satisfy the conditions of the bore reconstructadgorithm, assumptions being

made in the present work are plane wave propagatidrrigid airway walls.

3.3 Sound wave propagation in air

Acoustic waves in air are longitudinal in naturegaming that the motion of the air
particles transmitting the wave is parallel to theection of propagation of the wave.
For one-dimensional propagation in tkelirection, the wave equation in terms of the
pressure is expressed as [53]

Tp_1Tp
™ c qt

(3.1)

wherec is the wave velocity (343 m/s) and is the time. A solution of this equation

has the form

p(x)=p(xH+ p(x9 (3.2)

where

p*(x 1) =g (3.3)
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p (X t)= Het ) (3.4)

where p*(x, t)is the forward travelling pressure wave with ampuléa , and p” (X, t) is

the backward travelling pressure wave with ampétud The angular frequency,, is
given by =2 f, wheref is the frequency of the wave in Hertz, daed /c is the wave
number. The equation of wave motion for air relgtthe particle velocity to the

acoustic pressuneis

E =- EE (3 5)
ft X '
where is air density. Solving this equation, the pa&tieelocity is
u(x t) -1 aaitki _ p gk (3.6)
rc
In terms of forward and backward components frooaéiqns (3.3) and (3.4),
u+(x,t):M (3.7)
rc
w(xp=- P (3.8)
rc

The ratio of the acoustic pressyrdo the velocityu is known as the specific acoustic

impedance £ which is

36



Chapter 3: Acoustic pulse reflectometry

(3.9)

N
1
clo

Combining the forward and backward components digla velocity in equations (3.7)

and (3.8), with equation (3.9), for plane wave @@gtion

(3.10)

N
1
clo
1
I+
i
o

with the positive value applying to waves traveglim the + direction and the negative
value applying to waves travelling in the direction. The product on the right hand
side of equation (3.10) is defined as the charmstkeimpedance of the medium (in this

case air), and is given as

Z =rc (3.11)
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3.4 Sound wave propagation in tubular structures

In the previous section we described one-dimensiplame waves propagating in open
space where there was no confinement of the wawbdrplane perpendicular to the

direction of propagation. Here we describe acougtive propagation in a tube.

The wavefronts of a sound wave are restricted bydtameter of the tube, therefore it
IS necessary to take into account the cross-sedtiarea of propagation. Here we
introduce the volume velocity = Au, whereA is the cross-sectional area of the tube.
The acoustic impedance at any cross-section irtube is defined as the ratio of the

pressure and the volume velocity
p
Z=— 3.12
U (3.12)

Combining equations (3.10) and (3.12), the acoustpedance at a cross-section of area

Ais given by

r

(@)

Z=-"=1

(3.13)

> |

P
Au
with dimensionskg s* m*. The impedance for forward travelling wavesrisc/ A and

for backward travelling waves is rc/ A where r =1.21kgm?® is the equilibrium

density of air. This concept of wave impedance lsarused to discuss reflections of

sound from interfaces among various media.
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3.4.1 Reflection from a single discontinuity

A sound pressure wave does not disappear wheadhes the end of its medium, or is
interrupted by an obstacle. It will perform one tbe three behaviours: reflection,
diffraction, or transmission. The process of wesféection can be defined as the return
of all or part of a sound wave when it encountechange in impedance. This may be
due to a change of medium or due to a change ia. afEherefore, when a planar
acoustic wave propagating in an air-filled tube a@mters a change in cross-sectional
area, the associated change in characteristic iampedcauses partial reflection and

partial transmission of the incident wave.

In order to understand how acoustic reflection seduto obtain an area distance
function, we can examine the simple case of agittaiube with a single change in
cross-sectional area. Figure 3.1 shows a jundigtween two discontinuously joined
cylindrical tubes (termed a scattering junctiomeavith cross-sectional aréa and the

other with cross-sectional aréda. The incident and reflected waves in the firbietare
represented byp, (x t)and p; (X t) respectively whilep; (X, t) is the transmitted wave

in the second tube. Both tubes are assumed teineisfinite so there will be no

reflections returning from either ends of the tube.
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Figure 3.1: Scattering junction — reflection from single boundary between two

discontinuously joined cylindrical tubes (adapted from Sharp [13]).

The incident and reflected waves in the first ajtinal tube are

P (% 1) =a,e" " (3.14)

p; (% 1) = b, e (3.15)

while the transmitted wave in the second cylindriohe can be written as

ps(x 1) =a,et (3.16)

The pressure and volume velocity are continuouthatjunction between the tubes,

therefore, ak = 0O, the following continuity equations apply

pI(xD+ R (x)=B(x9 (3.17)
pPxt) p(xy_ B(x) (3.18)
z Z Z

cl cl c2
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rc . e : i
where Z, =— is the characteristic impedance of the first ajical tube and

Z, =r¢ is the characteristic impedance of the seconchdsitial tube. Combining

equations (3.17) and (3.18),

p1'+(x, )_Z,-Z4_A- A (3.19)
pp(xt) Z,+Z, A+A

Examination of equations (3.14) and (3.15), revehdt, atx = O, the ratio of the
instantaneous pressures of the reflected and imcidaves can be simplified as the ratio

of their amplitudes

Y _ b (3.20)
p(xt) a
Therefore, combining equations (3.19) and (3.2@)dg the reflection coefficient »
(the ratio of the pressure amplitude of the reldatvave to that of the incident wave) for

the junction boundary between the first and seaytiddrical tubes

1,2

b _pOY_A-A (3.21)
a, p(0t) A+A

An increase in area will give a negative reflectmmefficient, a decrease in area will

give a positive reflection coefficient, and theseno reflection whenA = A,. The
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transmission coefficient, , (the ratio of the pressure amplitude of the trattech wave

to that of the incident wave) can be expressedrims of the reflection coefficient

t, :1+—p1;(0’t) :1+I’12 = ZAL (3.22)
' P, (O,t) CATA

Thus, the reflection and transmission coefficidm$wveen adjacent tubes depend only

on the change of cross-sectional area.

3.4.2 Multiple reflections from multiple discontinu ities

The previous section detailed the simple case pfeasure wave incident on a single
discontinuity created by a change in the crossasalt area of a cylindrical tube. In
most practical applications however, the objectanndvestigation will usually involve
varying cross-section (multiple discontinuitied)etefore an impulse incident on the
object will give rise to multiple reflections. il this case that will be considered here.

Plane wave propagation is again assumed.

From the discussions on vocal tract modelling ira@hr 2, we have seen that any
tubular object whose cross-sectional area vari¢ls it8 length (axial distance) can be
approximated (discretised) by a series of discowtiisly joined cylindrical segments.

This is the case with the vocal tract for which aoeynplicated vocal tract shape can be
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modelled using cylindrical tubes. Figure 3.2 shohesfirst few sections of a discretised

model connected to a source tube.

Figure 3.2: Pressure waves at boundaries between multiple segments of a

cylindrically segmented object (adapted from [13, 31]).

The length of the cylindrical sectionslisscT /2 [23] whereT =1/F, is the sample
period andF, is the sample rate such that the time for trarhfthe left hand side of a

cylinder to the right hand side, reflection off ttliscontinuity and return to the left hand

side will correspond to one sample in the time donl].
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At the junctions between segments, pressure waikgxperience partial reflection
and partial transmission. If we designate surfhes the plane at the end of the source

tube and adopt the same notation as before, theafdrand backward going waves at
this point are labelledp” and p, respectively. Surface 2 is then the plane orother

side of the discontinuity (change in cross-secii@nea). Surface 3 is a distarlcaway
on the right of the first cylindrical segment wihrface 4 the plane immediately on the

other side of the next discontinuity, and so on.

The input impulse responsi | is defined as the sequence of reflections whathrn

from the object under test when an ideal deltationdmpulse(d) is fed into the input.

By taking t =0 as the time of arrival of the input pulse at thput plane, the forward

going wave on surface 1 is then an impulse

. 3 1 : n=0,
p[nT]=d nT = 0 - ns1 (3.23)

nis an integer running from O t¢-1 whereN is the total number of samples taken. The

signal which returns from the object is the inpapulse response
p, [NT] = iif nT] (3.24)

Therefore, ignoring the effect of losses experidniog the signal whilst propagating
through the cylindrical segments, the input impulssponseiir[nT] of the object is

composed of a series of returning impulses, spadedeT apart.
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3.5 Bore reconstruction

The essence of the APR technique relies on soltleg ‘Inverse Problem’, which
involves calculating an object’s dimensions (re¢autding the bore profile) from the
measured input impulse response. Solving the sgvproblem for bore reconstruction
was first performed using the algorithm developgdMare and Aki [12] and has been
reviewed in detail in [7, 13]. The Ware-Aki algthwin however, does not compensate
for the effect of losses when reconstructing borefiles, therefore the lossy
reconstruction (layer-peeling) algorithm develojpgdAmir et al. [27], as used by Sharp,

Kemp and Li [13, 29, 31, 54], has been adoptetiimpresent study.

3.5.1 Layer-peeling

Returning to the case shown in Figure 3.2 wheresthece tube of a reflectometer is

attached to an object. If the incident wave irgdcinto the duct is an acoustic impulse
(p/[nT]=d nT), then the reflected wave is the input impulse poese
(p [nT]=1iifnT] ). Attimet=0 (defined as being the instant that the incidenteva

arrives at the entrance to the object — the boynd@tween the first and second

segments), there cannot be any backward travelages in the second segment
incident on surface 2. That if,[nT], p;[nT] and p,[nT] are all zero. This is a

consequence of the property of causality whichestéttat no backward travelling wave
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can be present in a segment before a forward tnagetave has reached that segment
[13]. Consequently, the backward travelling wamethe first segment is simply the
reflection of the forward travelling wave in thaggsnent. From equation (3.21) the

reflection coefficient at the boundary between segts11 and 2 is

_ p[0T] _..
2= 0’ [0T] =iir [Or ] (3.25)

where p/[0T] and p;[0T] are the incident and reflected waves &@nfOT ] is the input

impulse response, all &= 0.

By rearranging equation (3.21), the cross-sectianesd A, can be expressed in terms of

the areaA and the reflection coefficient,

A=A 22 (3.26)

Therefore, knowing the cross-sectional ardaof the first cylindrical segment (the
source tube), the cross-sectional afgaof the second segment can be found from the
reflection coefficientr, , using equation (3.26). From here we can proceethlculate

the resulting forward and backward travelling wawsthis point. The forward
travelling wave emerging from surface 2 is equathi® sum of the transmission of the
forward travelling wave incident on surface 1 am@ treflection of the backward

travelling wave incident on segment 2. Similarllge backward travelling wave on
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segment 1 is equal to the sum of the transmissidheobackward travelling wave on
segment 2 and the reflection of the forward tranglivave on segment 1. This can be

expressed in matrix notation as follows

p%[nT] — tl,Z r2,l q[ n-!l. (327)
P, [NT] Lo b plnT
r,, represents the reflection coefficient from theedigtinuity between segments 2 and 1

when waves are incident from segment 2 only. This be found by interchanging the

subscripts in equation (3.21) giving

>
2>

(3.28)

t , represents the transmission coefficient from tiseahtinuity between segments 1
and 2 when waves are incident from segment 1 oilgom equation (3.22) this was
shown ast, ,=1+r,,. By interchanging the subscripts of this equatity is the

transmission coefficient from the discontinuity Ween segments 2 and 1 when waves

are incident from segment 2 only

t,, = 25 =1+r,,=1-r,, (3.29)
2,1 21 1,2
A+A

The forward and backward travelling pressure waakeshe left side of the second

segment (to the right of the discontinuity),[nT] and p,[nT], can be obtained from
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the forward and backward travelling waves on tightrside of the first segment (to the
left of the discontinuity) by rearranging the sitameous equations in equation (3.27), to

give

p,[NT] _ 1 1 -n, glnT
pﬁ[nT] 1- o, - 2 1 H[ nT

(3.30)

This equation is performed for all valuesndfom 0 toN-1.

Following on, the pressure waves at the right siflthe second segment must be

determined. The forward travelling wave at thehtigide of the second segment

(p3[nT]) is found simply by adding a delay @f/ 2 to the forward travelling wave on

the left of the segment;[nT] ), to account for the time taken to travel a distaafl.

+

1 "
P N+ T = RLnT (3.31)

Similarly, the backward travelling wave at the tighide of the second segment

(p;[nT]) is found by subtracting a delay &/ 2 from the backward travelling wave on

the left of the segment,[nT] ).

P n-% T=p[nT (3.32)

At the boundary between the segments 2 and 3, wheh/2, there is no backward

travelling wave in segment 3. Therefore, the atitan coefficientr, , (the discontinuity
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between segments 2 and 3) is given by the rattbeobackward and forward travelling

waves at the right side of segment 2.

_ p[T/2]

T pTI2] (3:33)

Using the general form of equation (3.26), (expresshe {+1)th segment in terms of

thejth segment), the cross-sectional area of the seginentA, can be obtained from
the previously calculated cross-sectional area hef second segmen#, and the
reflection coefficient r,,. This layer-peeling process is carried out revetyf,

calculating the cross-sectional area of each segfoethe entire length of the object so

that a bore profile can be produced.

3.5.2 Losses

The previous section represented the effect of dauaves propagating between each
cylindrical segment as simply a delay®f2. No account was taken of viscous thermal
losses which can be significant within the borelaig objects, causing frequency
dependent attenuation of the propagating wave tir@ach segment. Experiments by
Watson and Bowsher [24-26] on brass instrumentisarf980s using the APR technique
and the Ware-Aki bore reconstruction algorithm (@bhidoes not take into account

losses) showed a tendency to increasingly undetiqiréhe radius with the distance

2 Numerical implementation issues of the algoritmmtaeated in detail in [31]
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along the bore. Attempts to prevent this undedipt®n using manual adjustments of
the input impulse response did not provide a rigesrmethod of compensating for the
losses experienced by the object reflections. A whincluding losses in the layer-
peeling algorithm has been presented by Amir €2dl. and is adopted here. Although
the lossy layer-peeling algorithm is more effectivieen applied to objects of long bore,
such as brass instruments which may be severaésigtilength, its application here to
the case of the much shorter vocal tract is sélidficial. Also, due to the computing
power afforded by modern PC’s, the additional lo&éhcluding losses during the bore
reconstruction calculation is not significant aras Hittle detriment to the overall speed

of the calculation.

A derivation of the frequency domain formula fosses associated with propagation

of plane acoustic waves down a tube of lengtfan be found in [55] and is given as

H(w)=e® (3.34)

where G is a complex wavenumber. Amir et al. [27, 28] gfivthe numerical
implementation of the equivalent digital frequerdiymain lossy filter, and by inverse

Fourier Transforming this, the digital filtéx,[nT] is found. To represent the losses in
each segment, the digital filtér[nT] (which is dependent upon the length and radius of

the segment) is applied in addition to th€2 delay to each segment in the layer-
peeling algorithm. For forward travelling wave pagation (from the left side to the

right side of the segment), the wave is simply pddtrough the filter. Meanwhile for
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backward travelling waves (from the right sidehe teft side of the segment), the wave
is passed through the inverse filter. The passagfee forward and backward travelling

waves through the filters are represented by thewog equations

p/[nT]= g nTA § nIr (3.35)

p,[nT]= p[ nTA ! honr (3.36)

The operatorsA and A™* represent convolution and deconvolution, dnghT] is the

digital lossy filter in thgth segment. To include the effect of losses, teegmtions are

inserted before equations (3.31) and (3.32) in¢lsenstruction procedure.

3.6 MLS Signals

The standard method for measuring experimentaltyithpulse response of a system
involves injecting a pulse of short duration (uspahicroseconds) into the source tube
and measuring the reflections from the object. s€heeflections are recorded by a
microphone embedded in the wall of the source aurgeare sampled by the computer’s
data acquisition board at a set sampling rate. fAroeedure is repeated 1000 times,
storing the samples from each successive refled@muence to the computer’s hard

drive. A delay is included between each repetitionensure all the signal from the
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previous pulse no longer exists. The sampledatdlies are then averaged to improve

the signal-to-noise ratio by a factor ¢1000 [13].

A development to the standard APR technique predelny Kemp [31] is to use an
input signal that continues over a longer timervdaethan that of a single pulse. This
enables more energy to be injected into the sysit@aproving the signal to noise ratio
and removing the need to average over a large nuafbeeasurements. The solution
proposes the use of a pseudo-random binary sighladc'maximum length sequences’
(MLS). An MLS signal consists of an apparentlydam sequence of 0's and 1’s that
has a flat frequency spectrum for all frequencipgaithe Nyquist frequency with the
exception of the DC value. Unlike other randomseagxcitation signals such as white
noise (with which MLS shares similar spectral pmips), an MLS signal can be
generated deterministically from ari" order primitive polynomial [56] (of maximum

length 2"-1), and is therefore repeatable.

The MLS is proved to correspond more closely thamgle experimental pulse to the
ideal Dirac (@) impulse excitation [57], but in order to extratte input impulse
response of the system, a cross-correlation proedmkiween the MLS input signal and

the system output signal is required.

With these properties, coupled with the fact timatytare a computationally efficient
to implement, MLS signals have been employed fratjyein a variety of fields,
including building acoustics (measuring the inpuotpulse response of rooms for

reverberation measurement [58-60]) and duct le&dctien [61].
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An in-depth review of generating MLS signals andittapplication in APR is given

in [31]. A summary is presented here.

3.6.1 Generating MLS Signals

MLS signals are generated using feedback binarfy sdgisters [59, 62], each register
consisting of a group ah binary elements in a line. At each time unit tiienbers held

in the memory elements are shifted one step toighe and the vacated element on the
left is generated by a recursion relation which etgls on the number of memory
elements,m [31]. Cycling through this process, the shift stgis reproduce every

possible value for a binary number with digits, with the exception of the zero DC
term. The number of possible values for a binamnber withm digits is 2" therefore

the maximum length for an MLS signal will b&-2.

With the exception of the zero term, the initiatstof the registers is unimportant to
the properties of the MLS signal since the sequésngeriodic and will cover all non-
zero states. For generating an MLS, a list of jinm® polynomials up tan = 168 is

given by Stahnke [56] and are shown in recursidatioe form up tan =20 in [31].

As an example, taking a polynomial mf= 19, the length of the sequence &2 =
524,287 binary samples, which corresponds to o¥ed 4econds of sound when played

as an acoustic signal at 44.1 kHz. Compared wighstandard APR method, the input
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energy of the MLS signal is more thar? tines greater than for a single pulse, therefore

the need for signal averaging can be eliminated.

3.6.2 Autocorrelation property of MLS

Correlation determines the degree of similaritywsetn two signals. If the signals are

identical, then the correlation coefficient is flthey are totally different, the correlation

coefficient is 0, and if they are identical exctpdt the phase is shifted by exacii§0
(i.e. mirrored), then the correlation coefficieat-L. When two independent signals are
compared, the procedure is known as cross-cowalaind when the same signal is

compared to phase shifted copies of itself, thegutare is known as autocorrelation.

Autocorrelation is a mathematical tool used fredlyein signal processing for
analysing functions or series of values, such me tlomain signals. It is useful for
finding repeating patterns in a signal, such asha present case of determining the

presence of a periodic signal which has been bumeldr noise.
The autocorrelation functiorr, , is defined as [62]

n-

- 1 1 *
ri)y== S; S+j (3.37)
N

i

where n=2"- 1 is the length of the sequence. If the subsaripj exceeds, the

subscript is taken modulo(i.e. n is subtracted so tha,; is a circularly shifted version
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of s). The symbol denotes complex conjugation which can be droppettié current
application since all entries in the sequence a&d therefore the autocorrelation for

MLS becomes
ri)y=—""= (3.38)
n

whereA is the number of times the elemegsand 5,; agree an®d is the number of
times they disagree. The first term mnis given byi =0 so s, and s,; agree for all

values ofj giving r(0)=1. Whenl£i£n- 1, the calculation is of the agreement
between the signal and a circularly shifted versiés the signals appear random, it can
be perceived that the agreement and disagreemeuldsbe almost equal. The proof in
[62] shows thatA- D=-1 for 1£i£n-1. The autocorrelation of the MLS is
therefore

i=0

1 :
r@i)= 3.39
) -1/n : EIEn 1 ( )

which is distinguished from a perfect digital impellby the presence of the small non-
zero value whenit 0. While the frequency spectrum of an ideal digitapulse is
equal for all frequencies, the frequency spectrdnr ois the same for all frequencies

except for the zero frequency component.
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3.6.3 Extraction of system impulse response fromML S

measurement

The frequency content of the signal recorded atiloeophone will contain information
on the frequency response of the system undef3&pt In order to extract the impulse
response of the system, we must use the autodiorelproperty of the MLS signal,
since the measured signal is the convolution of Mie&S and the system impulse

response.

Consider an MLS signa(t), which is inherently periodic with a period of-1,
applied to an acoustic system with an input impulesponseh(t), which is not
periodic. The result is that the output pressigead y(t) measured at the microphone

is the periodic response of the system to contiauexcitation by the periodic MLS.

The time and frequency input/output relationshies[&3]

y(t) =s() A (D (3.40)

Y(w) = Sw) Hw) (3.41)

where A denotes convolution. It is important at this stdg realise that the system
impulse response of a reflectometer is not simply input impulse response of the
object on the output end of the reflectometerndludes the impulse response of the

loudspeaker, the losses in the source tube, the pydse passing the microphone on its
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way to the loudspeaker, the source reflection andrs [31]. In practice, the system

impulse responsé(t) , that we have calculated is sliced to isolate theatleflections.
Performing correlation with respectd@mn both sides of equation (3.40) gives [64]
fo=f Ah= Ah (3.42)

where £, is the notation for the correlation afandb. Note that convolution in the

time domain corresponds to multiplication in theginuency domain, so the fact that the

frequency spectrum of is flat, except for the zero frequency componergans thah
is left unchanged by convolution with except for a small DC offset of the order of

1/n. The impulse response of the system can therebereextracted from the

measurement of the system response by correlaiibrtive MLS input [31].

It can also be shown that cross-correlation oftibe signals in the frequency domain

is given by [31]
fit(7,) = %(fft(S))* " (fft(y)) (3.43)

Some precautions must be taken when using the MétBaod:

- The MLS signal length must be longer than the irspulesponse of the system
under test or have the same length. If these donditare not satisfied, some parts

of the computed impulse response will overlap (tathasing).
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- The MLS only has perfect autocorrelation propertidgen it is periodic, so in a

measurement system it is necessary to play twoesegs, one to excite the object
being measured and the second from which to ma&ec#hculation. This is

referred to as the periodicity condition.

- The system under test must be time-invariant, astleluring the measurement
interval. This is important in the case of the lmwvocal tract which may

experience articulator drift or involuntary musatgovement during the static
imitation of vowels, therefore the measurement flemgust be kept suitably short
for the subject to remain still and refrain fromeathing. This issue will be

discussed in detail in the following chapters.
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3.7 Conclusions

In this chapter, the nature of sound has been ithescrand the reflection and
transmission of plane waves within varying crosstiea tubular objects was discussed.
The basic theory for solving the inverse problendefermining the dimensions of an
object from its input impulse response has beersgmted. Using this reflection
sequence, it has been shown how the layer-pedigagitam can be used to reconstruct
the bore of the object. A development to the saathdAPR technique proposed by

Kemp [31] using MLS excitation signals has alsorbsemmarised.

In the next chapter, an experimental reflectometer developed, using the
enhancements to the standard APR technique, tagethk modifications for its

application to measuring the human vocal tract.
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APR measurement using MLS

excitation signals

4.1 Introduction

The fundamental theory of acoustic pulse reflectoyntor measuring the internal bore
of tubular objects was introduced in Chapter 3.thiis chapter, the APR experimental
apparatus developed by Sharp et al. [13] usingth® excitation signal employed by
Kemp [31] is described, together with modificatidos its application to measuring the

human vocal tract.
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4.2 Apparatus

The principle of operation can be summarised dsvisl An audible sound signal is
generated in a source tube and transmitted intakipect under investigation, in this
case the vocal tract. The signal undergoes pagfldction and partial transmission at
changes in impedance, caused by changes in crossrse area along the length of the
cavity, creating a reflection sequence. The rétgrsequence travels back up the source
tube without further reflection and is recordedabsicrophone embedded in the wall of
the source tube. Applying this reflection sequefvdaich at the input end to the cavity
is termed the input impulse response) to suitalgerithms, the bore of the object can

be reconstructed.

Implemented in the experimental reflectometer,dperation sequence is as follows:
An MLS signal is generated by a 200MHz Pentium R & soundcard and is output to
a Pioneer A-110 stereo amplifier which is connedted JBL loudspeaker (2426J with
16Wimpedance). The emitted signal from the loudspe#iavels along a coupled 4.6m
source tube into the object being measured. A Keswnicrophone connected to the
PC is embedded part of the way along the source amll records the reflections from
the test object. The signal from the microphoneasipled through the PC soundcard
input using Matlab data acquisition software forndows with a sample rate~() of
44.1 kHz. A schematic diagram of the reflectometsed in this study is shown in

Figure 4.1. A photograph of the apparatus is shiowiigure 4.2.
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Figure 4.1: Schematic diagram of the APR apparatus

Figure 4.2: Photo of the APR source tube and loudspeaker
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4.2.1 Loudspeaker/Source Tube Coupling

A tapered aluminium coupler was fabricated to ceupk loudspeaker with the source

tube (Figure 4.3).

Figure 4.3: Schematic diagram of the coupler connecting the loudspeaker and source tube

The tapered end of the coupler fits flush with th&rnal bore of the source tube
which negates a large discontinuity at the join amduces any ‘ringing’ of the input

signal. Long bolts ensure the coupler and loudsgreare held together tightly.
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4.2.2 Source Tube

The diameter of the source tube (although notcalitiwas chosen to achieve an
approximate impedance match with a relaxed mou#nioig. Commercial grade plastic
tubing (BS6572 Medium Density Polyethylene - MDR#})h an internal diameter of
19.5mm and 3mm wall thickness was used throughwmst work. A discussion on

different source tube materials can be found in [7]

It is necessary to choose a suitable value foisthece tube sectioia to ensure that
the input pulse has completely passed the micraplhafore the first reflections return
from the object to the microphone. After the objextections pass the microphone they
are further reflected by the loudspeaker. The@®otube sectioh is needed to separate
the object reflections from these source reflectiont ensures that once the object

reflections reach the microphone, they can be daszbfor up to(2l,)/c seconds (the

time taken to travel the distance from the micropmhdo the loudspeaker and back)

before the source reflections return and interfgtk the signal.

In practice, several experiments were conductezstablish suitable lengths frand
l,. During these experiments, it became apparemt whth the initial placement of the
microphone embedded in the pipe wall, the inpus@ulid not fully pass the microphone
before the object reflections returnedlagthe distance between the microphone to the
end of the source tube) was too short. The ‘pwisih’ (i.e. the width of the pulse that
results once the correlation between the microplstgreal and the MLS input signal has

been carried out) was re-calculated and found téobger than at first thought. The
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consequence of this meant that the original sotute was not long enough to
accommodate the required lengthslfoandl,. A new longer source tube with the same
properties was required. By measuring the ‘puls#thi of the correlated microphone
signal and MLS input sequence, placement of theeeladxd microphone a distanige=
2.60m=0.01m away from the loudspeaker and a distdee2.0m=0.01m away from
the end of the source tube/object coupling, wasidaio achieve good separation of the

input signal and reflections. This resulted iroarse tube length of 4.6m.

Due to the nature of the source tube material aalll thvickness, it became apparent
that although the pipe was flexible enough to b#edointo a large circle without
internal bore deformation, it could not be easilgmpulated. The elastic properties of
the pipe also meant that it needed to be fixed samporting stand so that test objects
and human volunteers could readily access the etittesource tube. Since the choice
of source tube material proved challenging to waitk, an acoustic measurement of the

tube length was made to verify the manually meaklamegth.

The open end of the source tube was blocked ofi bgp and a MLS signah = 18
was directed into the tube whilst the PC recordeel signal from the microphone
(shown in Figure 4.4(a)). Following the procedafeorrelating the microphone signal
with the MLS input signal (discussed in section.3)6the time difference between the
‘pulse peaks’ (i.e. the input signal recorded agpasses the microphone and its
reflections off the cap and loudspeaker), couldntEasured (shown in Figure 4.4b).

From this, the distance travelled (i.e. source tebgth) can be calculated.
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Figure 4.4(a): Microphone signal for excitation with a MLS m = 18 (single repetition)

Figure 4.4(b): Acoustic measurement of a closed source tube using a MLS m = 18
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The time interval D1 is the time taken for the puis pass the microphone, reflect off
the cap and return to the microphone. The disttnacelled is equal tol2in a time of
0.012 seconds, therefolgis measured as 2.056m with a reading es@05m. The
time interval D2 is the time interval D1 plus thené¢ taken for the pulse to travel back
down the source tube, reflect off the loudspeaket @eturn to the microphone. The
distance travelled is twice the length of the seurtte (i.e. 2( + I,)) in a time of 0.027
seconds. Therefore the length of the source tabeeasured as 4.63m whdie=
2.575m. Both measurements are within 3% of theualiyp measured lengths. This
provides sufficient accuracy to window the end isecbf the source tube and determine

the sample point from which to begin the reconsioncalgorithm.

4.2.3 Source Tube Cap

A cap was fabricated from black nylon, shown inufeg4.5, in order to block the open
end of the source tube during the calibration phaseleconvolve the source tube
measurement from the object reflection measureme&hé cap was designed to provide
a tight fit to the source tube to prevent acoust@kage. From previous work by
Marshall and Sharp et al. [7, 13], we can conclind the black nylon cap provides a
good approximation to a perfect reflecting surféme measuring the reflection of the

input pulse shape.
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Figure 4.5: Source tube cap

4.2.4 Mouthpiece

A mouthpiece to connect the source tube to thedkgct was fabricated from black
nylon and is shown in Figure 4.6. The mouthpiees @esigned to be an extension of
the source tube (matching cross sectional area)t@rallow a comfortable coupling
between human subjects and source tube. In theestseof hygiene, the outer diameter
of the mouthpiece was matched with commerciallyilalbe sterile sleeves (normally
used in pulmonary function tests). Each participsed a new sleeve when performing
measurements which meant only a quick wipe of tbeathpiece with disposable sterile
wipes was required between each sitting. Thisguide be a clean and efficient method

of readying the reflectometer for multiple test jgaks.
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Figure 4.6: Schematic diagram and photo of mouthpiece for coupling with APR source tube
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4.2.5 Nose Clips

During the initial stages of human trials with theoustic pulse reflectometer for
volumetric measurement of the vocal tract, subjeetse asked to wear nose clips

(shown in Figure 4.7) when a measurement phaseriggsred.

Figure 4.7: Nose clips

Even though the vowels being investigated in thisly are non-nasalised, the idea to
use nose clips stemmed from an initial observatiaat a raised or lowered velum (a
muscular flap that closes off the nasopharynx duswallowing or speaking) would be
sampled as a branching pipe into the nasal tradttherefore be shown as acoustic

leakage in the cross sectional area reconstruofitime vocal tract.

By placing nose clips on the nostrils it was thduglat the subject would not open the
velum to facilitate nasal breathing whilst their utto was attached to the mouthpiece.
This was to encourage the participant to hold theeath for the duration of the
measurement (a vital requirement for the experijneit effect, the use of nose clips

proved to be a counter productive addition. By @y asking the participants to hold

70



Chapter 4: APR Measurement using MLS excitationalig

their breath, this move also blocked both orifi¢es breathing. The result was that
some participants were more inclined to create allspositive pressure against the
mouthpiece and hence the source tube, which wd®giap by the pressure sensor
(microphone) embedded in the wall of the pipe. sTHeisistance against the mouthpiece
and source tube seemed to be an instinctive reattidlow away the pipe to enable
breathing (rather than a negative pressure whiclhildvdhave suctioned onto the

participants lips). Similar results were foundi8].

From these observations, it was decided to forgo ube of nose clips in future

experiments.

4.3 Sample Rate & Axial Resolution

The method employs the use of a PC which digitaiynples the analogue acoustic
signal. Information is received on the reflectidrmn the object once every sample (i.e.
once everyT =1/F, seconds whereF, is the sample rate). The result is that
information is obtained on the change in internalfife at discrete points along the
object’s bore. The reconstructed bore will therefbe approximated by a series of
cylinders whose length is such that the primaryeotions from successive cylinders

occur at the sample rate [31]. The length of eadimdrical segment i$ =cT /2 (the

speed of sound in air is taken to lwe=331.6/ 1+ /273 m/s, wheret is the air
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temperature in °C). All measurements were made=a20°C with a sampling ratg, =

44.1 kHz, hence, the length of the cylindrical segta making up the reconstruction is:

3316/w 20 - 1
oT 273 44100
=% = . =0.0039m= 3.9mn 4.1)

4.4 Virtual DC Tube

The bore reconstruction is very sensitive to the Bfset which is present in the
calibration pulse and object reflections, preserdsda small constant positive value.
The DC offset is therefore also present after declution in the input impulse
response. During the bore reconstruction, thisnierpreted as a small reflection
coefficient that causes the reconstruction to edparncontract too rapidly. For accurate
reconstruction, the offset must be separated frbmn dignal before applying the
reconstruction algorithm. A solution proposed lnaf et al. [29] placed a 40.3cm long
cylindrical connector of the same radius as théecedmeter source tube between the
source tube and the object. The connector, reféaas the DC tube, meant that object
reflections would arrive at the microphone 2msrlétecause of the additional time for
the sound wave to travel in the tube. There waldd be no reflected signal from the
DC tube as there were no expansions or contractdmsy its length, therefore the

average value of the input impulse response withenfirst 2ms could be subtracted
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from the whole input impulse response, removing D offset. In practice, the join
between the source tube and DC tube was not plgrigoboth, giving rise to a small
reflection at the start of the input impulse reg®mn The solution was to replace the
response between Oms and 1ms with zeros and dal¢hka average value of the input
impulse response between 1ms and 2ms and sulitredtdm the whole input impulse

response.

In a development to this method, Kemp et al. [3%] fecognised that is was
inconvenient to have to physically couple the seuigbe and object under test and
noted that only half the available 2ms in the injpypulse response was used in the DC

offset calculation.

The new method proposed the application of a ‘@rfdC tube’ which simulates the
effect of the DC tube without the need for an imtediate physical coupling. This is
accomplished by initiating recording of reflectidingm an object 2ms earlier and using
a digital filter to add the losses that would haczurred if the sound had travelled
across a DC tube. By removing the physical joitwieen DC tube and source tube, the
virtual DC tube can be perfectly joined thus eliating the small reflection and the need
for a method with which to correct it. It is th@tual DC tube method that has been

adopted throughout this study.
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4.5 Operation of the Reflectometer

In section 3.4.2, the input impulse responge) (was defined as the sequence of

reflections returning from an object under test wia@ ideal delta functiorid) is fed

into the input. In theory, the mathematical camstion representing a perfect impulse
has infinite amplitude, an infinite extent in frency, and zero width (infinitely short in
time duration) [63]. In practice, the acousticqauthat is produced is not an ideal delta
function (impulse) because of its finite duratiomdowever, using signal processing
techniques, an approximation to the input impulssponse can be obtained by
deconvolving the reflections which return to thputplane of the object with the input
pulse. Therefore, for the experimental measurenoénthe input impulse response
which is required for the bore reconstruction alyon, two separate measurements are
made: i) a calibration pulse measurement and mjeasurement of reflections from the

object.

4 5.1 Calibration Pulse Measurement

The input pulse is found by terminating the soundge using a cap with a flat rigid
surface (see 4.2.3) and recording the reflectedepak the microphone [66]. This
ensures that both the object reflections and tpetipulse travel the same lendtof

source tube and hence experience the same solbedogses. It also ensures that the
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deconvolution yields just the input impulse resgookthe object, without including the

sectionl, of source tube.

Figure 4.8 shows a measurement of the calibratigsepesulting from the correlation
between the microphone signal anctha 18 MLS input signal, the procedure for which

is discussed in section 3.6.3.

Figure 4.8: Calibration Pulse
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4.5.2 Object Reflections Measurement

Figure 4.9 shows the reflections from correlatihg tMLS input signal and signal
measured at the microphone from a test object stingi of stepped cylinders
(fabricated from black nylon). A schematic diagrafithe stepped tube attached to the
end of the source tube is shown in Figure 4.10thBagures are labelled and correlate

each reflection to its associated change in crestemal area.

The first section of the stepped tube acts as gleouo the source tube and
contributes a 50mm long section with a radius 6h#n (an approximate match to the
radius of the source tube) to the bore of the abj@te second section of the stepped
tube object is 40mm long with an internal radius8wim; the third section is 60mm long
with an internal radius of 3mm; the fourth sectis’bOmm long with an internal radius
of 8mm; the end section is 30mm long with an inaémadius of 5.5mm and is open,
allowing sound to radiate. The stepped cylindeesewmeasured with callipers with a

reading error of £0.5mm.

The labels referred to in Figures 4.9 and 4.1Capained as follows:

A. Since the recording is triggered to start immedyabefore the reflections from
the test object arrive at the microphone, the fest milliseconds consist only of

background noise.
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Figure 4.9: Reflections measured from a stepped tube

Figure 4.10: Schematic diagram of a stepped tube connected to source tube
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B. As there is a slight difference (~0.5mm) betweea thdii of the cylindrical
source tube and the first ‘coupler’ section of stepped tube test object, there is
a small reflection of sound at this join.

C. There is then a positive spike corresponding toréfiection of the input pulse
from the contraction at the first step.

D. The second positive spike corresponds to soundsrtrdied into the second
section of the test object, where there is a furtt@traction of the test tube
radius.

E. The first negative spike is when sound is beingdgnaitted into the third section
of the test object. The sign change is due toréflection from the expansion
because transmission is always positive.

F. The third positive spike corresponds to sound tratted into the fourth section
of the test object, where there is a contractiotheftest tube radius.

G. The second negative spike is when the componenthefinput pulse is
transmitted to the open end of the stepped tulteotgect where it receives a

negative reflection and is transmitted back tortherophone.

These are the primary reflections, where the ippulge experiences only one cycle of
reflections before reaching the microphone. Themaieing parts of the recorded
pressure signal are multiple reflections where fhise experiences at least one
reflection back down towards the open end of thepmd tube test object before

returning to the microphone.
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4.5.3 Deconvolution

The deconvolution is carried out by performing al ki both the object reflections and
the input pulse (calibration measurement). A comjliision is then carried out in the

frequency domain:

IR(W) :% (4.2)

where w is the discretised angle frequendyR(1) is the Fourier Transform of the
input impulse response (which is then inverse F&T'do give the input impulse
response in the time domain[nT]), R(w) is the Fourier Transform of the object
reflections, and (w) is the Fourier Transform of the input pulse gilsrthe calibration

measurement. In practice however, a constrainednd®lution is used

RMI' (1) “3)

RO = W+

where | (W) denotes the complex conjugate bfiw). A ‘constraining factor’,g, is
introduced to the denominator to prevent divisigrebro which would otherwise occur
since the calibration pulse measurement consiskg @hbackground noise at high
frequencies. In practice, it low-pass filters thput impulse response, removing high
frequency noise [7]. It is set by trial and ertorbe small, relative to the in-bandwidth
spectral components, but large relative to theendizor, since thenliR(1) tends to

zero [57].
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4.6 Choice of MLS Signal

Maximum Length Sequences (MLS) were introducedhaier 3. Here we discuss the

application of MLS excitation in acoustic pulseleefometry.

Previous methods used for measuring the impulsgornse of a system involved
injecting a pulse into the source tube and meaguhe reflections. By using a signal
that continues over a longer time interval (suciMa$) we may put more energy into
the system, improving the signal to noise ratio emoving the need to average over
hundreds of measurements [31]. One of the chaerg using MLS excitation is
choosing an appropriate value of signat’ (value) and therefore time length. Too small
a value can lead to deterioration in the signaidse ratio and too high a value would

increase measurement time and put a strain onaé@itomputer processing resources.

A limiting factor on this choice as far as measugats involving the vocal tract are
concerned is the length of time that a human sulgeable to hold a phonatory position
(vocal tract and articulators) for imitating a vdve®und whilst also refraining from
breathing. The time averaged MLS technique is mdlymapplied to linear time
invariant (LTI) systems, but in the case of thealdcact, relatively small shifts in vocal
articulators can sometimes produce major differenge resonation characteristics

between vowels which will cause errors in the mesasent.

Before proceeding with any measurements, a growplohteers were asked to hold a

phonatory position for different vowels and refrdniom breathing. Using a video
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camera, each participant was recorded using a ttashet of his or her opened mouth
and neck region. By analysing the recordings fsible motion of the vocal tract and
articulators, a better understanding of the timeation an individual is able to remain
stationary was gained. The results showed an ggaereximum duration of less than 15
seconds for a human to remain comfortably immobiteler the conditions of the
experiment. As described in Chapter 3, the MLSaignust be played end to end
twice, ignoring the response during the first rorotigh in order to make sure that the

response being measured conforms to the periodioitglition. This translates into an
MLS signal no greater tham = 18 (where(2" - 1)/F, 5.94 seconds for one cycle of

the signal).

Experiments were performed using MLS signals inrdregel4£ m£ 18 to ascertain
the best values to be used on test objects andrsmigects. Two experiments were
devised to test the effectiveness of the MLS sgrthle measurement and reconstruction
of an open and closed source tube. Figure 4.1Wskte response of the system (closed
source tube ‘calibration measurement’ — see sedibri) to a range of MLS signals
14£ m£18. From this we can see that higher order MLS dggnesult in a greater

amount of energy being input into the system ag toatinue over a longer time period.
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Figure 4.11: Response of system to a range of MLS signals
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Figure 4.12: Reconstruction of a blocked source tube using a range of MLS signals

Figure 4.13: Reconstruction of an open source tube using a range of MLS signals
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Examination of Figures 4.12 and 4.13 shows that beconstructions using MLS
signals m<16 perform poorly at extreme changes in cross segtianea (open and
closed source tube end). A closed pipe (Figur@)4viould in theory be an abrupt
change in cross sectional area down to zero raddusopen pipe (Figure 4.13) can no
longer be treated as a tubular structure and wioutdeory, show a bore reconstruction
increasing to infinite cross sectional area. Tafectometer is designed to measure
cross sectional areas along the axial plane tleatatrwildly different to the source tube.
Therefore, both of these cases are outwith themsealf the practical reflectometer.
However, the experiments show that the lower okle$ signals may not input enough
energy into the system for accurate reconstruatfoine varying cross sectional profile

of the vocal tract.

Due to the important biomechanical functions usedieathing, swallowing and
speaking, it is important that experiments on theaV tract are non-invasive and can be
carried out speedily. Whilst it is clear that loveeder MLS signals do provide shorter
measurement times, the results show this advarttage lost in lower signal to noise

ratios, leading to poor bore reconstructions.

From these results, suitable values for MLS sigtiaisughout this work will have a

lower bound ofm=16.
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4.7 Measurement of Test Objects

To validate the performance of the reflectometezasurements were made of two test
object using an MLS signal di6£ m£ 18. The test objects were constructed from

black nylon and both have a cylindrical symmetry diéfer in cross sectional area:

Mouthpiece model - a smooth bore (no internal ate@nges) matching the
internal diameter of the source tube, (shown inufégl.6)
Stepped Tube model - a tube with discontinuous aremges (shown in

Figure 4.10)

4.7.1 Mouthpiece Reconstruction

The mouthpiece was first introduced in section4&nd is used to couple the source
tube with a human subject. It also acts as a Usafibbration tool for measuring objects
of unknown bore. With its known dimensions, theutipiece acts as an intermediate
stage for the reconstruction (which begins at the @& the source tube after the virtual
DC tube) when measuring objects of unknown bors.séch, it enables any anomalies
in the object coupling to be highlighted. For exden when first fabricated the
mouthpiece was believed to be a tight fit with Hueirce tube. Unfortunately an error
occurred during machining where the overhang ofntleeithpiece coupling section had
a slight flare, preventing a flush coupling agaithe end of the source tube. This was

not immediately obvious as the internal couplingtis® was not visible. During test
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measurements, however, instead of matching thenaiteadius of the source tube with a
flush join, there was a small expansion (step)ha&t beginning of the mouthpiece
reconstruction. Figure 4.14 shows a schematicrdmgand a 3D area equivalent
(cylindrical tube) model of the discontinuous congl between the source tube and

mouthpiece.

Figure 4.14: i) Schematic diagram of the discontinuous coupling between

source tube and mouthpiece.

86



Chapter 4: APR Measurement using MLS excitationalig

Figure 4.14: ii) 3D area equivalent (cylindrical tube) model of the discontinuous

coupling between the source tube and mouthpiece

From these results, the mouthpiece was re-machimethable a flush coupling with
the source tube. Figure 4.15 shows the recongingcbf the mouthpiece using MLS

excitation with a rang@6£ m£ 18.
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Figure 4.15: Reconstructions of the mouthpiece using different orders of MLS excitation

The reconstructed profiles for each of the MLS algrshow good agreement with the
measured mouthpiece. At 70mm along the 100mm rpedh them = 16 signal
deviates from the measured value by an averagen,3ut within an error bound of
+0.5mm. The reconstructions continue past the agehof the mouthpiece (infinite
expansion) for a distance of up to 50mm. The rstantions using the MLS signals
m = 16, 17, 18 were able to measure an expansion20f02 450% and 600%

respectively before stopping.
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4.7.2 Stepped Tube Reconstruction

As described in Chapter 2, reasonably detailed tsaafearticulation can be developed
by using a small number of tubes (stepped cylindersmodel the vocal tract. The
stepped tube object (Figure 4.10) was modelled dnti@be model of the vocal tract
described by Fant [33], with the addition of a dowgpsection to attach the object to the
source tube. This object consists of 4 parts ssriing a simplified model of the vocal

tract:

one tube for the area behind the tongue
one tube for the constriction created by the torduréng articulation
one tube for the area in front of the tongue

one tube for the lip aperture

The stepped tube object is an acoustic model o¥tlwal tract for the placement of
formants I and F, in vowel space and is not representative of theahgrofile of the
vocal tract which has a bend at the back of thetm¢he oropharyngeal junction) and
does not have cylindrical symmetry. It is nevemissl useful in investigating the
performance of the reflectometer to discontinuaes ahanges. Figure 4.16 shows the

reconstructions of the stepped tube using MLS atioit with a rangd6£ m£ 18.
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Figure 4.16: Reconstructions of a stepped tube using different orders of MLS excitation

Examination of Figure 4.16 reveals that the recoestd profiles all agree with the
measured radii to within a reading error of + 0.5fomthe first two steps of the stepped

tube object (shown as a dotted line).

At the third cylindrical section (changing from 8mr0.5mm to 3mm = 0.5mm), the
reconstructed profiles take a longer axial distarefere reaching values within the error
bounds of the measured radius; wines 17 and18, this axial distance is approximately

10mm whereas whem = 16, the distance is approximately 20mm.

At the fourth cylindrical section (changing from 8mt 0.5mm to 8mm = 0.5mm),

there is a marked difference between each of ttensgructed profiles. Only when
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m = 18 does the reconstruction reach a value withénetrror bounds of the measured
radius (this occurs at a distance of 20mm fromjanetion). Wherm= 16 andm= 17,
the reconstructions reach maximum radii of 6mm aman (outwith the error bounds of

the measured radius) and these maxima occur 35omtfre junctions.

At the final cylindrical section (changing from 8mm0.5mm to 5.5mm £ 0.5mm),
each of the reconstructed profiles agree with tleasuared radius to within the error

bounds within 5mm of the junction.

Finally, to the far right of the graph, the recounsted profiles of the open end of the
stepped tube object can be seen, with the highaeradviLS profile more accurately
reflecting the cross sectional radius change withirshorter axial distance of the

junction.

From these results, the following observationslmamade:

From the large steps in radius exhibited by theomstructed profile with

m = 18, it is evident that an increased axial resotutvould provide a more
accurate transition between discontinuous areaggsaim short pipes.

The levels of oscillations around the measuredatadilue are slightly reduced
by the increase in order (particularly evidenthe third cylindrical section —
the main constriction in the stepped tube). Thiplies that the noise level at
high frequency is reduced as a result of the faat wwe have added more

energy to the system.
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The fact that than = 18 reconstruction of the second last cylinder Aas
average value closer to the correct radius is eaeleof greater accuracy at

low frequencies, as was shown by Kemp [31].
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4.8 Conclusions

As expected, the most accurate reconstructionstf the stepped tube and mouthpiece
objects used the highest order MLS excitation digna= 18). However, several
important differences remain between the measurewtfetest objects and the human

vocal tract. For example:

i. The test objects are static and consist of the samaterial throughout their
structure. As described in Chapter 2, the humaralvtract is malleable with
various fleshy tissues, muscles and teeth withiarging bone structure.

ii. ~ The human vocal tract exhibits greater changegorscsectional area than the
mouthpiece test object, but is more smoothly vayyiran the discontinuous area
changes of the stepped tube object.

lii.  The important biomechanical functions of the votaktt (breathing, speaking
and swallowing) limit the time a human subject capmfortably remain
immobile under the conditions of the experimentheThighest order MLS
excitation signal used in these experimemis=(18) is at the upper end of this
time limit (see section 4.6). Therefore, althougl higher order MLS signals
have been shown to provide greater accuracy inrélaenstruction of bore
profile, this advantage may be lost to errors ihticed by a non-stationary vocal

tract.

In the following chapter we will apply acoustic pelreflectometry to vocal tract

measurement in human subjects using MLS excitadigmals in the rangg&6£ m£ 18.
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Chapter 5

APR for vocal tract measurement

with a human subject

5.1 Introduction

This chapter describes the application of acougtilse reflectometry to vocal tract
measurement with a human subject using MLS exaitagignals. The results from this
chapter formed the basis of a paper that was puesdest the Stockholm Musical

Acoustics Conference 2003 [67].

Chapter 2 introduced the voice and the differerteds/een speech and singing. Here
we focus on vowels as static targets of articutatio which the cross sectional profile

of the vocal tract is measured using APR.
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5.2 Vowels

The word vowel comes from the Latin word vocaliseaning “uttering voice” or
“speaking”. A vowel is a sound produced by an a@hfiguration during phonation
without occluding, diverting, or obstructing thew of air from the lungs (sometimes
referred to as an open configuration of the voadt). This is in contrast to consonants,
which are characterised by a constriction or clesalr one or more points along the

vocal tract.

The purpose of using vowels within this study isittithey are static targets of
articulation in speech (i.e. once the vocal traad hssumed a set shape through the use
of the articulators, the resonating air column iked to filter the complex glottal
waveform into what we perceive as vowel soundss$. dscussed in Chapter 2, singing
places greater emphasis on the use of vowels thaack as the bias is towards the
phonation of sustained pitched sounds (both as sexigand also vocal texture). The
exaggeration of the mouth in singing to satisfytlaetsc and acoustic requirements such
as voice projection (which Titze describes asrttegaphone effe¢68]) is particularly
evident in the phonation of vowel sounds. The jalowered to open the mouth as
wide as possible in an attempt to match the aaoustiedance of free space. The lips
are projected forward to prevent the spread of ¢asture, which would otherwise
shorten the effective length of the vocal tracthe Torward movement of the lips and
inward movement at the corners of the lips prodaneexaggerated mouth shape,

widening and lengthening the vocal tract to crélatemegaphone effect.
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The prevalent use of vowels in singing, combinethwuhe static nature of the vocal
tract and open mouth during vowel production, lentdelf to be a more readily

accessible quantity of the voice to be measuretgusPR.

5.3 Acoustic and articulatory descriptions of vowel S

Here we will discuss the complex interrelationsbipthe vocal articulators and the

causal effect on the perceived acoustical signal.

“Each vowel sound is associated with a specificicaifatory
profile, producing a specific area function that tarn gives a
specific combination of formant frequencies”

-- Johan Sundberg ([69] p.23)

The glottal waveform generated by the vibratingaldolds propagates through the
various differently sized areas in the vocal tra&ome of the frequencies within the
spectrum will resonate more than others, dependimghe size of the resonant cavity
within the tract. Larger cavities will resonate latver frequencies, while smaller

cavities resonate at higher frequencies.

The two largest cavities within the vocal tract #re pharynx and the mouth, which
therefore produce the two lowest resonant freqesnar formants. These formants are
designated as;Fand K. The movement of the articulators for singingspeech shape

the resonant cavities and control the formants.
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5.3.1 The F;- F, vowel chart

In 1952, Peterson and Barney [70] demonstratedvibvaels are perceived on the basis
of the two lowest formant frequencies of the vdcatt. They showed that the formant
frequencies (Fand k) belonging to a vowel category can occupy an entinge of
values if speaker differences, ages, and gendermeuded in a group of speakers. A
convenient way of displaying this range is to tfans data from a spectrum to ap

vowel chart (Figure 5.1).

While there are some differences in oral and phggghresonance shape created by
jaw opening and lip protrusion, the tongue is thienp mediator in the production of
vowels. These phonemes are aurally recognisaldause each vowel has its own
distinctive F-pattern that is produced by a vergcmse configuration of the tongue.
Most vowel charts (often referred to as a vowerngle, or more precisely, a vowel
guadrilateral [71]) only reveal the placement ofniants within their set frequency
region. This chart adds the general placemenmetdngue in the mouth to assist with
the understanding of the movement of the tonguewia dimensions (vertical and

longitudinal) that create vowel sounds.
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Figure 5.1: F,/ F, vowel chart including tongue position

98



Chapter 5: APR for vocal tract measurement witlhiadn subject

5.3.2 Tongue placement

In traditional articulatory phonetics, vowels aesdribed on the basis of a high-low and

a front-back placement of the tongue [39].

5.3.2.1 Vertical tongue movement in the oral cavity

As the tongue moves in the vertical plane, it hasmabined effect on both the oral and

pharyngeal cavities:

- Higher tongue placement creates a larger pharyngaaty as the tongue
centres its mass whilst extending upwards
- Lower tongue placement causes a spreading of tigueomass and increases

the size of the oral cavity while the size of thegyngeal cavity decreases.

The phonetic descriptions to indicate the threeasref production on the vertical

plane (tongue height) are:

- Low
- Middle (often referred to as medial)

- High
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5.3.2.2 Longitudinal tongue movement in the oral ca  vity

In speech science, the movement along the podtarterior axis is called tongue
advancement. As in the vertical plane, tongue mmre causes shifts in the ratio of

oral/pharyngeal cavities:

- Frontal placement along the longitudinal axis iases pharyngeal space. As
this happens, there is a corresponding decreasalispace.
- As the tongue moves farther back, an increaseahspace is experienced with

a concurrent reduction of pharyngeal space.

The phonetic descriptions to indicate the threasd production on the longitudinal

plane (tongue advancement) are:

- Front
- Central

- Back
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5.3.3 Tongue shape

Any tongue configuration features muscular shapgingoth planes simultaneously and
will form a two-dimensional entity that offers a dei range of shapes and ratios of
oro/pharyngeal resonance. Constant reshaping eftdhgue occurs during voice

production (in both speech or singing).

There is a third dimension in tongue movement. khewed from the front, the
tongue is also capable of executing a variety ehpound lateral curved shapes. The
outside edges of the tongue can be moved upwaiitk thie area of the midline groove
(running on the posterior/anterior axis, called timedian lingual sulcus) remains
depressed. As viewed in X-ray images in Appeln¥dj,[all vowels employ this groove
to a greater or lesser extent; the groove may ext@nvirtually the entire length of the
tongue, from only the middle of the tongue to tlaely or from only the middle of the
tongue to the tip in the front. Many of the vowehfigurations in speech require these
outside raised edges of the tongue to make comtitictthe upper teeth, occluding an
area varying anywhere from the third molar forwaodthe first premolar. Even if
linguadental contact is not required, all vowelatiee some degree of this compound
curve. Figure 5.2 shows the vowel [i] both in s@adiand palatogram views. The grey

area on the palatogram indicates tongue contahttivi palate.
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Figure 5.2: Sagittal view and palatogram of the vowel [i] showing linguadental

occlusion (after Nair [71] p.97 and Appelman [72])

5.3.4 Lip shape

In combination with tongue position, vowels areoatkescribed in terms of the mouth
aperture for which the controlling mechanisms de lips and jaw height. The four
main types of lip shape for the production of vasvate; spread, neutrally open, open

rounding and close rounding. Examplesthese are shown in Figure 5.3.

% Images are reproduced with the kind permissioBary Martin [73] Martin, G.CCG Imagery
Development 1996 [cited 2005 January 2004]; Available frdmtip://www.garycmartin.com/.
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Figure 5.3(a): Lip spreading with raised jaw as in the vowel [i]

Figure 5.3(b): Lip neutrally open with lowered jaw as in the vowel [a]

Figure 5.3(c): Lip rounding with lowered jaw as in the vowel [0]

Figure 5.3(d): Lip close rounding with raised jaw as in the vowel [u]
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5.4 The investigated vowels

Five non-nasalised American English vowels reprizsgmiddle and corner placements

within the R/ F, vowel chart were studied using APR (see Table 5.1)

Vowel Example Words
[a] Ask, half, past
[e] Ate, made, they
[i] Each, free, keep
[0] Obey, note, go
[u] Ooze, too

Table 5.1: Vowels with example words (southern British English pronunciation)

Continuing a method adopted in the literature aittl veference to the discussion on
resonances of the vocal tract in Chapter 2, vértiaahed lines are shown at the values
500Hz and 1,500Hz on the graphs of vowel frequespgctra in the following sections.
These lines represent the formant frequenciestoba open at one end (referred to as a
closed tube — see Chapter 2, section 2.4), witmitorin cross section. The neutral
schwa vowel [] matches closely this representation whereby ahgue is neither high
nor low, nor is it placed to the front or the baakd in effect approximately makes the
cross section of the vocal tract constant fromtgldb lips. With reference to the
formant frequencies of this neutral vowel, the dwling describes the vocal tract shape
and corresponding spectra for each of the vowaldiesi. In addition, an explanation of
the displacement ofiFand K from neutral for the corner vowels [a], [i] and] [i$

presented.

104



Chapter 5: APR for vocal tract measurement witlhiadn subject

5.4.1 Vowel [a]

Figure 5.4: Midsagittal vocal tract profile and F;/ F, frequency spectra for vowel [a]

As illustrated in Figure 5.4, the vowel [a] reqsira comparatively open mouth cavity
and a tongue that is low and pulled back into tharynx. Fant [33] showed that this
arrangement can be simplified by representing thealtract as two coupled tubes; a
large tube representing the mouth and a narrover tepresenting the pharynx (shown
in Figure 5.5(a)). In Chapters 2 and 3, the trassion of waves at a junction between
two discontinuous tubes was described. From thessaw that a wave experiences
partial reflection and partial transmission at argje in impedance, occurring at a
change in cross-sectional area. In this caseartba expansion (from pharynx tube to
mouth tube) causes the transmitted acoustic preqdpirto be less than the incident
pressuref) because the reflected pressuyng llas a negative polarity (rarefaction). It is
this reduction in acoustic pressure that shifts firenant frequencies when compared

with a uniform tube of equal length (see Figurg®)p
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Figure 5.5(a): Two tube approximation for vowel [a]

Figure 5.5(b): Standing wave pressure pattern for F;

Figure 5.5(c): Standing wave pressure pattern for F,
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The standing wave pressure pattern fpaéross the entire two-tube approximation of
the vocal tract is shown in Figure 5.5(b) (solide). The pressure wave pattern for a
single uniform tube of equivalent length is shovenaadashed line (adapted from Titze

[34] p.165).

From this graph we can see the system acts asedctabe, with a pressure antinode
(i.e. displacement node) at the glottis since mbigdea motions are possible at the closed
boundary. The open end (at the lips) shows a pressode in which air particles are
free to move in and out of the tube end (i.e. dispinent antinode) [32]. The reduced
pressure in the mouth tube makes the pressureagpeo‘virtual node’ to the left of the
real pressure node (shown by smaller dashed linég). the acoustic length of the
combined tubes is diminished in comparison to doam tube by an amountL (as

shown).

If we recall from equation 2.1, the inverse relatlmetween formant frequencies,F
and tube length (L) shows that shorter tubes hagheh resonance frequencies,

therefore the net effect on this two-tube systetthlvei a rise in I

This situation is reversed for,Fas shown in Figure 5.5(c). Overall pressures are
much higher in the pharynx, therefore the tubeeasgmting this region tends to govern
this formant. Eis effectively lowered because the pressure nsdshifted toward the
right, close to the two-tube junction. That iss@y, due to the higher pressures in the
pharynx tube (and lower pressures in the moutle) atoustic length of the pharynx has

been lengthened for,fn comparison to a uniform tube by an amouhbt(as shown).
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In contrast to | the longer acoustic length of the pharynx tubk result in lower

resonance frequencies, therefosenill be decreased.

It should be noted that, although one tube is mwater than the other, this is
immaterial to the calculation of the resonant femmpy as the wavelength (which
determines the frequency) depends only on the heafjithe tube in the model of the
vocal tract that we are considering [39]. Thisdsdrue as long as the width is less than
a quarter of the wavelength. This is the casenoeranal vocal tract although not in the
diagrams we have been considering, in which thethwiths been exaggerated to

emphasise important features.

Appropriate values for vocal tract resonancestientowel [a] are:

. Fy = 700Hz

- F, = 1500Hz
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5.4.2 Vowel [e]

Figure 5.6: Midsagittal vocal tract profile and F;/ F, frequency spectra for vowel [e]

As shown in Figure 5.6, the vowel [e] requires enparatively open mouth cavity with
a central medial tongue position and a raised jaight. This vowel does not form one
of the cardinal (corner) vowels but exhibits anicatatory shape (area function) in
between that of the [a] and [i] vowels. It is chaerised by a particularly large cavity at

the back of the mouth leading into the pharyngasityg.
Appropriate values for vocal tract resonancestientowel [e] are:

- F1 = 550Hz

- F,=1750Hz
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5.4.3 Vowel [i]

Figure 5.7: Midsagittal vocal tract profile and F1/F, frequency spectra for vowel [i]

For the production of the vowel [i] (a high frondbwel), the tongue assumes a position
that is forward and up in the oral cavity, formiagconstriction with the pharyngeal

cavity (Figure 5.7).

Our comparison with a neutral tube has shown tmatidwest resonance that can be
produced is 500Hz. From Figure 5.7, we can sekthigafirst formant of the vowel [i]
can be below 300Hz, and therefore we must consider such resonances arise. The
solution to this problem is to consider this coof@tion of the vocal tract as a
Helmholtz resonator [39, 74]. The front of thedaer is raised toward the hard palate
(forming a narrow channel with a small body of aamd behind the tongue constriction
there is a large body of air in the back of the thoand the pharynx. It is an
arrangement in which a small body of air is pusih&d the larger body and then

released. Acting somewhat like a mass on a spgiisgaced from equilibrium, the body
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of air will compress then expand (driven out by therease in cavity pressure) and
overshoot its point of equilibrium. This will prade a slight vacuum in the cavity
causing the body of air to oscillate in and outha&f system for a few cycles at a natural
frequency. If oscillation is sustained, the systeithexhibit a single resonant frequency

(Helmholtz resonance).

With reference to the two-tube approximation of tlmvel [i] (Figure 5.8(a)), the

frequency of the Helmholtz resonance can be cakdlas follows [39]:

= " (5.1)
whereA is the area of the opening port, of lengthandV is the volume of the cavity.
From values published in [33, 39, 69, 75], based @onstriction ) in the area of the
hard palate (12-13cm from the glottis), the areahef opening port can be taken as
15mnf, with a constriction length of 1cm, and a cavigiume behind the constriction
in the mouth and pharynx of 60émThe frequency of the Helmholtz resonance would

then be in the region of 270Hz, an appropriatergdor the first formant of the vowel

[i] (see Figure 5.1).

The standing wave pressure patterns foaid F, of the two-tube approximation of
the [i] vowel are shown in Figures 5.8(b) and 5.8@dapted from Titze [34] p.166).
Figure 5.8(b) shows the first formant pressure gpattto be nearly constant in the
pharynx (although it would approach a ‘virtual’ psere node far beyond the diagram).

The effect of this is to acoustically lengthen thbe, lowering I, and producing the
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Helmholtz resonance as described previously. Eigu8(c) shows the mouth tube to be
the dominant resonator for the second formant. rédaction in pressure in the pharynx

shifts the pressure node toward the tube interface.

The mouth tube is approximately a half wavelengtonator as it is nearly open at
both ends. The half wavelength of the mouth tugehorter compared to that of the

neutral tube, with the pressure node shifted adcg L, thus raising E

Comparing the displacement of &d F with the neutral vowel, Hs lowered and F

is raised.

In contrast to the [a] vowel, where the pressutéepas moved toward each other over
the length of the vocal tract, the mouth narrowiagthe [i] vowel spreadsiFand b

apart.

Appropriate values for vocal tract resonancestientowel [i] are:

- F1, = 270Hz (Helmholtz resonance)

- F,=2100Hz
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Figure 5.8(a): Two tube approximation for vowel [i]

Figure 5.8(b): Standing wave pressure pattern for F,

Figure 5.8(c): Standing wave pressure pattern for F»
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5.4.4 Vowel [0]

Figure 5.9: Midsagittal vocal tract profile and Fi/ F, frequency spectra for vowel [0]

The vowel [0] exhibits a vocal tract profile simileo that of the [a] vowel with a low
back tongue position, but with a raised jaw heightl a degree of lip rounding that

acoustically elongates the vocal tract (Figure.5.9)

The combined effect of enlarging the mouth cavitg acoustically lengthening the
vocal tract with lip rounding is to significantlpwer the Eformant when compared to
that of a neutral tube. This effect is describeatarfully for the corner vowel [u] in

section 5.5.5.

Appropriate values for vocal tract resonancestientowel [0] are:

- F1 =500Hz

. F2 = 800Hz
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5.4.5 Vowel [u]

Figure 5.10: Midsagittal vocal tract profile and F;/ F, frequency spectra for vowel [u]

For the production of the vowel [u] (a high backwad), the tongue assumes a position
that is back and up in the oral cavity, formingamstriction with the pharyngeal cavity
(Figure 5.10). Although a similar size of condidn compared with that of the [i]
vowel, the position of this constriction is furthback in the velar region, and is
approximately 10-12cm from the glottis. This votedct configuration can also be
treated as a Helmholtz resonator with a cavity m@uV) of ~50cni. From equation
5.1, we can see that the frequency of this Helrahesonance would be around 300Hz,

which is an appropriate; value for an [u] vowel.

For the configuration of the [u] vowel, a two-tubpproximation is insufficient to
capture the effect of velar narrowing in combinatiwith lip rounding. Other more
detailed multi-tube models have been proposed by €aal. [33], to more accurately

represent this configuration of the vocal tradthds been found however [39, 69], that
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apart from forming a constriction with the velagi@n, the tongue is no longer the
primary articulatory feature for the [u] vowel, aitds instead, the effect of lip rounding

that is more prominent.

Lip rounding has little effect on;HHelmholtz resonance) but has a much greater
influence on k. This is because,ks affected by changes in the front (mouth) cavity
where the lips are the boundary to free spaceisdlate the effect that lip rounding has
on the standing wave pressure pattern, we can xippaite the system using the two-
tube model as before, but acknowledge that thimssfficient to model the overall
configuration of the [u] vowel since the pharynxshaeen excluded from the model.
Figure 5.11(a) shows a two-tube approximation, wite large tube representing the
mouth cavity and the small tube representing th® (approximating the aperture for lip
rounding). The standing wave pressure patternd=faand F, are shown in Figures
5.11(b) and 5.11(c) respectively (adapted fromel[&4] p.167). Comparing them with
those for a uniform tube without lip rounding (shoas dashed lines), we can see that as
pressure builds up behind the lips, the pressude moshifted beyond the lips, therefore
acoustically lengthening the tubes which lowerda@imants (having a greater effect on

F, than k).

In relation to the vowel [u], the combined effedttbe constriction formed by the
tongue moving further back towards the glottis,gibening the front cavity, and the

effect of lip rounding, both contribute to lowerikgas shown spectrally in Figure 5.10.
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Appropriate values for vocal tract resonancestientowel [u] are:

- F, = 300Hz (Helmholtz resonance)

. F2 = 800Hz

The effect of lip rounding will be examined furtierChapter 7.
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Figure 5.11(a): Two tube approximation of mouth and lips for vowel [u]

Figure 5.11(b): Standing wave pressure pattern for F;

Figure 5.11(c): Standing wave pressure pattern for F,

118



Chapter 5: APR for vocal tract measurement witlhiadn subject

5.5 Optimisation of the APR procedure for measuring

the vocal tract

In contrast to previous studies of airway measuregrfg 14-17, 22, 23, 76] this study is

focussed specifically on the vocal tract (the sectf the airway from lips to glottis).
Two issues must be addressed in using APR for womal measurement.

Firstly, APR is unable to measure a branching @peh as the nasal cavity at the
same time as measuring the primary tubular objextg] tract). For the purposes of this
study, this restriction is of little consequencetlas vowels being measured are non-
nasalised and are most prevalent in singing. Toerethe nasal cavity will not be

measured.

Secondly, the subject must refrain from breathingirdy the measurement and is
therefore unable to phonate the vowel when coupdethe source tube as this would

pressurise the tube and interfere with the acougpiat signal.

A mouthpiece with valve system that enabled thgestito breathe whilst coupled to
the reflectometer was implemented by Marshall pf]dirway measurement. However,
this was required to accommodate longer measuretimtaes using individual input
pulses, and the subject was still unable to phonateolution employed throughout this
study was to ask the subject(s) to imitate the ption of the vowel whilst a

measurement was taken. The subject, in an uppiggition, was first asked to sing the
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vowel at a comfortable pitch within his/her rangAfter several seconds, the subject
was instructed to halt phonation by holding theedih, freezing the position of their
articulators, and then placing their lips agait& mouthpiece connected to the source

tube (Figure 5.12).

Figure 5.12: Subject coupling with mouthpiece and source tube

To prevent any unnecessary repositioning, the npoetke was positioned close to the
subject’s mouth and could be readily moved by tiigext into position once phonation
was halted. Once comfortably coupled with the rhpigice, the measurement phase
was initiated by a single button press on the cdeigkeyboard. Twenty measurements
of each vowel for each order of MLS signal € 16, 17 and 18) were performed using
an adult male, resulting in a data set of 300 nreasents. As the procedure for
performing each of the measurements was quitegtirthe study spanned several

consecutive days to prevent fatigue.

During the course of the experiment, it was cléat hot every measurement would

provide a satisfactory result. However, in ordest o affect the outcome of
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repeatability, the area reconstructions and dadéysis were not performed until the end
of the study. The only time when measurements wetdene was when the subject
interrupted the measurement by decoupling himgelinfthe mouthpiece during the
recording phase. Reasons for decoupling inclubdedéeling of being about to sneeze
or choke, acoustic leakage from lip seal with mpigbe or nasal cavity with velar

lowering, forgetting articulatory positioning, afatigue.

At the end of the study, the bore reconstructigo@ihm was used with each of the
impulse response measurements of the vocal tracthi® studied vowels. Before
averaging the twenty profiles of each MLS data #e, reconstructions were inspected
manually. Those profiles showing changes in ceextional area that were outwith the
feasible constraints of the vocal tract during vopreduction (i.e. infinite or zero cross
sectional area) were marked as ‘failed readingsd tnese were not included in the
averaged result. An analysis of ‘failed readings’'given in section 5.7. Also, to
investigate the repeatability of the technique,iatons from the mean profile were

calculated using coefficients of variations (C¥0r each MLS data set.

Area reconstructions of the vocal tract from thessmasurements are presented in the
following sections. The effect of a subject in @right position compared to that of
being in a supine position (as in later measuresnémt comparison with MRI), is

explored in Chapter 7.

* Standard deviation divided by the mean, expreasetipercentage
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5.6 APR measurements of the vocal tract

5.6.1 Vowel [a]

The area reconstructions of the vocal tract fonviveel [a] are shown in Figure 5.13(a).
Several centimetres of the mouthpiece have also ®nstructed to provide a point of
reference ([a}p) for the beginning of the reconstruction at theiglong with the lips.

From this graph we can see that even although hikelate values for cross sectional
area differ, the overall profiles of the vocal trémr each MLS signal are similar. Each
reconstruction shows a large mouth cavity d§a]) and a smaller pharyngeal cavity
caused by a tongue that is low and pulled backtimtopharynx ([al4rcL), all of which

are features of the vowel [a] described previously.

It is evident that the reconstruction for the lotwesler input signal MLS = 16 differs
significantly from the others in the pharyngealaareAt a distance of 0.15m from the
mouthpiece, this signal measures an area profie ith up to 40% less than that

measured by either of the other signals.

From the graph displaying the coefficient of vadatas a function of axial distance,
we can see that the largest measure of uncertaicrtyss all profiles to be in the
pharyngeal region, with deviations up to 50%. Q@ildrowever, the average coefficient

of variation across all profiles is less than 18%.
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Coefficient of Variation (%)
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Figure 5.13(a): Vocal tract area reconstructions from APR measurements of a

single subject for vowel [a], together with measure of variation in data.
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Using the mean value for area reconstruction ofvtal tract for the vowel [a], a 3D
area equivalent tube model was constructed (Figut8(b)). Surface rendering and

lighting effects have been applied to help viswalise model.

Figure 5.13(b): 3D area equivalent tube model for vowel [a]
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5.6.2 Vowel [e]

The area reconstructions of the vocal tract fonvibveel [e] are shown in Figure 5.14(a).

As before, the overall profiles of the vocal tremteach MLS signal are very similar.

The coupling between the lips and mouthpiece attppelvpe) and region extending
into the mouth cavity ([ekaL) are very closely matched between the area fumgtio

with deviations of less than 5% from the mean feefof each MLS signal.

The characteristic central tongue position andedhigw height of this vowel are
particularly evident in these measurements asedtes a large cavity at the back of the
mouth leading into the pharyngeal cavity, which d@nseen at 10-15cm along the

reconstructed length.

The average coefficient of variation over the wht#agth of the measured area
functions is less than 20%. There are howeveggldifferences in the measured values

for cross sectional area in the pharyngeal calégirci), with variations of over 40%.

A 3D area equivalent tube model using the meaneviduthe vowel [e] is shown in

Figure 5.14(b).
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Coefficient of Variation (%)
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Figure 5.14(a): Vocal tract area reconstructions from APR measurements of a

single subject for vowel [e], together with measure of variation in data.
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Figure 5.14(b): 3D area equivalent tube model for vowel [e]
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5.6.3 Vowel [i]

The area reconstructions of the vocal tract forvibvel [i] are shown in Figure 5.15(a).
In comparison to the previous vowels, the vowel fiatures a high degree of lip
spreading making it more difficult to couple witlcgindrical mouthpiece. Evidence of
this can be found at point (i) where there are greater deviations around the
mouthpiece-lip coupling than seen in the previowsasurements, with variations up to

20%.

A distinguishing feature of the vowel [i] is a comstion between the hard palate and
the tongue that is forward and up in the oral gaffii oraL). The size of the measured
constriction is congruent between the signals, withdius around 3-5mm, although the
place of constriction ranges from 5cm to 8cm aldimg axial distance from the first

point of reconstruction.

The large cavity created behind the constrictios hasimilar profile between the
measurements with variations at the maximum radiuaround 10%. The measured
profiles for MLS=17 and MLS=18 show a rise in tHeapyngeal area (phrcL) before a
sharp decrease in cross sectional area towardgldttess. The profile for MLS=16 on
the other hand shows a much more gradual decreaseds sectional area and does not

feature this rise in the pharyngeal region.

From the graph showing the coefficient of variationeach mean profile, we can see

large differences in the measured values for csestional area at the front of the mouth
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cavity and near the glottis, with variation in mesl values in excess of 50%.

However, the average coefficient of variation asmofiles is less than ~27%.

A 3D area equivalent tube model using the meanevidu the vowel [i] is shown in

Figure 5.15(b).
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Coefficient of Variation (%)
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Figure 5.15(a): Vocal tract area reconstructions from APR measurements of a

single subject for vowel [i], together with measure of variation in data.
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Figure 5.15(b): 3D area equivalent tube model for vowel [i]
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5.6.4 Vowel [0]

The area reconstructions of the vocal tract fonibwel [0] are shown in Figure 5.16(a).
In comparison to the vowel [i], this vowel exhibiéslarge degree of lip rounding.
Although the mouth shape is more conducive to dogplwith the cylindrical
mouthpiece, the actual size of the mouth openirgynialler, therefore the subject has to

accommodate this with a more emphasised lip opeiiajgr).

A large mouth cavity ([aJra) formed by a low back tongue position and raised, |
together with a rise in cross sectional area inpgharynx ([0pnrcL), Show similarities
with the vocal tract profile of the vowel [a] as miened in the previous section. The
main difference is in the lip shape (rounding amdtqoision), which is not captured in

these experiments due to the fixed dimensionseottindrical mouthpiece.

Although slightly offset from each other, the votact profiles of the MLS=17 and
MLS=18 signals are very similar, with only small asered differences between cross
sectional areas. The profile for MLS=16 does haveshow increases in cross sectional
area for both mouth and pharyngeal cavities, bdetestimates these regions by up to
40% compared with those measured using the higher sequences. Large differences
in the measured radii are also present at theighatiere MLS=16 does not show the
sharp constriction within the airway that has beeesasured using the higher order

signals.
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Examining the graph showing the coefficient of &dn as a function of axial
distance, we can see larger variations across @dsaorements over the length of the
vocal tract compared to the previous vowels. Whilere are points where the
measured coefficients of variation are in excess08b, the average variation across all

profiles is less than ~32%.

A 3D area equivalent tube model using the meanevidu the vowel [0] is shown in

Figure 5.16(b).
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Figure 5.16(a): Vocal tract area reconstructions from APR measurements of a

single subject for vowel [0], together with measure of variation in data.
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Figure 5.16(b): 3D area equivalent tube model for vowel [0]

135



Chapter 5: APR for vocal tract measurement witlhiadn subject

5.6.5 Vowel [u]

The area reconstructions of the vocal tract fonibwel [u] are shown in Figure 5.17(a).
Of all the vowels studied, the vowel [u] featuré® tmost significant amount of lip

rounding and protrusion, which again caused diffies in coupling with the cylindrical

mouthpiece as there was a mismatch in area, catisrgubject to widen his lips around
the end of the mouthpiece to form a seal. We eantse effect of this from the point
([ulmp) up to an axial distance of 7cm from the firstnpaf reconstruction, where the
lips have had to flare to accommodate the sizehefrhouthpiece. There is a large

coefficient of variation (up to 80%) across all files in this region.

The small rise in area at (j{a.) is the area created by the tongue that is high an

back in the mouth cavity .

The reconstructed profiles for both MLS=17 and MM8=are very similar, and
exhibit a large increase in pharyngeal areap(ft)) after a small constriction in the
mouth cavity. However, the MLS=16 signal has digantly underestimated the
complex profile of this vowel, particularly in thgharyngeal region at a distance of
15cm from the first point of area reconstructiorhis profile does not exhibit the same
large rise in pharyngeal area or sharp decreasartiswthe glottis that are found in the

reconstructions of the higher order signals.

The average coefficient of variation is less th@b% for all profiles, but there are at

points large deviations from this, most notablyhatiie MLS=16 reconstruction.
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Coefficient of Variation (%)
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Figure 5.17(a): Vocal tract area reconstructions from APR measurements of a

single subject for vowel [u], together with measure of variation in data.
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A 3D area equivalent tube model using the meanevidu the vowel [u] is shown in

Figure 5.17(b).

Figure 5.17(b): 3D area equivalent tube model for vowel [u]
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5.7 Analysis of results

The study had two clear objectives: to measureatka profile for each vowel and to

provide information as to the accuracy and repéétabf the technique.

The accuracy of the technique is a difficult qugntto measure as there were no pre-
existing data sets to compare with. The overaifil@s can be compared with those of
similar studies [77, 78], but no direct comparis@as be made because of differing

methods and subjects used in these experiments.

To assess the repeatability of the technique fgivan order of MLS signal, twenty
measurements per vowel were taken. By calculgdtiegmean of the twenty profiles,
deviations from the mean were calculated usingfmiefits of variation. This gave a
measure of variability across a reconstruction wad adopted as a method to measure

the repeatability of the technique.

The average coefficient of variation was generdégs than 20%, with a few
exceptions for the vowels [i] and [0]. We can #fere deduce that the technique is
repeatable for each order of MLS signal and withiceptable limits when compared

with a clinical physiological technique [7, 17].

A graph of the percentage of failed readings farheaf the vowels and MLS input

signal is shown in Figure 5.18.
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Figure 5.18: Percentage of failed readings for each vowel and MLS input signal

As would be expected, the data shows a higher enciel of failed readings for the

higher order MLS input signals. That is to sag kbnger the recording time, the greater

the chance of movement within the vocal tract fietémg with the measurement.

The proposed reasons for failed readings include:

- involuntary articulatory movement — the human votact is a dynamic

biomechanical system used in breathing, swallowang phonation, and is

never truly static for extended periods of timegquirement for this technique).

- constriction — related somewhat to involuntary moeet, the vowels that

experience points of constriction along the vocattt (such as [i] and [u]) are

affected by tongue drift. As there is no airstrdamping the constriction open,
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the muscular shaping of the tongue has a tendendyift upwards and occlude
the airway. This effect is shown in the recongtarcby a large decrease in
cross sectional area to the point of closure (zevss section).

- breathing — during the longer measurement timea® thas a natural tendency to
breathe via the nasal airway. With the lowereduwgl the nasal cavity is
measured as a branching pipe, leading to an aceasguction of infinite cross
section.

- acoustic leakage — the two areas where acousi#adeacan occur are with the
lip seal and during nasal breathing. The reconsttuarea profile would exhibit

infinite cross section.

It is also evident from Figure 5.18 that the vowelsich exhibit large degrees of lip
spreading or rounding (such as the vowels [i],do#l [u]) have a higher percentage of
failed readings. The previous section discussedifficulties in trying to couple these

lip shapes to the cylindrical mouthpiece.

Deviations between profiles were also presentatierprevious section, and although
this is a useful means of comparing the cross el differences between
reconstructions, there is no absolute point ofregfee to align and compare profiles.
For example, the area reconstructions for the vgivéFigure 5.15(a)) show a similar
overall profile, but when comparing cross sectionaues at a fixed point along the
axial distance from the mouthpiece-lip couplinggrth can be large differences. 1t is

clear in this example that there is a large diffieeein the place of constriction measured
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by the MLS=17 signal compared with the other twoorestructions. The size of the
constriction (~4mm radius) is in line with the othmeasurements, but it is offset
posteriorly in the mouth cavity by approximatelyn2c An explanation for this large

difference can be found by examining the naturehefvowel and its mouthpiece-lip

coupling. The vowel [i] has a raised jaw with higbnt tongue position together with a
large degree of lip spreading. The constrictiofiorsned between the tongue and the
hard palate approximately 2cm from the alveolageid By changing the lip shape from
spread to round (to accommodate the cylindrical thqymace), the tongue experiences
greater upward flexion forming a large tongue geodhat displaces the point of

constriction along the posterior axis. If careat taken by the subject to adjust for this
change then the measured point of constriction belloffset from the real place of

articulation.  After a short trial period, the setj became comfortable with the
procedure of firstly singing the vowel then haltipgonation, freezing the articulatory
position and then coupling with the mouthpiece. wideer, imitating the articulatory

position without phonation gave the subject no hledfeedback as to the accuracy of
placement. The unnatural lip shape of this vowehdcommodate the mouthpiece and
involuntary tongue movement occluding the airwayegaise to a high percentage of
failed readings, particularly with the higher ordénger duration) input signals (see

Figure 5.18).

The previous section presented the area reconstngdior successful measurements
of each vowel. The effect of the input signalsaoea reconstruction can be summarised

as follows:
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- MLS=16 - This was the lowest order signal which egathe quickest
measurement time and least amount of failed readiddthough showing some
of the main features for the reconstructed profiésach vowel, the measured
cross section of the mouth cavity is generally kess that of other studies [77,
78], and significantly underestimates the pharyhgaaa for vowels with
constrictions.

- MLS=17 — This middle order signal produced simédega reconstructions to the
highest order signal but in half the time. Theraswa slight increase in the
overall number of failed readings when compared \lie lowest order signal
but the measured cross section for both oral amdyplgeal regions is more in
line with that of previous studies.

- MLS=18 - This highest order signal produced areanstructions that were the
closest to the measured profiles of previous studiEhe measurement time is
twice that of the MLS=17 signal and four times tbathe MLS=16 signal. It

also exhibited the largest number of failed reaslifog all the measured vowels.

From these results, two features are apparent:

Firstly, the area reconstructions using lower otdésS input signals show significant
underestimation of the pharyngeal area. This canekplained by the shorter
measurement time resulting in less energy beingtingo the system. The effect is
compounded by the losses from the yielding wallrnatawies of the vocal tract which

become more significant as axial distance increfieesthe source.
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Secondly, the technique requires the object beiegsured to be static. The vocal
tract and articulators are by nature non-stationdriye tongue in particular experiences
involuntary movements so although the subject Is &b imitate the vocal tract shape
for each vowel without phonating, deviations whitlay not be apparent in everyday
speech are noticeable on a time averaged measureéaodmique such as APR using
MLS input excitation. Therefore, due to the essértiomechanical functions used in
breathing, swallowing and phonating, it is impottdrat experiments are carried out to

obtain results speedily and non-invasively.

From these experiments, the input signal MLS=1& g@od compromise between the
need for a quick measurement and the desire fon@ time interval to put energy into

the system.
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5.8 Discussion

A summary of the work and conclusions in this ckajg found here.

An analysis of five non-nasalised vowels has baesgnted and the effect of altering
the air cavity within the vocal tract has been désd in both acoustic and articulatory
terms. The first two resonances of the vocal tfgcand k) for each of the five vowels

have been shown to depend on three factors:

- the position of the point of maximum constrictidorgg the vocal tract (which is
controlled by the forward and backward movemertheftongue)

- the cross sectional area of the maximum constridiichich is controlled by the
movements of the tongue toward and away from tlé obthe mouth and the
back of the pharynx)

- the position of the lips (where lip narrowing haseb shown to diffuse the
vowel spectrum, spreading Bnd F apart, as in the case of the vowel [i]; lip
rounding shifts all formant frequencies of the Maitact downward and is the

primary articulatory gesture for the vowel [u]).

The procedure for measuring a human subject usiAR Avas introduced, and the
results from a study measuring five non-nasalisediels using different excitation
signals were presented. Bore reconstructions efethmeasurements were evaluated
together with a discussion on errors and unceré@ntin the measurements. A

discussion on the effect of different order MLS igadon signals followed, and a
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conclusion on the most appropriate length of sigiwal future measurements was

reached.

In the following chapter we will apply the technejof acoustic pulse reflectometry
for vocal tract measurement to a larger group ohdw subjects using MLS excitation

signalm=17.
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Chapter 6

A group study of vocal tract

measurement using APR

6.1 Introduction

Before embarking on a study to compare resultsocftract measurement using APR
against an accepted gold standard technique sutlagisetic resonance imaging (MRI),

it was important to establish the repeatabilitytitd APR technique and standardise a
measurement procedure (protocol) so that a benéhoward be set for comparison of

results with future studies. Optimisation of thBRAtechnique for measurement of the
human vocal tract was described in Chapter 5 amdeasults from using a single subject
were presented. The primary purpose of this sefiexperiments was not to construct a
commercial or clinically robust reflectometer failg use, but instead to investigate the

repeatability of the technique under controlled dibans. The trial was performed
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using a subject who was familiar with the technignd apparatus. The subject also had
the opportunity to conduct several trial runs tperkence and adapt to such facets as lip-
tube coupling and the positioning of articulatorefdie any measurements were
recorded. However, the opportunity of multiplelniuns and adjustment of parameters
could not be readily afforded when utilising thesiagance of volunteers who were
unfamiliar with the APR technique, design and cardion. An analysis of variance
identified the most important factors to be the glmg of mouthpiece with subject,
control of breathing and ability of subject to rematill throughout the measurement
phase. These factors needed to be conveyed toveaafteer in a clear and concise

manner in order to obtain a set of useable measmnfrom a relatively small sample.

This chapter describes the procedure and applicatiaghe APR technique for vocal

tract measurement in a larger group of voluntefens; children to adults.
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6.2 Procedure for APR in a group study

Measurements were carried out on five healthy adoiinteers having no history of
airway disease other than the common cold (see tall). All measurements were
completed in a single sitting for each volunteastihg approximately 45 minutes which
included rest breaks. To ensure consistency, preared verbal statement citing the
purpose of the experiment together with basic utsions and a demonstration of
measurement procedure were given to each volunt&erexperiment sheet listing the
five vowels for which the vocal tract would be maasl was also issued. This sheet
provided the volunteers with example words to emdime correct sounding of each
vowel and in turn, the static place of articulatauring which they would be required to
hold their breath for a stipulated time to allownseasurement to be taken. The
measurement procedure was explained in detail atiose 5.5 and was adopted as
protocol for this group study. Only when the sgbj@as comfortably coupled with the
mouthpiece of the reflectometer and holding theeath was the measurement phase
initiated. For each volunteer, 5 measurements/peel were taken using the MLS=17
signal, and for each vowel an average profile walsutated for each subject together
with coefficients of variation (CV). As with preMis experiments, the area
reconstructions and data analysis were not perfonuméil the end of the study so as not
to affect the outcome. Also, the only exceptiondtake a measurement was when the
subject interrupted the measurement by decouplegnselves from the mouthpiece

during the recording phase.
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Sex | Age Height Voic_e Avg. Vocal Tract Failgd APR
(cm) Professional Length Readings (%)
Subject 1 M 50 182cm No 18.5cm +0.8cm 28%
Subject 2 M 23 165cm Yes 17.2cm +1.0cm 16%
Subject 3 M 25 178cm No 17.6cm £1.2cm 28%
Subject 4 M 28 176cm No 17.9cm +0.8cm 40%
Subject 5 F 37 158cm Yes 16.2cm +0.8cm 24%
Child 1 F 7 122cm - 11.2cm +0.4cm 80%
Child 2 F 11 150cm - 13.4cm +0.6cm 60%

Table 6.1: Volunteer information for APR group trial of vocal tract measurement

At the conclusion of the study, the bore reconsioacalgorithm was run on each of
the 125 impulse response measurements of the \omal gathered from the five
volunteers. Before calculating the average boddilprfor each subject in each vowel
group, the reconstructions were manually inspeetsd those profiles exhibiting cross
sectional areas outwith the feasible constraintsthef vocal tract during vowel
production were marked as ‘failed readings’, andewdiscarded from the averaged
result. An analysis of ‘failed readings’ comparitige single subject study (using

MLS=17) and group study is given in section 6.5.

Between each volunteer sitting, new cap measuramevdre taken and the
reflectometer was recalibrated and tested by paifay measurements and bore

reconstructions on objects of known internal aréa.readiness for the next volunteer
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and in the interests of hygiene, the reflectometas also cleaned and new sterile

sleeves were fitted to the mouthpiece.

Area reconstructions of the vocal tract for eaclunteer are presented in Figures 6.1
to 6.5, together with histograms showing the averegefficient of variation between

subjects.
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6.3 Results from APR measurement of the vocal tract

Adult Group Study

6.3.1 Vowel [a]

The reconstructed profiles for the vowel [a] (Figub.1l) exhibit the characteristic
features observed in 5.6.1 across the majorityubjexts. The most prominent of which
include the large mouth cavity (a) and a smaller pharyngeal cavity caused by a
tongue that is low and pulled back into the pharf{a¥nrc). The profile for subject 4
deviates slightly from this observation as thera isvarked decrease in cross sectional
area just beyond the point of lip coupling with tme@uthpiece ([a}e), displacing the
measured oral cavity. Additionally, there is ngadirnable increase in cross sectional
area in the pharynx. The constriction situated f@es end of the mouthpiece suggests
that the subject was incorrectly coupling with tedlectometer by raising his jaw and
flaring his lips to form a seal rather than buttimg teeth against the outer rim of the

mouthpiece.

Subjects 1 and 3 display unusually large crossas®itareas just above the glottis
which could be an artefact introduced by averagingr multiple area profiles, some of
which may contain elements of acoustic leakage floeathing. This is supported
somewhat with coefficients of variation for subj&texceeding 50% in this region.

However, average variations of <17% for all sulgastwithin acceptable limits when
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compared with a clinical physiological technique I7] and in line with previous APR

measurements [67].

A significant feature to note throughout all mea&snents in this study is the shorter
vocal tract length of subject 5 in comparison te tithers. This should be unsurprising
as the subject was the only adult female partidipathe group study (see table 6.1) and
as described in Chapter 2, the physiology of thdtgddmale vocal tract is on average
2cm (or 15%-20%) shorter than her male counterf@&t 69] which results in higher

formant (resonance) frequencies, accounting fohtglkeer pitched voice in females.

6.3.2 Vowel [e]

The reconstructed profiles for the vowel [e] (Fig.2) show the characteristic large
cavity at the back of the mouth leading into thanghgeal cavity at approximately 12-
17cm along the reconstructed length, which is eckéity a central tongue position and
raised jaw height. There are however large diffees between profiles at a distance of
5cm from the start of reconstruction, which is thmction where the lips and
mouthpiece couple. The constriction created irs tt@gion from subjects 3 and 4
suggests an improper coupling with the mouthpiasepreviously observed with the [a]
vowel. Indeed the range of values shows that @jexts experienced difficulty in
coupling the circular mouthpiece whilst trying &tain the widened mouth shape of this

vowel. Coefficients of variation in excess of 38t some subjects in this region are
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also evidence of this. However, average variatmns15% for all subjects is still well

within acceptable limits.

6.3.3 Vowel [i]

The reconstructed profiles for the vowel [i] (Figu6.3) are distinguished by the
constriction between the hard palate and the tonigakis forward and up in the oral
cavity ([iJoraL), and the corresponding cavity created behindctivestriction entering
the pharyngeal area (ijrcl). The point of constriction from 5cm to 8cm alotige
axial distance is similar to that found in 5.6.8wever there is a greater variation in the
measured size of constriction between subjectggimgnfrom 2-7mm in group study
versus 3-5mm in single person study. As obsemédbé single subject experiments, the
widened mouth shape of this vowel is the least aoive out of all the vowels measured

to couple with a cylindrical mouthpiece.

The coefficients of variation in Figure 6.3 showe istribution of largest variation to
be behind the point of constriction and downstréawards the glottis. This is evident

for subjects 2 and 5, who both show variationsxicess of 50% in these regions.

There is a large range in the average coefficiémadation between subjects (from
~9% to ~41%). However, as will be shown in sectds, the vowel [i] experienced the

highest percentage of failed readings across tihgestugroup resulting in a smaller
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number of successful measurements with which toutate an average area profile.

Large deviations between measurements would rigshigh coefficients of variation.

The high number of failed readings can be accouftediue to occlusion of the
airway in the absence of air stream in the areahvinould be normally constricted.
The involuntary tongue movement and effort of thiejsct to allow linguadental contact
but prevent airway occlusion would also account toe large variation in profile

between measurements.

6.3.4 Vowel [0]

The reconstructed profiles for the vowel [0] (Figub.4) feature a large oral cavity
([o]oraL) across all subjects which is formed by a low baokgue position and raised
jaw. As discussed previously in sections 5.6.4&adthe lip rounding and small mouth
shape caused by lip protrusion of this vowel haeeded to be exaggerated by the
subjects in order to couple with the mouthpieceictvin turn affects the jaw height and

relative size of the oral cavity.

The coefficient of variation in oral region measuents for each subject (<25%) are
in line with previous experiments, however pharalgeconstruction is poor with only

two out of the five subjects showing the expectenigase in area.
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As will be shown in section 6.5, the percentagdadéd readings for this vowel is
high, which in turn leads to a small number of regd to calculate mean profiles.
Therefore the average coefficient of variation $abjects 1 and 3 of <11% should be

treated with caution.

The absence of pharyngeal area in the reconstrymtefde of subject 5 is further
evidence to support the previous assertion of airaelusion during breath hold in a
region that would normally be constricted duringpétion. This is presented as being
the primary reason for the high number of faileddiags for this vowel across all

subjects.

6.3.5 Vowel [u]

The reconstructed profiles for the vowel [u] (Figus.5) feature the most significant
amount of lip rounding and protrusion out of ak owels studied and as noted in 5.6.5,

this caused difficulties in the subjects’ couplimigh the cylindrical mouthpiece.

The vocal tract shape for this vowel should be ati@rised by a small rise in area at
([u]loraL) Which is created by the tongue that is high aadkbin the mouth cavity,
giving rise to a large pharyngeal area gfi}s1), but this profile is only featured in
subject 5. The other four subjects exhibit a ptowed constriction at the point of

coupling with the mouthpiece ([u$) 5cm from the first point of reconstruction, where
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the lips have had to flare to accommodate thedfiziee mouthpiece. A variation across

all subjects’ measurements of up to 25% can be aetis point.

Average coefficients of variation of <16% for alllgects is surprisingly low but this

must be taken in context with a relatively highgmdion of failed readings (36%).
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Figure 6.1: Vocal tract area reconstructions from a group study for vowel [a]
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Figure 6.2: Vocal tract area reconstructions from a group study for vowel [e]
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Figure 6.3: Vocal tract area reconstructions from a group study for vowel [i]
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Figure 6.4: Vocal tract area reconstructions from a group study for vowel [0]
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Figure 6.5: Vocal tract area reconstructions from a group study for vowel [u]
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6.4 Results from APR measurement of the vocal tract

Child Study

APR measurements from the adult group study shavesdrvable differences in vocal
tract length between male and female volunteerarin the course of this trial there
was the opportunity to use APR for the vocal traeasurement of two female children
aged 7 and 11 years old, to ascertain the potenitiAlPR in measuring much smaller
vocal tracts. The reflectometer was constructeith wiview to performing vocal tract
measurements with adult subjects and was therefutreptimised for use with children.
Figure 6.6 shows images of an adult male, adultaferand child volunteer coupling
with the standard mouthpiece during measuremergephzowever it is clear that this
would have to be scaled down for future measuresngmnbolving children in order to

accommodate their smaller mouth size.

Figure 6.6: Mouthpiece coupling showing adult and child subjects
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Only two measurements per vowel for each child extbjvere able to be taken,
therefore a qualitative comparison with the adutiup study cannot be made. Figure
6.7 shows example measurements from each chilcecubpxt to that of the adult
female volunteer from the group study. Despitepajiven instructions to concentrate
on forming a seal whilst trying to pretend to ingtahe vowel sounds, the child subjects
had great difficulty coupling with the mouthpieceAs a result, too much emphasis
should not be placed on the detail of the vocalttpaofiles. However, information can

still be gained regarding the lengths of each sulgjeocal tract.

0.025
0.02 a
Female
0.015
= 7 Year Old [i]
5 11 Year Old [0]
_5 ------- 37 Year Old [a]

0.005 :
11.5cm \ \
13.8cm \

0 0.05 0.1 0.15 0.2 0.25

16.7cm
T

Axial distance from lips (m)

Figure 6.7: Example measurements from child and adult subjects
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The length of the vocal tract was measured frombtire reconstruction from the end
of the mouthpiece to the point of greatest consbrcin the likely area of the glottis.
The 7 year old subject displayed an average voaeat tength of 11.2cm +0.4cm, with
the 11 year old measuring 13.4cm +0.6cm. Thegdtseare in line with the generally
accepted standards for their age groups [34, 69790 Nevertheless, the number of

failed readings was extremely high in both cas@8{&nd 60% respectively).
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6.5 Analysis of results

As in Chapter 5, the repeatability of the techniguas assessed through repeated
measurements of each vowel, from which a mean prefile and coefficients of
variation were calculated. With only a few exceps, the average coefficient of
variation was generally less than 20% which is imicceptable limits when compared
with a clinical physiological technique [7, 17]. oWever, the incidence of failed
readings across the group study was significaritipdr than that of the single subject
study. A graph comparing the percentage of faitaltlings between the single subject
study (using MLS=17) and group study is shown iguF¢ 6.8. There is however a
trend between studies showing higher fail rate$ whe vowels [i], [0] and [u], all of
which feature varying degrees of constriction witthie vocal tract and were highlighted
as being difficult to couple with the cylindricalauthpiece. This data supports the
belief that persons familiar with the technique aswperience of the measurement
procedure are more likely to provide successfulsueaments. In addition, preliminary
evidence from the group study suggests that voiogegsionals (i.e. those with voice
training: singers, linguists etc.) show a greataidence of successful measurements
using the APR technique than those with no formaice training, although the
difference is marginal and a larger scale studyldvdne required for more conclusive
results. It can be argued however that voice peimals are more aware of, and
therefore more capable of controlling their artadals and breathing, which are skills

fundamental to this technique.
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Figure 6.8: Percentage of failed readings for each vowel between single subject

and group study

As the study involved several individuals each dfom had a different size and
length of vocal tract, there could be no absolwdimipof reference to align and compare
profiles and differences in measurement betweerestsdh Therefore the coefficient of
variation as a function of axial distance was cotaguetween successful measurements
for each subject. This allowed an inter-subjectnparison of regions of largest

deviation in bore profile.

As stated in the previous chapter, the variatiotwben measurements should not
always be taken as absolute. Each sample poirgspmnds to a ~4mm slice at a fixed
position from the end of the mouthpiece. The aurmnfiguration of APR using MLS

excitation signals is a time-averaged techniqueisnierefore sensitive to changes that
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occur during the measurement phase. The unnaémgith of time a subject is required
to imitate the phonation of vowels raises the pgoksi that the articulators will drift
from the target due to fatigue and involuntary nkeiIsnovement, which in turn offsets
their axial positioning leading to sizeable dewas in the bore between measurements.
With the limited resolution of the acoustic techuegending to broaden features, it is the
profile (shape of the bore) that is at presentrttoge useful factor in determining the

success of each APR measurement.

In addition, the required process to imitate ratblean phonate a vowel sound
necessitates the absence of an air stream frompréssurised lungs, the force of which
would have otherwise supported the vocal tracttgguarticularly in cases of localised
constriction, a feature of some of these vowels.sdme cases occlusion of the airway
occurs and the reflectometer is unable to measasetpe point of occlusion, most often
the pharyngeal area. A prime example of this carfiond in Figure 6.4 which shows
subject 5 to have had an occluded airway in allsuesaments for the vowel [0]. It is
believed that airway occlusion was the predomiraaison for the large number of

‘failed readings’ within this group study.
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6.6 Discussion

APR measurements of the vocal tract are influefigei@ctors related to subject posture,
breathing, inclination and positioning of the sauittibe, leaks and distortion at the
mouthpiece and ambient noise [80]. The objectivéhe study was to apply the APR
technique for vocal tract measurement in a grougdysand to establish its repeatability
under controlled conditions. By using volunteersowvere unfamiliar with the APR

technique, a simple set of procedural instructisiese issued to each subject. This
formed part of the APR measurement protocol whichs vestablished to ensure

consistency across measurements and allow forsutgect comparison.

The results from this study have shown the APR riggle to be successful in
distinguishing measurements of cross sectional amdasocal tract length between adult

subjects, but to have a more limited success whpheal to child subjects.

Through the use of a group study, enhancementsh@éostan protocol for the
standardisation of APR measurements of the voaat trave been made. Guidelines for

guality control and optimal application of APR indk:

- Following a standard operating procedure

- Control of environmental conditions (temperaturd anise)

- Attention should be given to the mouthpiece andcthgpling between the APR
equipment and the mouth to obtain correct positaéang sufficient seal without

disturbing the anatomy
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- Regular calibration procedures and maintenance tlress hygiene,

environmental and safety standards

In the following chapter we will compare results \aical tract measurement using

APR against the gold standard technique of magnesenance imaging (MRI).
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Comparative study between APR

and MRI

7.1 Introduction

The previous chapters have presented several stugieg the APR technique for vocal
tract measurement, which have shown to be repeataialer controlled conditions and
in line with those of other similar studies. Howeva true validation of measurements
can only be realised by comparing results with ecepted gold standard technique.
This chapter describes the design, process andtgelsom a peer reviewed study
entitled ‘“Comparative study between acoustic pulse refledtgniAPR) and magnetic

resonance imaging (MRI) for volumetric measurenwdnie vocal tract during vowel

productior.
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7.2 Study design

The purpose of this study is to compare the residit®cal tract measurements from one
volunteer using data from both MRI and APR scahise study was assisted by a female
volunteer, aged 28, who was both a professionagjesirand linguist. A voice

professional was chosen to be the subject as dldy sequired the individual to be able
to hold their breath comfortably for short periaafstime and have good control over
voice, articulators and breathing during both AR MRI scanning procedures. The

study was spread over four days and divided intoperts:

(@) APR measurements- performed in an acoustics lab in James Clerk wédix

Building, The King's Buildings, Mayfield Road, Ediargh.

(b) MRI measurements— performed at SHEFC Brain Imaging Research Cdntre

Scotland, Western General Hospital, Edinburgh.

Due to the load being asked of the volunteer aedfittancial cost of access to such
expensive equipment, the comparative study betwd@iR and MRI employed the use
of 3 of the 5 vowels previously studied, shown ablé 7.1. These three vowels are
categorised as corner vowels since they represdrénee placements of the tongue,
forming the corners of a triangle in articulatonyase, as shown in the/F, Vowel

Chart (Figure 5.1). All other vowels assume shamesewhere between these extremes.
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Vowel Tongue Placement
[a] low and back
[i] high and front
[u] high and back

Table 7.1: List of vowels together with tongue placement studied using APR and MRI

The APR data set consists of 60 measurements & #oid is divided between
measurements with the subject in the normal uppgisition and the subject lying in a
supine position to replicate the conditions of MRI study. For the MRI study, the
subject could only be scanned in a supine positibime opportunity was taken however
to measure the subject with the mouthpiece, taaagl the conditions of the APR study,
and without the mouthpiece, to analyse the effé¢h® mouthpiece on the positioning
of articulators. Each MRI data set comprises upB@dmage slices covering the entire
vocal tract, with each midsagittal scan consistiga single image. Over 600 MR
images were collected throughout the course okthdy. A summary of the collected

data for measurement of the vocal tract using ARRMRI is presented in Table 7.2

MRI APR
Vowel With Without Upright Subine
Mouthpiece Mouthpiece g b
4 image sets | 2 image sets
[al + 2 midsagittal| + 1 midsagittal 10 10
. 4 image sets | 2 image sets
[] + 2 midsagittal| + 1 midsagittal 10 10
4 image sets | 2 image sets
[ul + 2 midsagittal| + 1 midsagittal 10 10

Table 7.2: Summary of collected data for APR and MRI study

® The summary excludes calibration, test measureamhtocaliser scans.
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7.3 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a non-invasivethod of obtaining images of
internal bodily tissue such as the brain and theatgord through the use of powerful
magnets and radio waves. The origin of MRI as dioa imaging technique stems
from research in the field of nuclear magnetic neswe. Originally called Nuclear
Magnetic Resonance Imaging (NMRI), the word ‘nuclemas dropped in clinical
applications to avoid negative connotations witkclear energy, and to prevent patients

from associating the examination with radiation @sqoe.

Medical MRI relies on the relaxation propertieseatited hydrogen nuclei in water.
Other elements can be used for MR imaging (i.esehohich have an odd number of
protons in the nucleus), but hydrogen is used &sthie most abundant element in the

body and it has the largest ‘Gyromagnetic Raticta67 MHz/Tesla.

When a person or object to be imaged is placedooveerful, uniform magnetic field,
the spins of the atomic nuclei with non-zero oddhbar spin numbers within the tissue
all align with the magnetic field. This is donedne of two opposite directions: parallel

to the magnetic field or anti-parallel.

The hydrogen protons precess or “wobble” due tortfagnetic momentum of the

atom. They precess at the Larmor frequency wladgiven by the following equation

w, :gBO (71)
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where w;, is the angular (Larmor) frequency of a precessirggon (MHz), B, is the
magnetic field strength (T), and is the gyromagnetic ratio (MHz/T) which is a

constant unique to the nucleus of each element.

The tissue is then briefly exposed to pulses daftedenagnetic energy (RF pulse) in a
plane perpendicular to the magnetic field, causoge of the magnetically aligned

hydrogen nuclei to assume a temporary non-aligmngténergy state.

In order to selectively image the different vox@sD pixels) of the tissue or object,
three orthogonal magnetic gradients are applie@.firkt is the slice selection, which is
applied during the RF pulse. Following this is fifease encoding gradient, and finally
the frequency encoding gradient, during which tbsue is imaged. The three gradients
can be applied in the X, Y, and Z directions of th@chine so that the patient is ‘sliced’
from head to toe, however, the MRI technique idipalarly flexible in that various
combinations of the gradients can be combined w@blenslices to be taken in any

orientation.

As the high-energy nuclei relax and realign, theyiteenergy which is recorded to
provide information about their environment. Thalignment with the magnetic field is
termed ‘longitudinal relaxation’. The time requdréor a certain percentage of the tissue
nuclei to realign (given in milliseconds) is term&dme 1" or T1. This is the basis of

T1-weighted imaging.
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T2-weighted imaging relies upon local dephasingmihs following the application of

the transverse energy pulse. The transverse telaxane is termed "Time 2" or T2.

In order to create the image, spatial informationstmbe recorded along with the
received tissue relaxation information. For tl@agon, magnetic fields with an intensity
gradient are applied in addition to the strongratignt field to allow encoding of the
position of the nuclei. A field with the gradiemcreasing in each of the three
dimensional planes is applied in sequence. Whegived, the signals are recorded in a
temporary memory termed K-space. This is the ap&tquency weighting in two or
three dimensions of a real space object as sampyetRl. The information is
subsequently inverse Fourier transformed by a coengato real space to obtain the
image of the tissue or the object, with a typiesalution of around 1mfrin clinical

studies.

A comprehensive review of magnetic resonance anghstec resonance imaging is
outwith the scope of this investigation. Sourcésnrmation on this subject can be

found in [81-83].

As discussed in Chapter 1, X-ray CT and MRI aresa®ered gold standard imaging
technigues and are the only systems capable olpirogl vocal tract measurements for
comparison with APR measurements. CT scanningwad out at an early stage as the
technique would expose volunteer subjects to ingigiadiation. APR estimates of
airway areas have previously been compared with khieasurements [7], and there

have been several successful studies using MRlafowvay measurement (whilst
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breathing) [8] and vocal tract measurement (wiplsbnating) [77, 78, 84-87]. There
has however been no comparisons between APR andnM@surements of the vocal

tract during phonation (or imitating phonation)vofwel sounds.

7.3.1 Procedure for research trials using human sub  jects

The study required the services of a healthy veleinto undergo a medical imaging
technique for research purposes with no clinicalefie to the volunteer, therefore the
project had to undergo a thorough and rigorouserevirom medical, scientific and

ethical panels, before access was granted to Mifities. These included:

- Lothian University Hospitals NHS Trust — Research &Development
- Scientific Committee of the SHEFC Brain Imaging Resarch Centre for
Scotland (SBIRCS)

- Lothian Research Ethics Committee (LREC)

In accordance with the guidelines set by the Ceérffice for Research Ethics
Committees (COREC), a range of documents and mstowere required to be
produced in addition to the written informed cortseinthe subject. Some of these are

referenced as follovis

- Patient Information Sheet (Appendix A.1)

® Volunteer personal data has been removed. Datiuped during this study has been archived in
compliance with the principles set out in the DRtatection Act 1998.
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- Volunteer Consent Form (Appendix A.2)
- Study Protocol (Appendix A.3)

- General Practitioner Approval Letter  (Appendix A.4)

7.3.2 Methodology

7.3.2.1 Image acquisition

MR imaging was performed on a 1.5T Signa LX scar{f@neral Electric Healthcare,
Slough, UK), using a neurovascular phased arral designed to give good signal
coverage of the head and neck region. The subggcsuipine, using a mouthpiece to
reproduce the conditions of the APR measuremenfaraas possible (see Figure 7.1),

and also without the mouthpiece to replicate nonpmaination.

Figure 7.1: Subject lying supine with plastic mouthpiece for use in MR scanner

to reproduce conditions of APR measurements
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7.3.2.2 MRI scanning parameters

The MR examination consisted of a 3-dimensionakliser scan, from which T1-
weighted gradient-echo images were prescribed. ingggarameters for the T1 images
were: field-of-view (FOV) 260 mm); slice thicknessmn; acquisition matrix 256 256;
echo time (TE) 4 ms; repetition time (TR) 80 msg diip angle 80°. For each vowel
sound, a midline sagittal image was acquired, VYodld by groups of slices
approximately perpendicular to the airway. Slicacpg was 8 mm, i.e. there were gaps
of 4 mm between grouped slices. 36 images covitiedocal tract from lips to glottis
and were acquired in groups of 6 slices, takingragmately 13 seconds per group.
During this time, the subject held the articulatiarfull apnoea (a pause in breathing).
Short rest breaks in between each acquisition aldowhe subject to breathe, but no
repositioning of or by the subject occurred once lttaliser scan was performed. All
T1 imaging was repeated without the mouthpieceampare the effect it had on the
vocal tract (displacement of lip shape, jaw heggist). Selected images shown in Figure
7.2 are: (a) localiser midsagittal scan; (b) a natosection through the oral cavity
showing the maxillary sinuses either side of theahaavities, and ethmoid sinuses
between the eyeballs; (c) an oblique section thidbg oropharynx, with the location of
the roots of the molars identified as dark greyasrend (d) a transverse section at the

tip of the larynx, above the vocal folds.
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The images show the air passages and calcifiedtstas (teeth and bones) in black,
muscular tissue in grey and fatty tissues and boaeow in white, indicating large

amounts of free hydrogen atoms [88].

A complete set of MR images for each vowel in ndrmphonation (excluding

mouthpiece) is given in Appendix B.
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Figure 7.2: (a) Localiser scan (top), together with selected MR images taken
perpendicular to the airway axis (located bottom going from left to right) (b) oral
cavity, (c) oropharynx, (d) tip of larynx. Air passages and calcified structures

appear in black, hydrogen rich parts, such as fat and marrow, in white.
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7.3.3 Image analysis

The post processing of MRI data was performed at \thellcome Trust Clinical
Research Facility, Image Analysis Core, at the WasGeneral Hospital, Edinburgh,
using Analyze 6.0 software on a UNIX platform for the extraction afrway area
information. Areas were taken from slices posgidrperpendicular to a line drawn
midpoint through the vocal tract in the midsagittahge. In practice this meant areas in
the mouth were taken directly from the coronal ieggwhilst for pharyngeal
measurements the areas were taken from obliquedftibnd horizontal images. The
overlap of slices between regions ensured full cye of the vocal tract, from which
best positioned slices could be chosen or intetpdlaln all images, the pixel size was

1.032mm.

To align with the reconstructed profiles from APReasurements, the mouth
termination of the vocal tract was taken as thet fMIR image slice preceding the
incisors for scans using the mouthpiece. For sedativout the mouthpiece, the area
profiles were aligned with incisors as before, thet mouth termination was taken as the
first MR image slice preceding the lips, allowingr fthe inclusion of cross sectional
areas formed by the lip shape. Other models daisthe calculation of the mouth

termination [89, 90].

Areas were determined from “regions of interestO(Rwhich were identified using

object maps (see Figure 7.3). The auto detectaatufe was only partially successful in

" © 2002 Mayo Biomedical Imaging Resource: A compredive software package developed at the Mayo
Clinic for multi-dimensional display, processingidameasurement of multi-modality biomedical images.
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segmenting the airway from surrounding tissuesefoee the majority of images relied

on the operator segmenting the ROI using the ‘ddssce’ function to position ‘spline

points’. Using the ‘flood fill' tool, the ROI walsighlighted before advancing to the next
slide to repeat the process. Once a ROI had bdeatsd and highlighted in all slices of
the image set, the object map was saved and thery tise image analysis and

measurement tools, each ROI was propagated toceatea information.

Figure 7.3: Selection and measurement of a ROI using spline points to segment

air cavity from surrounding tissue (left), and highlighted using flood fill (right).

Air passages and calcified structures, such as taatl bones, contain no free
hydrogen atoms and therefore do not appear in MBRgé@s. Previous studies have
devised various procedures to take account of thbgence, some of which have
included coating the teeth with paraffin wax ortpascontaining gadolinium and barium
sulphate in order to make the structures visiblBIR images, but the results have often
proved unsatisfactory [91]. Rather than tryingnb@ge the teeth directly during the MR

scan, Story et al. [77] used Electron Beam Complitedography (EBCT) to generate a
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cast of the teeth, which was subsequently subtidcten the vocal tract shapes at the
image analysis phase. As part of a 3D study ofvtwl tract, Engwall and Badin [88]
used a similar solution to account for the ‘missgtgictures’ by scanning a cast from
their subject’s dental impression using the same MRBchine as the subject. During
image processing, the contours of the casts wesdiquued to fit the upper and lower
incisors in a midsagittal image of the referencsitpan, which depicted a neutral vocal

tract shape with upper and lower incisors touclaingd aligned.

As the use of ionising radiation was ruled outtfis study, EBCT could not be used
to scan the subject’s teeth. Also, to properlgrala 3D scan of a dental cast at the post
processing stage, 3D scans of the vocal tract wbeldequired, which was not an
objective of this study. Therefore, no allowanbase been made for the exclusion of

teeth in this MRI study.
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7.4 Results from APR and MRI measurements of the

vocal tract

The following sections present the results from sneag the area profiles of the
subject’s vocal tract for three corner vowels usigR and MRI. For MRI, the

procedure for the measurement and extraction @fsaf®m MR images was described
in the previous sections, and the following repnéséhe subject lying supine, with and
without a mouthpiece. For APR, the measurementguhore has been described in
Chapter 4 and 5, and in addition to the normalghrposition, the subject was also
measured whilst lying supine to reproduce the domt of the MRI measurements as

far as possible.

7.4.1 Vowel [a]

There is reasonable overall agreement between Bfe @nd MRI area profiles for the
vowel [a] (Figure 7.4), exhibiting features prewstuobserved in 5.6.1 and 6.3.1, the
most prominent of which is a large mouth cavity]¢fa.) and a smaller pharyngeal

cavity caused by a tongue that is low and pullezkvato the pharynx ([@hrcL)-

The hypopharynx in the ARRine profile deviates from this observation and display
an unusually large cross sectional area when cadpaith the APRyign: and MRI

profiles. A possible explanation could be the rmdthwith which APRypine
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measurements were taken. As the subject lay sugiiaecounterbalanced APR source
tube and mouthpiece were self supporting and post directly over the subject’s
mouth. The subject was then able to make finerobpbsitioning movements of the
mouthpiece with her hand to couple with her ligs oral breathing is impossible when
connected to the closed source tube, the mouthpespgred to be lifted up and away
from the mouth before a breath could be taken.cdntrast, APRyight measurements
only required the subject to move their head a kthsilance away or to the side of the
mouthpiece in order to take a breath. Also, thelMfhpiece measurements used a
mouthpiece with an appropriately sized aperturaltow free breathing. In sessions
where multiple APR measurements are taken, fatigae quickly set in, therefore
APRgpinemeasurements could have made the subject moreside to nasal breathing
and also a swallowing reflex rather than constargpositioning the mouthpiece for an
oral breath. Even a small lowering of the velum cause the acoustic signal to find
alternative paths leaking into the nasal cavityjolwithen appear “added to” the true
area. It is considered that these acoustic leak#agéacts averaged over multiple area

profiles could account for this measured rise iarghgeal area.

A notable feature between APR and MRI measuremisntee difference in cross
sectional area at the lips and posterior to thésams. The MRl /mouthpieceProfile
exhibits the true cross sectional area createdth®yip aperture (radius ~15mm) whereas
the other profiles are bounded by the internal impigce opening (radius ~10mm). At
an axial distance of ~30mm from the first point reConstruction, and proceeding

posteriorly for ~20mm, the MRI profiles display niularger cross sectional areas than
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the acoustic measurements. As described in thaome section, calcified structures,
such as teeth, appear black in MR images since ¢batain no free hydrogen atoms,
therefore their area is merged into ‘airway spadeting image analysis. Unless
otherwise accounted for, the true vocal tract de@avay) will be overestimated, as in

this case.

Although the APRuyign: area profile provides a better fit to the MRI d#tan the
APRgypineprofile, the positions of the hypopharynx and ‘dolls measured using APR
are shifted 10-15mm caudally relative to the MRtagaand are not as well defined.
However, the average coefficient of variation asral profiles is <15%, and is in line

with previous results.

7.4.2 Vowel [i]

There is good overall agreement between the APRM#RDarea profiles for the vowel
[i] (Figure 7.5), exhibiting features previously seved in 5.6.3 and 6.3.3. The high
degree of lip spreading for this vowel and difftguin coupling with a cylindrical
mouthpiece has been documented in these sectidBgidence of the effect the
mouthpiece is having on lip aperture can be foungomt ([ijwe) showing profiles that
utilised the mouthpiece to have a much smallerscsetional area (radius ~10mm)
compared to the true area measured by the MRI sgaluding mouthpiece (radius

~14mm). Also, the MRI profile excluding the mouidqge shows the constriction
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between the hard palate and the tongue, formelgeiotal cavity, to be closer to the lip
aperture than that measured with the mouthpiecéshnéire displaced posterior by a

further ~1cm.

An unusual feature in the series of profiles utilisthe mouthpiece is a cavity created
behind the point of constriction between 6cm to Sdong the axial distance from the
first point of reconstruction. Throughout this @stigation, this feature has only been
observed with one other subject (see Figure 6.8bje8t 1), but it is thought that this is
an artefact due to tongue shaping, introduced bystibject’'s method of coupling with

the mouthpiece.

The large cavity created in the pharyngeal reg[dpdrcl) IS shown with a similar
profile across all measurement groups, only varyingbsolute size. On the other hand,
there is a much larger difference in cross secti@maas between APR and MRI
measurements of hypopharynx and glottal regiontlspagih the overall profiles are very

similar.

The acoustically measured position of the vocatifoare again shifted 10-15mm
caudally relative to the MRI data and are not ab eefined. The average coefficient of

variation across all profiles is <20%, and is melwith previous results.
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7.4.3 Vowel [u]

There is reasonable overall agreement between B @hd MRI area profiles for the
vowel [u] in a supine position (Figure 7.6), exhig features previously observed in
5.6.5 and 6.3.5. The rounding and protrusion eflijns associated with this vowel can
be seen at the first point of reconstruction fa BRI profile excluding the mouthpiece.
The subsequent rise from 8mm to 13mm is exaggesatedwhat by not accounting for

the area occupied by the incisors, which are notvshin the MR images.

At the point of lip-mouthpiece coupling () for the other profiles, we can see that
the mouthpiece has a larger area than the trugpigpture of the vowel [u], forcing the
subject to widen her lips to accommodate the moedep The effect of this is a larger
oral cavity ([ubraL) than compared with the MRI profile excluding tneuthpiece, and
is most likely caused by a lowering of the jaw.isTtifference in area can be seen from

3cm up to 7cm along the axial distance from th& fioint of reconstruction.

A significant constriction is visible in all proés between 9cm and 11cm along the
axial distance, with radial size ranging from 2-7mirrhere are however large measured

variations of up to 40% across profiles in thisioag

The large pharyngeal cavity behind the point ofstoation, created by the tongue
that is high and back in the mouth cavity, is oftigsalar note here. When lying supine,
both techniques measure similar areas for the plgagt region ([Wurc). However,

the APR measurement of the subject in an uprighkitipo is significantly larger. The
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size of this cavity is still within reasonable lisiand suggests that, due to the effects of
gravity by lying supine, the tongue and other yimjdtissues mass at the back of the
airway, reducing the overall volume. This featigaot as prevalent in the vowels [a]

and [i] as the tongue assumes a more advancedopoisitthe oral cavity.

As seen in the previous single subject and grougies, there are large variations
across the measured profiles for the vowel [u], é&asv, the average coefficient of

variation remains within acceptable limits at ~28&oss all groups.
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Figure 7.4: Vocal tract area reconstructions from APR and MRI measurements

of a single subject for vowel [a], together with measure of variation in data.
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Figure 7.5: Vocal tract area reconstructions from APR and MRI measurements

of a single subject for vowel [i], together with measure of variation in data.
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Figure 7.6: Vocal tract area reconstructions from APR and MRI measurements

of a single subject for vowel [u], together with measure of variation in data.
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7.5 Analysis of results

In a like-for-like comparison between measuremeaftthe vocal tract using APR and

MRI (i.e. under the same conditions of lying suparel using a mouthpiece for each
vowel), a measure of vocal tract volume was obthimg calculating the cross sectional
area of each profile and then integrating overakial distance. In all cases, the APR
technigue underestimated the total vocal tractmelcwompared with those measured by
MRI due to the fact that the loss treatment assunggs walls and energy is lost to

higher order modes. At the same time, the MRIne&pke overestimates due to the fact

that teeth are included in the vocal tract volume.

Volumes for the vowels [a] and [i] agree very waditween the two techniques, with
APR values within 9% and 3% respectively, of thaseasured using MRI. The total
vocal tract volume using APR for the vowel [u] waghin 17% of that measured by
MRI. The mean distance from the incisors to theavdolds using the mouthpiece was
152+12mm by MRI, and 164+11mm with APR. The MRidst without the mouthpiece
had a mean length of 167+15mm, measured from thtex edge of lip protrusion to the

vocal folds.
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7.5.1 Analysis of MR images

Although the software automatically performed astoit’ of operator positioned spline
points, image analysis was time consuming (takietyvben 30 minutes to 1 hour per
image set) and the resulting area measurementshigiry dependent on the thresholds
used. Area uncertainties were generally less #2809, however there were a number
of incidences which exceeded this value, but aleewith those reported by [7] up to
+50%, and [92] who reported coefficients of vaoatin the range 5-33% for repeated

estimates of glottal areas from CT images.

7.5.1.1 Irreducible uncertainty in MR image analysi s

Although many would regard MRI as the “Gold Stankidor airway measurement, the
problems of determining “Regions Of Interest” (R@tgas are substantial, even when
the process is partially automated (best fit ofoadng spline points). Marshall [7]
showed that a lower bound can be set on the ametaimties by considering the image

pixels defining the airway wall (Figure 7.7).
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Figure 7.7: The intrinsic uncertainty in area estimation caused by the pixel size

The wall passes through approximatelyr/2x perimeter pixels, each of area?,
wherer is the radius of the airway and is the length of the pixel side. Since we
cannot tell what proportions of these pixels lieside the airway, the irreducible area

uncertainty is:

t

. 2pr, )
—Dx=+xpDx 7.2
x p (7.2)

N[

compared with an actual area Af=r? i.e. a proportional uncertainty afDx/r or

+Dx/~ Al p . With a pixel side length of 1.01563mm, this eeg@ion evaluates to 18%
for A = lcnf, 13% forA = 2 cnf and 10% foA = 3 cnf. This uncertainty is inherent in
the discrete nature of the image, and would appbneif the contrast between the

airway and the surrounding tissue were infinitdthdugh these errors may be small for
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large oral cavities, they become more significahemw evaluating smaller areas such as
those commonly found in the oro- and hypopharymd aspecially the much smaller

areas at points of constriction.

7.5.2 Acoustic and articulatory effect of the mouth piece

Chapter 5 discussed in detail the relationship betwthe vocal articulators and how
they shape the acoustic signal. Whilst the tonguecognised as the prime mediator of
oral and pharyngeal resonance in the productiomosfel sounds, lip shape and jaw
height also play a role [71, 89]. Lip roundingr@ases the acoustic length of the vocal
tract and therefore shifts the formant frequen@éghe vocal tract downward ([39]

p.132). On the other hand, lip spreading redubesacoustic length and therefore
increases all formant frequencies of the vocaltt(f84] p.168). Jaw lowering has a

similar effect, particularly with regard ta P3].

A current limitation of the APR technique highlight throughout this work is the
need for a mouthpiece to couple the source tubk thi lips. The fixed size of the
mouthpiece has meant that subjects have had tstatipir lip shape and jaw height for
some vowels in order to form an acoustic seal. tR@wvowels [a] and [i] this has meant
lip rounding, and for the vowel [u], lip spreadingigure 7.8 shows pictures of lip shape
and midsagittal MR images for normal phonation cared with midsagittal MR images

using a mouthpiece for each vowel. From these @saigjis clear that the mouthpiece is
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impacting on the normal phonatory position of tips,| particularly in the case of vowels

[i] and [u], and also altering the cavity postetiorthe incisors.

The acoustic effect of the mouthpiece was invetjay recording the subject whilst
singing each vowel at a comfortable pitch (A4 — H4)) with and without the
mouthpiecd and then performing a spectral analysis on therted audio signal. The
acoustic effect of changing the lip shape to accodate the mouthpiece is shown in
Figures 7.9(a-c), which display a section of thegrency spectrum (250Hz — 2.8kHz)
for each vowel in normal phonation, compared witlattof phonation using the

mouthpiece.

8 To prevent acoustically lengthening the vocalttradntroduce filtering properties of the plastic
mouthpiece, the mouthpiece was removed prior tordeg.
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Figure 7.8: Midsagittal MR images together with photo of lip shape for normal

phonation (left), and MR images using a mouthpiece (right).
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For the vowel [a] (shown in Figure 7.9(a)), voaalct resonances around 700Hz and
1500Hz (see section 5.4.1) are shown to boost thar#i 3 harmonics when singing
normally at A4 pitch. When singing at the samelpivith the mouthpiece in place, the
lip shape becomes more rounded thereby increabimcatoustic length of the vocal
tract, shifting the resonant frequencies of theavdact downward. The result in this

case is attenuation of th& and 4" harmonics.

For the vowel [i] (shown in Figure 7.9(b)), vocehdt resonances around 270Hz and
2100Hz (see section 5.4.3) are shown to boost thandl 8" harmonics when singing
normally at A4 pitch. By using the mouthpiece, fipeead lip shape changes to a round
lip shape, and as in the previous vowel, has thHecefof lowering the resonant
frequencies of the vocal tract. The result in tase can be seen in the boost given to

the 3¢ 4" and %" harmonics.

For the vowel [u] (shown in Figure 7.9(c)), vocaddt resonances around 300Hz and
800Hz (see section 5.4.5) boost th&Harmonic when singing normally at A4 pitch. By
using the mouthpiece, the lip shape is spreadtsligthecreasing the acoustic length of
the vocal tract and raises its resonant frequencighis rise in & boosts the

harmonic.
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Figure 7.9(a): Frequency spectrum for vowel [a] sung at A4 (440Hz) pitch, with

and without a mouthpiece.
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Figure 7.9(b): Frequency spectrum for vowel [i] sung at A4 (440Hz) pitch, with

and without a mouthpiece.
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Vowel [u]
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Figure 7.9(c): Frequency spectrum for vowel [u] sung at A4 (440Hz) pitch, with

and without a mouthpiece.

7.5.3 Effect of posture

Studies have shown that the control of head posdigring airway measurements using
acoustic reflection is not critical, provided theseno obvious neck flexion [7, 18].
Most APR measurements throughout this study haen lm subjects in an upright
position in order to recreate the normal the coodg of phonation. The MRI study
however, required the subject to lie supine in ptdébe scanned. The effect of posture
on upper airway dimensions has shown the supinégigodo significantly alter the
pharyngeal area [94-98]. The APR results of thislyg have also shown the subject in a

supine position to have a significant reductiorpiraryngeal vocal cavity volume when
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compared with measurements of a subject taken upéaght position. In the absence of
airstream (expiration pressure in the case of pimma gravity makes it more likely for
the tongue to fall back over the airway and/ortha airway muscles and other tissues to
occlude the airway [99]. The link between supimsippon and ‘collapsibility’ of the
upper airway [100, 101] are well known in respirgtmedicine and have been shown to

be a major contributory factor in sleep disord&&
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7.6 Discussion

The purpose of the study was to compare resulis fiee APR technique for vocal tract
measurement against those of MRI, an acceptedsgaidiard technique. This involved
using the same subject, a voice professional, ih lstudies for the measurement of
three corner vowels [a], [i] and [u]. The same ditions were reproduced for each
technique as far as practically possible, which mhe@aprimary data set measuring the
subject lying supine and using a mouthpiece. Bongarison, a secondary data set was
collected which measured the subject in an uprjggition (APR) and without the
mouthpiece (MRI). The articulatory and acoustiteets of the mouthpiece, and the

effect of subject posture on measurements havebakso discussed.

The results from this study have shown reasonabégati agreement between the
APR and MRI data, with the limited resolution ofetlacoustic technique tending to
broaden features, particularly in the region of ghearynx and glottis. The spatial
smoothing of acoustic measurements also has itsteqart in the temporal smoothing
of MRI measurements [7]. The imaging time of saleminutes, encompassing 6 breath
holds and rest periods for one complete scan ofvth@l tract (~31 MR images),
inevitably means that the data is averaged ovephalkes of respiration. It is important
that the subject remains still for this time, idgabithout swallowing. With the acoustic
technique, on the other hand, a full vocal tracasueement can be made within a single

breath, with little inconvenience to the subject.
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Conclusions and future work

The research aims set out in Chapter 1 have alh laehieved. In this chapter, a

summary of the conclusions is presented with recendations for future work.

8.1 Achievement of aims

8.1.1 Aim 1: Development of APR

The first aim of the study was to develop the ARBhhique as a non-invasive method

for measuring the bore of the vocal tract for stedrgets of articulation.

Chapter 2 introduces vocal tract anatomy and plogyo Chapter 3 discusses the
basic theory for plane wave propagation within tabweavities together with a method

for solving the inverse problem for determining tienensions of an object from its
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input impulse response. This formed the theoretamandation from which an Acoustic
Pulse Reflectometer could be built. Chapter 4 wless the production of a working

reflectometer and its application to the measurérottie vocal tract.

Several developments to the standard APR techrageielescribed in these chapters,
one of which is to apply MLS signals rather thaings single pulse as an input signal.
By applying a signal which continues over a long®e interval, more energy is able to
be injected into the system which improves the aigo-noise ratio and removes the
need to average over a large number of measuremdntperiments on test objects
confirmed that higher order MLS excitation signasabled greater accuracy in
subsequent bore reconstructions. It is also obsehowever that MLS excitation
signals are normally applied to linear time invati@_TI) systems. Its application must
be used with care as the vocal tract is most oftarsidered a dynamic system. The
assumption made in this study shows that by imigathe phonation of vowel sounds,
with a specific place of articulation, and refraigifrom breathing, the vocal tract can be
considered a time invariant system. This is shaw@hapter 4 which describes how
recordings were made of individuals to determine maximum length of time they
could remain still before fatigue and involuntarypwvement set in. By doing this, a
maximum length of time for an APR measurement weatuded, which in practice gave
the maximum length of an MLS excitation signal tbatlld be applied. Chapter 4 also
describes the application of the ‘virtual DC tulbeethod which simulates the effect of
the DC tube without the need of an intermediatespay coupling, resulting in a quicker

and more reliable measurement.
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8.1.2 Aim 2: Group study

The second aim was to apply, and investigate theatability, of the APR technique for
the measurement of the vocal tract in a group safdylunteers ranging from children

to adults.

The optimisation of the APR technique for measumanté the human vocal tract
using a single subject is described in Chapter Fhe results from repeated
measurements of five non-nasalised vowels using Mk@&8tation signals in the range
16£ m£ 18 show good overall agreement when compared witlaMoact profiles from
previous studies, but no direct comparisons camade because of differing methods

and subjects used in these experiments.

Measurements using the lowest order MLS input gigime=16) consistently
underestimated the pharyngeal area when compartd tivose using higher order
signals. The application of the highest order Miighal (n=18) exhibited the greatest
incidence of ‘failed’ readings, therefore a comprsenbetween the need for a quick
measurement and the desire for a long time intdo/@ut energy into the system was

required. An MLS signal of orden=17 was adopted for all subsequent measurements.

The repeatability of the technique was found thtotgpeated measurements of each
vowel, from which a mean area profile and coeffitseof variation were calculated.
With a few exceptions, the average coefficient afiation was generally less than 20%.

Factors pertaining to the success of measuremadttha repeatability of the technique
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have been discussed in detail in Chapter 5 andasunement protocol was devised to

create a benchmark for comparison of results witaré studies.

Chapter 6 describes how this protocol was succgssdpplied to the vocal tract
measurement of children and adults. The resulsvsthne APR technique to be
successful in distinguishing measurements of csestional area and vocal tract length
between adult subjects, but have a lesser succhss applied to child subjects.
Enhancements to the scan protocol for the starsitioh of APR measurements of the
vocal tract were made and methods to facilitateerirdubject comparisons were

developed.

8.1.3 Aim 3: Comparison of APR and MRI

The third aim was to implement a comparative sthdijween APR and MRI for the

measurement of the vocal tract during the (imitgtiof vowel sounds.

Full details of the study are presented in Chapter

The services of a voice professional were empldgedhe vocal tract measurement
of three corner vowels [a], [i], and [u] using b&AFR and MRI techniques. The results
from the study show reasonable overall agreememtdan the APR and MRI data, with
the limited resolution of the acoustic techniquediag to broaden features, particularly

in the region of the pharynx and glottis. The ager coefficient of variation between
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area profiles across all vowel groups is less @@¥h, which is in line with that of the

previous APR single subject and group studies.

In a like-for-like comparison between the APR an&IMechniques for measurement
of the vocal tract, measurements were conductel thi¢ volunteer lying supine and
using a mouthpiece for each vowel. A measure chlvtract volume was obtained by
calculating the cross sectional area of each gra@fiid then integrating over the axial
distance. In all cases, the APR technique underatdd the total vocal tract volume
compared with those measured by MRI. Volumesterwtowels [a] and [i] agree very
well between the two techniques, with APR valuethini9% and 3% respectively, of
those measured using MRI. The total vocal tratdme using APR for the vowel [u] is
within 17% of that measured by MRI. The mean diséafrom the incisors to the vocal
folds using the mouthpiece is 152+12mm by MRI, 46d+11mm with APR. The MRI
study without the mouthpiece has a mean lengtt6@#15mm, measured from the outer

edge of lip protrusion to the vocal folds.

The second part of this aim was to produce a framnlevior future APR and MRI
investigations, which includes all supporting doemtation to satisfy scientific, clinical

& ethical bodies for the use of human volunteenesearch trials.

The documents and protocols produced in this standyn accordance with guidelines
set by the Central Office for Research Ethics Cottems (COREC) and have been

approved by the appropriate scientific, clinicatl athical bodies.
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Their inclusion in this work should assist futuesearchers to facilitate what can

often be a lengthy and protracted process.

8.1.4 Aim 4: Vocal tract data

The fourth aim was to produce a corpus of dataochltract measurements from APR
and MRI investigations, which can be used as ‘rgabmetric data for application in

physical models of the voice.

Results from over 400 APR vocal tract measurembate been presented as area
profiles in Chapters 5 and 6. The profiles repnesiee shape of the vocal tract (cross-
sectional area as a function of distance) for thels [a], [€], [i], [0] and [u], and were
measured from a variety of adult male and femaltunteers (including a voice

professional), and also female children.

For the comparative study between APR and MRI, BRAneasurements were taken
of a female voice professional in upright and saositions. In addition, over 600 MR
images of the same individual have been collectkidstvmitating the phonation of the
corner vowels [a], [i] and [u] (split between fulbcal tract data sets and single slice
midsagittal images). The extracted area profitemfthese measurements are shown in
Chapter 7. Selected MRI data sets, together wittsagittal ‘profile’ images for each

vowel during normal phonation (excluding mouthpjeege shown in Appendix B.
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8.2 Limitations

No technique is without methodological problemsigiag from the invasiveness of the
procedure to the limitation on temporal and spatédolution. APR for vocal tract

measurement is a technique that has been showmvae reasonable accuracy in the
measurement of cross sectional area of the uppeayi However, it is a technique that

is not exempt from aforementioned limitations.

Assumptions being made in the present work areepl@ave propagation and rigid
airway walls. As discussed in chapter 3, if thadwidth of the input signal is greater
than the lowest cut-off frequency of the cavity {@hmay vary along its length), a
mixture of plane waves and higher order modes mitipagate. In this case, the
assumption of plane wave propagation upon whicHaer peeling algorithm is based
becomes invalid, the result of which is a lowerinfy the accuracy of the bore
reconstruction with underprediction of the cavitypss-section, as energy is lost to
higher order modes. Also, the rigidity of the agmvall is frequency dependent and it
is only above approximately 1 kHz that airway nagidity could be neglected [16].

Further investigation is required in both theseaare

A practical limitation of the APR technique highitgd throughout this work is the
need for a mouthpiece to couple the source tubk thi lips. The fixed size of the
mouthpiece has meant that subjects have had tstatipir lip shape and jaw height for
some vowels in order to form an acoustic seal. tR@wvowels [a] and [i] this has meant

lip rounding, and for the vowel [u], lip spreadindhe mouthpiece has been shown to
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impact on the normal phonatory position of the,liparticularly in the case of vowels [i]
and [u], and also altering the cavity posteriortb@ incisors. The acoustic and

articulatory effects of the mouthpiece are examinedetail in section 7.5.2.

The measurements from the child group showed arereely high number of failed
readings. Accepting that the technique was notmogéd to accommodate a child’s
much smaller mouth shape, the current techniqueinexja certain level of cooperation
from volunteers, which includes control of breathiand the ability to remain still
throughout the measurement phase, both of whichdifieult to obtain with young
children. The present format of the techniquedfuge has limitations in its application
to young children. However, the technique was welérated by adult volunteers,

although shorter measurement times would be beakfic

8.3 Future research

Real-time imaging or a sufficiently fast captureeravith which to observe dynamic
changes (such as articulation and swallowing) &s uliimate goal of vocal tract and
airway imaging studies. In practice however, nchigque currently exists that has a
rapid response and satisfies the requirements ahgb@on-invasive, portable,

inexpensive and simple to operate.

The primary focus of this research has been ondthelopment of the APR for

measuring the vocal tract bore for vowel soundshas been noted previously however
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that determining the internal dimensions of obj@ftgarying cross-section is a problem
common to many branches of science and industihyerefore the development of the
APR technique is of interest to a number of discgd that require a non-invasive
method of measurement. For example, acoustic mmgtiy (acoustic reflectometry of
the nose) is increasingly used for the objectiueicdl assessment of nasal patency. The
benefits of this technique as a method which cambgliied easily and quickly, in
addition to being portable, are well documented.[5APR measurements of the nasal
and oral airways are however influenced by factelated to subject posture, breathing,
inclination and positioning of the source tube, kkeaand distortion at the
nosepiece/mouthpiece, and ambient noise. Reconatiend for future work to

overcome these and other limitations are discusstds section.

In the present study, volunteers were issued thighsame set of verbal and written
instructions to ensure consistency across measutepnecedures and allow for inter-
subject comparisons to be made. However, no stdisga measurement protocols
currently exist for measuring the vocal tract udimg APR technique. Such a procedure
would be useful when comparing results betweenendfit reflectometers and set a

benchmark for future clinical studies.

The MLS excitation signals employed throughout thiwk have proved suitable in
the limited context of studying a static vocal tradHowever, the required length of
signal is at the fringes of how long a human subgan remain immobile for the vocal
tract to still be considered a linear time invatiapstem. The current method requires

two sequences of the MLS signal to be played endnit to satisfy the periodicity
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condition of the technique, but only the second bhthe signal is used. Whilst of little
consequence when applied to the measurement af stgects, a faster method which
would ideally use the whole signal is required tobe vocal tract. Further work is
required to see if such an adaptation of the ML$howis possible. Alternatively, new

input signals should be investigated.

A practical development to the current system wdddto adapt the mouthpiece or
introduce a face mask method to alleviate the probdf fixed jaw height. This would
allow a better measurement of the vocal tract gmgHape when imitating the phonation

of some vowels.

The imitation rather than phonation of vowels i¢ i@al as the articulators can drift
out of their target position during the long measoent time. The subject has no
auditory cue with which to make fine adjustmentstticulators in order to achieve an
articulatory target, therefore methods to enablengtion and breathing whilst coupled

with the source tube should be investigated.

A study of airway wall characteristics with regatddrequency dependent attenuation
factors (losses) is required. Their inclusion e bore reconstruction algorithm may
have the potential to improve the accuracy of fituocal tract measurements. In
addition, further work is necessary to investigateat role, if any, higher order modes

play in the APR method for vocal tract measurement.

Finally, another potential area for future researololves the multiple microphone

technique [102]. By being able to decrease thgtleaf the source tube, high frequency
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losses within the source tube would be less siganiti and increase the bandwidth of the
measurement. This may prove useful when appliethéomeasurement of the vocal
tract only if higher order modes can be taken imtgount in the bore reconstruction

algorithm.
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ACOUSTICS & FLUIDS RESEARCH GROUP
SCHOOL OF PHYSICS — COLLEGE OF SCIENCE & ENGINEERIN
THE UNIVERSITY OF EDINBURGH

Mr Calum Gray
Rm.4201 - James Clerk Maxwell Building
The King's Buildings
Mayfield Road
Edinburgh EH9 3JZ

Tel: 0131 650 5257

Fax: 0131 650 5902

Email: cgray@ph.ed.ac.uk
Web Site: http://www.ph.ed.ac.uk/fluids/

PATIENT INFORMATION SHEET

COMPARATIVE STUDY BETWEEN ACOUSTIC PULSE REFLECTOME TRY (APR)
& MAGNETIC RESONANCE [IMAGING (MRIl) FOR VOLUMETRIC
MEASUREMENT OF THE VOCAL TRACT DURING VOWEL PRODUCT ION

You are being invited to take part in a research stdy. Before you decide it is important for
you to understand why the research is being done drwhat it will involve. Please take time
to read the following information carefully and discuss it with others if you wish. Ask us fif
there is anything that is not clear or if you wouldlike more information. Take time to
decide whether or not you wish to take part.

Thank you for reading this.

LREC Ref: 04/S1101/22

Version: 1.2 (06/09/04)
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1. What is the Purpose of the Study?

The measurement of human airway dimensions has aeeequent objective in the field of
medical and speech research, but vocal tract ingagimherently difficult due to its important
biomechanical function (breathing, swallowing, dpeg etc.).

The Chief Investigator for this project is a reshar in the field of Acoustics (the study of
sound) and is involved in developing a computerusation of the voice.

A major part of this research is to obtain ‘realad@f the voice source — with the size/shape of
the vocal tract playing a primary role in the adausutput (what we hear).

One of the main methods used in measuring the vinaal is Magnetic Resonance Imaging
(MRI). This technique uses a combination of powerfuyness and radio waves to create very
high quality pictures of particular parts of thedgo

There are however disadvantages with using MRV&mal tract measurement. Some of these
include:

Time - It takes time to perform a complete scan usingl MBuring which the subject
must remain immobile. Scan time is typically longgan what a human can comfortably
hold their breath for.

Expense- MRI is an expensive procedure and access tetugment is limited

Image Analysis— Once the MRI scan is complete, ‘post proceshghe images is still
required so that the data can be presented inablgstrm to the researcher/clinician.

As an alternative to MRI, the Chief Investigatos@ntinued the development of a technique
known as Acoustic Pulse Reflectometry (APR) andduegpted it for measuring the vocal tract.

APR uses audible sound waves from a loudspeakec(dd down a tube with a subject placing
their lips against a mouthpiece) to calculate theal tract shape/volume.

The advantages associated with APR include:

Non-Invasive — The subject places their mouth against the stenibuthpiece and is
asked to refrain from moving & breathing for uplfd seconds.

Repeatable— The quick measurement time means the subjectpeaiorm several
repeats with minimal fatigue

Inexpensive— The equipment to construct an APR is readilylabée and inexpensive

The purpose of this study is to compare the resultsf vocal tract measurements from one
volunteer using data from both MRI and APR scans.
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2. What is required of the volunteer?

The main requirements for a volunteer to parti@patthis study are:

Adult (over 18 years of age)

To be available for both parts of the studgd The Study & Schedule
Able to hold breath comfortably for short periodgime (10 to 15 seconds)
Good control over voice, articulators (lips & tory& breathing

NOTE:

Ideally, we would like a voice professional — sindi@guist, phonetician, public

speaker, voice technologist, musician (brass/wondwiayer) etc.

Able to lie still on your back whilst pretending‘®ng’ vowel sounds with a mouthpiece

against your lips/teeth
Able to have MRI scan

NOTE:

Ladies

There are a number of criteria for participation iMRI studies. As the MRI

machine uses strong magnets, you may be unsuité&ehis scan if you

have any of these conditions:

Cardiac pacemaker

Artificial heart valve

Vascular clips

Cochlear implant

Shunt

Shrapnel or metal injury in the past
Head operation

Dentures, dental plate/bridge or brace
Hearing aid

Joint replacements

Harrington rods

Ever had metal in or around the eye

Pregnant
Breast-feeding
IUCD or sterilisation clips

Epilepsy

Diabetes

Metal plates, screws or pins
Bone or joint pins

Prosthesis (non-removable)
Artificial limbs (hon-removable)
Metal screws or pins

Insulin pump

Seizures

Claustrophobia

Heart disease or rhythm disorder
Recent surgery of any type (within
the last six months)

MRI scans will be performed at SHEFC Brain ImagiResearch Centre for Scotland whicl
is part of Clinical Neurosciences, School of Molacand Clinical Medicine at the Westerr
General Hospital. The staff are very experiencenhiaging healthy volunteers as well as
sick people. Their clinical decision as to a voRatts suitability for MRI scans will be final,

N

Due to the number of scans required and theref@edrresponding times the volunteer will be
asked to hold their breath for short periods, $higly could be quite tiring (mainly affecting jaw
and facial muscles when pretending to ‘sing’ vosmlnds — such asoh and ‘ah’). Therefore
the study has been designed to include rest peindokstween scans and will span several days
to prevent volunteer fatigue.
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3. The Study & Schedule

This study is divided into two parts:

(&) APR measurements To be performed in an acoustics lab in JameskQfexxwell Building,
The King's Buildings, Mayfield Road, Edinburgh.

(b) MRI measurements — To be performed at SHEFC Brain Imaging Rese&ehtre for
Scotland, Western General Hospital, Edinburgh.

One volunteeris required to participate imoth parts of the study.

It is expected that the volunteer will be requifedup to 8 hours in total which will be spread
over four days (not necessarily consecutive).
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Location

Duration

Day 1

Day 2

DEVAS]

Day 4

Scan Type

Acoustics Lab,

Description

Meet with Chief Investigator who will explain theggect & answer
any questions.

APR James Clerk Maxwell Building, 2 hours Practice with mouthpiece & holding vocal tract sedor short
The King's Buildings periods.
APR scanning will commence.
Centre for Brain Imaging Researdh, Acco_mpanled by Chief Investigator, meet with staff Brain
MRI : 2 hours Imaging Research Centre.
Western General Hospital : )
MRI scanning will commence.
Centre for Brain Imaging Research, .
MR Western General Hospital 2 hours MRI scanning.
Acoustics Lab, L :
APR James Clerk Maxwell Building, 2 hours This time has been allocated to allow any furthBRAscanning an

The King’s Buildings

to organise any final administration details.

j®N
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4. Part A: APR Measurements

4.1. What is APR?

An Acoustic Pulse Reflectometer consists of a caempconnected to a loudspeaker (similar
to that used in a home Hi-Fi system) which is cedpto a long plastic tube with a
microphone.

The computer creates a sound from the loudspeakiehviravels down the plastic tube and
out the end into the open air.

A small microphone is placed inside the plasticet@md records the sound back into the
computer. By blocking off the end of the pipe or dttaching another object, we change
properties of the sound we hear from the loudspeaké the same time, these changes are
recorded by the microphone back into the computéfe can then use this recording to

calculate the properties of the object placed atetid of the tube (for example, its shape, size
and volume).

We have successfully used this technique for maaysyin measuring the internal shape of
musical instruments (such as trumpets, trombondsckaminets), but we are also developing
this technique to measure the human airway (monthvacal tract). This introduces new
challenges as at present we can only measure tthagsemain still — unfortunately for our
research, the human mouth and vocal tract areseddom inactive as they perform roles in
breathing, speaking and swallowing!

Having said this, there are times where our mounthwecal tract remain relatively still. One

of these times is when we ‘sing’ vowel sounds, @ns from this we will start our research
for measuring the vocal tract.

4.2. Is APR safe?

APR has been used with humans over many yearstindiiaical and research fields. It is
deemed a very safe technique as it only uses aiglals created by a loudspeaker (exactly
the same way as music is played on a home Hi-Eesysand the loudness of the signal is
kept to within a comfortable listening level.

4.3. What will | be asked to do for APR measuremdn?

You will be asked to lie on a bed with the moutlegi®f the reflectometer positioned next to
your mouth. You will then be asked to make a voseind (such a®bh — as in the word
‘00ze). Once you have performed this vowel for a fese@nds you will be asked to freeze
your mouth in that position and place your mouthtite mouthpiece of the reflectometer
where you will hold your breath for 10-15 seconds.

During this time a sound is sent from the compuwethe loudspeaker. As you put your
mouth on the mouthpiece (attached to the plastie)iuhe sound of the noise will be altered
by the shape you have made with your mouth forphaticular vowel.
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It is this sound that the microphone records batt the computer and with which we can
use to work out the shape of the mouth and voaat for that particular vowel.

4.4. How many measurements will be needed?

As it takes a relatively short time to obtain a sweament with a reflectometer, it would be
preferable to take several measurements for eashklvo

It is intended that between 3 and 5 vowels will tneasured with a minimum of 5
measurements for each vowel (one measurement 18ke&S seconds).

As previously mentioned, it can be quite tiring dinfy your mouth & vocal tract in these

positions for periods of time, so we will aim tommhise the amount of discomfort by taking
breaks in between measurements and allow you é drater.

4.5. What does the mouthpiece look like?

The mouthpiece is little more than a circular ptasibe to put your lips onto.

Here is a picture of one of our mouthpieces:

As we may use several volunteers throughout therseowf our research with the

reflectometer, the mouthpiece allows us to hyghic'connect’ volunteers to the plastic

pipe of the reflectometer. Volunteers will be givan individual mouthpiece sleeve
(sterilised cardboard tubes from peak flow metrslip on and cover the plastic mouthpiece
(which is cleaned after each use with anti-sepijeg).
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5. Part B: MRI Measurements

This part of the study will be carried out at:

SHEFC Brain Imaging Research Centre for Scotland
Clinical Neurosciences

SCHOOL OF MOLECULAR AND CLINICAL MEDICINE
The University of Edinburgh

Western General Hospital

Crewe Road

Edinburgh EH4 2XU

Centre Coordinator: Mr Lindsay Murray Tel: 01337 2664
Email: lgm@skull.dcn.ed.ac.uk Fax: 0131 537 2661
Web Site:http://www.dcn.ed.ac.uk/bic/

5.1. Is MRI Safe?

MRI does not use X-rays, and no drugs or injectiwitisbe involved.

If you agree to join the studwe will check that it is perfectly safe for you tabe scanned
Although MRI is normally a very safe method of takipictures, scans are not taken from
people who have a heart pacemaker or who haveurgdrg involving the insertion of metal
clips into the brain, or people who have metal rinagts in their eyes, perhaps as a result of
their job. Neither will we scan you if there is hance that you might be pregnant. On the
other hand, the metals used in operations suchipaseplacements are very rarely a reason
not to undergo scanning. Please also see the fligxdusions (Page 3 of this Patient
Information Sheet)

The Radiographers will check if you are in any doub

5.2. What will | be asked to do for MRl measuremets?

When you come to the Centre for your scan, a cimangiibicle will be provided. You will be
asked to place any metal objects, such as keyshestcoins and credit cards, in a locker.
Please do not wear any make-up or talc, and beaprdfo remove contact lenses if you use
them. You may be asked to wear a wrap-around golewou are in the scanner.

You will be asked to lie on the scanner bed fotaipne and a half hours, but not continuous,
for each of the two days.

The format will be very similar to the APR measuesits. While you are in the scanner you
will have the mouthpiece in your mouth and will ésked to make a vowel sound for a few
seconds. You will then be asked to freeze yourtmauthat position, holding your breath
for 10-15 seconds whilst a series of pictures akert of your mouth and vocal tract.

It is envisaged that this part of the study will bere tiring for you than in the APR
measurements as you are being asked to hold théhpiece in your mouth for longer
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periods of time. It is necessary to remain stllthere is less opportunity to alter position
whilst in the scanner.

A shorter version of the mouthpiece will be usedittinside the scanner. It will also have
extra side supports to rest comfortably against lips.

You will be supplied with this version of mouthpéeat the first meeting with the Chief
Investigator and will be encouraged to practicénti{both on site and at home).

MRI scanners are only able to take one picturetaha of a small region of your mouth and
vocal tract and therefore approximately 30 scarkbei required to cover this area. As we
are investigating a minimum of 3 vowels, this cotdthl approximately 90 scans (at 10-15
seconds for each scan).

5.3. What is it like being in an MRI scanner?

The scanner makes quite loud noises while it opsrafor your comfort, you will be
provided with ear plugs or ear defenders.

The design of an MRI scanner can make a persorageiélthey are in an enclosed space. As
this is a study for research purposes and notéaliscan, we want the volunteer to feel as
comfortable and relaxed as possible. For thisorease have listed claustrophobia as part of
our exclusion criteria for this study.

If at any stage, including shortly before or duryaur scan you become worried or wish to
ask a question, you will be able to speak to onehef Radiographers who will use an
intercom to keep in touch with you.

Please note that we are required to send a routirreport of the scan to your Doctor.
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6. Confidentiality

All information from the APR and MRI scans are eglif confidential, in the same way as
are all other medical records. Pictures gathenmu both scans will be stored and processed
using computers and, after the study is completgdi,be copied onto a permanent record
which might be studied again at a later time. Hmfation gathered during your scan will be
shared with other medical and scientific reseachém these cases, people cannot be
identified from their scans, and there are stagtd that will safeguard your privacy at every
stage.

We would like to take a photographic record of thigsdy and you will be asked for your
permission before doing so. All photographs w#l bf the procedure only and not the
volunteer, therefore any photos that would incldde volunteer will be altered to protect
their identity.

7. Who is organising & funding this research?

This research is being organised by Mr Calum GElyi€f Investigator for this study) who is
a Postgraduate Researcher funded by the EngineBhggical Sciences Research Council
(EPSRC) at the School of Physics, University ofribdirgh.

Funding for this study is from the School of Phgsidniversity of Edinburgh.

8. Who has reviewed the study?

This study has been reviewed by the following gapd committees:

School of Physics, University of Edinburgh

Lothian Research Ethics Committee (LREC)

SHEFC Brain Imaging Research Centre for ScotlaBIRES) Scientific Committee
Lothian University Hospitals NHS Trust — Researcb&velopment

9. What will happen to the results of this Study?

This research will form part of the Chief Investigds PhD research and results will be
published in his thesis, scientific journals andfeoence proceedings.

The work is expected to be published in mid 2005.

The Chief Investigator will notify volunteers frothis study when results are published and
if requested, will be provided a copy of this work.
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10. Withdrawing from the Study

You do not have to take part in this study, god may withdraw from it at any time. We
are very grateful to you for offering to help ughwihis research.

11. Further Information & Contacts

Further information on this study and acoustic pulsflectometry (APR) is available from
Mr Calum Gray (Chief Investigator for this studyJhe contact details are on the first page
of this Patient Information Sheet.

Further information on magnetic resonance imagiM@Rl) is available, if you require it,
from Dr. Colin Turnbull, the Patient Services Di@c for Radiology in the Lothian
University Hospitals NHS Trust (Tel: 0131 537 204R) Turnbull is not involved in this
study, and so will be able to give you independeivice.

Otherwise, the Brain Imaging Research Centre’s liBacCo-ordinator or one of the

Radiographers will be happy to try to answer arheoguestions that you might have. They
can be contacted at the address shown on Pagii® &fatient Information Sheet.

12. Remuneration

For participating fully in this study, a voluntewill receive a payment of £150. This figure
is intended to cover all travel expenses.

In accordance with University guidelines, the vaaar will be required to sign a claim form
on the last day of the research study. This forith ve sent to the University’s Finance
Department who will send a cheque for the above, quagable to the volunteer within 4
weeks.

The Chief Investigator expresses his appreciatiorotthe volunteer for their involvement
in this work.
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SCHOOL OF PHYSICS

COLLEGE OF SCIENCE & ENGINEERING
THE UNIVERSITY OF EDINBURGH

James Clerk Maxwell Building
The King's Buildings
Mayfield Road

Edinburgh EH9 3JZ

Tel: 0131 650 5273
Fax: 0131 650 5902

Email:info@ph.ed.ac.uk
Web Site: http://www.ph.ed.ac.uk/

VOLUNTEER CONSENT FORM

ACOUSTIC PULSE REFLECTOMETRY & MAGNETIC RESONANCE | MAGING
CONSENT FORM FOR HEALTHY VOLUNTEERS

Research Project

COMPARATIVE STUDY BETWEEN ACOUSTIC PULSE REFLECTOME TRY
(APR) & MAGNETIC RESONANCE IMAGING (MRI) FOR VOLUME TRIC
MEASUREMENT OF THE VOCAL TRACT DURING VOWEL PRODUCT ION

Principal Investigator

Mr Calum Gray
Postgraduate Researcher — School of Physics, Unigdy of Edinburgh

| have read the Information Sheet that has beeviged to me, and this Consent Form, and have
been given the opportunity to ask questions abbaint | am satisfied that | have all the
information that | need to provideformed consent

As a volunteer, | understand that | am not beingnsed at the request of a Doctor for any
specific medical condition.

I understand that my Doctor will be informed of mpgrticipation in this study, and know that
he/she will be provided with a routine clinical oep

I know of no reason why | should not undergo MagnBesonance Imaging or take part in the
study.

| am not suffering any respiratory (breathing) ds® and am currently in good health
I know that | am under no obligation to take parttie study andlcan withdraw at any time.

| understand and agree that medical images obtainedg my scan will be stored and processed
using computers and that after the study is coreglethese may be copied onto a permanent
record which might be studied again at a later time

| have been informed of and agree to a photograptord being taken of this study. |
understand that all photographs will be of the pdare only, therefore any photographs that
would include me will be altered to protect my itign
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| understand and agree that information gatherethglumy scan will
be shared with other medical and scientific resesas; subject to strict
laws and University of Edinburgh policies intendedsafeguard my
privacy.

| agree to participate in the study

Signature of volunteer

Name of volunteer (please print in block capitals)

Witnessed by (signature)

Name of witness (please print in block capitals)

Date

Name of Volunteer's GP

GP’s address

CN Number (for use by SBIR Centre sta

Three copies of this form will require to be sigtedore scanning commences:

One copy for the Chief Investigator (School of RtsydUniversity of Edinburgh)
One copy for the Centre Coordinator (Brain ImagiRgsearch Centre, Western
General Hospital)

One copy for the volunteer

ACOUSTICS & FLUIDS RESEARCH GROUP
SCHOOL OF PHYSICS — COLLEGE OF SCIENCE & ENGINEERIN
THE UNIVERSITY OF EDINBURGH

Mr Calum Gray
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Postgraduate Researcher (PhD)
Rm.4201 - James Clerk Maxwell Building
The King's Buildings
Mayfield Road
Edinburgh EH9 3JZ

Tel: 0131 650 5257

Fax: 0131 650 5902

Email: cgray@ph.ed.ac.uk
Web Site: http://www.ph.ed.ac.uk/fluids/

STUDY PROTOCOL

Version 2 Date: 06/09/04

LREC Ref: 04/S1101/22

COMPARATIVE STUDY BETWEEN ACOUSTIC PULSE RELFECTOME TRY
(APR) & MAGNETIC RESONANCE IMAGING (MRI) FOR VOLUME TRIC
MEASUREMENT OF THE VOCAL TRACT DURING VOWEL PRODUCT ION

Chief Investigator: Email: cgray@ph.ed.ac.uk

Mr Calum Gray Contact Tel No. 0131 6657645
School of Physics

The University of Edinburgh.

This study is divided into two parts:

(@) APR measurements - To be performed in an acsuktb in James Clerk Maxwell
Building, The King's Buildings, Mayfield Road, Eduargh.

(b) MRI measurements — To be performed at SHEFGnBraaging Research Centre for
Scotland, Western General Hospital, Edinburgh.

One volunteer is required to participate in bothgaf the study.

It is expected that the volunteer will be requifedup to 8 hours in total which will be
spread over four days (not necessarily consecutive)

The study aims to attract the participation of &c@grofessional (singer, linguist,
phonetician, public speaker, voice technologistsician (brass/woodwind player) etc.) as
the volunteer is required to be able to hold the#tath comfortably for short periods of time
and have good control over voice, articulatorss(8ptongue) and breathing.

A full list of volunteer inclusion criteria can beund in the Volunteer Information Sheet.
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(a) APR Measurements

APR has been used with humans over many yearstindliaical and research fields. It is
deemed a very safe technique as it only uses aighals created by a loudspeaker with the
loudness of the signal kept to within comfortalidéeining levels.

Procedure for each vocal-tract/vowel measuremend fsllows:

The participant will lie supine on a bed and wal &sked to phonate the vowel sound
for a sustained period and then halt phonatiorhblda the phonatory position (vocal
tract and articulators).

The participant will be asked to hold the mouthpietthe reflectometer (positioned
next to them) against their lips and then remalh Bolding their breath for
approximately 10-15 seconds as a measurementdn.tak

It is intended that between 3 and 5 vowels will tneasured with a minimum of 5
measurements for each vowel (one measurement 18keéS seconds).

As this could be quite tiring for the subject, theation of this section of the study will span
two days, allowing for the possibility of repeatasarements if necessary.

(b) MRI Measurements

MRI is a safe and proven technique using powerfagnets and radio waves which requires
the participant to remain still whilst images aakdn. For this reason, the participant will be
required to either hold their breath for a shorigubor shallow breathe (approximately 10
seconds) whilst scanning is taking place.

Procedure for each vocal-tract/vowel measuremend fsllows:

The participant will lie supine on the MRI scantedsle and will be asked to phonate
the vowel sound for a sustained period and theinpianation but hold the phonatory
position (vocal tract and articulators).

The participant will be asked to remain still araddhtheir breath for approximately
10 seconds as the scan is initiated. (A trial whti participant shallow breathing
instead of holding their breath is also planned).

This procedure will produce 1 image slice of thealdract. To encompass the whole
of the vocal tract, it is envisaged that approxehaB0 images will be required per
vowel.

It is intended that between 3 and 5 vowels wilirbeestigated, therefore a minimum of ~90
scans each lasting 10 seconds will be requiredairA@s this could be quite tiring for the
subject, the duration of this section of the studlyspan two days, allowing for the
possibility of repeat measurements if necessary.
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The participant will be asked to use a mouthphoeng the scan time in order to recreate the
conditions from previous APR experiments (to gairaacurate comparison of measuring the
vocal tract using MRI and APR). Extra rests/reposihg periods will beadded into the
scanning procedure.

Post processing of MRI data will be performed atlthage Analysis Core, Wellcome Trust
Clinical Research Facility, Edinburgh.
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6" September 2004

ACOUSTICS & FLUIDS RESEARCH GROUP
SCHOOL OF PHYSICS — COLLEGE OF SCIENCE & ENGINEERIN
THE UNIVERSITY OF EDINBURGH

Mr Calum Gray
Postgraduate Researcher (PhD)
Rm.4201 - James Clerk Maxwell Building
The King's Buildings
Mayfield Road
Edinburgh EH9 3JZ

Tel: 0131 650 5257

Fax: 0131 650 5902

Email: cgray@ph.ed.ac.uk
Web Site: http://www.ph.ed.ac.uk/fluids/

Information for General Practitioner

Dear General Practitioner,

Volunteer:

Research Study:

(Volunteer Name)

COMPARATIVE STUDY BETWEEN ACOUSTIC PULSE
RELFECTOMETRY (APR) & MAGNETIC RESONANCE
IMAGING (MRI) FOR VOLUMETRIC MEASUREMENT OF
THE VOCAL TRACT DURING VOWEL PRODUCTION

The above named has taken part in a researchistodyocal tract measurement.

This study involved Acoustic Pulse Reflectometr?@ and Magnetic Resonance Imaging

(MRI) scans of the vocal tract.

Please find attached a copy of the Patient Infaom&heet for this study which explains fully

the procedures involved.

The results of the MRI scan will be forwarded tayay the Brain Imaging Research Centre for
Scotland (BIRCS), Western General Hospital, asipanal patient scan procedures.

If there is any further information you may requipkease do not hesitate to contact me.

Yours faithfully,

Mr Calum Gray
Chief Investigator

enc.
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MR Iimages for production of vowels
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B.1 MRI Data Set: Vowel [a]

Midsagittal ‘profile’ image for vowel [a]
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MRI Data Set: Vowel [a]

Images 1 to 20 of 31
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MRI Data Set: Vowel [a] cont.

Images 21 to 31 of 31
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B.2 MRI Data Set: Vowel [i]

Midsagittal ‘profile’ image for vowel [i]
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MRI Data Set: Vowel [i]

Images 1 to 20 of 31
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MRI Data Set: Vowel [i] cont.

Images 21 to 31 of 31
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B.3 MRI Data Set: Vowel [u]

Midsagittal ‘profile’ image for vowel [u]
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MRI Data Set: Vowel [u]

Images 1 to 20 of 31
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MRI Data Set: Vowel [u] cont.

Images 21 to 31 of 31
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