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Abstract

Different techniques are required to produce different vocal qualities in singing. The demands
placed on modern singers as they seek to take advantage of the full range of vocal influences
available potentially creates vocal strain. Good vocal health stemming from the appropriate vocal
technique is an essential requirement for longevity of the voice regardless of singing style. The
objective scientific analysis of professional singers’ vocal qualities and vocal techniques i1s a good
starting point for the understanding of efficient and healthy modes of singing production.

It is hypothesised that standard two-channel speech analysis and speech synthesis techniques are
appropriate for modelling two perceptually very different quahties in the female singing voice;
“classical” opera quality, and the non-classical “belting” quality, which 1s heard in much popular and
ethnic music today.

This thesis details the results of an experiment comparing the vocal qualities of female opera
singers with West End musical singers who are trained to “belt”.

Standard two-channel speech analysis normally involves recording in stereo, vocal fold vibration
by means of a single-channel electrolaryngograph on one channel, and the acoustic output from a
microphone on the other. In this study, a multi-channel recording set-up has been used. This 1s to
employ larynx height measurement, a relatively new addition to voice analysis techniques, which
requires a two-channel electrolaryngograph. It has shown that the additional use of the larynx height
measurement is an improvement over the standard two-channel speech technique, since it appears to
be an important parameter in singing production.

The important quantifiable parameters which relate to the perceptual differences between the two
qualities has been shown to be the closed quotient measure, the spectral envelope, and vibrato. These
have been used as input parameters to drive a speech synthesizer in order to resynthesize the singing
qualities. A perceptual test has shown that the robustness of the models derived from the results are
adequate.

In conclusion, it has been shown that it is possible to use standard two-channel speech analysis
techniques and speech synthesis techniques for perceptually differentiating between female opera and
belting qualities. However, in terms of understanding singing production, these techniques benefit
considerably from additional analysis equipment more suited to the extra features of singing

production, and a synthesizer which is specifically designed for singing synthesis.
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Chapter 1

Research Objectives and

Report Structure

1.1 Introduction

Singing is a science as well as an artforn. Understanding and tuning the physiological
mechanisms that govern singing production to the extent that the appropriate pl;ysiological gestures
become automatic, allows the singer to concentrate on the interpretative and communicative aspects
of the performance. Modern technology has the potential of allowing singing students of any ability
the chance to develop their vocal skills by providing objective technical feedback of their own voices
and those of others. Modelling different vocal qualities using the appropriate speech and singing
technology can create a body of data which students can draw from in order to clarify their vocal
aims, thus speeding up their singing progress.

The main objective of this research 1s to model two ditferent vocal qualities exhibited by female
singers: the traditional, well documented “classical” opera quality (e.g., Bel Canto); and the
relatively unexplored “belting” quality, a distinctively brassy quality which is heard in rock, gospel,
and Broadway singing. The integrity of the models will be then be demonstrated by synthesis and

perceptual tests.

1.2 Hypothesis

It is hypothesised that standard speech analysis and synthesis techniques are appropriate for
sufficiently discriminating between, and therefore, modelling opera quality and belting quality in the
female singing voice. The speech analysis techniques encompass non-invasive voice source and

acoustic measurements.



1.3 Thesis Content and Structure

Chapter 2

provides a brief description of the human vocal and hearing systems.

Chapter 3

presents a description of standard non-invasive speech analysis techniques.

Chapter 4

discusses previous literature on vocal qualities and modes of production.

Chapter 5

describes the experimental and analysis methods used in this investigation.

Chapter 6

details the results of the experiments.

Chapter 7

is divided into two sections. The first section outlines current synthesis procedures and

describes the main synthesizer used in this study. The second section describes the results of a

perceptual test.

Chapter 8

provides conclusions to the above work and also includes a discussion of any future work

which may be undertaken in order to further understanding of this subject area.

The appendices consist of the synthesizer algorithms for each of the synthesized tones used in L

the perceptual experiment, plus the results of a short questionnaire given to the judges of the

perceptual test.



Chapter 2

Voice and Hearing Systems

2.1 Introduction

This chapter reviews the votce and hearing literature which contributes to the understanding of
this research. The chapter is divided into two sections. The first part overviews the physiology of the
vocal system. The second section concentrates on the hearing system, incorporating both physiology

and perception.

2.2 The Human Vocal System

Human vocal communication utilises the same basic apparatus as that used to sustain life. The
human vocal system comprises of three systems:
- the subglottal system
- the larynx, and

- the supralaryngeal vocal tract.

Catford (1977) describes the vocal system as being a pneumatic device made up of two bellows
(the lungs), tubes and valves. Connected to the lungs is a large tube (the trachea), with a moveable
piston with a vertical sliding motion (the larynx) sitting on top. The larynx acts as a valve. The space
between the vocal folds is called the glottis. The structures situated above the larynx are collectively
known as the supraglottal or supralaryngeal tract. This consists of three chambers (the pharynx, oral
cavity and the nasal cavity), and other valves, such as the velum, the tongue, and the lips. A

simplistic representation of the human vocal system is shown in figure 2.1.

2.2.1 The Subglottal System

Although this study is concerned with the analysis of the voice source and supraglottal vocal tract
only, a description of the breathing mechanisms in singing is included here since the subglottal

system drives the voice and can, under certain circumstances, substantially determine the vocal

output.
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laryngeal
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vocal tract

Figure 2.1. The three physiologic

components of human speech production

(from Lieberman & Blumstein, 1988).

The subglottal system, also known as the pulmonary system, is shown in figure 2.2. It consists of
the trachea, bronchi, alveoli and lungs with their associated muscles. The trachea is joined below to
the larynx and forms a tube of 18 cartilages enclosed by the trachealis muscle. The bottom of the
trachea stems into two smaller tubes called bronchi. Each of these inserts into one of the two lungs
where it branches further into bronchioles and ducts ending 1n a great number of minute air sacs
called alveoli. The subglottal air ways are contained in the upper of two cavities making up the torso.
This upper cavity is called the thorax (chest) and is a barrel-shaped bone and cartilage cage
containing the pulmonary system, respiratory airways and the heart. The lower cavity is called the
abdomen. It contains mainly the digestive system and other organs such as the kidneys, liver and
reproductive organs. The thorax and abdomen are separated by a dome-shaped muscular structure

called the diaphragm.
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2.2.1.1 The Lungs

The lungs can be thought of as balloons with a large capacity to expand or collapse. They are
prevented from doing so by being in close relationship with the thoracic cage. The lungs sit on top of
the diaphragm and are encased in a double-walled airtight sac called the pleural cavity. The inner
membrane (visceral pleura) lines the outside surface of the lungs. The outer membrane (parietal
pleura) covers the inside of the thoracic cage. This pleural linkage of the lungs and thorax is
essential 1n respiration since the lungs and thorax move as a “lungs-thorax unit” (Hixon, 1987). Due

to pleural linkage, the air pressure within the lungs is very sensitive to forces applied to it by the

thorax, the diaphragm and the abdomen.

2.2.1.2 The Subglottal System in Respiration

The lungs are the main organs of respiration. They act as a pump in order to transfer air to and
from the alveoli where gaseous exchange occurs, maintain constant blood gas pressures within the
body's cells, and are made up of mainly elastic fibres which enable them to change shape and size.

Respiration in breathing 1s accomplished automatically using a variety of homeostatic
physiological mechanisms to drive the lungs at the required rate (Proctor, 1980). In certain types of
speech and singing production, some of these mechanisms are consciously controlled to sustain
phonation and to help generate different qualities of phonation.

Some simple mechanical principles govern respiration. These involve air pressures, forces,
volumes, capacities, air flow, and the mechanical motion of individual structures within the
respiratory system. A full overview of these principles is not provided here, since excellent
descriptions are to be found in Hixon et al. (1987), and Proctor (1980). However, figure 2.3

illustrates some of the main terms used in respiratory function.

inspiratory Inspiratory reserve volume
capacity

Tidal volume
— 48 (any level of activity)

A

Resting tidal
volume

!
!
'
£
|
)l
'
|
) I
! J
!
'
!
Vital capacity

Expiratory recserve volume

Total lung capacity

Functional

resicdual —
CApAcCily
Residual
volume
b
Lung capacities Lung volumes

Figure 2.3. Spirogram illustration of lung volumes and capacities (from Hixon et al., 1987).



The basic principles underlying respiration are that: air movement occurs from regions of higher
pressure to areas of lower pressure; and air flow velocity depends on the pressure difference between
the areas concerned.

By muscular and passive recoil forces the volume of the lungs and consequently the pressure
within the lungs, can be varied to achieve the appropriate air pressure difference between
atmospheric pressure and within the alveoli of the lungs for air flow to and from the lungs.

Two stages of air flow occur in respiration: inspiration, when air flows into the lungs; and
expiration, when air flows out of the lungs. Expiration is an important process especially in singing.

In inspiration, alveolar pressure must be lower than atmospheric pressure in order to create a
pressure gradient favouring inward tlow. At the resting expiratory level, which is with the airways
open (i.e., with an open glottis) and the respiratory system in a neutral position, alveolar pressure
equals atmospheric pressure. In order to decrease alveolar pressure required for inspiration, the lungs
must be enlarged which will expand the air within them leading to a decrease in alveolar pressure.
This is achieved by enlarging the size of the thorax using muscular forces which leads to a
corresponding movement of the lungs due to pleural linkage.

At the end of inspiration alveolar pressure 1s equal to atmospheric pressure. In order for
ej(piration to occur, alveolar pressure must be greater than atmospheric pressure. This happens by
squeezing the lungs-thorax unit, which increases the alveolar pressure thus enabling air to flow
outward. Both active (muscular) and passive (non-muscular) forces are used in expiration. In quiet

breathing, expiration above the resting level 1s generally termed passive, even though some muscular

energy 1s exerted.

2.2.1.3 Respiration in Phonation

If the breath 1s held, “changes in the contours of the thorax and belly must be equal and opposite”
(Proctor, 1980). That is, as the thorax gets smaller the diaphragm is pushed downward and the belly
is pushed outward. Sustained phonation requires :

1. a relatively constant average pressure

2. a relatively constant average airflow

3. a resistance of the upper airway (the approximation of the vocal folds) which is referred to as

glottal resistance

4. both passive and active forces in regulating air pressure (Hixon, 1987).

The muscular activity required to maintain a constant subglottal pressure in phonation is
dependent on lung volume and the amount of alveolar and relaxation pressures (Hixon et al., 1987).
With the use of muscular pressure the subglottal pressure can be varied. When the lungs are filled
with air the lung volume 1s large and high subglottal pressure i1s generated. The main muscles

involved in actively regulating subglottal pressure are:



1. The inspiratory muscles: diaphragm and external intercostals

2. The expiratory muscles: the internal intercostals, external oblique, and rectus abdominis

3. The latissimus dorsi which is inspiratory or expiratory.

Sustained phonation 1s imitiated at near the total lung capacity and is preceded by a deep
inspiration, involving contraction of the muscles of inspiration; the diaphragm, external intercostals

and accessory muscles. The vocal folds are positioned close together at this point.

2.2.1.4 Lung Volumes in Phonation

We normally inhale and exhale about .5 litres every 5 seconds in normal breathing. Airflow, the
amount of air escaping the lungs per unit time, is consequently very low, about .1 litre per second. In
normal breathing, lung volume is varied only slightly at a level just above the functional residual
capacity (FRC). The FRC is the amount of air that is held in the lungs at resting expiratory level.
However, in phonation, a number of factors defined by Proctor (1980) determine the lung volume at
which phonation is initiated. These 1nclude:

1. inspiring sufficiently in between phrases so that there is no break in the flow of the song or

speech

2. inspiring sufficiently enough to complete the phrase

3. controlling subglottal pressure in order to produce the required sound intensity

4. controlling airflow in order to sustain the desired tone quality for the phrase.

In speech, phonation is mostly initiated at about 50% of the vital capacity (VC) (Proctor, 1980).
The VC is the maximum volume of air that can be expelled from the lungs after a maximum
inspiration and corresponds to the amount of air used for breathing and phonation.

Sundberg (1987) suggests this 1s because we are taking advantage of the passive exhalatory forces
in establishing the subglottal pressures required for normal speech. In normal and loud reading these
passive forces are also used since people tend to take a breath when lung volumes are close to FRC.
Normal breathing is characterized by its regularity of rate and rhythm, whereas in conversational
speech rate and rhythm are 1rregular (Hixon, 1987).

The demands on lung volumes are even greater in singing than in speech. Whereas in speech a
breath normally takes about every 5 seconds, in singing, phrases commonly extend over 10 seconds.
There are less opportunities to take a breath, and they must often be taken during very brief pauses.
Consequently, higher lung volumes are used in singing than in speaking. Long phrases are initiated
at very high lung volumes, almost 100% of the VC. Also, a trained singer can use nearly all his/her
vital capacity, well below the FRC. A trained singer uses a greater portion of her/his total lung
capacity. Gould (1977) has demonstrated that singers have a vital capacity about 20% larger than

non-singers.



2.2.1.5 Subglottal Pressure in Phonation

Subglottal pressure 1s raised when the abdominal muscles contract after inspiration. It is
dependent on the amount of contraction and glottal resistance to airflow. Different singers use highly
varying subglottal pressures, and voice category and type of voice (or singing technique) are
important factors (Sundberg, 1937).

Loudness is related to subglottal pressure. In order to change loudness, subglottal pressure must
be changed appropriately. Figure 2.4 illustrates that pressure is raised with increased loudness for a
tenor singing tones of a chromatic scale in piano, mezzoforte and forte. It also shows that pressure
increases with rising phonation frequency. This seems to be true for most singers in the upper parts

of their phonation frequency ranges.

Subglottic pressurs (cm H,0)
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Figure 2.4. Subglottic pressure in a tenor who sang a chromatic scale between the pitches of E3
and E4 (about 165-330 Hz) in soft, middle, and loud phonation (open circles, squares, and filled

circles, respectively). The pressure is increased for increasing loudness, but it is also raised with

rising phonation frequency (from Cleveland & Sundberg, 1983).

There must be a delicate balance of inspiratory and expiratory muscle effort with the elastic recoil
forces related to lung volume at any given instant in order to produce a tone of a desired loudness
(Proctor, 1980). In order to sing a soft tone decreasing inspiratory effort and increasing expiratory
effort is required, whereas for a loud tbne, expiratory effort must be delicately initiated at the moment
of attack but should then gradually increase in order to sustain this loudness near the residual volume
(RV, which is the volume of air that always remains in the lungs after maximum expiration, and
remains even after death).

In singing subglottal pressure varies rapidly adapting to changes in loudness and phonation
frequency demanded by the music. This is illustrated in figure 2.5 which shows that during a

coloratura passage a singer's subglottal pressure changes in synchrony with phonation frequency.



Coloratura

Figure 2.5. The pressure in the esophagus (P o), approximately corresponding to subglottic
pressure and phonation frequency (Fo) in a professional baritone singer performing a coloratura
passage. Both pressure and frequency increase and decrease once for each tone, or approximately

6 times per second (from Sundberg, 1987)

2.2.1.6 Subglottal Pressure and Airtflow

Airflow increases with an increase in subglottal pressure if glottal resistance (the resistance
against airflow through the glottis) is constant. Glottal resistance can be varied greatly depending on
the degree of adduction of the vocal folds. It is possible to produce similar tones with widely varying
airflows. Assuming an appropriate adduction, within the opera tradition, the less air consumption,
the better the singer. Constant glottal leakage of air due to the vocal folds not contacting properly
results in a high consumption of air and is a sign of poor voice technique. Constant glottal leakage is
characterised by a “breathy’ vocal quality (Laver, 1980). Conversely, one can greatly lower airflow
by tensing the vocal folds together which raises the subglottal pressure high enough to be able to
overcome the glottal resistance. This leads to a very high subglottal pressure and is characterised by a
“pressed” or strained vocal quality (Laver, 1980).

A doubling of subglottal pressure increases sound level of phonation by 9 dB (Sundberg, 1987).
Subglottal pressure also slightly increases phonation frequency.

Rubin et al. (1967) have found that airflow tends to increase when both phonation frequency and
loudness are increased simultaneously. However, higher tones do not necessarily consume more air
than lower tones since they have shown that trained singers can perform a rising glissando with
constant loudness with no increase in airflow.

Airflow, then, does not necessarily depend on phonation frequency since it has been shown that
even though doubling the fundamental frequency doubles the frequency of the glottal opening, it
actually halves the time the glottis is open in each cycle so air consumption is the same for higher

tones as for lower tones.



For non-singers airflow does tend to increase with phonation frequency in the falsetto register,
though for trained singers there seems to be no dependency of airflow on either loudness or
phonation frequency. This 1s demonstrated in figure 2.6, which shows that for a professional singer

performing a rising scale and descending glissando, airflow remains constant whilst subglottal

pressure rises with pitch.
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Figure 2.6. Recording of airflow, subglottic pressure, and sound level (curves marked A, P, and
L) in a professional singer performing an ascending scale (upper graph) and a descending

slissando (lower graph). Airflow is kept essentially consfant, while subglottic pressure rises with

pitch (from Sundberg, 1987).

A demonstration of the very rapid changes in subglottal pressure needed in quickly changing

pitch is given in figure 2.7 for a singer singing an ascending major triad and a dominant-seventh

chord with each tone beginning with a /p/.
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Figure 2.7. Simultaneous recordings of sound level (SPL), subglottic pressure, and phonation
frequency in a professional singer singing an ascending major triad followed by a descending
dominant-7th chord with each tone beginning with a /p/. Higher tones are sung with higher

pressure. Pressure regulates loudness, and the musically most stressed note is the one that follows

the highest pitch. This stressed note is given the highest pressure (from Sundberg, 1987).
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This can also be seen in figure 2.8, where subglottal pressure is substantially raised for a pitch in

the upper part of the singer's range than for a lower one for a professional singer singing a series of

-ascending and descending octave intervals (Sundberg, 1987).
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Figure 2.8. Simultaneous recordings of sound level (SPL) pressure in the esophagus and
phonation frequency in a professional singer singing a series of ascending and descending octave

intervals. As higher tones are sung with higher pressure, the pressure has to be changed in

accordance with pitch (from Sundberg, 1987).

2.2.1.7 Muscular Combinations in Phonation

Different combinations of muscular activity can be used to accomplish the desired subglottal

pressure. However, some combinations are better than others.

Singers use different positionings of the abdominal wall. Some singers sing with their abdominal
wall pulled in (belly-in) whilst others sing with an expanded abdominal wall (belly-out). With the
belly-in strategy, the contraction of the abdominal wall pushes the diaphragm <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>