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ABSTRACT

The aims of the research described in this 
thesis were to investigate some of the factors in
volved in voice production, and to develop some of 
the techniques employed, to a stage at which they 
could be used clinically to assess- phonatory function. 
Available techniques for assessing vocal performance 
were completely subjective, and, thus, there was a 
great need to provide objective means of measuring 
the degrees of vocal dysfunction of the many patients 
attending the Speech Therapy Department.

In CHAPTER 1, the voca,l tract and musculature of 
the larynx and vocal folds are described. ' The 
Myoelastic-Aerodynamic theory of vocal fold vibration 
is briefly discussed, and a review of some of the 
relevant literature is given. The instrumentation 
used in the study is detailed in CHAPTER 2.

The maintenance and control of air flow is of 
prime importance to voice production, and in CHAPTER 3, 
aerodynamic measurements are utilized in providing two 
series of tests which can be used to assess phonatory 
function. These are now used routinely in the Speech 
Therapy Department.

The production of voiced sounds depends upon the 
internxption of the air supply from the lungs by the 
regular vibration of the vocal folds. Thus the fre
quency spectra of voiced sounds, and in particular of 
vowel sounds, consist of harmonic series, with regular 
frequency components. The frequency analysis of vowel 
sounds is described in CHAPTER 4» and the presence of 
abnormal components related to dysphonie conditions.
The results obtained from an assessment based on spec
tral analysis (due to Yanagihara) are compared to those 
obtained from the aerodynamic assessment developed in 
CHAPTER 3t with the latter assessment proving of greater 
value as a routine clinical technique.

V



The vibratory pattern of the vocal folds is 
studied in CHAPTER 5 using the non-invasive laryngo- 
graph technique. The period of major excitation of 
the vocal tract, i,e, the closing phase of the vocal 
fold vibration, is related to certain properties of 
the spectrum of the laryngograph waveform, namely the 
spectral gradient and also the presence of fine struc
ture in the spectrum. Abnormal spectral components 
in the voice spectra are shown to originate from the 
vocal fold vibratory pattern, and a simple model of 
the vocal folds is used to explain some of the 
phenomena.

In CHAPTER 6 the control of a sustained vowel 
phonation is discussed, and: the relationships between 
air flow rate, sound level and the vibratory pattern 
of the vocal folds are studied.

In CHAPTER 7 the electromyographic activity 
associated with the lip musculature, during the pro
duction of a consonant - vowel - consonant syllable, 
is studied. The differences in the outputs obtained 
using different electrode sites and configurations 
are explained, and the measured activity attributed 
to different muscle groups’ by a process of spatial 
mapping.

The main results of the experiments are summarized 
in CHAPTER 8. This research has led to a greater 
understanding of the processes involved in voice pro
duction, and also to the development of objective 
techniques which can be used directly in the assessment 
of dysphonie patients.
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CHAPTER 1.

THE VOICE PRODUCTION SYSTEM



QHAFTEH I - THE VOICE PRODUCTION SYSTEM

i q  INTRODUCTION
Man * 8 most important method of communication 

is- speech, although the importance of this function 
may only become apparent when the ability to produce 
speech is either impaired or lost completely. Speech 
consists of the controlled production of series of 
sounds whose meanings are prescribed according to the 
particular language, and thus the ability to produce- 
speech is dependent on the capability of producing 
the wide variety of voiced sounds*

Voice production is dependent upon the action 
of the respiratory system, the laryngeal and articu
latory musculature, the neural system including vari
ous feedback loops, and the overall control and co
ordination provided by the respiratory and speech 
centres in the brain. Defects occurring in any of 
these aspects result in alterations in the voice out
put, and such defects range- from congenital abnor
malities, e*go cleft palate, diseases of the respira
tory' system, neurological diseases, e.g. Parkinsonis 
disease, difaeases of the central nervous system, e.g, 
brain tumour or diseases which are more or less local
ized to the larynx itself*.

In this chapter, a brief description is given of 
the voice production system, the respiratory system, 
and the detailed musculature of the larynx and vocal 
folds* The Myoelastic-Aerodynamic theory of vocal 
fold vibration is described, and a, review of some of 
the relevant: literature is given.
1.2 THE UPPER VOCAL TRACT

'The main parts of the upper vocal tract are 
shown diagramatically in Figure 1.1* The driving 
force for all voice production (phonation) is p-ĵ ovi* 
ded by the lungs. Air is exjpelled from the lungs 
via the bronchi and trachea, and is then forced

1
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through a constriction at some point in the upper 
vocal tracty resulting in the production of a sound 
source. In the case of the hi-lahial plosive /p/, 
(TABLE 1.1) the sound source is produced hy the huild 
up of air pressure behind the lips, followed by its 
sudden release. The sound source for the labio
dental fricative /f/ results from the fricative 
noise produced when the air is forced through a con
striction formed between the upper front teeth and 
the lower lip. Similarly, other somids can be cate
gorized according to the site of the constriction 
and the mechanism involved in the production of the 
sound source. However, the sounds of interest to 
the present investigation are the "voiced” sounds, 
in which the constriction is produced in the larynx 
by the vibration of the vocal folds. The area of 
the constriction varies at a frequency commonly in 
the range 100 to about 300Hz in normal voice produc
tion, , and the sound source results from the rapid 
periodic interruption of the air supply from the 
lungs. This gives rise to a more regular sound in 
terms of frequency content, than those arising from 
purely fricative noise. The basic sound source is 
modified by the resonant properties of the cavities 
of the upper vocal tract, i.e. the pharyngeal cavity, 
mouth cavity, nasal cavity. The transmission 
characteristics of the upper vocal tract can be con
trolled by altering the size and shape of the various 
cavities according to the adjustment of the relevant 
muBcul,ature, thus giving rise to the wide spectrum of 
voiced sounds. The vellim is used to close off the 
nasal cavity for non-nasal sounds, and other import
ant features include the position of the tongue and 
the size and shape of the lip opening.

Voice sounds have been categorized in the Inter
national Phonetic Alphabet (I.P.A.) according to 
sound source, tongue position, lip opening size and 
shape etc., a,nd TABLE 1.1 gives the phonetic symbo3.s 
and examples of words containing the sounds which are

1. P



TABLE 1.1

PHONETIC SYMBOL KEY WORD

/i/ I'leêd

/I/ hid

/£/ head

/»/ father

/ V ball

M hood

M whp * d

M hud

/ V hea.rdf c ' * «

/fy

/ w pub

EXAMPLES OP THE RELEVANT MOÎTETXC SYrfflOI.S 
(I.P.A.) AND WORDS CONTAINING THESE SOUND



of interest to this investigation.
1.3 THE RESPIRATORY SYSTEM

The main function of the respiratory system is 
to allow gas exchange to take place, i.e. the up
take of oxygen and the removal of carbon dioxide. 
However, the musculature involved in respiration also 
takes part in other functions, one of which is pho
nation. The muscles which control lung volume in
clude the external and internal intercostal muscles, 
which are attached between adjacent ribs, and also 
the diaphragm,which is attached around the base of 
the thoracic cage and separates the thoracic cavity 
from the abdominal cavity. During quiet respira
tion,the lung volume is increased’ for inspiration 
due to the contraction of the diaphragm, which thus 
descends, and also the active contraction of the ex
ternal intercostal muscles, which results in the ribs 
moving upv/ards and outwards. During expiration, the 
diaphragm and external intercostal muscles relax, and 
the volume of the thoracic cage is decreased by the 
recoil forces produced by the elastic tissue of the 
lungs. The diaphragm accounts for about 70fc of the 
tidal volume duoring quiet respiration (Ganong,1967; 
Campbell,1974)♦ During forced ventilation the in
ternal intercostal muscles ma,y also contract to move 
the ribs dovrnv/ards during expiration. However, it 
has been shown (Draper et al,1959, Proctor,1974) 
that during phonation the diaphragm, is compI.ete3,y 
relaxed, apart perhaps for the first fev7 seconds of 
a phonation initiated at full lung volume, and that 
the fine control required during phonation is provi
ded by the intercostal muscles.

The respiratory function is under autonomic 
control from the respiratory centres in the medulla 
oblongata in the brain. These centres receive 
information about the carbon dioxide and oxygen 
tensions in the blood via chemoreceptors situated in 
various parts of the body (Ganong,1967). There are

1.3



also stretch receptors in the lung and the thoracic 
musculature which relay information to the respira
tory centres via the vagus nerve. The respiratory 
pattern can he modified to a certain extent- hy the 
cerebral cortex, and is thus under limited voluntary 
control,, e.go during phonation, so long as the res
piratory requirements are still met.
1.4 MUSCULATURE OF THE VOCAL POLDS

The larynx consists of a series of cartilagi
nous rings, the main cartilages being the thyroid 
cartilage (TC), the criooid cartilage (CC), the 
arytenoid cartilages, the corniculate cartilages and 
the cun,eiform cartilages. The cartilages are arti
culated so as to alloy/ movement between them, and the 
position of the larynx in the neck is maintained by 
the external laryngeal muscles. The larynx is 
attached superiorly to the hyoid bone (HB) which is 
in turn suspended from the back of the tongue.
(Figure 1.2).

The vocal folds are whitish structures situated 
in the larynx at the level of the thyroid cartilage. 
The folds are not of uniform construction, but con
sist of the vooalis muscle covered by a layer called 
the elastic conus. The elastic conus is thicker near 
the edge of the vocal fold^and this portion is called 
the vocal ligament. The ligament is covered by a 
thin epithelial layer called the mucosa (mucous mem
brane) (Hirano,1973).

The vocal folds are connected to the cartilages 
of the larynx at the angle of the thyroid cartilage 
anteriorly, and to the vocal processes of the aryte
noid cartilages posteriorly. The lateral part of 
each fold and the lateral v/all bounding the fold is 
formed by the thyroarytenoid muscle.

DiAring respiration the vocal folds are relaxed 
and lie around the laryngeal v/all, presenting as 
little air resistance as possible. In phonation, 
the position and mechanical properties of the folds

1.4
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are governed by the action of the intrinsic laryn
geal muscles, which are named according to the carti
lages to which they are attached. The cricoaryte
noid and interarytenoid muscles serve to adduct the 
folds, (i..e. draw the folds into a more central posi
tion) just prior to the onset.of phonation, this 
being accomplished by a rotation of the arytenoid 
cartilages. The properties of mass, tension and 
elasticity are principally determined by the crico
thyroid and vooalis muscles. (Green,1957; Van den 
Berg,1958). Higher up in the larynx lie the false 
vocal folds (ventricular folds),., but these play 
little part in normal phonation.

Figure I..3 shows diagrammatical 1 y the vocal 
folds as seen from above during a normal laryngeal 
examination, and Figure I .4 shows a photograph taken 
during such an examination* The space between the 
open vocal folds is called the glottis.

The phonatory centres in the brain: are situated 
in the cerebral cortex and control the adjustment of 
the vocal folds ajid respiratory pattern duz'ing pho
nation, although the ultimate control of respiration 
still remains with the respiratory centres in the 
medulla. The phonatory centres are, in turn, under 
the control of the motor speech area (Broca‘s Area) 
situated in the posterior portion of the sub-frontal 
convolutions of the cerebrum.

The larynx is innervated by two branches of the 
vagus nerve, (tenth cranial nerve) the superior re
current laryngeal nerve and the inferior recurrent 
laryngeal nerve. The superior branch innervates 
only the cricothyroid muscle, all the other intrin
sic laryngeal muscles being supplied by the inferior 
branch.

The final voice output is also under the con
trol of several feedback systems. The importance 
of the auditory system as a feedback control system 
is demonstrated by the monotonous voice of a person

1.5



MOH
64

q tn o P
H p  

4^ O  CD
H

r~i 
CCCl) R< %
(A) r/j

H  P i t-4t>.oo
H <cq p M q p
d O  

O  «a.'. 
Pdm 64w M £0 ro !'v r  /

CQ <i| t t cd P

o >
Cf_j fx,

gü m o t~( î> 64 64 
fH  O  O P

il
g>,



ANTERIOR

Pig,1.4. POSTERIOR
Vocal folds photo graphed via a. 

laryngeal mirror.



who is completely deaf, this being due to lack of 
fundamental frequency or intensity variations, and 
even a subject who suddenly develops a total deaf
ness will gradually acquire this monotonous voice 
quality. A possible cause of some cases of 
stammering is the partial breakdown of the auditory 
feedback loop, and such cases can be treated using 
delayed auditory feedback, in which the subject's 
speech is replayed to him, but with a small time de
lay introduced. However, the fact that: a trained 
singer can immediately produce a particular note be
fore- any auditory feedback can take place, indicates 
that there exist other monitoring systems which allow 
for the precise: adjustment of the vocal folds and 
other laryngeal structures, (Eirohner and Suzul':i,1968), 
Kirchner and V/yke- (1964,1965) reported finding posi- 
tiona,! mechanoreceptors in the laryngeal joints in 
the cat, which when stimulated resulted in reflex 
contractions and relaxations of the intrinsic laryn
geal muscles. Wyke (1974) also reported, on stretch 
receptoirs within the intrinsic laryngeal muscles^ and 
their affect on the adductor and abductor muscles of 
the vocal folds, .Thus the adjustment of the vocal 
folds is subject to the feedback control from several 
feedback loops as well as that of the auditory pathw^ay.
1.5 THE VIBRATION OF THE VOCAL FOLDS

There have been numerous theories suggested as 
to the cause of the vibration of the vocal folds, 
ranging fioom those drawing comparisons with musical 
instruments (either reed instruments or stringed in
struments , hence the name vocal cords instead of vocal 
folds), to those relying entirely on aerodynamic or 
elastic forces, and also a theory involving direct 
neural control ovpr each cycle oit vocal fold vibra
tion. This theory, the neuromuscular theory, was 
proposed by Husson (1953), and according to it, each 
cycle of vocal fold vibration resulted from the re
sponse of the thyroarytenoid muscle to a nerve
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impulse from the central nervous system, trans
mitted via the recurrent laryngeal nerve. Thus 
the fold vibration was under the direct control of 
the central nervous system, and the frequency of 
vibration depended upon the frequency of nerve 
stimulation. In order to account for the motor 
nerve fibre absolute refractory period of about 4 msec, 
and the muscle absolute refractory period of about 
1 msec., a polyphasic: theory of conduction was postu
lated, monophasic up to 500Hz, biphasic from 500- 
lOOOHz and triphasic from 1000-1500Hz etc,,(i.e, 
alternate nerve and muscle groups would only be stimu
lated at every second or third cycle). It should
8,1 so be possible for the vocal folds to vibrate in 
the total absence of air flow through the glottis.

However, the results of Husson could not be re
peated by other investigators, (Van den Berg, 1958;
Do do and Bunker, 1967 ) * It was shov/n that electro
myographic activity consistent with the frequency of 
phonation was caused by electrode microphonics,(i.e. 
the physical vibration of the electrodes) and that 
thyroarytenoid muscle action potentials did not ex
ceed a frequency of about 50Hz. It was also known 
that the vocal folds could still vibrate at phona
tion frequencies even after the recurrent 3.aryngeal 
nerves had been severed, and it was also shown that 
the vocal folds could not vibrate in the absence of 
air flow, (von Leden,1961), Von Leden also re
ported that his histological and anatomical findings 
were inconsistent with the neuromuscular theory, and 
this theory is no longer considered to be tenable.

The current theory describing the vibration of 
the vocal folds is the myoelastic-aerodynamic theory. 
According to this theory, the mechanical properties 
of the folds, e.g. mass, tension, elasticity etc., 
are governed by the action of the laryngeal muscles 
(SECTION 1.4) and are continuously monitored by the 
several feedback loops, (Kotby and Haugen,1970).
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Prior to phonation, the vocal folds are drav/n into 
a central position by the laryngeal adductor 
muscles. At the onset of air flov/ through the now 
narrow glottis, the folds are either drav/n together 
or forced apart, and vibrations are maintained by 
the balance between the aerodynamic forces caused by 
the air flow, and the tissue forces resulting from 
the displacement of the folds from their equilibrium 
position. figure 1.5 illustrates a schematic 
section through the larynx. The vocal folds are 
not- thin membranes, but have a thickness of the 
order of 0,2 - 0,5 oms. Typical values for the di
mensions of the glottis are length 1,0 cm and vd.dth 
0,25 cm, although there is considerable variation' 
among individuals and also within each' individual 
under different vocal adjustments. The force fj 
shown in Figure 1,5 is due to the subglottic pressure 
generated by the Imigs and always acts to separate the 
folds. F^ represents the. force due to the displace
ment o.f the vocal, folds from their equilibrium, posi
tion, and can act in either direction, i.e.. when the 
folds are together, F^ acts to separate them, but 
when they are at their- furthest extension F^ acts to 
pull them inwards. Thus F̂ , always tends to restore 
the folds to their equilibrium position. F.ĵ is the 
aerodynamic force resulting from the air flow through 
the glottal constriction and always acts to pull the 
folds together. This force, the Bernoulli force, 
rises to a maximum a.t maximum air flow rates and 
abruptly decreases to sero when the glottis closes 
and air flow ceases. (Lieberraan, 1968),

. The dependence of the aerodynamic, Bernoulli, 
force on air flow can be demonstrated by consider
ing the frictionless flow of an incompressible gas 
through the system shown in Figure 1,5. Bet the 
subscripts 1, 2 and 3 refer to the subglottic, 
glottic and supraglottic parts of the ’system respec
tively, For any system containing gas flow under
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pressure P,. with particle velocity v, volume V, 
and a mass of gas m, the principle of conservation 
of energy gives

1  ̂2- mv •i- PV ~ constant
If the gas has density this becomes

1
2 ŝ V 4' p - constant =

In particular 1

1 ?
1- V, 4- p, - ^  (subglottic)

1 (
% 4- - ̂  (glottic)

and 1 i
Î>v^ 4- ^3 := ( su.p r agi ottio)

where P 3 = atmospheric pressure, and v ̂
'because of the smaJ..l glottal area compared to 

the area of the trachea. Thus the pressure drop 
across the constriction, A  P, is approximated by :

A P  & P  = 1  . y  jU
where U - air flow rate, and A - area of

the constriction (glottis), Thus the vocal folds 
tend to be pulled together by the differential 
pressure caused by the air flow through the glottis. 
When non frictionless flow is considered, the 
pressure drop is modified by a term dependent on 
the dimensions of the glottis and the viscosity of 
air, so that

^  P - A  t ( 2 " A ̂  j ^ ;
where 0.9 is due to turbulent flow and de
pends on the geometry of the entrance and exit of 
the constriction, and ^

“ 12 ̂ \.J/ 1 . w ,
v/here the glottis has length 1 , width w, depth or 
thicloness d , and ig the viscosity of air.
(van den Berg et al, 1957)*

The. glottal impedance also contains an inductive 
element, L , due to the mass of air trapped in the
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constriction (Flanagan, 1958; Fant, 1970), where:
T

Thus the total pressure drop across the glottis 
is given by ;

A  p = -4, [ I . %Z)

After making suitable approximations, this 
equation can he solved to give the air flow velocity 
function, U, and the results obtained show similar 
frequency characteristics to functions obtained by a 
process of inverse filtering of voice output functions.

The. my0elastic-aerodyii'Eunic theory predicts the 
dependence of vocal fold vibration on glottal air 
flow rate and thus subglottic pressure, and glottal 
impedarice (Isshiki, 1964,1965). The importance of 
the physical properties of the vocal folds results 
from the dependence on A, which is also a function 
of time. During phonation, the folds act a,s vibra
tors having a double structure, i.e. the main body 
of the vocalis muscle and vocal ligament, and also 
the mucous membrane, resulting in a very complex 
vibratory pattern,
1.6 DYSPHONIA

I^rsphonia is a general te I'm encompassing the 
whole range of vocal disorders. The complexity of 
the voice production mechanism gives rise to a very 
large number of different types of dysphonia.
Diseases of the respiratory system which produce 
either airway obstruction or changes in the m.echarii- 
cal properties of the lungs will produce abnormali
ties in the phonatory pattern, e.g. bronchitis may 
result in a decrease in the volume of air available 
for phonation with a corresponding decrease in the 
time required between breaths or decrease in air 
flow rate. Neurological diseases affecting either 
specific nerves and muscle groups or else the brain 
stem itself will also cause impaired phonatory be
haviour, e.g. a lesion of the recurrent laryngeal



nerve can result in the paralysis of one or both 
vocal folds, with a considerable change in vocal 
performance. Any conditions disturbing the normal 
vibratory pattern of the vocal folds will also give 
rise to noticeable changes in voice function, e.g. 
carcinoma of the vocal fold, vocal nodule, or any 
inflammatoxy condition. Many vocal problems also 
have psychogenic origins or stem from the general 
misuse of the voice.

It is therefore important to have effective 
methods of assessing vocal function. Currently in 
most clinics, voice assessment relies entirely upon 
the subjective views of an observer, either 
clinician or speech therapist, and the terminology 
used to describe abnormal vocal function is not 
universally standardised. The vocal folds are 
still examined using a steady light source, although 
it is impossible to observe all but the most gross 
abnormalities in the vibratory pattern, since the 
vibration frequency is in the approximate range 
100-300HZi. Pew clinics routinely use a voice syn
chronised stroboscopic light source to view the vocal 
folds in motion. Thus there is a need to develop 
objective means of assessing vocal function, which 
can be applied rapidly and efficiently in a clini
cal department and still be non-invasive to the 
patiente
1.7 AIMS OP THE PRESENT INVESTIGATION

Much of the interest in voice production origin
ated from the development of coimnunications systems, 
where the fewer the number of parameters which had to 
be transmitted the greater the number of transmiss
ions which could be dealt with simultaneously. The 
frequency analyser had shown that many sbîËîds, parti
cularly vowel sounds, had frequency spectra consist
ing of harmonic series, with superimposed envelope 
curves, each consisting of a series of peaks, or
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formants. The formant frequencies of the vowel 
sounds were found to he dependent on the parti
cular vowel (Potter et al, 1947î Peterson and 
Barney, 1952), and the formants were attributed 
to the resonant properties of the upper vocal tsract, 
(CHAPTER 4). Electrical analogue models were de
veloped to duplicate these resonant characteristics, 
and this led to an interest in the form of the 
source function or driving function to be used, i.e. 
in the vibratory pattern of the vocal folds. Tech
niques were thus devised which could also be used 
to study abnormal voice production. The motion of 
the vocal folds in normal and pathological condi
tions was described by Timcke (Timcke et al, 1958, 
1959; Von heden et al,I960) after viewing a high 
speed film of the folds made by Bell Telephone 
Laboratories. However, this technique is not prac
ticable in a clinical department, and it was only re
cently that a satisfactory method of routinely study
ing vocal fold vibration became available (Pourcin 
and Abberton, 1971), and this technique, using the 
laryngograph, was used throughout this investiga
tion. This method involves passing an A.Ç. current 
between two electrodes placed externally on the neck, 
and measuring the changes in current as the vocal 
folds vibrate. The apparatus and technique will be 
discussed in CHAPTERS 2 and 5*

The respiratory pattern during voice production 
had also been studied with a view to clinical appli
cations, Isshiki and Von Leden (1964) measured 
the range of air flow rates for easiest phonation of 
the sustained vowel /a/ to be 76-182 ml/sec. for a 
group of normal subjects, whereas the ranges obtained 
from subjects suffering from pathological conditions, 
exceeded these values. These findings were not un
expected since any condition which resulted in either 
incomplete glottal closure or any other abnormality 
in the vibratory pattern of the vocal folds would de
crease the efficiency of the system, and it was
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likely that this would he demonstrated by a less 
efficient usage of the air available for phonation* 
Xanagihara reported on respiratory studies carried 
out firstly on a group of normal subjects and later 
extended to include, a group of dysphonie patients 
(Xanagihara et al,1966; Xanagihara and Von Leden, 
1967; Von Leden,1968)* A linear relationship was 
found between the volume of air expired during a 
maximally sustained phonation (phonation volume) 
and the subject’s vital capacity (VG)* This, to
gether with the mean flow rate,, and the ratio 
(phonation time / maximum predicted phonati.on time) 
was used as a test of vocal performance* The max- 
im'um predicted phonation time (MPT) was calculated 
from' the formulae :

MPT ~ % 0*67 (males)

1ÏPT = jgS X 0.59 (females)
where the values 110 and 100 ml/sec were the mea,n 
flow rates obtained from the normal group, and it 
was found that the mean values for (phonation 
volume / vital capacity) were 0*67 and 0*59 for 
males and females respectively, Hov/ever,.. the use 
of mean values gives rise to the possibility of 
large errors in the calculated parameters*

The aims of the investigation described in this 
thesis were several. The standard methods of 
assessing vocal performance were totally subjective, 
and the objective tests which were available did not 
appear to be wholly satisfactory. However,, the im
portance of the control of air flow during phonation 
was evident, and it was intended to devise objective 
methods of assessing vocal function based.,on aero
dynamic measurements. (CHAPTER 3)*

A classification of hoarseness based on the 
presence of abnormal components in the frequency 
spectra of vowel sounds had been suggested by 
Xanagihara (1967)0 The principal abnormality ob

1



served in such spectra was the presence of random 
noise components. In the present investigation, 
the frequency spectra resulting from many dys
phonie conditions were studied^and the abnormali
ties in the spectra related to the vocal function. 
(CHAPTER 4). The laryngograph te clinique was used 
to study the vibratory pattern' of the vocal folds 
both in normal voice production and also in dys
phonie patients. (CHAPTER 5). The relationships 
involved in the control of sound level with re
spect to a,ir flow rate, and the vocal fold vibratory 
pattern were also to be investigated,(CHAPTER 6), 
The use of surface- electrodes in the study of the 
electromyographic- activity of the lip musculature 
was examined, and the results compared with those 
obtained by Leanderson and other experimenters 
(Leanderson et al 1967,1971? Leanderson and 
Lindblom, 1972) who used the more invasive tech
nique of using needle electrodes, (CHAPTER 7),
1.8 SUMMARY

In the present chapter, the anatom^r of the 
vocal tract was described. The respiratory 
system- and relevant musculature was described, as 
was the structure of the vocal folds and their re
lationships with the tracheal cartilages. The 
mechanism involved in the vibration of the vocal 
folds was discussed and the importance of the role 
of air flow stressed. The aims of the present 
investigations were stated.
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CHAPTER 2, - INSTRUMENTATION USED IN
THE STUDY,

2 cl INTRODUCTION
The voice production mechanism was briefly 

described in CHAPTER 1,, and from this ̂ the impor
tance of the various aspects of the system became 
evident. The investigation can be conveniently 
divided into- the following sections.
(a) An assessment of the function of the respira

tory system in general, and, in particular, 
during phonation,

(b) an assessment of the voice output in terms 
of frequency analysis,

(c) a study of the vibratory pattern of the 
vocal folds,, and

(d) a study of the electromyographic (EMG) 
activity associated with particular muscle 
groups during certain speech gestures.

In this chapter,, the instrumentation used to 
measure breath flow patterns, to record and analyse 
the voice in terms of frequency,, and to obtain the 
vibratory pattern of the vocal folds, will be des- 
cribedi,.. The details of a method of obtaining a 
continuous record of the fundamental frequency of 
phonation, is also given. The system used to re
cord and analyse the EMG activity v/ill, more appro
priately, be described in CHAPTER 7.
2..2 BREATH PLOW MEASUREMENT

The control of air flow and optimal usage of 
the available air is of crucial importance to satis
factory voice production. Fluctuations in air flow 
rate can occur very rapidly during phonation, so 
that the instrument used to measure the breath flow 
pattern must have a correspondingly short reaction 
time. Thus a pneumotachograph respirometry system 
(Mercury Electronics) was used throughout the investi
gation to measure the air flow pattern. This type 
of system is based on the principle that a flow of



air passing through a flow resistance causes a 
pressure differential to he developed across the 
resistance. The flow resistance consisted of a 
fine mesh housed, in a plastic flov/head. The flow- 
head- was designed to maintain laminar air flow and 
under these- conditions, the pressure drop generated 
across the resistance was directly proportional to 
the air flow rate. The pressure drop was sensed 
using a differential micromanometer and an electri
cal output obtained- which was also proportional to 
the air flow rate^ (in either direction) through the 
flowhead. The electrical output was integrated 
with, respect' to tim'e to give the volume of air pass
ing through the flowhead in a given time.

The flowhead was mounted in a rubber face mask 
which the subject wore during the recording of air 
flow rate. The face mask provided an airtight seal 
but did not Inhibit the movement of the facial muscu
lature, and the resistance to air flow of the flow
head was negligibly small, allowing the subject to 
breathe and phonate in a natural manner. The face 
mask also incorporated a small microphone (.âïïiplivox) 
which permitted the recording of the phonations pro
duced during the recording session.

The respirometry outputs corresponding to air 
flow rate and the related volumes were recorded on 
a four channel, inlc jet recorder (Mingograf, 34T) 
which had a flat frequency response, up to 70OH2, and 
was run at a paper speed of 1 cm/sec. Examples of 
the types of outputs available are shown in Figure 
2,lo. The recordings illustrated in Figure 2,1 A, B 
were obtained during a period of quiet respiration, 
with the flow rate recordings showing expiration up
wards and inspiration dovmwards, In A, the respiro
meter integrators were reset: automatically after each 
stage of the respiratory cycle, and this type of dis
play allowed the measurement of the tidal volumes, i.e 
the volumes of air imspired and expired per cycle.
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In By the respirometer was used in the "oimiulative" 
mode y with the integrators storing the results of 
successive cycles and only resetting after a preset 
value had been reached, producing the typical "step" 
output. This facility v/as used in the measurement 
of the volume of air expired during the sustained 
phonation of a vowel sound (phonation volume),
Figure 2ol C, with the air flow rate and microphone 
outputs being recorded simultaneously.

Each air volume and flow measurement was reduced 
to d;ry air at standard temperature and pressure•pTJ’(SoT.P.) using the combined' gas law ; - constant.
The inspired air was assumed to be 50^ sa,turated with 
water vapour, so that

1
^STP * ( ° ^g°) • %  " %

where is the volume of air measured by the res
pirometer, T°0 is the ambient room temperature, 
is atmospheric pressure, and  ̂ is the saturated

water vapour pressure at that temperature, Tb.e ex
pired air was assumed to be fudly saturated with 
water vapour and to be at body temperature of 37*̂ 0, 
so that

^31-0^STP “ • (^o . %  - 0.826Kit) — II C M mil 1,1w#».#
Fo

The correction factors, are tabulated in TABLE
2.1. Each flowhead was regularly calibrated using 
a Park ins on-0 owan gas meter.
2.3 VOICE RECORDINGS

All recording sessions took place inside a sound 
reduced booth to eliminate extraneous background 
noise. The recordings made using the microphone
incoDrporated in the face mask were unsuitable for
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TABLE 2.1

AIÆBIENT ROOM 
TEMPERATURE.

T(°C)

INSPIRATION 
CORRECTION FACTOR EXPIRATION 

CORRECTION FACTOR

14 0.944 0.826
IS 0.935 0.826
18 0,929 0,826
20 0.921 0.826
22 0.913 0.826
24 0.905 0.826
26 0.897 0.826
28 0.890 0.826
30 0,882 0.826

Correction factors used to reduce measured air 
volumes to dry air at S.T.P.



quantitative frequency analysis because of the fre
quency characteristics of the microphone, and also 
because of the effect of the face mask on the pro- 
d-uced sounds. Thus a recording system having a 
flat frequency response in the range of intez'est 
was required.

The microphone used was a Bruel and Kjaer (B- 
and Ko) -I inch condenser microphone (type 4131) 
coupled to a B. and K. microphone amplifier (type 
2615), each having a flat frequency response up to 
20KIÎZ. The microphone was maintained at a constant 
distance from the subject*s lips (20 cm.) (except for 
the experiments described in CHAPTER 6), and the out
put v/as recorded using a Perrograph stereo tape re
corder (type 722), which had a flat frequency response 
in the range 50Ez to l^KEz when run at a tape speed 
of 19 cm/sec. (7& i.p.s.).

The recording system was calibrated with respect 
to sound level by using a B. and K. pistonphone 
(type 4220) which produced a tone at 124 dB. The 
recorded calibration tone could be altered in eitiier 
1 or 10 dB steps using the attenuator network of the 
microphone amplifier. A record of the sound level 
could be obtained by replaying the tape recording 
through a B. and IC. level recorder (type 2305). In 
experiments described in CHAPTER 6, an electrical out
put proportional to the sound level was obtained by 
using the B. and K. analogue read-out device (type 
ZR0021), which was coupled to the pen assembly of the 
level recorder. This permitted the sound level to
be displayed simultaneously with air flow rate via
the Mingograf ink-jet recorder. The recording 
system had a dynamic range of 50 dB.
2.4 VIBRATORY PATTERN OP THE VOCAL FOLDS.

It is important to be able to obtain routinely 
information about the nature of the vocal fold
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vibration, since abnormalities in this pattern 
usually result in abnormalities in the eventual voice 
sound.

There are several methods of obtaining details 
of the vibratory pattern of the folds. One such 
method involves the technique of high speed cine 
photography, where the motion of the folds is filmed 
via a laryngeal mirror at a speed of the order of 
5,000-10,000 frames/sec, Such a film is then ana
lysed frame by frame to give measurements of vocal 
fold length, or seps^reition, or glottal area. Hov/ever, 
since the subject has to endure a laryngeal mirror, 
phonation produced during this procedure can not be 
considered to be typical, and the quantity of data, 
generated makes this method unsuitable in a clinical 
situation. Another technique involves the trans- 
illumination of the glottis and the measurement of 
the amount of light transmitted by using a photo
electric- cell, but variations in the thickness of the 
vocal folds throughout a cycle and, therefore, in their 
light transmission properties, makes calibration ex- 
t?:*emely difficult. If the frequency transmission 
characteristics of the vocal tract are Imown., then 
by a, process of inverse filtering of the voice out
put, the waveform of the original source function 
can be obtained. Hov/ever,, the transmission proper
ties of the vocal tract are seldom available, and 
certainly not on a real-time basis. Thus most 
methods are subject to the disadvantages of either 
gross uncertainties (e.g. inverse filtering tech
nique) or involving the subject in having to endure 
a laryngeal mirror or fibre optic bundle, and so 
probably producing an a'typical phonation.

The method used in this investigation to obtain 
the vibratory pattern of the vocal folds was the 
laryngograph technique (Pourcin and Abberton,1971). 
This technique involved connecting a constant A,C. 
voltage source across the neck, and measuring the



change in' current passed as the amoimt of contact be
tween the vocal folds varied throughout the vibratory 
cycle.

Two planar electrodes were placed externally on 
the. neck, one on each side of the larynx at the level 
of the vocal folds, and a high frequency current (IMHz) 
was passed between them. As the vocal folds opened 
and closed, the current passed between the electrodes 
varied, and this variation ?/as measured. During the 
closing phase of the vocal fold vibration, the area of 
contact between the folds was increasing, with a 
corresponding decrease in the electrical impedance be
tween them, and an increase in the current. During 
the opening phase,, the change in area of contact wa,s 
reversed and. corresponded to a decrease in the current 
passed between the electrodes.. Figure 2„2 illus
trates diagrammatically the form of the waveform ob
tained from the laryngograph, with closure of the 
vocal folds being measured upwards^ The different 
phases of the laryngograph waveform (Lx) and its in
terpretation will be discussed in CHAPTER 5.

The- electrodes- used were circular disc electrodes 
of 1.5 cm', diameter, surroun.ded' by a guard ring which 
was maintained at earth potential. Several sizes 
and shapes of electrodes were tried, but the geometry 
was found not to be critical. Various materials were 
also tried for the electrode surface. Copper and 
silver plating were initially used, but in many cases, 
spurious electrical pick-up (mainly at mains frequency 
of 50Hz) dominated the signal obtained. In order to 
improve electrode contact, electrode jelly was used, 
but this resulted in a rapid corrosion of the elec
trode surfaces. The final choice of electrode sur
face. was gold plating,, and only rarely was it found 
necessary to revert: to the use of electrode jelly.

The position of the electrodes was found to be 
important, and care was taken to place them on the 
3.arynx at the point where the Dx signal was maximal.
The Lx signal was recorded on the second channel of
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the Perrograph stereo tape recorder.
This technique was completely non-invasive to 

the subject, and since it did not involve simul
taneous visual examination of the larynx, could be 
used to investigate vocal fold vibration tmder 
fairly natural conditions, even during continuous 
speech.
2.5 MEASUHEmPT OP PUNDAT/fENTAL FREQUENCY.

One of the factors which makes a normal voice 
more interesting to listen to, (compared to the 
monotonous qualiiy of the voice of a typical deaf 
subject) is the rapid changes in the fundamental 
frequency which occur. Many subjects suffering 
from pathological conditions of the larynx or vocal 
folds show a more limited range in the fundamental 
frequencies which they can reach. Thus the funda
mental frequency of vocal fold vibration is an im
portant parameter in voice production, and the Lx 
W9,vsform readily lends itself to its measurement.
During the recording of phonation sustained a.t a con
stant fundamental frequency, the Lx signal was fed- 
into a digital frequency counter (Racal, 950) and the 
fundamental frequency was read directly* However, 
for the later experiments (CHAPTER 6) it was required 
to be able to record the fundamental frequency con
tinuously and’ to display it simultaneously v/ith air 
flow rate and sound level using the Mingograf recorder*

The circuit devised to obtain a B.C. electrical 
signa], directly proportional to the fundamental fre
quency of phonation is shown in Figure 2.3. The Lx 
input was buffered by amplifier A1 to prevent loading 
or interference with the other recording instruments. 
The large B.C. component which was always-upresent on 
the Lx signal was removed in the next stage, and the 
A.Co component amplified (A2). Since any spurious 
noise which was present occurred on the flat base of 
the Lx signal, this was e3.iminated by removing the

2o7
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negative part of the cycle using diode, D. The 
positive peak waveform was used as the Sclimitt 
trigger input of the integrated circuit 74121N, 
which gave a series of positive square pulses as out
put. This series of pulses acted as the input to 
the frequency - voltage converter module (Ancom,
15 FV4)f which gave as output a voltage proportional 
to the frequency of the incoming pulses. This h.O. 
output was amplified to a suitable level, A4, and 
any high frequency ripple smoothed out by the lOOO^AP 
electrolytic capacitor. The output was linear up 
to at least 500Hz, and could be recorded on the 
Mingograf recorder simultaneously with flow rate 
and sound, level. The system was regularly cali
brated using a signal generator.
2.6 FREQUEHGY ANALYSIS

Since the initial voice source is produced by 
the regular vibration of the vocal folds, the fre
quency spectrum of a voiced sound consists of a funda
mental and a series of harmonically related components, 
Abnormalities in the frequency spectra of the voice 
output can be used in an assessment of vocal function 
(Yanagiliara,1967), and the technique can also be used 
to investigate abnormalities in the vibratory pattern 
of the vocal folds (CHAPTER 5).

The instrument used in this investigation to 
carry out frequency analysis was a Sonagraph (Kay 
Elernetries, type 729A) with additional modules.
Scale Magnifier Module (type 6076C) and Contour 
Display Module (type 6070A),

The signal to be analysed was re-recorded from 
a tape recorder onto a magnetic drum within the 
Sonagraph, which acted like a continuous tapeloop 
system and allowed any part of the recording to be 
analysed. In the "replay" mode, the magnetic drum 
rotated at 300 r.p.m., and the output obtained at 
the replay head was passed through on electronic 
filter whose centre frequency scanned the range of

2.8



interest, due to a mechanical screw assembly. The 
output of the tuned filter was used to control the 
marking of electrically sensitive paper by a stylus. 
The filter had two bandwidth settings, a "broad" 
bandwidth of 300Hz and a "narrow" bandwidth of 45Hz. 
The standard frequency ranges available were 0-4KHz. 
and 0-8ICH.27,, although the Scale Magnifier Module 
permitted any frequency band to be expanded for 
closer examination, and also gave an output of over
all signal intensity. Examples of some of the dis
plays available are shown in Figure 2.4, the sound 
analysed being the vowel /a/. The frequency range 
0-4KHz was used, although in A and B only the range 
0-2.JKHz is shown. In Figure' 2.4A, the 300Hz band
width filter was used, and the harmonic components 
were just evident as horizontal dark bands. The 
degree of darkness of the bands was indicative of 
the signal intensity in the particular frequency 
range. In. this example, the signnl intensity was 
greater in the range below about 1.25KHz* The 
lower portion of Figure 2..4B shows the same output 
display as A, but was obtained using the 45Hz band
width filter.- The harmonic structure was more 
obvious than in A, The upper portion of B illus
trates the intensity of the overall signal level, 
which v/as seen to remain fairly constant throughout 
the period of the recording.. Figure 2.-40 illus
trates the "sectioner" display output, where the 
spectrum at anĵ  point in the recording could be ob
tained.. The frequency scale was inverted to allow 
this display to be examined more easily, and in this 
ease the horizontal lines represented the harmonic 
components, with their lengths indicating the signal 
intensity (in dB).

The Contour display module could be used to 
make the original displays more quantitative, and 
this is illustrated in Figure 2.5. In this output

2.9
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display, the 300Hz bandwidth filter was used and 
each colour gradation represented a 6dB change in 
signal intensity. In the example shown, the under
lined word was given greater stress, and the resul
tant increases in intensity and times for the 
stressed syllables are seen in.- the figure.

The calibration of the Sonagraph in terms of 
frequency and intensity was regularly carried out.
A two channel Sonagraph was available for some of 
the analysis described in this thesis. Standard 
pieces of laboratory equipment were also availa.ble.
2.7 S'OMMARY

The major pieces of specialised instrumenta
tion used throughout the investigation were described 
ill! this chapter. These included the respirometry 
system for measuring breath flow patterns during 
quiet respiration and also during phonation, the 
system for recording and analysing the voice output 
and the vibratory pattern of the vocal folds.
Examples were given to illustrate the various types 
of output available from the equipment. The re
cording and analysis of the EMG- signals obtained 
from the lip musculature will be fully discussed 
in CHAPTER 7.

2.10
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CHAPTER 3. AERODYNAMIC ASSESSMENT OF
PNONATORY FUNCTION

3.1 INTRODUCTION
The role of a,:lr flow through the glottie in the 

maintenance of the vibration of the vocal folds has 
already been discussed (CHAPTER 1)* The efficiency 
of the phonatoiry process is therefore largely depen
dent on the efficiency of the control mechanisms of 
some of the muscles involved in respiration^ e.g., 
if a subject*s respiratory pattern is irregular due 
to lack of control of the intercostal muscles, he is 
also likely to produce an uncontrolled phonation, 
since phonation is dependent on the fine control of 
these muscles. In this chapter, a series of tests 
is developed to allow a subject hs respiratory con
trol to be assessed, according to his ability to re
produce a particular air flow pattern throughout 
several cycles of quiet respiration* A second 
series of tests combines the results of aerodynamic 
measurements made during the recording of a ^maximally 
sustained vowel, and also certain limg parameters, to 
give an assessment of the subject's capability to pro
duce this type of phonation. The results of these 
tests are compared to those obtained using the stan
dard, subjective speech therapy techniques. The re
sults obtained by Issiki, Von leden, and Yanagihara 
were discussed in CHAPTER 1.

Figure 3»1 shows diagramatically the partition 
of lung volumes. The vital capacity is the maximum 
amount of air which can be expired following a maxi
mum inspiration, or the amount of air which can be 
inspired following a maximum expiration. The resi
dual volume is the voluiïie of air remaining in the 
lungs after a maximum, expiration. The vital capacity 
gives an upper limit to the volume of air which can be 
used in the performance of an exercise, e.g. during

3ol
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a maximally sustained phonation* The tidal volumes 
are the volumes of air inspired and expired per res
piratory cycle, and are usually larger than the rest
ing values* However, the absolute values of tidal 
volumes give no indication of the control of respira
tory function.
3 * 2 EXPERIMENTAL PROCEDURE

The experimental system was housed inside a 
sound reduced booth, and is shown schematically in 
Figure 3*2* The instrumentation was fully discussed 
in CHAPTER 2*

The aim of this part of the investigation was to 
develop objective means of assessing respiratory con
trol and phonatory efficiency based on aerodynamic 
measurements* Two groups of subjects were taken, i.e, 
a control group of adult subjects consisting of hospi
tal staff and other volunteers who had no history of 
voice disorders, and a dysphonie group consisting of 
a series of patients who were suffering from various 
types of dysphonia, and were attending the speech 
therapy department* Each subject was independently 
assessed as to breathing function and phonatory capa
bility according to orthodox speech therapy techn.i- 
pues* These consisted largely of visua3. inspection, 
and also the measurement of the maximum time for which 
the subject could sustain the voiceless fricative 
sound /s/ or the voiced fricative sound /s/, although 
no allowance was made for sound level or air flow 
rate* Each subject was thus subjectively placed in 
one of the four categoriesî normal, slightly abnormal, 
abnormal, and highly abnormal, for both respiratory 
function and phonatory capability*

During the first part of the recording session, 
a series of sustained vowels was recorded using the 
condenser microphone, while the vibratory pattern of 
the vocal folds was obtained by means of the laryngo- 
graph* These recordings were intended for frequency 
analysis and will be discussed in CHAPTER 4c The

3.2
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subjecb was next req^uired to wear the face mask and 
thus breathe through the pneumotach flowhead, and 
given several minutes to become used to the mask. Re
cordings were made of air flow rate and tidal volumes 
during a period of quiet respiration. The subject was 
then asked to sustain maximally the vowels /i/, / B / 
and /a/^firstly at his normal pitch, and then at the 
highest and lowest pitches which he could maintain 
while still phonating in chest register, all vowels 
being maintained at a "comfortable" sound level. (In 
this context, pitch is taken to mean the fundamental 
frequency of phonation, and chest register represents 
the FÊingc of fundamental frequencies within which the 
subject normally phonates). The expiratory vital 
capacity was then measured as the maximum volume of 
8,ir expired after e, maximum inspiration. Several 
tokens of this mea,sure were made to ensure reproduci
bility. The subject was in a standing position 
during each exercise, and was allowed a rest period 
between each portion of the recording session to per
mit complete recovery.
3o3 ASSESSMENT OP RESPIRATORY CONTROL

The recordings made during the period of quiet 
respiration were firstly examined, and Figure 3*3 
shows a typical examp3.e obtained from a member of the 
control group. The flow rate pattern was seen to be 
extremely regular from cycle to cycle, with the inspir
ed and expired tidal volumes also being maintained at 
fairly constant levels. In contrast, Figixre 3.4 
shows, two examples of quiet respiratory patterns re
corded from members of the dysphonie group. The flow 
rate patterns were much less regular from cycle to 
cycle, and this was also reflected in the greater 
variation present in the tidal volumes. ■ A quiet 
respiratory pattern showing great regularity from 
cycle to cycle was taken to mean that the subject had 
good respiratory control, while one showing great

3.3
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variability from cycle to cycle was considered to 
indicate that the snhject showed some lack of re
spiratory control0 In order to quantify the amount 
of variation present, even for the members of the 
control group, the coefficient of variation was cal
culated for each subject for the values of inspira
tion and expiration tidal volumeso

Each series of quiet respiration recordings was 
taken and the first few cycles disregarded to elimi
nate possible artifactso The mean and standard de
viation were calculated for the parameters inspira
tion tidal volume and expiration tidal volume for a 
sample of between 10 s.nd 20 consecutive cycles of 
each recording, and the coefficient of variation was 
calculated in each case, from i

coefficient of variation = mean 
(Gai^ret ,1967)

This gave a, measure of the variability present 
for each subject and also allowed inter-subjeet com
parison o A frequency histogram of the coefficient 
of variation, (Sb/M^), was plotted for both the con
trol and dysphonie groups for the inspiration tidal 
volume data (Figure 3*9), The distribution of the 
control group data had a maxim.um" in the 8-lÔ f inter
val and decreased steadily at higher and lower values, 
the upper limit being about 18^^ The members of the 
dysphonie group showed a greater degree of variability 
in the inspiration tidal volume data, as seen from 
the upper histogram in Figure 3,9., with (Sb/M^) 
values extending up to about 36^,

These calculations were repeated for the expira
tion tidal volume data obtained from the same cycles 
of quiet respiration, and the frequency histograms 
are given in Figure 3.8^ Similarly to the previous 
results, the control group distribution showed a 
maximum frequency of occurrence in the 8-10^ interval.

3.4
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an:d a steady decrease towards the higher valuesj 
whereas several memhers of the dysphonie group had 
values well above those attained by the control 
group.

It appeared that some members of the dysphonie 
group demonstra,ted greater variability in the mea- 
su3;-*ed parameters than that expected from a subject 
with a totally normal quiet respiratory pattern.
The possibility of obtaining a statistically signi
ficant limit of separation on the basis of these re
sults was examined. The Null Hypothesis that both 
groups belonged to the same population was tested.
If this were true, then for any value of , a
similar proportion of each group would lie above and 
below this value. The significance of the differ
ences between the proportions of each group wasptested using the CHI distribution, for each value 
of (Appendix 1.1; Kirk,1975 ). The valuespof the CHI ‘ coefficients were calculated and plotted 
against the (SD/M^O value, (limit) and these graphspare sho\m in Figure 3.7. In both cases, the CHI" 
coefficients reached highly significant values, e.g. 
tor p<0„05, CHI^ = 3.8 and for p< 0.0005, CHI^ -■=
12.1^for one degree of freedom, and so the Null Hy
pothesis' was rejected.

A value of 16.0^' was chosen as a "limit of 
normality" (arrowed on Figu.re 3«7) for both sets of 
tidal volume data, i.e. subjects having a variability 
greater than 16.0^ as measured by the value of (SD/M^) 
would be considered to be abnormal^ The values of 
the limits chosen were slightly to the right-handpside of the peak CHI" value, but still at a highly 
significant level. (The choice of limit values is 
discussed in SECTION 3*7).

Another important factor in assessing respira
tory control is the variability with respect to time 
of the breathing pattern. As a measure of the tem
poral variability present for each subject, the

3.3
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coefficients of variation' were calculated for the 
parameters? period of the respiratory cycle, and the 
fraction of time per cycle spent on inspiration. (It 
had been found that one cycle of respiration consisted 
of inspiration - expiration and not expiration - 
inspiration (Cohen, 1974))* The latter parameter was 
used to indicate whether or not if the respiratory 
period changed, the different parts of the cycle were 
altered in proportion. The same samples of quiet 
respiration were again used and the frequency histo
grams drawn for both groups of subjects, Figures 3.8 
and 3*9. The frequency distribution obtained from 
the control group for the period data showed a peak 
in the range 2-8ÿ, (Figure 3*8), with a few members 
of the group having values up to about 14f̂ * Hoy/ever, 
there were again members of the dysphonie group 
having values well above those attained by the control 
group0 The results obtained for the inspiration 
fraction data were very similar (Figure 3*9)> with 
the distribution for the control group having a broad 
peak in the 4 - 12^ range, and the variability for
some- members of the dysphonie group lying well beyond

2this interval. The CHI test was again used to de
termine whether the two groups were significantly 
different with respect to these t’wo parameters, andqthe CHI values are plotted against the limit values 
of (SD/M^) in Figure 3*10. In both instances thephigh CHI ■ values indicated that the dysphonie and con
trol groups were significantly different ( p < 0.0005), 
and "limits of normality" were chosen at a (SD/M^) 
value of 14*0^ (see SECTION 3*1), i,e, subjects shoya- 
ing variability greater than 14.0^ in either of these 
parameters would be considered to show a lack of 
temporal control in their quiet respiratory patterns.

The. four (SD/l-.T/O ratios provided a means of 
assessing the amount of variability present in the 
corresponding parameters, and thus in the regularity 
of the quiet respiratory pattern during a representa
tive number of cycles. The limits of normality set

3*6 -
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an upper bound on the variability which could be ex
pected from a "normal" subject on the basis of bio
logical variation, and could be used to detect 
abnormality,
3o4 TESTS OF NORMALITY FOR RESPIRATORY CONTROL.

In the previous section, a method was described 
whereby certain upper limits could be placed on the 
variability of the parameters used to define the 
quiet respiratory pattern. Assuming that subjects 
having well controlled respiration show lesser de
grees of variation than subjects having a lack of con
trol, the limits could be used to provide a series of 
simple tests leading to a clinical assessment of 
respiratory control,

A scoring system was developed whereby the sub
ject was given a score of "0" for each (SD/Mp) value 
vfhich was less than the corresponding "limit of nor
mality", and a score of "1" for each result which was 
greater than the limit. Thus, each subject acquired 
a total score in the range 0 - 4, This was completed 
for all the subjects of the control and dysphonie 
groups, and the results compared with those obtained 
from the subjective assessment, (TABLE 3,1).

The control group consisted of 37 subjects, and
of these, 34 were assigned total scores of 0, 2 of 1
and 1 of 2 (TABLE 3olA), All the members of this
group were subjectively assessed as "noimial", A
score of 0 was taken to indicate complete normality
in the control of quiet respiration. The subject in
this group who was assigned a score of 2 had results
in the 16 - l8p intervals for both sets of tidal
volume data, just outside the prescribed limits* The
group of dysphonie subjects contained 29 members, and
of these, 7 were assigned scores of 0, 6- of 1, 8 of 2,
4 of 3y and 4 ha.d scores of 4, Of the 7 subjects who
received scores of 0, 6 were subjectively assessed as
"slightly abnormal" and 1 as "highly abnormal"*(TABLE

3,IB),

3,7



TABLE 3ol (A) RESULTS OBTAINED FOR CONTROL --   AND DYSFHONIC GROUPS USING OBJECTIVE
ASSESSMENT OF QUIET RESPIRATION AND 
(B) COMPARISON BETWEEN SUBJECTIVE 
AND OBJECTIVE ASSESSMENTS.

(A)
GROUP

CONTROL
DYSHIONIC

TOTAL NUMBER
37
29

0
M

7

TOTA] 
1
2
6

SCORE 
2

1
8

A
0
4.

(BO
SUBJECTIVE ASSESSMENT

TOTAL
SCORE NOÏtMAL SLIGHTLY

ABNORMAL ABNORMAL HIGH'
ABNO

0 34 6 1
1 2 3 3
2 1 3 4 1
3 - .  1 1 2
4 1 1 2



This subject was suffering from a mandibular tremor, 
and a portion of the quiet respiration recording is 
shown in Figure 3,11, The tremor caused a higher 
frequency oscillation to be superimposed on the flow 
rate, but did not result in a sufficient variation 
in the measured parameters to indicate abnormality, 
although in three of the four sets of data, the 
(SD/M^O values were just below the limits. Thus,
22 of the 39 members of this group were assessed as 
being "adnormal" to some degree, and a complete 
comparison with the subjective assessments for both 
groups is given in TABLE 3.IB, It appeared that the 
higher "score" values corresponded, in general, to the 
greater degrees of abnormality as subjectively assessed, 
and this was statistically tested using the contingency 
coefficiento (Appendix 1,2). This method tested the 
Null Hypothesis that the results obtained from the 
objective assessment (score results) and the subjec
tive assessment were independent. The contingency 
coefficient was calculated (C ~ 0.65) and also the 
corresponding CHI" coefficient, 49*1. (12 degrees of 
freedom). This was highly significant (p < 0.0005), 
and the Null Hypothesis was thus rejected, leading to 
the conclusion that the results from both assessments 
showîed. very good agreement* How^ever, by using the 
objective series of tests, a numerical result indepen
dent of the observer was obtained, and the clinical 
application will be discussed in a later section.(3*8), 
3*5 ASSESSMENT OF PHONATORY EFFICIENCY

Some dysphonie subjects do not show irregular 
breathing patterns during quiet respiration and only 
exhibit abnormalities during phonation* It was, 
therefore, important to develop an objective means of 
assessing phonatory function on the basis of aero
dynamic measurements^as these would also provide a 
guide to possible treatment.

3*8
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Continuous speech is a very complex phenomenon 
from many viewpoints, not the least being the com
plexity of the air flow pattern. It was thus deci
ded to investigate the air flow pattern resulting 
from the sustained phonation of a vowel sound, which 
approximated" to a "steady state" situation. The 
vovyel /a/ phonated at the subject*s subjectively nor
mal pitch was chosen as being typical of the recorded 
series (3*2), and all the results presented refer to 
this phonation. Examples of the respirometry out
puts obtained during these recordings are shovm in 
Figure 3*12. The examples in Figure 3»12A were ob
tained from two members of the dysphonie group, and 
could be compared to a "normal" phonation in Figure 
3*12B* In the upper examples, the air flow rates 
were very irregular, with the resultant variability 
in the voice output, as seen on the microphone 
channel. It was also noted that some subjects pho
nated with very large air flow rates with resultant 
decreases in the times for which the phonations were 
sustained, while others used very low air flow rates 
and phonated with very low sound levels. The assess
ment of phonatory control was divided into two sec
tions, firstly the control of the available air as 
measured- by the air flow rate and its variability, 
and secondly, the quantity of air expired during the 
phonation as a function of the subject's lung volune, 
as measured by the expiratory vital capacity*

The volumes of air expired during the phonation 
/a/, (phonation volume), were measured from the re
cordings obtained from the members of the control 
group and the dysphonie group. The phonation times 
were also measured and the mean air flow rates (MFR) 
calculated. The frequency histograms for the MFR 
values for both groups were plotted (Figure 3*13), 
and the results obtained for the control group were 
found to be in the range 5 - 15 1/min*. However 9

3*9



/

e

IH

D
A

W v
A  cü

S " -
A

g  g
Is  O
M  >
A .

A  A Ph
O  A A
o  E4 O  . »
A A! P-i
A  A A  A

O O
>-1 O  A
A  A h-i A
A  O A
A  M O  lA
B E-i E ëO  <tî
A  A to  AH  O A  A
A  a ; A  O
M  N A
P4 A
A  A A

A O
A  A A
O  H i A  P:< pq A
zn A  
A  A g?5
gin i s
8 ; i {
A  A <  A l

(M
H
rO
Ih



OCCUSKEMSE

t“‘

!STfca*aSïîffl*3acirJîr5flnnaroca7vrt̂
2 4

A
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certain members of this group were considered to have 
phonated at either atypically high sound levels or 
fundamental frequencies (for these subjects) and thus 
the data from these phonations were disregarded in 
the assessment of flow rate limits for normal phona
tions. I'he remainder of the results were within the 
range 5 - 11 1/min.^in agreement with the data repor
ted by Isshiki and Von Leden (1964)? and this range 
was taken to define the ’̂'limits of normality" for this 
type of phonation. Several members of the dysphonie 
group had MPI?, values outside these limits y but in 
these cases, the phonations did not appear to be 
atypical for the subjects.

It was not possible in the present investigation 
to obtain the standard deviation of the MPR» and so 
as a meeisure of the variation in flow rate present 
during the phonation, the ratio of (mean air flow 
rate) / (peak air flow rata), (M/P), v/as calculated.
The peak, flow rate was measured at the point of maxi
mum flow rate in the central portion of the phonation 
so as: to eliminate artifacts due to the initiation 
and cessation of voice production* The frequency 
histograms for the (M/P) ratio for the members of the 
two groups are shown in Figure 3*14. The greater 
degree of control achieved by the members of the con
trol group, resulted in the members of this group 
attaining higher values of (M/P) than those attainedpby some subjects in the dysphonie group* The CHI " 
technique (Appendix 1*1) was applied to test the signi
ficance of the difference between the frequency distri
butions obtained for the groups, and the graph of the 
CHI value against the limit value of (M/P) is given 
in Figure 3*15* The high value of the CHI^ co
efficient indicated that the two groups were very 
significantly different (p < 0*0005), and that the 
optimum value of the limit for (M/P) was 0*65, icC* 
a subject with an (m/P) ratio smaller than 0*65 would 
be considered to be outwith the "normal” range. Thus, 
the values of MFR and (M/P) could be used to assess the
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degree of control of air flow during the sustained 
phonation.

The phonation volume and expira/fcory vital capa
city of each subject was obtained to give a measure 
of the amount of air used during the phonation  ̂ and 
also the amount of air available to the subject.
The graph of phonation volume v vital capacity was 
drav\m (Figure 3ol6)y and a linear relationship was 
evident for the data points of the control groupy 
(as reported by Yanagihara and Koike (196?)). The 
regression line was calculated as %

PEON.VOL. == 0.64 x (VIT.CAP.) 4- 0.22
with a correlation coefficient, r = 0.81 (p < 0.001). 
This- line, together with the 955̂' confidence limits, 
is shown on the graph, and it was observed that 
several members of the dysphonie group had data 
points below the lower 95f- confidence limit. It 
was further noted that nmny members of this group were 
in the lower regions of graph, nearer the origin, and 
that it was possible to draw a line, transverse to the 
regression line, whioh v/ould act as a lower bound to 
the data points of the control group. ■ An arbitrai'y 
line with equations

PH ON. VOL. -I- VIT.GAP. := 0 0 := constant
2was chosen, and the CHI technique a.pplied t-o test 

the statistical significance of such a line for vari
ous values of C. (Figure. 3»d7) = The optimum limitpfor G was found to be C ~ 3^5, with a CHI value of 
13c2 (p < 0.005, one degree of freedom), and the line 

PH ON. VOL. -!- VIT. GAP. 3,5
is also shown on the graph (-.-.). A "region of 
noi'-mality" in the phonation volume v vital capacity 
space was defined as the upper region bounded by the 
lower 95^ confidence limit of the regression line, 
and the transverse 3nlne with equation 

PH ON. VOL. 4- VIT. CAP. = 3,5,
The close correlation between phonation volume 

and vital capacity indicated the importance of vital

3,11
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capacity as a parameter relevant to phonation  ̂ and 
thus its use as a measure of I m g  performance. In 
particular, it was necessary to determine whether 
the measured vital capacity (I'/iVC) was less than 
would he expected for the suhject. The expected 
vital capacity (BVC) was calculated for each subject 
on the basis of height, age and sex using Baldwin Ms 
Formulae, (Baldv/in et al 1938) :

BtVeCh := (27.63 - 0.112 x AGE) x HEIGHT— (IIALE) 
and

= (21.78 - 0.101 X  AGE) x HEIGHT-*(FEMALE)
with age in years, height in cm., and vital capacity
in mla^ The ratio (MVC/BVC) was calculated for each
subject, and the resultant frequency histograms a,re
shown in Figure 3.18. Although Baldwin's formulae
were strictly applicable to subjects in the supine
position, the distribution obtained for the control
group was symmetrical with a mean of 0.95 (SD - 0.20),
indicating that the formulae være fairly reliable in
the present case. However, many members of the dys-
phonic group haul (MVC/BVC) ratios much less than

2unity, aird the CHI technique was applied to test for 
a significant limit of separation between the groups 
(Figure 3.19)« The limit chosen was (IH/G/BVC) ~
0o7 (p < 0.005) and subjects with results less thani 
this value would be considered to be outwith the nor
mal range. The last two parameters indicated air 
usage and availability during the sustained phona
tion. The ranges of ^'normaHity'^ could now be used 
as the basis of an objective assessment of phonatory 
performance.
h ' l .  tests OF HOHMALITY OF PHONATORY FUNCTION

A scoring system, similar to that described 
earlier (3.4)? was developed to give an assessment of 
phonanbory function, i.e. using the limits of normality 
for the MFR, (MFK/PFR), the area in the phonation 
volume V vital capacity space, and the value of (lUVC/ 
BVO), each subject was assigned a score of "0” or 'HP'
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according to whether each result was within or out
with the determined limitsc All of the members of 
both groups were thus allotted total scores in the 
range 0 - 4 ?  and these results were compared with 
those of the subjective assessment (TABLE 3.2)..
Every member of the control group was subjectively 
assessed as '''normal'h This group consisted of 28 
subjects, of whom 16 were assigned scores of 0, 11 
of 1^and 1 had a total score of 2. However, this 
series of tests relied much more on the absolute 
values of the parameters, e.g. MFR, phonation volume 
and vital capacity, than did the previous series, 
and. also much more on subject co-operation,, Thus 
a greater degree of variability was expected, even 
from, the control group, and so a total score of 0 or 
1 would not be considered to indicate clinical abnor
mality . Eight of the 11,members of this group with 
total scores of 1 were the subjects who had abnormally 
high MFR values resulting fro.m. atypical phonations, 
although this did not effect the other measuresc The 
dysphonie group consisted of 39 subjects, of whom 4 
were allotted scores of 0, 8 of 1, 14 of 2, 9 of 3 and
4 were given scores of 4* (TABLE 3o2A). The compari
son of the objective results with those obtained fromi 
the subjective assessment is given in TABLE 3o2B. 
Twelve members of the dysphonie g.roup would not be 
considered to be " a b n o r m a l H o w e v e r ,  of the total 
sample of 67 subjects, in 54 of the cases the objec
tive and subjective assessments agreed,. The subjects
who were subjectively assessed to have the greater 
degrees of abnormality also tended to be assigned the 
higher total scores. G?he contingency coefficient was 
again colculated to test for the independence of the 
objective and subjective assessments, (0=0.65) and 
the CHI value (47.8) indicated that there was 8, high 
degree of correla/tion between the results of the tv/o 
methods (%) <̂ 0.0005, 12 degrees of freedom). Again, 
however, the objective assessment gave a numerical

3.1



TABLE 3.2 (A) RESULTS OBTAINED FOR CONTROL AND
—  DYSPHONIC GROUPS USING- OBJECTIVE 

ASSESSMENT OE PHONATION^AND 
(B) COMPARISON BETWEEN OBJECTIVE AND 

SUBJECTIVE ASSESS1VIENT8,
(A)

gro up TOTAL NUMBER 0 1 2 3
CONTROL 28 16 11 1 0
DYSPHONIC 39 4 8 14 9

TOTAL SCORE
4
0
4

(B)

TOTAL
SC^E

0
1
2

2
4

NOmiAL 

16

SUBJECTIVE ASSESSMENT

11

SLIGHTLY
ABNORMAL

3

2
1

ABNORmL

1

4

HIGHLY
ABNORMAL

1
4
1



value to the degree of abnormality and eliminated 
the personal bias wbich must be present in all 
subjective te clinique s.
3.7 LIMITS OF NORMALITY

In many instances, the limits of normality were
obtained by using the method described in APPENDIX2loi, to calculate the CÏÏÏ value as a function of theolimit of the required parameter. The high OHI“ 
values indicated in each case that a limit was valid 
at a highly significant leve3. (p < 0,0005 ) However, 
the limit chosen did not always correspond to the 
maximum CHI'" value, as this decision had to be tem
pered by the numbers of patients which could be 
successfully coped with clinically. On each occa
sion when this occurred, the decision was made to 
optimize the number of false positives, (i.e."normal 
subjects who would be classified as "abnormal"), but 
unfortunately, the corollary also took place^pro
ducing an increase in the number of false negatives, 
(ice. "abnormal" subjects who were classified as 
"normal"). The decision was taken to allow a level 
of about lÔ c for the mnaber of false positive diag
noses resulting from each series of tests, and thus 
this was similar to using Receiver Operator Oharac- 
teristic' curves for this system. The decision was 
also made to set equal limits for the tidal volume 
data, and the same applied for the temporal data in 
the quiet respiration series of tests.

The method of calculating the. limits also de
pended on the results obtained from the dysphonie 
groupc However, if the data collected from the 
control group adhered to a particular distribution, 
then the 95/̂  confidence limits could be psed to pro
vide limits of normality which were independent of 
the results of the dysphonie group. If, for ex
ample, the present data obto/ined from the control 
group were fitted to Gaussian distribution cu?cves,

3 «14



the 95*̂  confidence limits would he given hy the 
appropriate value of mean -2 S„Ih This was oarrii 
out for the relevant variables and the results are 
tabulait ed in TABLE 3» 3» For each curve y the CHI ‘ 
coefficient was calculated from :

i

^f(O) - f(E)^ 2

CHI® = ^  f(E)
i

where f • (0) =%= observed' frequency in the i ' inter->f-p-val and f^(E) - expected frequency in the i ’ ' inter
val y with the condition that for eJ,l intervals f(O) 
and' fĵ (E) are greater than 5c (Moroney^1970 )<. If 
this did not holdy then adjacent intervals were 
sirnimed 'until the condition was met. This led to a
drastic reduction in the number of degrees of free-2dome Howevery the low OKI values showed that in no 
case could the Gaussian curve be rejected as being a 
bad fit to the observed data at the 95ÿ level of con
fidence, The test limits showed a reasonable agree
ment with those obtained from the Gaussian assump
tion y but it would be desirable to obtain data from a 
much larger control group before this method would be 
suita.ble for calculating the limits,
3 o8- c l i nica l v a l u e op the obj ecti ve a s s essm ents

The results obtained using the objective assess
ments which liEive been developed y agreed well with those 
obtained by the standard speech therapy techniques. 
Howevery not only is the subjective nature of the 
orthodox assessment elimina.tedy but quantitative 
values of respira.tory control and phona/bory function 
a,re presented for each subject y and, these factors are 
of prime importance in deciding upon the optimum 
ti^eatmont required. In particular y if a patient ex
hibits an abnormal quiet respiratory patterny there is 
a strong possibility that he will also have abnormnl 
phonatory fimctioiiy but if this alone is treated it 
is probable that little or no improvement will be ob-

3» 15



TABLE 3,3 RESULTS OBTAINED ASSUMING 
GAUSSIAN DISTRIBUTIONS FOR 
DATA FROM CONTROL CROUP,

PARAjMETER MEAN SB CHI^ DECREES
OF

FREEDOM
95̂ '
LIMIT

TEST
LIMIT

SDAp;>.XRSPo 
TIDAL VOL. 9.32 3.50 3.92 3 16,32 16,0

8D/M̂ ^̂  EXP, 
TIDAI/ VOL. 9.59 4.29 3.45 2 18.17 16,0

SD/M';̂ ;
PERIOD

5.48 2.34 2,48 3 10 « 16 14.0

8DA#;IN8P.
TIME
FRACTION 7.34 2,87 2.89 3 13.08 14.0

MFR 7.55 lo47 0.86 3 4.61, 
10.49

5.0,11.0
M/P 0.75 0.08 2.74 3 0.59 0 V. 65
MVC/BVC 0.95 0.20 Oc59 3 0.55 0.7



served. The respiratory control must firstly he 
improved.

These tests are useful not only in providing 
an initial assessment of a subj ect ̂ s conditionj but 
also in monitoring' a patient-s progress throughout 
a course of treatment^ The respiratory outputs 
shown, in Figure 3,20 were obtained from a subject 
who was suffering from hypertension due to psycho
logical factors. The breath pattern du.ring quiet 
respiration was very irregular with great variation 
from cycle to cycle, and during the sustained pho
nation, the soLUid level was variable, as shown by 
the microphone output, and the air flow ro/te was very 
unsteady. At the end of each phonation, the patient 
expired about 0.251, of air which should have been 
utilised for pho.nation, thus the phonation volume was 
smaller than expected. The patient underwent a 
course of treatment consisting of breathing exercises 
and relaxation therapy, and after several sessions a 
marked improvement was evidc.nt in some of the meas
ured pa,rsmeters. The variextion in the quiet respir
atory pattern as measured by the (SD/M/) values for 
tidal volumes, decreased from about 64f to 28/, which 
although still abnorma.lly high, was a significant 
improvement. The air flow rate during sustained pho
nation became more steady, with the (m/p) ratio in
creasing from 0.60 to 0.71? and the mean flow rate 
decreasing from. 13o8l/min. to 10.51/min. Thus, al
though some of the values were still outside the 
^'normal" range, the overall trend tovmxrds ”normcility" 
was evident.

These series of tests are now used routinely to 
assess every patient attending the speech therapy 
department, and where possible to monitor the patient's 
progress. The results are calculated, using a V/ang 700 
desk computer, and the program is given in APPENDIX 2. 
The program wa.s subsequently rewritten in Fortran IV 
to suit an IBM 1100 series computer. (Appendix 2.3)-

3 p 16
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The frequency distributions resulting' from the 
next 140 patients are shovm in Figures 3«21 - 3* 28, 
and y where appx’opriate, the Gaussian curves expected 
on the basis of the original control group are also 
shown (dashed curves)» The datei obtained during 
quiet respiration, Figures 3« 21 - 3* 24 showed that a 
considerable nunber of the group Imd results well 
above those that would be expected by comparison with 
the control group« This led to the frequency dist
ributions having; lower peak values, and extending to 
higher (Sh/M^>) values, (apart from that for inspire,- 
tion fra,ction, Figure 3o24? vdiich showed few patients 
with abnormally high values)o

The results obtained during the sustained pho
nation were similar, with many of the subjects having 
data points outwith the limits of "normality", (fig
ures 30-25 - 3o28)0 The assessment scores assigned 
for the quiet respiration recordings are given in 
TAELE 3o4o 55 patients received scores of 0, 20 of 
1, 43 of 2, 21 of 3 and 1 of 4<> The most common "ab
normality” in the group with a score of 1 was in 
either of the tidal volume data sets, and this fact03:' 
was common throughout. Of the 43 subjects with 
scores of 2, 35 had the combination of both tidal 
volume sets scored as "abnormal", (This j/elationship 
was also present in the original group of dysphonie 
subjects where there wa,s a significant correlation 
between the (SD/M̂ ?) values for inspiration tidal 
volume and expiration tidal vo3axme (r - 0,61, p-<0,001)) 
The least common "abnormal" parameter was inspiration 
fraction.

The results of the second assessment for the same 
group are shown in TABLE 3«5. The main relationship 
shown is the close association between the factors 
assessing vitod capacity and phonation volume and also 
between the factors assessing air flow rate, I'JFR and 
(M/P), The factor (tiyc/BVO) rarely appears without 
the factor PHON,VOL. v V,0, For both assessments 
combined, only 14 subjects (10̂ ') were considered to be 
not abnormal, 3 having scores of (0,0) and 11 of (0,1),

... *> 1 n
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36 40

FIG.3,21 EXTENDED DATA FOR INSPIRATORY 
' TIDAL VOLUMES.



FREQUENCYOF
O C C U R R E N C E  

30

20

10

4

fSu™s
©\

¥c«ad\Vra:«KSs

8 12 16 20 24 28 32 36 40
RAÏlO-STD.ÜfcV./AIKAN %

PIG.3.22 EXTENDED DATA POR EXPIRATORY
TIDAL VOLUMES.



FREQUENCYOF
O C C U R R E N C E  

A 
50-

40'

30

20

10

CTv

I
«t«
t

(!cttt

ItI(©
\t

12 16 20 24 23
RAT{0 "STP,DEV,/MEAM /o

FIG.3.23 EXTENDED DATA POR RESPIRATORY --------- PERIOD,



FREQUENCYOE
OC CURRENCE

A
SO

40

10-

20-1

10

12 Î6 20 24 28 ^
r a t i o -s t d .d e v ./m e a n  /o

PIG.3.24 EXTENDED DATA FOB FRACTION
 ----------- OF TIME PER PERIOD SPENT

ON INSPIRATION.



FREQU E N C Y
OFOC C U R R E N C E6

M  16 13 20
M E A N  FLOW RATE ,1/74:N.

PIG.3,25 EXTENDED DATA POR IÆEAN PLOW
RATE DURING SUSTAINED PHONATION.



F R EQUENCY
OF
OC C U R R E N C E

A

40-

30

20-1

10

t
trf»I©t

II

0.6 0.7 0,8 0,9 i!o
M E A N  FLOW kATE

R A T I  O w
PE AK f l . O W  RATE

PIG,3.26 EXTEWDED DATA POR RATIO - (MEAN 
PLOW RATE / PEAR PLOW RATE).



PH O N A TIO N  
VOLUM E. 
LIïKES

4 .0

2.0

Oq
1.0

CO

o o

0.0
l.o 3 .0 6.0

V IT A L  C A P A C IT Y  .H T f lF S

Fia.3.27 EXTENDED DATA POR GRAPH OP HîONATIOîP 
--------- VOLÜIVIE V VITAL CAPACITY.



TREQUENCYOF
OCCURRENCEA
40

30

20-1

o“ 1 ' '

1.2 1.4 1.6 1.0 5.0
MEAT. .VÎT.CAR.

' tlALU.Vd.CAK

FIG,3,28 EXTEHDED DATA POH RATIO - (MÎASURED 
VITAL CAPACITY / BALD'fflN'S VITAL 

CAPACITY),



TABLE 3.4 RESULTS OBTAINED PROM QUIET
---------  RESPIRATION ASSESSÎ.IENT FOR

EXTENDED GROUP OP PATIENTS.

TOTAL
SCORE

COMBINATION ASSESSED 
AS ABNORMAL

NO. TOTAL NO.

0 55 55

1
INSoT.VOLo 
EXP.T.VOL. 
PERIOD 
IN8P.PRACT.

11
6
3

20

2

INS o T.VOL.yEXP.T.VOL. 
INS.ToVOL.,PER.
INS.T.VOL.jINSP.PRACT.

35
3
2 43

EXP.ToVOL.,PER. 
EXP.T.VOL.,INSPoPEACT. 
PER.,INSP.PRACT.

1

2

INS.ToVOL.jEXPoToVOL. 19

3

PER. '
INSoToVOL.jEXPoToVOLo 

INSP.PRACT.
2 •

21
EXP.T.VOL., PER., 

INSP.PRACT.
INSoToVOL., PER., 

INSP.PRACT.
«

4 INS.T.VOL.,EXP.T.VOL.,
PER.,INSP0PRACTc 1 1

140



TABLE 3,5 RESULTS OBTAINED FROM HÎONATORX  ASSESSMENT FOR EXTENDED GROUP OP
PATIENTS.

TOTAL
SCORE

COmiNATION ASSESSED 
AS ABEORÎ.ÎÂL

NO. TOTAL NO.

0 11 11
MFR 10
M/P 21 43

1 PHvV.V V.Gn 
MVO/BVO

10
2

MPR, M/P 6
MFR, PHONoVc V V.G. 6
xMFR,MVC/BVC 0 35

2 M/P, PHON.V. V  V.G.
M/P, mo/BYG
PHON.V. V  V.G., MVC/BVG

7
1

15

MFR, M/P, PH OR. V. v V.G. 7
3 MFR, M/P, IWO/BVC 

MFR,PtIONoV‘c V  V.O.,MVC/BVG
2

14
38

M/P,.mONeVoV V.Go,MVC/BVG 15
4 MFR,M/P,PHON.V.v V.G. 

MVC/BVG 13 13
140



Thus 90/ of this group of patients were considered 
to show some degree of abnormality, and the objec
tive assessment provided guidelines to possible 
courses of treatm.ent.
3 o 9 SUMÆA.RY

The standard techniques of assessing vocal 
perfozmance are unsatisfactory because of their sub
jective nature. In this CHAPTER, the development 
of two series of tests was described, both based on 
a,erod.ynamic measurements. The first series of tests 
was used to assess respiratory control during a 
period of quiet respiration, and consisted in meas
uring the coefficient of variation, (SI)/H/), for 
several parameters, ioC. inspiration and expiration 
tidal volum.esp period and fraction of time per cycle 
spent on inspiration. The assumption was made that 
subjects showing good respiratory control would show 
less variability in these parameters than subjects 
having a lack of control. In the second series of 
tests, measurements relating to the control of air 
flow and air usage were made during the sustained 
phonation of the vowel /a/. I]i both series of tests, 
statistical techniques were used to obtain "limits of 
normality"^by comparing the results of a control group 
with those of a dysphonie group* The presentation of 
the results of the relevant tests to the clinician and 
speech therapist was made simpler by developing a 
score system, v/hereby the subject received a score of 
1 for each test result which was outwith the pre
scribed "limits of normality". There wa,s a good 
agreement between the results obtained using the ob
jective tests and those of the orthodox subjective 
techniques, but the numerical data from the former, 
could be used to give a better guide to a possible 
course of treatment. The objective assessment is now 
applied routinely in the Speech Therapy Department*
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CHAPTER 4. THE FREQUENCY ANALYSIS OP
VOWEL SOUNDSo

4,1. INTRODUCTION
It was explained in CHAPTER 1 that the sound 

source for voiced sounds, (e.g. vowel sounds), re
sulted from the periodic interruption of the air 
flow from the lungs by the vibration of the vocal 
folds. This sound is modified by the resonating 
properties of the cavities of the upper vocal tract, 
these properties being dependent on the sise and 
shape of the individual cavities, and also upon the 
coupling between them. Thus ̂ the voice output sig
nal is also periodic, having the same period as the 
source function, i.e. that of the vocal fold vibra
tion. Any periodic fmiction can be described as the 
summation of a series of harmonically related fre
quency components by means of Fourier Analysis, and 
this is particularly valid for voice signals^since 
hearing also involves a process of frequency analysis. 
The frequency spectrum of a vowel sound consists of a 
component at the fundemtental frequency, F^, (equal to 
the reciprocal of the period of the vocal fold vibra
tion), and a series of harmonically related components 
at the frequencies 2F^, IF^, —  etc*

In this chapter, the frequency spectra of 
vowel sounds are discussed, and compared to results 
obtained by Peterson and Barney,(1952)* The presence 
of non-harmonic components is used to assess vocal 
performance (using the classification suggested by 
Yanagihara (1967)), and these results are compared to 
those obtained by the aerodynamic techniques described 
in CHAPTER 3® The non-harmonic frequency components 
consist of several types, including those-appearing as 
random "noise" components, which form the basis of the 
Yanagihara classification, and also those which arise 
as sub-multiples of the main harmonic series (i.e. at
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frequencies etc.). The latter type of
frequency components are found to be quite common in 
the spectra obtained from dysphonie subjects, and 
several examples are used to illustrate this feature,
4.2. HARMONICS AND FORMANTS

The harmonic nature of the frequency spectrum 
of the source fun.ction is illustrated in the upper 
diagram of Figure 4,1* The spectrum consists of a 
series of equally spaced frequency components, and 
in this case, the intensity decreases steadily as the 
frequency increases. Let the envelope curve of the 
source spectrum be described by the frequency depen
dent function S^(f). The vocal tract transfer func- 
tion^T^(f), is continuous with respect to frequency 
and consists of a series of peaks due to the reson
ances of the cavities of the upper vocal tract, so 
that frequency components occurring near these reso
nant peaks will be transmitted more strongly, (i.e. 
amplified) than components further away from the 
peakso The envelope curve of the voice output func
tion, P^(f), is given by the result of T^(f) acting 
on 8 '(f), such that :

p'(f) = s'(f) (4.1)
In acoustic measurements, it is usual to express such 
functions on a logarithmic scale (decibel or dB scale). 
Thus if :
P (f) = log p'(f), T (f) = log T'(f) and 8(f) = log 
s'(f) equation 4*1 becomes

P(f) = T(f) 4- 8(f) (4.2)
as shown- in figure 4.1. The peaks in the envelope 
curv;e of the voice output function are called FORMANTS, 
and are numbered sequentially from low to higher fre
quencies, The formant frequencies do not coincide 
with the resonant frequencies of the vocal tract 
transfer function because of the frequenoir dependence

*™ 4*2 ■“
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of the source' function, 8(f). The spectrum of the 
voice output function also consists of a series of 
harmonically related components, and it is unlikely 
that a harmonic component will correspond exactly to 
a formant frequency. There is, therefore, often 
great difficulty in identifying formant frequencies, 
especially if the fundamental frequency is high and 
the number of harmonic components small, e.g. in the 
spectra of female subjects.

Examples- of the frequency analysis of the 
vowels /i/, /e/ and /a/ carried out using the Sona- 
graph are shown in Figure 4,2. The filter bandwidth 
was 300H%., and since the fundamental frequency was 
about llOHZo, the harmonic nature of the sounds was 
not evident. However, the horizontal dark bands 
indicated the presence of energy peaks or formants, 
e.g, between 2 KHz. and 4 KHz. for the vowel /e/.
The'formant structures of six vowel sounds are illus
trated in the sectioner displays shown in Figure 4.3, 
the 45 Hz. filter having been used. The harmonic 
nature of each sound is evident from the discrete 
frequency components which are present, and the for
mants are labelled FI, F2, etc. It can be seen from 
the figure that each vowel appears to have a distinc
tive structure with respect to the formant frequencies.

Peterson and Barney, (1952),. reported an experi
ment in which a group of American English speaking 
subjects recorded a series of words of the form hVd, 
where V represents different vowel sounds, (e.g. had, 
hid, hud, etc.), and the vowel portion of each word 
was analysed to give the frequencies of the formants, 
FI, F2 and F3* A plot of FI v. F2 was made and demon
strated that each vowel tended to occupy a particular 
area in the FI v. F2 space (Figure 4.4), indicating 
the importance of the formant structure in the dis
crimination between different vowel sounds. In later 
experiments, (Peterson, 1961), it was shown that vowel 
recognition depended closely on the ratio F2/F1, and
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that the absolute values of FI and P2 were related 
to the dimensions of the vocal tract., i.e. children 
with shorter vocal tract lengths had resonances, and 
therefore formants, at higher frequencies than older 
males, who had larger vocal tract lengths.

In order to verify that these results could be 
reproduced using the present apparatus, a similar 
experiment was carried out. lh,e series of vowels 
/i/, /e/, /e:/, /a/, /o/ and /u/ were recorded using 
the condenser microphone (as described in 3°2) from 
a group of 24 normal speaking adult subjects. Each 
subject was placed 20cms. in' front of the microphone 
and required to sustain each vowel at a comfortable 
sound' level and normal fundamental frequency for a 
period of at least 5 seconds. The recording of each 
vowel was analysed using the sonagraph. Sections 
were obtained with the 45Hz. filter and envelope 
curves were fitted by hand, and the formant frequen« 
cies measured. A plot of El v E2 was drawn and is 
shown in Figure 4,5. The results obtained were simi
lar to those reported by Peterson and Barney, with the 
different vowel sounds occupying particular areas in 
the El and E2 space. However, in some cases there 
was considerable overlap between the areas correspond
ing to adjacent vowels, for example, the data for the 
vowel /e/ are not shown because of the overlap with 
those of the vowel /i/. The degree of overlap 
present suggested the importance of other factors, 
perhaps the third and higher formants, in the dis
crimination between similar vowel soimds. The for
mant values obtained for each vov/el for several male 
members of the group are shown in Figure 4.6, and the 
closeness of the FI and F2 values for the vov/els /i/ 
and /e/ is still evident. However, the factors in
volved in vowel discrimination were beyond the scope 
of the present investigation, but the experiment 
demonstrated that the results reported previously 
could be reproduced by the available recording; and
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analysis system. The differences observed were 
caused by differences in articulation between 
American and British subjects, and also contextual 
effects due to the transitions within the hVd words. 
The main errors were due to difficulties in fitting 
the envelope curve from which the foilmant frequencies 
were obtained. These were especially noticeable in 
the vowels of the subjects with high fundamental fre
quencies, e.g. females who thus showed a smaller num
ber of harmonic components in a formant, and also in 
vowels where PI and P2 were close, e.g. the vowel /a/. 
The experiment provided an initial background of ex
perience in observing and interpreting the frequency 
spectra of vowel sounds.
4,3 VOICE ASSESSMENT FROM FREQUENCY SPECTRA

It was noted earlier that the frequency spectrum 
of a vowel sound normally consists of a series of har
monic components with a superimposed formant structure, 
and it was suggested that vowels subjectively classed 
as abnormal would show some alteration in the fre
quency components present in their spectra. Accord
ing to Yanagihara (1967), these alterations were due 
to either the presence of random ’’noise” components 
between the harmonic ones, or to small but random 
changes in the fundamental frequency of phonation,
( ’’Noise” components are noticeable in the. spectrum of 
the vowel /a/ (Figure 4.3) especially at PI and P2, 
and also at F2 and F3 of the vowel / £/ .) Yanagi
hara developed a classification of hoarseness on the 
basis of the spectral changes as seen on Sonagraphic 
outputs. ’’Hoarse” vowels were divided into four 
categories, defined as follows :
Type I: noise components are mixed with harmonic

components, chiefly in the formant region.
Type II; the noise components in the second formant 

of the vowels /i/ and / t /  predominate

4.5
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over the harmonic components, and there 
are slight additional noise components 
in the high frequency region, above 3KHz.

Type: III; the second formant of /i/ and / £ /  are 
replaced entirely by noise components, 
and there is also an increase in the 
abundance and intensity of the noise 
components above SKHz*

Type IV; the first formants are replaced by noise 
components (especially for the vowels /i/,
/ € / and /a/), and there is an even greater
degree of noise components at high fre
quencies. (Yanagihara, 1967)..

The greater degrees of hoarseness corresponded 
to the gradual replacement of the harmonic components 
by noise components until at the most severe level, 
the harmonic structure, and even the formant struc
ture was no longer evident. This type of classifi
cation was extended by the use of the sonagraph con
tour module to produce the "voice print” type of 
display (Iwata and Von Leden, 1970) which allowed a 
more quantitative analysis of the signal intensity in 
different frequency bands, and also of the continuity 
in time of the energy distribution. The increase in
noise components and random variations in the funda
mental frequency were observed as a broadening of the 
formant bars, which also became irregular, especially 
at the margins.

Three examples of standard sonagrams (300 Hz. 
bandwidth filter) of vowels which were subjectively 
described as hoarse are shown in Figure 4.7. The 
increase in the noise components are indicated by 
the irregularity in the pattern (C/f figure 4.2) 
especially in the ranges 6-8KHz . for /i/, and 2-3IHiz. 
and 6-8KHz . for /ae/.

Figure 4®8 demonstrates the voice print output 
obtained from a subject suffering from myasthenia

4.6
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gravis, a neuro-muscular disease characterised by a 
rapid onset of wealaiess' during sustained or repeated 
muscuJ.ar contraction. Among the muscles first 
affected are those involved in jaw movement, swallow
ing, and the muscles of the face and neck. The sona
grams seen in the diagram show irregularities in the 
formant bands, especially in the second formant 
(l-2î<Hs.), and also in the overall intensity. How
ever, the variations are not wholly random, but are 
at least partially periodic (frequency about 8H z .) 
and' may be due to the breakdown of a feedback con
trol loop as a result of the disease.

The usefulness of this type of analysis in the 
routine assessment of abnormal voice production was 
investigated by firstly comparing the spectra ob
tained from a control group with those, obtained from 
a group of dysphonie patients. The members of the 
second group were then classified according to 
Yanagihara^s method, and the results compared with 
those obtained on the basis of the aerodynamic assess
ment developed in CHAPTER 3.
IzJ: OF SPECTRAL ABNOPJmLITIES

The types of spectral changes observed in 
**abnormal'  ̂voice production were investigated by com
paring the sonagrams obtained from a control group 
with those obtained from a group of dysphonie patients. 
The control group consisted of the 24 subjects referred 
to in SECTION: 4.2, plus an additional 21 subjects who 
had subjectively normal phonation, giving a total con
trol group of 45 subjects. The dysphonie group con
sisted of 100 subjects who were attending the speech 
therapy department for the treatment of various dys
phonie conditions.

The series of vowels was recorded from each sub
ject as described in SECTION 4*2 and, in the case of 
the patients, the recordings were obtained as part of 
the routine initial assessment described in CHAPTER 3.
A frequency spectrum' of each recording was obtained
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using the sonagraph. Standard sonagrams were
made; using the 300Hz. bandwidth filter to allow
the overall formant pattern to be observed, and 
more detailed information about the harmonic struc
ture was gained using the bandwidth filter and
the scale magnifier module. Section displays were 
obtained using the 45Hz, filter and the overall inten
sity was also recorded-.

Each subject in the control group displa,yed a 
formant pattern similar to those shorn in Figure 
4.2 and 4.3? but 12 subjects in this group demon
strated the. presence- of some noise components between 
the harmonic ones. This occurred mainly in the 
vowels /i/, / ̂ / and /a/, and the frequencies at 
which these components were evident were measured.
The difference between the intensity of the noise 
component and that, of the adjacent harmonic compo
nents was- also measured' in each case, and the data 
are tabulated in TABLE 4.1. It was seen from the 
table that, in general, the differences between the 
intensities of the noise components and the harmonic 
ones decreased with increasing frequency. This was 
consistent with the fact that the spectrum: of a fri
cative noise source; tended to increase in the high 
frequency region, whereas the harmonic source spec
trum was a slowly varying function of frequency in 
this range, (Stevens and Klatt,1974). It also 
provided a guide to the amount of "noise” which 
could be present in the frequency spectinm, although 
still not be detectable by the ear, since no member 
of this group was subjectively classed as having an 
abnomal phonation. The overall voice intensities 
remained fairly constant (to within about 3dB) 
during each phonation.

In the dysphonie group of 100 subjects, 89 
showed the presence of noise components to a greater or
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TABLE 4.1. DATA ON SPECTRAL NOISE LEVELS OBTAINED 
PROM THE VOWELS RECORDED PROM THE 

CONTROL GROUP

SUBJECT
FREQUENCY AROUND 
YHIICH NOISE COMPO
NENTS WERE EVIDENT 

(KHz)

INTENSITY DIFFERENCE 
BETWEEN NOISE COMPO
NENTS AND ADJACENT 
HARMONIC COMPONENTS 

(dB)

C 10 1,5 10
0 1 1.5 20
c 5 1.5 16
c 11 2.0 14
G 7 2.0 18
G 4 2.5 10
G 18 2.5 16
C 23 3.0 8
G 31 4.0 8
G 41 4.0 8
G 44 4.0 . 8
G 28 4.0 6



lesser degree and, in agreement with the findings of 
Yanagihara, in general, the higher noise levels were 
present in the sonagrams of the snhjects who were 
subjectively assessed as having greater degrees of 
abnormality, 9 subjects showed spectral noise 
levels at all frequencies, even including the first 
formant, but it proved impossible to quantify the 
levels of noise components in the spectra, firstly 
because of their great abundance in some cases, and 
also bncause of their variability in time, even 
during the short time of the standard sonagraph 
display (2.4 or 4.8 seconds).

Several other types of spectral abno.rmalities 
were observed in the recordings made from this group, 
end some of these are best illustrated by the follow
ing examples.
4.4.A REGULAR MODULATIONS IN FUNDAMENTAL

intensity

Figure 4*9 shows the sonagrams of the vowel /o/ 
of a patient who was subjectively assessed as only 
slightly abnormal. There was no evidence of noise 
components, but the intensity display showed the 
presence of a regizlan modulation in the intensity of 
the phonation. The scale magnified output in the 
upper part of the figure indicated that there was a 
similar modulation in the fundam.ental frequency, and 
that this modulation was almost in phase with that 
of the intensity. Figure 4.10 shows sonagrams of 
the vowel /i/ phonaled by the same subject, and simi
lar phenomena were noted, with the difference that in 
this case, the modulations in intensity and funda
mental frequency were almost exactly out of phase, 
i.e. as the fundamental frequency increased the in
tensity decreased.

These examples illustrated the interrelationship 
between fundamental frequency, and thus harmonic 
structure, and the formant pattern in the control of
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sound, intensity. Since the most intense harmonic 
component need not correspond to the peak of the 
resonance or formant, then a small change in the 
fundamental frequency could result in the harmonic 
scanning the formant peak. As the frequency of the 
harmonic component approached the peak frequency, 
the intensity of the harmonic was amplified with 
respect to the adjacent harmonic components, and 
resulted in a net increase in the overall intensity. 
The reverse occurred as the harmonic moved away from 
the peak frequency, i.e. there was a net decrease in 
intensity* Thus if the initial harmonic frequency 
was lower than the formant frequency, an increase in 
the fundamental frequency would produce an increase 
in the intensity, and the modulations would he in 
phase. However, if the initia,l harmonic frequency 
was higher than the formant frequency, an increase 
in Ghe fundamental frequency would cause a decrease 
in the intensity, and the modulations would he out of 
phase. The situation was further complicated by the 
presence of other harmonics and formants^which might 
act to nullify any intensity variations,

M N P O M  CHANGES IH FUNPAMEIMTAh PREQUEHOY
Figure 4« 11 illustrates the sonagrams obtained 

from the recordings of a patient who was subject to 
"pitch breaks", i.e., sudden changes in the funda
mental frequency of phonation. In this case the 
vowel phonated was /a/, and it could he seen from 
the lower part of the figure, which was obtained 
using the 300Hz. bandwidth filter, that the phona
tion was irregular in frequency content, especially 
in the l-3kllz, range during the latter portion of 
the recording. This was confirmed in the sectioner 
displays (shown in the central part of the figure) by 
the marked increase in the amount of noise components 
evident in the last three sections. These components 
were present even in the first formant, and virtually 
masked our the harmonic- components. The upper part
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of the diagram showed the magnification of the fre
quency range 0-500Hz. using the 45Hz. bandwidth 
filter. This allowed the first few harmonic com-" 
ponents to be observed, and it was noted that the 
increase in noise components coincided with a sudden 
change in the fundamental frequency of phonation from 
about 156Hz, to lllHz. The phonation at the lower 
frequency was less stable than the higher one, as 
shown by its irregularity during the later stages of 
the phonation, as well as the increase in the random 
noise components.
4.4.0 voies BREAK

A slightly different phenomenon is illustrated 
in Figure 4.-12, that of a ’’voice break”, ■ The 
patient was being treated for mechanical dysphonia 
caused, by vocal misuse of long standingo The pho
nation was initially maintained at a fairly constant 
sound level and fundamental frequency (220Hz.). At 
the first "voice break" (A), the harmonic components 
degenerated into noise components, with the intensity 
becoming uncontrolled and showing variations of the 
order of lOdB. A normal frequency pattern was re
sumed for s, short time, to be followed by another 
voice break and the eventual cessation o.f phonation. 
Voice breaks can result from an abnormality of either 
or both vocal folds^which is severe enough to cause 
the vibration of the folds to cease, usually in the 
closed position, e.g. vocal nodules or some other 
irregular growth. Phonation is only resumed when 
the subglottic pressure is sufficient to force the 
folds apart and allow the vibration to be maintained,
4.4.1) STABLE FREQUENCY COMPONENTS (INCLUBINC t 

SUB-HARl,IONIC COMPONENTS )
The diagrams shown have illustrated two types 

of spectral components, the standard harmonic com
ponents which were multiples of the fundamental fre
quency , and the random noise components which were 
completely independent of the fundamental frequency.
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However, other regular spectral components were also 
observed, and some of these were at least partially 
stable, lasting for times of the order of seconds, 
and one such example is shown, in Figure 4.-13*

The phonation was of the vowel /a/ produced by 
a patient who was being given treatment for phonating 
with her false vocal folds, although this was never 
confirm.ed during a laryngeal examination* During the 
first part of the phonation, the funda.mon.tal consisted 
of a double component, (at about 500Hz. and 600Hz.) 
each giving rise to its own harmonic series, as shown' 
in the section displays* The 500Hz component event
ually coalesced' with the 600Hz. one, and a more normal, 
frequency spectrum resulted*

An' example of the phonation of the vowel / &/ by 
the Same subject is given in Figure 4*14* The lowest 
frequency component initially had a frequency of 550Hz. 
but decreased to about 500Hz* as the phonation pro
gressed (C)o The component, initially at about 
l,15ÏLHzc. divided into two components, only one of 
which (E) was harmonically related to 0̂ . The com
ponent A was maintained at a frequency of about 800Hz * 
and was related to component F, and perhaps B, Thus, 
two harmonic series were present, although in neither 
case was a component found which corresponded to the 
fundamental frequency, probebly due to a sharp fall 
off in the vocal tract transfer characteristics.

The origin of the rmusual frequency components 
in the spectra of this patient was not clear* One 
possibility was that in this case the mechanical 
coupling produced between the vocal folds during vi
bration, was temporarily reduced, thus allowing the 
folds to vibrate fairly independently at different 
frequencies. Another mechanism was that there ex
isted sufficient coupling between the vocal folds and 
the false vocal folds to bring the false folds into a 
state of vibration, and also produce excitation of the 
vocal tract. The fact that neither of these
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hypotheses could he verified during a laryngeal 
examination- did not invalidate them, since a laryn
geal examination produced phonation under abnormal 
conditions, and could alter the vibratory pattern 
of either the vocal folds or the false vocal folds.

The sonagraphs of the vowel / £ /  shown in 
Figure 4.15 were obtained from the recordings of a 
patient who was subjectively assessed as being 
slightly adnormal. The fundamental frequency was 
220Hs« and the sonagrams were fairly normal, apart 
from the component present between the second and 
third harmonics at a frequency of about 550Rz. Compo
nents between the first and second harmonics, and 
also below the fundamental were also evident in the 
section displays. These components which were 
fairly regular and much more intense than any noise 
components, seemed to be consistent with a series of 
components at sub-multipies of the fundamental fre
quency of the main series,

A similar phenomenon is illustrated in Figure 
4*16, This patient wa,s subjectively assessed as 
being highly adnormal, and the sonagrams of his re
corded vowels showed the presence of noise components, 
voice breaks and a very irregular intensity of pho
nation, Also evident in the sonagrams were compo
nents which were maintained for about 0,5 second, 
(between A and B) and were consistent with sub
multiples of the fundamental frequency, i.e, sub
harmonic componentso

Figures 4.17, 4.18 and 4.19 give further ex
amples of the presence of sub-harmonic components.
In these cases the sub-harmonic components were 
present only intermittently, but lasted for several 
seconds, e.g. A-B in Figure 4.17, G-D in Figure 4,18 
and E-F in Figure 4.19, showing that the vibratory 
pattern was at least semi-stable. These components 
had intensities much greater than any noise compo
nents. It was also noted, by comparing adjacent

4.13
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section displays that the presence of sab-harmonic 
components had no effect on the intensity of the 
standard harmonic components. There were only two 
occasions in which the frequencies of the sub-har- 
monic' components did not correspond to the series 
l--t 1 52^0 y 2-o' 12̂ 0 ' GtCo, and one is shorn in Figure 4.19.
At the point G, for about 0,25 sec,, components of
the series y 'f̂ o ' ' ”f^o' ^to,, were noted. On

1one occasion components of the series were ob
served (SECTION 5,6 )^but sub-harmonics of higher 
order were never observed, but if B.ny were ever 
present, it was unlikely that they would have been ro' 
solved with the 45Hz. filter unless the fundamental 
frequency was very high. Sub-harmonic components
ŵ ere reported by Seymour (1972) in some spectra of
sung notes, but these occurred a,t freouencies around 
5o7iaiz. for the male voices and 6,8iais. for the fe
male voices, well above the frequencies discussed in 
the present investigation. The origin of sub-har
monic components will be discussed in CHAPTER 5.

It was found that sub-ha.rmonic components were 
.not uncommon in the spectra of the vowels recorded 
from the dysphonie group (being present in the speotr: 
of 31 of 100 subjects). The presence of these and 
other spectral irregularities was noted for each 
member of the group, and the results compared with 
those, obtained by using the aerodynamic assessment.
4,5 OOyPARIGO^ OP PREOHENCY OPYCTvr- 'gjcpqo— VT? — — -----     -      ̂. i . • J > ....

%ITH AERODYHA^IG AOOEG^^YIT.
The spectrograms of the vowels recorded by the 

control group showed no unusual features apart from 
the presence of the noise components already dis
cussed (SECTION 4 o4)o The members of the dysphonic 
group underwent aerodynamic assessment as discussed 
in CHAPTER 3., but there were incomplete data for 15 
members of this group, which was thus reduced to 85.

4 « 14



The: sonagraph. outputs of each member were assessed 
with regard to Yanagihara’s classification (SECTION 
4,3), so that each subject was classified as Type I, 
II, III or IV according to the amount and distribu
tion of noise components present in his spectra. If 
no noise components were present, the subject was 
classified type 0. The presence of the spectral 
abnormalities illustrated in' SECTION 4,4 was also 
noted, these being

(a) regular cho-nges in fundamental frequency
(b) random changes in fundamental frequency
(c) the presence of sub-harmonic components
(d) random changes in the overall intensity
The data from the Aerodynamic Assessment and 

Yanagihara classification for the dysphonie group 
are given in TABLE 4.2 A. and B, As a result of 
the aerodynamic assessment of phonatory function, 6 
subjects were assigiied scores of 0, 20 of 1, 28 of 
2, 23 of 3 and 8 had a score of 4. The Yanagihara 
spectral noise, classification assessed 24 as being 
of type I, 29 of type II, 18 of type III and 6 as 
type IV. 8 subjects showed no evidence of spectral
noise components and were classified as type 0. A 
direct comparison between the two assessments was 
made using the data tabulated in TABLE 20. The con
tingency coefficient was calculated as C - 0,59 
(appendix 1.2) corresponding to a CHI^ value of 
45o6 (p< 0 .0605, CHI^ = 41,3 for 16 degrees of free
dom), Thus there was a highly significant corre
lation between the results obtained by each assessment 

The data regarding the presence of the other 
spectral abnormalities (apart from random noise 
components) were tabulated according to the subject's 
aerodynamic assessment score, and these are given in 
TABLE 4o3A and B for those having scores of 0 and 1 
respectively, TABLE 4.4 for those being assigned
scores of 2 and TABLE 4.5A and B for those with 
scores of 3 and 4 respectively. It was- noted from

A.IK



TABLE 4.2 RESULTS OBTAINED ACCORDING TO---------- AERODYNAMIC ASSESSMENT AND
YANAGIHARA CLASSIFICATION.

(A) AERODYNAMIC ASSESSMENT OF PHONATORY FUNCTION,

' TOTAL SCORE 0 1 2 3
NO.OF SUBJECTS 6 20 28 23

(B) SPECTRAL NOISE ASSESSMENT (YANAGIHARA).
TYPE 0 I II III IV
NO,OP SUBJECTS 8 1 24 29 18 6

(C)
YANAGIHARA ASSESSMENT TYPE
0 I II III IV

AERODYNAMIC
ASSESSMENT

SCORE

0
1

2
1

4 —
12 5 2 -

2 4 6 12 . 4 2
3 1 2 10 9 1

- 2 3 3



TABLE 4o3 BATA ON PRESENCE OF SPECTRAL ABNORMALITIES
— — —  IN SPECTRA OF SUBJECTS WITH AERODYNAMIC
^ SCORES OF (A)0 and (B) 1.
SUB
JECT

YANAGIHARA
ASSESS.TYPE

18 I
48 I

169 I
199 0
224" I
229 0

REGULAR 
CHANGES 
IN Fo

RANDOM 
CHANGES 
IN Fo

PRESENCE 
OF SUB. 
HARM.COMP,

RANDOM 
CHANGES» IN

INTENSITY

1

1

20
21
22

II

III
II129

171
175
186
187
189
198
206
210
228
233

II
II
II

III



TABLE 4.4 DATA OP PRESENCE OP SPECTRAL ABNORmLLTIES
 --------  IN SPECTRA OF SUBJECTS WITH AERODYNAMIC

SCORES OF 2.

SUB
JECT

YANAGIHARA
ASSESS.TYPE

REGULAR 
CHANGES 
IN Po

RANDOM
CHANGES
IN Po

PRESENCE 
OP SUB

HARMONIC 
COMPS 0

RANDOM
CHANGESIN
INTENSITY

19 II 1
25 0
32 0 1
35 II
41 II
44 I 1 1
45 0
49 II
53 II 1
55 , III
57 II
69 III 1

110 I
112 II ' 1
116 III
125 I 1
126 III
173 II 1 1
181 0
191 IV 1 1
192 IV 1
194 II 1
195 II 1
200 II 1
201 I 1
205 I
221 I 1
222 II 1 1



TABLE 4.5 DATA ON PRESENCE OP SPECTRAL ABNORMALITIES
--------- IN SPECTm OP SUBJECTS WITH AER0DY1ÎAMIC

SCORES OP (A)3 and (B)4.
SUB
JECT

YANAGIHARA
ASSESS.
TYPE

REGULAR 
CHANGES 
IN No

RANDOM
CHANGES
IN Po

PRESENCE 
OP SUB. 
HARMONIC 
COMPS c

RANDOM
CHANGES
IN

INTENSITY
23 0 1 1
24 III 1
28 IV 1 1 1
39 II 1
47 III 1
54 III 1
63 II 1

108 III 1
109 II 1 1
111 II 1 1
130 III 1
178 II 1
182 III 1 1 1
183 II 1 1
184 I
185 II
188 II 1 1
193 III 1 1
197 III 1
208 III 1 1
223 II 1 1
225 II
235 I 1 1 1

B 13 II
38 IV
43 III

137 III 1
190 IV 1 1 1
203 IV 1 1 1
226 II 1 1
227 III 1 1



iîlie *fcabl0s t b a t  t l ie  pnGsencG o f  sub—lianmonâc com— 
ponents was fairly uniformly distributed over the 
groups with scores of 1, 3 and 4. Random changes 
in the overall intensity of the phonation were also 
common in subjects with aerodynamic assessment scores 
of 1, 2, 3 and 4. Patients with the higher aero
dynamic scores of 3 and 4 tended to exhibit more 
than one of the spectral irregularities, and the 
presence of random changes in the fundamental fre
quency of phonation was particularly common in this 
g ro u p . This was consistent with the fact that the 
greater the degree of abnormality of the vocal folds 
themselves, then the greater would be the disruption 
of their vibratory pattern. This could be first 
indicated by the presence of sub-harmonic components 
alone, and then in combination with a loss in the con
trol of the intensity, and in the worst cases to ran
dom changes in the fundamental frequency of phonation. 
The presence of sub-harmonic components alone did not 
seem to be of clinical value.
4.6 DISCUSSION

It was confirmed that abnormalities in vocal 
function produced detectable changes in the fre q u e n c y  
spectra of the pnonated vowel sounds* The results 
obtained■from a group of dysphonie patients using 
Yanagihara’s classification, which was based on the 
amount of random noise components present in the spec
trum, showed close agreement with those based on the 
aerodynamic assessment of phonatory function (SECTION 
3«6). However, the latter assessment was in general 
more rapidly carried out, and gave results which were 
more meaningful clinically, e.g. the aerodynamic 
assessment of phonatory fu n c t io n  gave a direct indica
tion of the adequacy of either breath control or pho
nation volume. Thus the use of the aerodynamic 
assessment was of g r e a t e r  value as a routine clini
cal investigation. However, the spectral studies did 
reveal the presence of abnormal frequency components

4.16 "



in the spectra of the vowels recorded from many 
dysphonie patients. Suh-harmonic components were 
found to he not imcommon, and their presence indi
cated an miusual vocal fold vibratory pattern. This 
is discussed further in CHAPTER 5. The occurrence 
of sudden changes in the fundamental frequency of 
phonation and large random fluctuations in sound 
level was found to be indicative of a greater degree 
of abnormality, and may also indicate an abnormal 
vocal fold vibratory pattern. Thus, although the 
presence of random noise components in the spectrum 
cou].d be developed into a classification of hoarse
ness, there were other spectral abnormalities which 
could also give useful information about the phona
tory function.
4.7 SUMMARY

In this chapter the general form of the fre
quency spectra of vowel sounds' was discussed, in
cluding the origin of the formants. The roll of 
the formants in vowel discrimination was described.
The Yanagihara classification of hoarseness was used 
to detail the degree of abnormality of a group of 
dysphonie patients and the result compared with those 
obtained using the aerodynamic assessment of phona
tory function (SECTION 3*B). There was a close 
correlation between the two methods of vocal assess
ment (p c  0.0005)? but the aerodynamic method was 
much more practicable as a clinical technique. How
ever, the frequency analysis did lead to the observa
tion of several types of spectral abnormality (as well 
as random noise components) which could be related 
to the vibratory pattern of the vocal folds.
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CHAPTER 5. THE VIBRATORY PATTERN OF THE
VOCAL f o l d s:

U ,  INTRODUCTION
The sound source during voicing arises from the 

periodic interruption of the air supply from the 
limgs^hy the regular vibration of the vocal folds.
Thus, it was of prime importance to the study of 
phonation to obtain a measure of the vibratory 
pattern of the folds, and to be able to relate the 
phenomena observed in such a pattern to the events 
occurring in the voice output. In SECTION 2.4 
several methods of obtaining such information were 
briefly described, and it was concluded that the 
laryngograph technique was the only one suitable for 
use in the present investigation.

In this chapter, the interpretation of the laryn- 
gograph waveform (Lx) is discussed, and some of its 
characteristics investigated. The Lx waveform, was 
used to study the onset of vocal fold vibration dur
ing the initiation of phonation. Frequency spectra 
of the Lx waveforms were obtained, and the properties 
of these were related to the closing phase of the vocal 
fold vibration. Abnormal frequency components 
present in the spectra of the voice output were 
attributed to the vocal fold vibratory pattern, and 
an explanation of the occurrence of subharmonic fre
quency components was suggested by the use of a 
simple model,
.5.2 INTERPRETATION OF THE LARYNG0GHA3PH UAVEFORM (Lx).

The operation of the laryngograph was discussed 
in CHAPTER 2, This was a current measuring device 
which measured the change in AO current (at a fre
quency of UVllz) passing between two planar electrodes 
placed on the neck, as the vocal folds opened and 
closed* The Lx, waveform consisted of three main 
portions; a steep increase, a less steep decrease 
and a relatively flat base, Figure 5,1. During the 
closing phase, the vocal folds were corning to get.her
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causing an increase in their area of contact, and a 
decrease in the electrical impedance between the ex
ternal electrodes, giving rise to an increase in the 
amount of AC current passed. In the opening phase, 
the vocal folds were moving apart, resulting in a, de
crease in the area of contact, and an increase in the 
electrical impedance between the electrodes, with a 
corresponding decrease in the amount of current being 
passed. The flat base of the Lx waveform corresponded 
to the open phase of the vocal fold vibration, during 
which time there was no contact between the folds.
Thus the Lx waveform wus a measure of vocal fold con
tact and not of either glottal area or glottal width, 
with which it had an anti-pha.se relationship. The Lx 
output vms meaningful only during the phase when the 
folds were in contact.

The general correctness of the above interpreta
tion of the Lx waveform was confirmed by Pouarcin (1974)? 
who correlated the different parts of the Lx waveform 
with glottal area as obtained by stroboscopic photo
graphy, However/ Lecluse et al (1975) indicated that 
the relationship between the Lx waveform and vocal fold 
closure was more complex, as the glottis closed slightly 
before the maximum of the Lx and remained closed until 
slightly after the Lx peak. This was interpreted to 
reflect the fact that there was a small vertical motion 
of the vocal folds which may also have resulted in a 
change in the area of contact. However, from the Lx 
waveform, it was impossible to define precisely the 
moment of total closure, and in this thesis the defi
nitions illustrated in Figure 5 d  were broadly adhered 
to, (except for one example given in SECTION 5*3)*

Pigu.re 5» 2 shows an oscilloscope photograph of 
simultaneous microphone and Lx outputs from a subject 
who was phonating the vowel /a/ at a fundeimen'kal fre
quency of llOHz (period 9, 1msec ), It v/as noted that 
the closing period was short compared to the opening 
period, (0.9msec), and that the closing period corres
ponded to the time of maximun excitation of the vocal

5.2
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tract (as seen by the large amplitude oscillations 
on the microphone output). This was found to be 
exclusively the case, and indicated the prime ini- 
portance of vocal fold closure to the phonatory 
process*

TggPORAh CHARACTERISTICS OP THE hx WAVEFORM.
The 3jX waveform could be described by the para™ 

meters of fundamental frequency (or period), length 
of the closing phase and the length of the opening 
phase. However, since the other methods of obtain
ing details of the vocal fold vibratory pattern 
measured either glottal width or glottal area, avail- 
ahle data could not be used for direct comparison with 
the Lx parameters, so that normative data on these 
parameters had to be obtained.

A group of seven normal speaking adults (three 
males and four females) was investigated, and micro
phone and Lx recordings were made from each subject 
during the phonatipn of the vowels /i/, /e/, / g /, 
/a/, /o/ and /u/. Each subject was placed 20cms 
from the condenser microphone and maintained each 
vowel in turn for between 5 and 10 seconds at a sound 
level of about 70db, and at his "normal'* fundamental 
frequency in chest register. The microphone and Lx 
outputs were also recorded on an EM tape recorder 
(which preserved the shape of the Lx waveform), and 
these recordings were subsequently replayed through 
a Ü-V recording oscilloscope to obtain photographic 
records. Six cycles of the recording of each vowel 
were randomly selected and the closing times, opening 
times and open times measured, with the sweep speed of 
the oscilloscope being known. The mean results for 
each phonation are given in TABLE 5.1, The data in
dicated that there was no relationship between the Lx 
parameters and the different vowel sounds, and also 
that the parameters remained fairly constant for each 
subject. There was little intersubject variation

- 5.3 -



SUB
JECT VOWEL FUND.

FREQ.
(Hz)

OL.T.
(M.SEO.)

O.T
(MoS]SG)

OPEN
T i m

(M.SEO.)
MEAN S a B o MEAN 8,D. MEAN S 6 L O

i 121 1.07 0,10 4« 66 0.10 2.51 0,19
a 119 1.02' 0.07 5.10 0,10 2,31 0,15

A £ 119 0.91 0.05 4.75 0,21 2,75 0,19
(M) a 118 0.86 0.12 4.78 0.33 2.82 0.43

0 119 1,32 0,05 4,59 0,12 2,49 0,06
u 123 1.23 0,13 4,24 0.29 2.67 0,36

1 132 0,56 0,05 5.21 0,12 1,83 0.15
e 126 0,45 0,04 5.06 0,11 2,42 0,11

B E 123 0,51 0,04 5»31 0,11 2*30 0,07
(M) a 125 0,43 0,02 5,09 0,20 2,47 0,21

0 123 0.51 0,03 4.35 0,14 3,29 0.18
u 127 0.50 0.01 4.74 0.11 2,61 0,09
i 108 0.51 0,02 5.17 0,09 3,62 0,18

C e 112 0 G 68 0.07 5.13 0,27 3,13 0,34
(M) e 114 0,56 0,04 5.02 0.21 3r20 0,16

a 106 0,51 0,05 5.39 0,13 3.54 0,22
0 103 0,42 0.02 5.13 0.17 4.15 0,16

i 271 0.70 0,03 1.76 0,03 1,23 0 o Ob
e 283 0,67 0,04 1,24 0.08 1.62 0,08

D & 275 0,63 0,04 1.44 0,09 1.57 0.08
(F) s. 255 0,64 0,04 1,51 0*11 1.77 0,10

0 262 0,69 0.02 1,40 0,13 1,73 0.11
u 256 0,60 0.30 1,86 0.14 1,45 0,12

i 282 0,56 0.03 1,42 0,03 1,56 0,07
e 277 0.58 0,04 1,46 0,07 1.57 0.05

E e 264 0,60 0.03 1.57 0,05 1,62 0,05
(F) a 245 0,59 0,03 1.57 0,06 1.92 0,10

0 253 0,58 0.03 1.26 0,07 2.12 0.10
u 245 0,41 0,03 1.46 0,13 2,12 0,14

TABLE 5ol
XLiTIEUED OH HE::'" PAGE )



SUB
JECT VOWEL FUND. 

FREQ. 
(H%)

OL.T,
(M.SEO.)

O.T.
(MoSEC.)

OPEN
T I M

(MoSEC.)
MEAN S.B. MIAN S.D, MEAN S.Bo

i 252 0 o 61 0.06 2.10 0,06 1.26 0,05
e 251 0.60 0,08 1.88 0.09 1.50 0.12

P E 254 0.49 0.03 1,94 0.11 1 * 51 0,12
(P) a 254 0.58 0.04 1.84 0.14 1,52 0,13

0 258 0.67 0.03 1,70 0.10 1.51 0*10
u 262 0.66 0.06 1,88 0,11 1,28 0*11

i 276 0.42 0.03 1*32 0*09 1,88 0*09
e 272 0.44 0,03 1.55 0,14 1.68 0.10

a E 269 0.51 0.02 1.48 0.03 1,73 0*07
(p) a 270 0,49 0.04 1.49 0,12 1,73 0,12

0 274 0.49 0.02 1.19 0.13 1,97 0.11
u 273 0.46 0.03 1.30 0.14 1*90 0.14

TABIE 5,1 (COHTD)

MliAK VALUES OP CLOSING TIMES, OPENING TIMES 
AND OPEN TIKES.
M - m L E P

(S.D. ~ STANDARD DEVIATION) 
FEMALE.



(apart from subject A) in the values of the closing 
time y which were in the range 0,41 ™ 0,70msec. re
gardless of the fundamental frequency. Thus the vari
ation in period was accounted for melnly by variations 
in the opening time and open time, which became shorter 
at higher fundamental frequencies. The data in TABLE 
5el were expressed as percentages of the phonation 
period and these are given in TABLE 5,2. Similarly 
the results for each subject were fairly constant.
The male subjects B and 0 had closing times in the 
range 4 8^ of the period, with opening times in the
range 50 - 66f:^and open times between 20 - 43^* The 
opening times were always greater than 7*5 times the 
closing times* The female subjects D,E,E and G showed 
similar trends, but the closing times corresponded to a 
much larger fraction of the period, 10 - 19 -̂? because 
of the shorter period. The opening times were in the 
range 31 - 53^ of the period, and the open times 31 
54^, The opening times were always greater 'khan 
twice, but less than 4*0 times the closing times.

The results obtained for subject A appeared to 
differ from the other data presented in TABLES 5 d  a,nd 
5,2, with the closing times being much longer than 
those of the other subjects. The main reason for this 
is illustrated diagrammatically in Figure 5.3, The Lx 
waveform obtained from this subject had a broad, rounded 
peak with the rise corresponding to vocal fold closure 
consisting of two sections, firstly a straight, portion 
rising rapidly, AC, followed by a portion OB, which in
creased progressively more slowly to the peak at B.
The results presented in TABLES 5 d  and 5,2 correspond 
to the definition of AB as being the closing time. 
However, the change in gradient at C was quite abrupt, 
and suggested that C represented the point of closure^ 
and that from O’ to some point later than B, the change 
in the area of contact was due to the vertical move
ment of the vocal folds, as indicated by Le cluse e'k al 
(1975)° The data for subject A were recalculated

5 d



SUB:
JECT

VOW
EL

FUND.
FREQ.
(Hz)

CL.TIME 
PERIOD^

0. TIME 
PERIOD ^

OPEN TIME  ̂
PERIOD

i 121 13*0 56.6 30,5
e 119 12.1 60*5 27,4

A & 119 10.8 56,5 32.7
(M) a 118 10.2 56.5 33,3

0 119 15,7 54,6 29,6
u 123 15,1 52.1 32,8

i 132 7*1 65,9 23,2
e 126 5,7 63,8 30.5

B' S 123 6.3 65,4 28.3
(ivi) a 125 5,4 63.7 30,9

0 123 6.3 53,4 40.4
u 127 6 o 4 60,4 33,2

i 108 5,5 55,6 38.9
0 e 112 7o6 57,4 35.0
(M) E 114 6 (. 5 57,2 36*4

a 106 5,4 57,1 37,5
0 103 4,3 52.9 42.8

i 271 19,0 47.7 33^3
e 283 19,0 35,1 45,9

D s: 275 17.3 39.6 43,1
(E) a 255 16.3 38.5 45,2

0 262 18.1 36.6 45,3
u 256 15.3 47.6 37,1

2. 282 15,8 40.1 44,1
e 277 16.1 40,4 43»5

1 E 264 15,8 41,4 42.7
(?) a 245 14,5 38.5 47,1

0 253 14,6 31,8 53,5
u 245 10.0 35,8 . 52,0

TABLS 5.2
(CONTINUED ON NEXT PAGE)



SUB
JECT

VOW
EL

FUND. 
FREQ. 
(Hz ).

CL.TIME^
PERIOD

O.TIME ^
PERIOD

OPEN
PERIOD

i 252 15*4 52*3 31,7
e 251 15,1 47*2 31,7

E E 254 12 o 4 49.2 38.3
(?) a 254 14*7 46.7 38,6

0 258 17,3 43,8 38.9
u 262 17.3 49*2 33,5

i 276 11.6 36.5 51,9
e 272 12,0 42,2 45,8

G e 269 13*7 39*8 ' 46 0 5
(?) a 270 13*2 40,3 46.5

0 274 13*4 32,6 54.0
u 273 12.6 35,5 51,9

TABLE 5.2(CONTE)
THE DATA ON TABLE 5*3. EXPRESSED AS PER 

CENTAOES OP THE PERIOD.
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PIG.5,3 IDEALISED EXAMPLE OF THE Lx
WAVEFORM OBTAIHED FROM SUBJECT A



using AG as the definition of the closing time, and 
arc given in TABLE 5.3 for the vowels /i/, /e/, /a/, 
and /o/ in which such an Lx waveshape was evident.
The closing times wore not found to he in the range 
0.66 - 0.74 msec. and represented between 7 a,nd 0^ 
of the period. These data and also those for open
ing times and open time were very similar to those 
obtained for the other male subjects. Thus the defi
nition of the closing phase could be modified to be 
the time between the initial steep rise on the left 
of the peak to the point of discontinuity in the gra
dient? where the rise became much less steep. How
ever? it was rarely possible to define such a point 
in practice? and the original definition was by and 
large maintained.

In previous studies? several indices to describe 
the vibratory pattern of the vocal folds have been 
defined :
open quotient - (time during which the glottis is onon) 

(O.Q.) period
speed quotient ~ (time of abduction of vocal folds)

(S.Q. ) -̂------------- Lopeniasi________________(time of adduction of vocal folds) 
(closing)

(Timcke et al, 1958)
and
rate quotient - (time the glottis is closed 4- 

(lifQ,) time of onening )
(time of closing)

(Kitting and Sonesson, 1974)
None of these ratios could be related to the Lx para
meters because the exact times of closure and of max
imum opening were not strictly defined. However, the 
Lx results shov/ed clearly that in the subjects investi
gated, the vocal folds closed much more rapidly than they 
opened, and this agreed with the results of Timcke et al 
(1958), (who used the high speed photographic technique) 
o,nd Kitsing and Sonesscn (1974) (who used the photo- 
glottograph technique). In view of its relationship

0 „ o
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to vocal tract excitationj the most mea^ningful Lx 
parameter was the closing time (SÏÏC1I0W 5*2)«
5o4 THE Lx V/AV.EFQPJ;! DURING VOCAL INITIATION.

Well controlled phonation was dependent upon a 
well controlled and stable vibration of the vocal 
folds* The Lx output was used to investigate how 
soon after the onset of phonation such a stable 
vibration v̂ as achieved.

Recordings similar to those described in SECTION 
5c3 were made from a group of 19 normal speaking 
adults (7 males and 12 females)j who were not aware 
of the purpose of the experiment* The microphone 
and Lx recordings were then replayed onto the Mingo- 
graf ink jet recorder, with the tape recorder being 
run at 3h iop.s* (half of the recording speed) and 
the Mingograf at 500 mm/sec*, giving a time scale of 
10 msec,/cm on the chart paper. Two typical examples 
are illustrated in figure 5o4, with, in each case, the 
microphone output being shown on the upper trace and 
the Lx output on tlie lower. In both cases the vocal 
fold vibration, as indicated by the Lx output, built 
up gradually to a steady amplitude. The point at 
which the amplitude of the Lx signal became virtually 
maximal, wa,s taken at the point at which a stable vi- 
bra,tory pattern was achieved. In case A, the vowel 
/u/ phonated by a male subject at a fundamental fre
quency of 154Hz, this was attained within 12 cycles 
(80 msec,) after vocal initiation, as defined by the 
points Ü and V, In case B the vowel /i/ produced 
by a female subject at a fundamental frequency of 
205Hz, about 14 cycles (66 msec) were required to 
reach a steady Lx amplitude (XY), The number of 
cycles and times required to reach a steady Lx ampli
tude were measured for each phonation. There was 
found to be no consistent difference in the results 
obtained for the different vowels, and so the data 
were grouped together, figure 5*5 shows the fre
quency histogram for the number of cycles required to

5.6
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achieve a stable vibratory pattern. In the ma
jority of cases, this was attained betv/een 7 and 16 
cycles of vocal fold vibration after the initiation 
of phonationo There was no significant difference 
in the frequency distributions obtained from the 
male and female subjects. The times taken to reach 
maximum Lx amplitude were also plotted as a frequency 
histogram (Figure 5*6), and the majority of data 
points were in the, 30 ~ 90 msec, range. The phona
tions lying below 30 msec, were all produced by fe
male subjects who had fairly high fundamental fre
quencies and had also reached the maximum Lx ampli
tude within relatively few cycles. No male subject 
achieved maximum Lx amplitude within 50 msec, of the 
onset of phonation, and no female subject required 
more than 80 msecs. The greater time talcon by the 
male subjects to reach a steady vibratory pattern 
was significantly longer than that for females (using 
the Mann-Thitney 17-test, g = 7<.92, p <0.00003) and 
probably resulted from the greater mass, and thus 
inertia, of the male vocal folds.

In most cases the phonation was initiated at the 
desired fundamental frequency so that although the 
amplitude of the vibratory pattern required some time 
to stabilize, the period of the vibration remained con
stant. However, this v/as not exclusively the case, 
and several examples illustrating this and other types 
of vocal initiation are given in Figures 5.7 and 5.8.

In Figure 5*7A, the two initial cycles were 
followed by a long period of no vocal fold contact, 
after which the vibratory pattern was resumed, but at 
a low fundamental frequency. The fundamental fre
quency gradually increased until the final value was 
reached after about 30 msec, and 12 cycles from the 
onset of phonation. The examples illustrated in 
Figure 5.7H,0.and D show similar phenomena.

Figure 5o8A shows the initiation of a phonation 
in which the Lx pattern was stable with respect to

5.7
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both fundamental frequency and amplitude within one 
cycle of its onset. Figure 5.8B illustrates the 
"hard attaclc" type of voca.1 initiation. A character
istic of this type of vocal initiation was the abrupt 
rise in the voice output to above the eventual steady 
level, and a similar appearance was observed for the 
Lx output. In this type of initiation the vocal 
folds were set into vibration by a very high sub- 
glottic pressure, and during the first few milli
seconds y more than average air flow would be noted 
(Koike et al, 1967 )<> Figure 9.80 and D show similar 
phenomena to those illustrated in Figure 5.7.

It was found that in almost all of the vocal 
initiations studied, the desired fundamental frequency 
was immediately attained. This indicated the effi
ciency of the control system of the 1 aryngea]. muscu
lature, and the independence of the initial fundamento,l 
frequency (and therefore vocal fold adjustment) on audi
tory feedback (although this may have been relevant in 
some of the phonations illustrated). The time required 
to achieve a steady amplitude of vibration was a function 
of the mass of the vocal folds and the driving force 
(subglottic pressure)«

FREQU3NCY ANALYSIS OF Lx WAVFF0RI,:8.
It was observed in GHAPTEF 4 that many of the 

irregularities noted in dysphonie phonations had 
correlates in irregularities present in the frequency 
spectra. It was also observed, Figure 5,7, that 
irregi;larities in the vocal fold vibratory pattern as 
measured via the laryngograph, also corresponded to 
irregularities in the voice output. A series of ex
periments was undertaken to investigate the properties 
of the frequency spectra of the Lx output, and to see 
how far the parameters of the Lx waveform could be pre
dicted from a knowledge of the spectrum.

Some prelmninary Lx spectra were obtained using 
the sonagreiph, and an example is shom in Figi.ire 5c9A, 
where the x-axis was plotted as harmonic -number to

.8
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make the graphs independent of the absolute value of 
the fwidamental frequency • It was evident ths.t the 
intensities of the successive harmonic components 
followed approximately an exponential decrease, and 
so the spectrum was replotted with a logarithmic fre
quency scale y Figure 5«9B<, The equation of the re
gression line was calculatedy and the value of the 
correlation coefficient (r = -0.982, p<0o001) indi
cated that the line was a good fit y and had the forms

1(f) = I^ 'f- a o In ( f ) y (f-frequency )
where and a were the parameters of the regression 
line « The parameter was only indicative of an 
overall amplification of the signal, and being de
pendent on the record and replay levels was of no use 
in the definition of the Lx characteristics. However, 
the spectral gradient parameter, m = a,In 2, was ex
pressed in units independent of frequency, 1,e« dB/ 
octave, and could thus he used to define the variation 
with frequency, of, the intensity of the spectral compo
nents, This type of analysis was carried out for all 
the Lx spectra investigated.

In a general way the spectral gradient gave an 
indication of the intensity of the higher number har
monic components present in the spectra, and thus 
could be related to the waveshape parameters of the Lx 
output0 The properties of idealised Lx waves were in
vestigated using a Fourier Series program written for a 
Wang 700 desk top computer (APPENDIX 2,2), The pro
gram required as input one cycle of the repetitive 
waveform, specified by up to 60 consecutive, equally 
spaced data points, and the Fourier coefficients were 
calculated. Examples of the type of idealised Lx 
waveshapes used are illustrated in Figure fulO*. These 
were approximately triangular in shape, with a linear 
rise representing the closing phase (defined by the 
closing time, CL.T), a rounded decreasing section 
representing the opening phase (defined by the opening 
time, OoT.), and a flat base for the open phase. The
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vailles of 01.To and O.T* were chosen so as to ade
quately cover the ranges for these parameters found 
for normal subjects in SECTION 5.3. The data for 
48 such waveforms were measured, the values of the 
first 15 harmonic components obtained using the 
Fourier program, and the spectral gradients calcu
lated in dB/octo

The spectra shown in Figure 5oil resulted from 
waveshapes for which the GLcTo was maintained at
6«7̂ 0 of the period while the value of O.T, was
varied in steps from 26o7 - 50o0f' of the period.
Thus it appeared that such variations in 0/Ih had 
little effect on the resultant spectrum, and this 
was confirmed by plotting the spectral gradients 
of these test waveforms against O.T, for different 
values of OL.T., Figure 5ol2. It was noted tnat 
for a particular value of 01.T. the spectral gradient 
remained fairly constant. This was true throughout 
most of the range, apart from where the OL.T, was 
close to the value of O.T., and O.T. had a value 
about 20ÿ of the period.

The variation of spectral gradient with CL.T. 
can be seen from Figure 5ol3o As the value of 
CL.To was decreased, the spectral gradient become less
negative, reflecting the increase in the intensity of
the higher harmonic number components as the rise in 
the waveshape became sharper. However, the spread 
of the data points for a given value of OL.T. in
creased as the value of CL.T. increased. The ex
planation for this lay in the fact that the spectra 
of the waveforms with the higher values of CL.T. did 
not decrease monotonically, but had fine structure 
consisting of subsidiary maxima and minima. Figure 
5(.14 shows the spectra obtained for a series of CL.T, 
values, while the value of O.T. remahned constant at 
46o7'u of the period. Fine structure was observed in 
all of the spectra with CL.T, greater than 6.71 of 
the period. A reciprocal relationship was noted 
between the value of CL.T. and the position of the
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first subsidiary minimum, i.e^ if = harmonic- 
number of the first subsidiary minimum,

then N - _—  ̂ where T = period 
CL.Ï.

e.g. if Ch.T, = 20'̂  of T, then K = 5.
Such a relationship was not unexpected in view 

of the analysis of asymmetrical triangular waveshapes 
(APPENDIX 3)^ No fine structure was evident in 
figure 5«11 since the value of CD.T* was 6*7^ of the 
period, predicting the first subsidiary minimum at 
N '"= 15 o The results for the test Vv?aveforms were tabu
lated, TABLE 5c4? and a close correlation was evident 
between the predicted position of the first subsidiary 
minimum and its experimentally determined value, on the 
condition that 0,1* was greater than about 25y of the 
period* This condition could be relaxed somewhat if 
CL*1\ v/as a, very small fraction of the period.

A series of the Lx outputs recorded previously 
(section 5*3) were analysed in a similar fashion. 
Samples of these recordings were retained in a digital 
signal store and replayed at slow speed onto an x»t 
plotter (Bryans series 22000) to obtain large scale 
drawings of the Lx waveforms. The values of CL.To 
and O.To were measured, and the waveforms specified 
by up to 60 equally spaced data points. These were 
used as input data for the Fourier program, and the 
Fourier coefficients were calculated* The position 
of the first subsidiary minimum was noted in each case, 
and the results are given in TABLE 5*5, The values of
CLoT* varied from 7*4 - 19.41 of the period, and a

(OL T 1 - 100strong correlation between and — /■' was evi
dent (r = 0*97y P ^  0*001)* Thus, there was good
agreement in the values of CL*T* as predicted from 
the frequency spectra and those measured directly*

The simplest method of obtaining the Lx spectra 
was to use the sonagraph, and a series of such spectra 
was obtained from the previous recordings, with the



T
0,T^ T

c l :t
HAE-
MONIO
NO* OF 
1ST

MINIOTE

CL.Tvfj O.T^ T
cTTr

HAR- 
Î60NIC 
NO,OF 
1ST
MINimM

20 20 5 7 10 20 10 S:
20 26.7 5 6 10 26.7 10 10
20 33*3 5 5 10 33.3 10 10
20 40 5 5 10 40 10 10
20 46,7 5 5 10 46,7 10 10
20 50 5 5 10 50 10 10
20 60 5 5 10 60 10 10
20 66,7 5 5 10 66,7 10 10

1G»7 20 6 6 6.7' 20 15 -
16.7 26,7 6 4 6,7 26,7 15 15
16.7 33,3 6 6 6.7 33.3 15 15
16.7 40 6 6 6.7 40 15 15
16.7 46,7 6 7 6.7 46,7 15 15
16.7 50 6 6 6,7 50 15 15
16.7 60 6 6 6.7 60 15 15
16.7 66.7 6 6 6.7 66.7 15 15
13.3 20 7,5 5 3.33 20 30
13 o 3 26.7 7,5 8 3.33 26,7 30 -
13.3 33.3 7.5 8 3,33 33.3 30 —
13,3 40 7,5 8 3,33 40 30 “
13.3 46,7 7.5 8 3.33 46.7 30 «

13.3 50 7,5 8 3.33 50 30
13,3 60 7,5 8 3.33 60 30 —
13,3 66.7 7.5 8 3.33 66,7 30 -

TABLE _5ç4
DATA POH THE IDEALISED Lx V/AVEPORï.iS



OL.T^
T

OT.T.^
T

H.NO.OF
1ST r.'lINIMHM

100.
H,NO,

13.0 56.1 7 1 4 , 3
12.7 45*5 7 1 4 . 3
15,9 49,3 6 16,7
3.9 0 4 4 0 , 9 5 20
16,0 5 1 . 9 7 1 4 , 3
7.6 36,9 13 7,7
8,0 4 0 , 3 12 8,3
7*1 47,8 13 7,7

1 3 , 4 52.1 7 1 4 , 3
7.4 49,6 13 7.7
9,7 4 8 . 4 11 9,1

11,0 4 8 . 5 10 10.0
8.9 52,8 11 9.1

10.8 54,7 9 11,1
110 5 55.8 9 11,1

TABLE* 5.5
DATA FOR SM/1FLE8 OF Lx WAVEFORMS 
SHOWING CLOSE CORRELATION BETWEEN
— —  AND — f = 0,97)T N



positions of the.first, subsidiary minima.being
measured. The spectral gradients were calculated,
and Figure 5*15 shows the graphs of spectral gradient 

( OZi T )V j— and spectral gradient v harmonic number of 
first subsidiary minimum (or spectral gradient v 
The' dashed lines. indicate the limits containing the 
test wave data points (Figure 5.13). The results 
showed good agreement between the experimental data 
and those obtained for test waveforms, whether the 
CL.T, was measured directly, or deduced from a know
ledge of the fine structure of the frequency spectrum.

Since, the fimdamental frequency (and hence the 
period) could be calculated from the sonagraph out
puts, it was possible to calculate the absolute value 
of the closing time of the vocal fold vibration, since

CL.T. =

where F^ = fundamental frequency.
The main uncertainty in the value of the closing 

time as calculated from the fine structure of the Lx 
spectrum arose from the fact that the frequency of 
the first subsidiary minimum was restricted to inte
gral multiples of the fundamental frequency. It was 
not justifiable to interpolate between the harmonic 
components since the precise shape of the envelope 
curve was not known, and the maxima and minima were 
not symmetrical. In the cases where no fine struc
ture was evident in the frequency spectra, it was 
possible to obtain limits for the closing time from a 
knowledge of the spectral gradient. The value of the 
closing time was thought to be of clinical signifi
cance as a measure of the tension in the larynx, e,g, 
if the tension produced in the vocal folds was too 
great, then a greater force, i,e. subglottic pressure 
would be required to maintain vibrations at a suitable 
amplitude. This could increase the air flow rate 
during the period of glottal opening, thus producing 
a greater Bernoulli force, and a more rapid vocal
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fold closure. This would result in a more vio
lent vocal fold contact and the possible develop
ment of such pathological conditions a.s vocal nodes 
or contact ulcers etc. However, the further investi
gation of this aspect was beyond the scope of this 
thesis*
5.6 ABNORMAL PHENOMENA IN Lx SFEGTRl*

In CHAPTER 4 (SECTION 4,4) the presence of ab
normal frequency components in the voice spectra of 
phonations produced by dysphonie subjects was dis
cussed. In the present section this theme will be 
developed by investigating the Lx spectra of some 
dysphonie subjects, and noting how far such abnormal
ities, especially the production of subharmonic fre
quency components ̂ can be attributed to the vibratory 
pattern of the vocal folds, as measured by the fre
quency spectra of the Lx outputs. A two channel 
sonagraph was available for this part of the study, 
thus allowing the analysis of simultaneous portions 
of the voice and Lx outputs.

Abnormalities in the basic frequency pattern, 
such as changes in the fundsmiental frequency of pho
nation, as expected, could be attributed directly to 
corresponding changes in the frequency of the vocal 
fold vibration. This is demonstrated in Figure 5*16 
in which the laryngograph output (upper diagrams) and 
voice output (lower diagrams) produced by a dysphonie 
subject were analysed at the same point in the pho
nation. The abrupt change in the fundamiental fre
quency (pitch break) was evident in both outputs. 
However, it was important to note the increased 
presence' of random noise components at corresponding 
points in both outputs, indicating that in this case, 
at least some of the noise components originated from 
an irregular pattern of vocal fold vibration. This 
need not always be the case, since noise components 
could also originate from a fricative source higher 
up in the vocal tra,ct, and these would, therefore, 
not appear in the corresponding Lx spectrum.
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It was demonstrated in CHAPTER 4 that the pres
ence of subharmonic components in the voice spectra 
of dysphonie subjects was not uncommon. Seymour 
(1972) noted extra frequency components in the spectra 
produced by singers, at frequencies around 5*7IHIz* for 
males and 6*8lCHz. for females. Some of these com- 
ponents fitted the »g-Eo series (Fo = fundamental fre
quency) and were attributed to the vocal fold vibra
tion, while other extra components in the same fre- 
quency range did not fit the ÿFo series and were 
attributed to selective amplification of noise. In 
the present study, conclusive evidence was obtained 
which demonstrated that the origin of subharmonic 
components was the vocal fold vibration, but that 
such components would be expected at much lower fre
quencies than previously reported.

Figures 5*17 and 5,18 show examples of simul
taneous voice and Lx spectra produced during the 
intermittent production of subharmonic frequency 
components* In; each example there were periods of 
phonation with only normal frequency components 
present, and in every case, the initiation of sub
harmonic production in the voice spectrum was co
incident with a similar occurrence in the spectrum 
of the Lx output. Figure 5*19 gives another ex
ample of the same phenomenon, with even periods of‘)production of the -̂Fo series at point X. It was also 
noted from the section displays that subhcurmonic pro
duction did not alter the intensities of components 
of the series, but only involved the addition of 
components between the original ones* In all cases 
in which subhanmonic components were foimd in the 
voice spectra, and Lx outputs were, also available, 
subharmonic components were found at the corresponding 
points in the Lx spectra.
5 * 7 l/IATH].f.lATIC.̂  DESCRIITIOH OF SUHHART.'̂OHIC

''rRCLuClïClh
The mathematical description of the changes in 

the Lx waveform responsible for subharmonic production
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and their experimental verification are now to he 
discxiseedo

Assrane that the vibratory pattern of the vocal 
folds could he described by a function Q(t), which 
v\̂a,s periodic with a period of S i*eo Q(t) had aPfundamental frequency ÿ - 2f, Let Q(t) satisfy the 
necessary continuity conditions, so that it was valid 
to describe Q(t) by a Fourier Series :

1if Go Q(t) “ 2 %  477'nft -i- b^ sin 4Tnft)
n~l (5 «1)

i*e, Q(t) could be described as the sujmiiation of a 
series having components only at the frequencies 
2f, 4f, 6f,.,c

Let Q(t) now be amplitude modulated at a fre
quency f, by a function of the form :

(l ~ p sin ) ~ (1 ™ p sin 2L ft)
o <  p < 1

and let the resultant function be M(t), where
M(t) = Q(t) e (1 - p sin 2 IJ' ft)

M(t) would also satisfy the required conditions for 
Fourier analysis to be valid, and could be described 
by a series such that :vry
M(t) = %-c 4- ̂  (c_ cos 2 TT fmt -i- d^sin 2IT" fmt)

m=l (5.2)
Thus H(t) could be described as the summation of a
series having components at the frequencies f, 2f,
3±‘, 4f,
The components c^ and d̂  ̂were calculated in terms of 
â.̂, b^ and p (SECTION 5^9) and the results are 
sumiiarised in TABLE 5.6,

The components at the frequencies corresponding 
to the initial fmiction, Q(t) (i,e, components at 2f, 
4f, 6f,,...) remained unaltered by the modulation 
function, while the components corresponding to the 

series (i,e, at frequencies f, 3f, 5f,....,) 
were highly dependent on the values of the adjacent



S i m  
COMPO
NENT OP Q(t)

FRE
QUENCY.

2f

P̂(a

6f

TABLE 5.6
SINE AND COSINE COEFFICIENT FOR TEE 

FUNCTIONS Q(t) AND M(t)



components of the series and also on the depth of 
modulation^ p. The choice of the modulation function 
was not critical so long as it was periodic with 
period T.

The effect of such a modulation was to alter the 
amplitude of eweî y second cycle of the original wave- 
form^ thus introducing a periodicity with period 
double that of the original one, i*Gu introducing 
frequency components of the “™P^ series»

It was shovm that the foregoing analysis was 
correct during subharmonic production^ by obtaining 
photographic records of the voice and Lx outputs via 
the U - V recording oscilloscope, and Figure 5,20 
shows one example. In Figure 5.20A the Lx and micro
phone outputs were steady until subharmonic production 
began at the point X, The double periodicity is 
evident in both the Lx and microphone outputs and 
would be evident in frequency spectra as components 
of the ^P^ series. Figure 5.20B shows the Lx wave
form. around the point X using an expanded time scale, 
and the modulation was evident. The interpretation 
of such an Lx waveform indicated that the vocal folds 
were making nozmal contact only every second cycle.
The cause. wa,s probably an asymmetry in the adjustment 
of the folds, perhaps leading to different vibre,tional 
frequencies,

Figure 5*21 shows another example of the modula
tion of the vocal fold vibratory pattern. Initially
the Lx wave.form was consistent with the production of1the ‘g-F̂  series, but at the point Y, the pattern de
generated, and full vocal fold contact occurred at 
every 3rd, 4th or 5th cycles, consistent with the 
production of components of the higher subharmonic 
series. These components would not be resolved by 
the 45Hz bandwidth filter of the sonagraph.

Another example of an Lx output consistent with 
subharmonic production of the higher- subharraonic' 
series is given in Figu.re 5*22, This subject was 
suffering from lAnilateral. vocal fold paralysis, with
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the paralysed fold being in an almost medial position* 
Between points A and B, contact was only intermittent, 
between B and 0 it was slightly more regular and 
occurred at almost every cycle, but after C, the 
contact occurred only every 4th or 5th cycles. In 
this case, because of the effective de-innervation 
of the paralysed fold, it was*, feasible that the two 
vocal folds had different natural frequencies of 
vibration, and that this could have produced a beat 
type phenomenon in the area of contact, and thus in 
the Lx output.

This could be explained in terms of a simple 
model of the vocal folds.
5.8 MODEL OF VOCAL POLLS

!The complexity of the structure of the vocal 
folds was discussed in CHAPTER 1 (SECTION 1.4), and 
this leads to the folds having an extremely compli
cated vibratory pattern, with movement in both the 
horizontal and vertical planes. Thus models used 
to: describe the motion of the folds realistically 
are necessarily complex, and involvp the use of power
ful computing facilities (Titze 1973; 1974; Flanagan 
1969). However, even simple models can help in the 
understanding of specific phenomena, and one such 
will be discussed.

Consider the larynx to have a rectangular 
cross-section, and each vocal fold to be cuboid in 
shape, as shown in Figure 5.23A. Let the larynx 
have width 20, and when the folds are in the "phona
tion ready" position, just prior to the onset of pho
nation, let the glottis have width 2a^. (Figire 5.23B) 
Let the folds be identical, with constant volurae V, 
and vibrate sinusoidally about the "phonation ready" 
position with amplitude a, and angular frequency w, 
while still maintaining a rectangular cross-section.
If the origin of the vocal fold vibratory pattern is 
taken as the "phonation ready" position of one fold, 
then the equations of motion of the folds are :

“ ^1 v̂t
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y 2 - s in wt ^
and. this is illustrated in figure 5.230.
The folds meet when = y^ i.e. at times, tw
such that

2a^ H- sin wt^ ™ - a-, sin wt

1 o e
1

ti = i  sin f I for â _ >  a

These solutions are interpreted to mean that the 
folds come together at time T^ and remain in contact 
until time T^ (similarly for T^ and T. etc.) and that 
the area of contact during such times is A = ^ .

Now let the folds have different "phonation 
ready" positions. This can arise in cases of uni
lateral vocal fold paralysis in which one fold is
permanently fixed at a set position in the larynx.
Let one fold, the normal fold, vibrate with amplitude 
a^, and angular frequency w^, about a locus a from the 
midline of the larynx. Let the paralysed fold vibrate 
with amplitude at angular frequency Wp about a locus,
a, from the midline, (figure 5.24).

Take the origin as the "phonation ready" position 
of the normal fold^and the motions of the folds are 
described by the equations :

y_q - -a^ sin w-ĵt , > a

y 2 ™ â -f a 4' a g sin w^t a^ ^  a^

and the folds come into contact when y. = y^, i.e. 
at times t^, such that :

a f 4' Up sin w^t^ = « sin ŵ t̂. . (5.3)

i.e. at times Tl, T2, T3 etc. (again the second roots 
are interpreted as the time of the end of contact).

The area of contact is given by the cross sec
tional area of the more extended fold, and is thus de
pendent upon the extension. At the time of contact

5.18
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the breadth of the normal fold is :
C - Bq + 0 - sin w^t^ = 0 + a +agsin w^t^

and the area of contact is given by ;
X

-̂ i - (C + a + ag sin w^t^ . ) (5.4)
Equation (5.3) can be written as ;

“ (a + a^) = sin w^t^ + sin w^t^

and so the t^ can be solved for graphically by plotting
y = - (a + a^) (5.5)

and  ̂ .y = a^ sin w^t + a^ sin w^t (5.6)
It can be shown (SECTION 5.10) that equation (5.6) 
simplifies to give :

y = a^r sin 0 (5.7)
where r^ = 1 + a'  ̂+ 2â  cos (w^ - Wg)t ,

sin W-, t + a^ sin w«t tan 0 =      2
cos w^t + â  cos Wgt 

and a' = ^2 «( 1
ai

Thus, in general, r is periodic with angular fre
quency (Vf̂  - Wg).

In bhe particular case of a^ = a^ i.e. a^ = 1
2 Pr - 4 cos (w^ - Wg) t

2 „
and is thus periodic with angular frequency ï (w^-Wg).J

An example of the form equation (5.7) is plotted 
in Figure 5.25, and the conditions resulting from 
equation (5.5) can be interpreted.

In case I, (Figure 5.25) if a + <  a^ - ag, then
the folds come into contact at some point during each 
cycle, but at different phases in the vibratory pattern.
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This is illustrated in Figure 5.24B, where success
ive contacts are made at times Tp, 1\, etc., 
which occur at different phases in the oscillatory

T *1 1pattern, ioG» y£ ^ y^ y^*... The cyclical nature
of this variation leads to a regular variation in the 
area of contact during successive cycles because of 
the relationship specified by equation (5.4).

In case II, (Figure 5.25) if < a 4-
^1 '̂2' hhen the folds make contact for a series of
consecutive cycles, followed by a period during which 
no conta,ct is made, and this pattern is repeated.

In case III, (Figure 5,25) if a + a a ^  -i- a^, 
there is no contact between the vocal folds%

This model of the vocal folds was much too 
simple to describe realistically their complex motion 
during phonation. The folds are certainly not cuboid 
in shape; no account was taken of the fact that the 
upper and lower margins of the folds vibrate slightly 
out of phase, and no consideration v/as given to the 
event of contact, or to what adjustments take place 
during contact. However, the model did predict the 
possibility of beats occurring in the area of contact 
of the folds, and also the possibility that for 
several cycles there might be no contact at all.

Since the Lx waveform provided some measure of 
the area of vocal fold contact, the model could be 
used to try to explain some of the features observed 
in such outputs, for example, the illustration already 
described in Figure 5.22. In the portion A-H, the 
folds made complete contact only two or three times 
in every five or six cycles and this was consistent 
with a case II situation with the folds vibrating at 
frequencies of about llOHz and 140H.S. The portion 
B-G was consistent with a case I situation with the 
folds still vibrating at these frequencies. In the 
final stages of this phonation, the vibratory pattern 
was further modified to produce complete contact only 
every fourth cycle, probably by a further complication



in the oscillatory pattern of the abnormal fold. This 
output was obtained from a, subject suffering from a 
unilateral vocal fold paralysis, with the paralysed 
fold remaining in a medial position. Since this 
fold was still subjected to the aerodynamic forces^it 
would vibrate during phonation, but because the adjust
ment of mass and/or tension was impaired, it had a lower 
natural vibrational frequency than the other fold^

A similar analysis held for the subject whose 
phonations are illustrated in Figure 5 <.26. This sub
ject was also suffering from a unilateral vocal fold 
paralysis with the affected fold maintained in a medial 
position» The diagram shows the intensity of the Lx 
signal obtained during four different phonations, and 
regular oscillations were evident in the intensities^
a.t frequencies between 8 - 12Hz* This was consistent 
with a case I situation, and the fimdamental frequency 
of the normal fold was about 115Hs, giving a vibra
tional frequency for the paralysed fold of between 
about 100 - llOHz, It was subsequently confirmed 
under stroboscopic laryngeal examination that the 
paralysed fold did indeed vibrate during phonation.
Thus even a very simple model of the vocal folds could 
predict some aspects of the vibratory pattern*

The- fact that in normEil phonation the vocal 
folds vibrate £it the same fundamental frequency may 
not only reflect the fact that the folds are adjusted 
symmetrically, but it may be indicative of the strong 
coupling which exists between the folds. It seems 
feasible that because of the many combinations of 
mass and tension which could combine to result in a 
given ns/tural frequency of oscillation, the possibil
ity of asymrietry in the adjustment of the folds may 
not be negligible, and that in such cases, the coup
ling acts to stabilise the vibratory pattern at one 
fundamental frequency. Thus it seems reasonable, 
that under conditions of reduced coupling, e,g, the 
fixation of one fold at a position further than no:nnal 
from the glottal midline, and extreme asymmetry in the

5.21
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adjustment of the folds, the nature,! frequencies of 
each fold might he so different as to be beyond com
pensât ion o
5.9. DERIVATION OF FOURIER COEFFICIENTS, c_ and d̂ ,
5.9/1 ÜSEFU1 

21
a) \ sin nxcdx 

o

j mTEEUATICAD RELATIONSHIPS

cos nx.dx ~ 0 (5.8)

b ) I s in nx. « cos mx „ dx 
o

0 (5.9)

Pi]
c) I sin nx. sin mx dx = cos nx. cos mx« dx

where ^
m n

m n (5.10)

cl) cos 2nx. sin x. cos mx.dx
P m'1

2 sin (2n+l)Xo cos mx dx
2iT

1 \2 I sin (2n-l)x,cos mx.dx

e)

f)

0
from (5.9)

2l
sin 2nx.sin x,sin mx.dx

1
2 'o

cos (2n«l)X.s in mx.dx
r2r1

2 1̂'o
0

cos (2n-l)X c s in mx « dx

2ii

from (5o9)

sin 2nx. s.i.n x. cos mx. dx

(5.11)

(5.12)
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2 c o s(2n-1)X,c o s mxo dx
o

2Tr
1 COS(2n-i-l)xocoB mx.dx

o
TT
2 2n-l,m 2

Ti' ç
^  0

2n-rl, m
from (5olO)

■2'ïï

j COS 2nx.sin x. sin mx.dx
21

1 t^ \ sin (2n+l)x . sin mx.dx
J ■p?

1 s in(2n-l)x . s in mx.dx

(5.13)

'B % (5.14)
2 2n-l

from (5.10)
5 . 9 . 2  cm

From equation (5.1) (SECTION 5.7), Q(t) could 
be descrilDcd by a Fourier series such that :

Q(t) 1
'o ^ 0 V. (a„ cos 4 t  nft + b sin 4'ii'nft)

n-1 "
The function lf(t) was defined as s

M(t) “ Q (t) c (1 -* p sin 2 IT' ft ) 
and could a,lso be described by a Fourier seriesfK3
M(t) ~ ^ c^ -i- ^^^c^ cos 2TÎ fnit 4 d^ sin 211 fmt ) 

m~-l

where cm 2f Ivj ( t ) COS 2 T  fmt. dt (5.15)

and d.m
0 ’2f j h(t) sin 2"I fmt dt 
o

(5.16)



Make the substitution x 2IT ft, and c ons ider eq_n.
(5.15)

m 1 f
li

2T

I M(x), cos mx.dx

rZT

I %4- ^  (a COS 2n x 4- b sin 2nx\
n

(l-p sin x) o cos mx.dx

1
2T

0

■™a^»cos mx, ÿ 8,̂ 0po sin X, cos mx 4-
V

^  (a .cos 2nx 4 b sin 2nx).cos mx— A u n

-P.sin Xocos mx, (a cos 2nx 4- b sin 2nx) , dx
n

f 2 il
1 P  a^.cos 2nx „ cos mx.d'A 31

n

T

2T\ T-7
Hio n

«cos 2nx sin x , co s mx « dx

II

1 o e « c

^'^^b^.^osin 2-'nx« sin x« cos mx,dx.
0 n

m an

(using (5.8) and (5.9)

-£ > PiU)/  '̂ n [ S )
n 2n-l«m 2n4“l«ni2llym ^ .L,m cr.n.'f-JL

(5.17)
using (5.10),(5oil) and ((5.13))

5.9.3 dm
Use the same substitution, x=2If"ft, and eqn« (5 .16 )

becomes :

in
1

I T

r

V 0
M (X ). sin mx dx
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1 r r—
( 1
\ 2J 0

7
2 4 P  V (a cos 2nx. -f b .sin 2nx)

n ^ .J
(1 - p sin x) c sin mx«-dx

r 2Tir'

Î \
1 1P sin mx -- a p,sin x. sin mx

7
+ P L a  (a^ cos 2nx + b̂  ̂ sin 2nx), sin mx

■P
„  1

in x« sin mx.  ̂ cos 2nx b.^sin 2nx)l d:
n

2t
1 I ( - -g a p) sin X . sin mx«d:

1
1 nT^

b^ sin 2nx , sin mx.dx

2T / \
31

\[ J n 
0

a„ cos 2nx «sin x , sin nx„dx

2-n
£
li" n

 ̂b̂  ̂ sin 2nx « sin x . sin mx. dx

(using (5.8) and (5.9))

loCc m. -p a^p. h ̂
n.

n V
2n-{-l, m 2n-l, m

n n 2n,m

(using (5.10), (5.12) and (5.14))

Thus for m even 
cm
d.m

Eln m 2n
bn
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for m odd 

d.

for m = 1 

and

m

m

1
2 p (b'm4-l 

2 ■ '"ïürl)

2 ^ \ %4-l
2

1

am-1 
2

'1
d1

- 2 P h '
|p (a^ - )

These results were summarized in TABLE 5.6.
5.10. DERIVATION OF BEAT EQUATION.

It was shown in SECTION 5.8 that according to 
the model of the vocal folds, the folds came into 
contact when

y = - (a + ) (5.5)
and y

- (a + )
sin w^t + a^ sin w^t. (5.6)

Let a^ ̂  so that a

and let w^ >  w^ 
Equation (5.6) becomes :

a
a-

(sin w^t + a^sin w^t) = a^S.

jW.t , jWpt
where S = Im. (e + a e )

(where = cos 0 + j sin 0 )
and 3 = )

jeLet
jŵ i-

+ a e/ jWgt
= r e , so that

Siince r ejG
S = r sin 0 , 

t / Ü «’n= e + a e/ jWpt
e

= (cos w^t+J sin w^t) -1' a  ̂(cos w^t + j sin w^t )

2 / 2 /then r = 1 + a + 2a (sin ŵ t̂ . sin w^t + cos w-, t

2
'2" ■ ’'1 
c o s  W g t )

p: oa.



/ p /- 1 + a 4- 2a cos(vv^ - Wp)t 
and tan 9 = sin h- a ' sia w^t

C O S  w ^ t  4- a ' C O S  w ^ t

2Thus r is periodic with angular frequency (vv-̂ -Wp)
and when :
cos (w^-Wp)t “ 1 ÿ r*̂  ~ (1 4- a ’̂ )'̂ y r = - (1 4- a/)
cos (w^-'Wp)t = -1, r^ ” (l' - )̂ 5 r =- - (1 - z'/ ) ;
cos (w^“Wp)t := 0, r^ ~ (1 4- 3/^), r = - (l 4- 3/^)^

giving the limits of the modulation of the heats^
5.11 SUMMARY

111 this chapter the 1 aryng0graph teclmique was 
used to ini'estigate the vibratory pattern of the vocall 
foldso The interpréta.!ion of the .Lx wavefo.rm. was 
discussed and normative data for the relative lengths 
of different parts of the Lx cycle were obtained from 
a small group of normal speaking adult subjects. It 
was found the/fc the closing tim.e of the vocal fold vi
bration was of the order of 5-MOf' of the period, and 
was always less than half the opening tim.e« The build 
up of the Lx amplitude to a steady level was used in 
the study of vocal initiation, and the time taken for 
the voca.l folds to a/btain a stable vibratory pattern 
was measuredo Female subjects required less time to 
achieve this, a finding which reflected, the greater 
mass of rmle vocal folds. The fact that in most cases 
the required fun.damental frequency was immedia/bely used, 
indicated that this feature of laryngeal adjustment did 
not d,epend solely on enditory feedback, but was under 
the control of the other feedback control loops.

The frequency analysis of the Lx waveform showed 
that in general the intensities of the spectraM har
monics had a logaritlmic relationship with frequency« 
Idealised waveforms v/ere invcstigo/bed y/ith the aid of 
a computer program, and the s;pectral gradient was used

5.27 -



to predict the value of the closing time. There was 
fine structure in some of the lx spectra, i.e. series 
of maxima and minima, and the frequency of the first 
subsidiary minimm was also used to provide a measure 
of the closing time. Good agreement was obtained 
with real Lx waveforms.

Abnormalities in the voice spectra already noted 
in CHAPTER 4 were found to have correlates in the Lx 
spectra. This was especially true of subharmonic 
components, which showed that these components were 
generated by the vocal fold vibration. The nature 
of the vocal fold vibratory pattern during subhar
monic production was predicted theoretically and sub
sequently demonstrated experimentally. A simple 
model of the vocal folds ws,s used to explain some 
variations found in the Lx pattern. Although the 
model was too simple to explain the complex pattern 
of the vocal fold vibration, it made predictions 
about the possibility of a beat type variation in the 
amplitude of the Lx pattern under certain conditions, 
and examples of these were found on several occasions.
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CHAPTER 6. THE CONTROL OF SUSTAINED PHONATION
h L  introduction

In the previous chapters of this thesis some of 
the factors relevant to voice production have been 
studied individually. The eierodynamic characteris
tics of the production of a sustained vowel, /a/, 
were discussed in CHAPTER 3, the frequency spectra 
of such vov'/els were described in CHAPTER 4, and the 
characteristics of the vibratory pattern of the vocal 
folds were investigated in CHAPTER 5. However, the 
data referred to in these chapters were, by and large 
obtained during different recording sessions, and 
could thus not be directly related. Also, the pho
nations discussed in earlier chapters were imcon
trolled in the sense that each subject was required 
to phonate at his subjectively "normal*^ fundamental 
frequency and comfortable sound level, or about TOdB. 
This approach was suitable, from the point of view of 
the clinical assessment, and also for the acquisition 
of normative da,ta, but in order to investigate the 
relationships between the various factors involved 
in voice production, a much more controlled experi
mental approach was necessary.

The aim of the experiments discussed in this 
chapter was to investigate the control of a sustained 
vovml phonation, and, in particular, to examine the 
relationships betv/een the sound intensity of the pho
nation and the air flow rate, and to relate these 
to the vibratory pattern of the vocal folds.

Several previous studies had utilized steady 
sustained phonations, i.e. phonations maintained at 
constant sound levels and fundamental frequencies, 
to investigate the variation of flow rate v/ith sound 
level. Although Isshiki (1964) found that there v̂ as 
no definite relationship between sound intensity and 
air flow rate, Isshiki (1965), and Yanagihara and
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Koike (1967) reported that, in general, the variation 
of air flow rate as a function of sound intensity was 
greater at high fundamental frequencies than at low 
fundamental frequencies. Isshiki (1964) concluded 
that at a very low fundamental frequency, the vocal 
intensity was controlled mainly hy the glottal resis
tance, (i.e. by the laryngeal musculature), whereas 
at a very high fundamental frequency, the vocal inten
sity was controlled almost solely by the air flow rate,
i.e. the muscles controlling expiration.
6.2 EXPERIMENTAL TECHNIQUE

The apparatus was set: up as shown in Figure 6..I.
In order to maintain the area of lip opening at a 
constant va3.ue, the subject was required to close his
lips around the pneumotach flowhead, and to produce an
airtight seal. The flowhead ha,d an external diameter 
of 2.9cms. The air flow rate and volume expired 
during phonation were recorded, as before, on two 
channels of the Mingograf ink jet recorder. The con
denser microphone was placed at a fixed distance of 
20cms. from the end of the flowhead, and was covered 
by a foam rubber windshield to prevent large fluctua,- 
tions in the output being caused directly by the air
flow. The efficiency of the microphone for acoustic 
signals was not altered by the windshield. The micro
phone output was recorded oh one channel of the stereo 
tape recorder,, and was also used to devise a voltage 
proportional to the sound intensity via the level re
corder and analogue read-out device (CHAPTER 2). This 
signal was recorded on a third channel of the Mingograf 
recorder. The laryngograph output was recorded on the 
second channel of the tape recorder, and was also uti
lized to' provide a voltage proportional to the funda
mental frequency of phonation via the frequency-voltage 
converter circuit described in CHAPTER 2. This signal 
was recorded on the fourth channel of the Mingograf, 
so that, during phonation simultaneous recordings were
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made, of the fondamental freq_o.encyy phonation volinne, 
air flow rate and sound level.

The area of lip opening of the subject was kept 
constant by the flov/heeid, but this also added on a 
hard walled cavity to the vocal tract, and thus modi- 
fled the ^subject’s voice output. The effect of this 
addition to the vocal tract was investigated in a pre
liminary experiment.

A series of recordings was made with the recording 
system illustrated in Figure 6.1. Initially the sub
ject * 8 nose was clamped off to eliminate nasal air 
loss, but this proved to be uncomfortable, and the air 
loss was found to be minimal, so that the nose clamp 
was dispensed with. The vowel which the subject 
could most easily maintain was the vowel / D /, and 
this vowel was used throughout. The phoneitions were 
maintained at a constant fundamental frequency and sub
jective voice effort, and during each, the flowhead was 
removed from the subject's mouth while he held his lips 
in the same configuration. The changes in the inten
sities due to the presence of the flowhead were mea
sured from the Mingograf traces, and it was fomid that 
the effect of the flowhead was to add 8dB (-0,5dB) to 
the sound level measured at a distance of 20cms. This 
was due to the resonant characteristics of the hard 
walled tube, and also to a .change in the directional 
properties. This increase in sound level was found 
to be constant for a range of fundamental frequencies 
from 125Hz to 220Hz, and also over the range of soimd 
levels of interest, and so it was not necessary to 
correct for It unless absolute sound level measure
ments were required.

Frequency spectra of each phonation were obtained 
using the sonagraph, and the differences measured be
fore and after the removal of the flowhead from be
tween the subject's lips were directly attributable 
to the presence of the flowhead. Thus, using the
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phonations made at different fundamental frequencies 
it was possible bo obtain a composite frequency spec
trum of the transfer characteristics due to the addi
tion of the flowhead to the vocal tract, and this is 
sho\m in Figure 6.2. The first four peaks were well 
defined, but at frequencies above about 2ICHz there 
were few data points due to the lack of high fre
quency components in the spectra of the vowel soimd 
which could be produced with the particular vocal 
tract configuration. The transmission spectrum, had 
only to be taken into account when quantitative re— 
sults^ were required from the spectra of similar 
recordings.
go3 DATA FROM STEADY FHONATIOhS

The mean, flow rate data obtained from the low 
pitch, normal pitch and high pitch phonations of the 
control group of subjects (OHAPTFH 3) were plotted 
as a function of the frequency, and some are shown 
in Figure 6.3. These results indicated that, in 
general, an increase in the fundamental frequency of 
phonation was accompanied by an increase in the air 
flow rate. However, these phonations had been pro
duced at a comfortable sound level ( about 70dB ) 
and at a subjective value for fundamental frequency.
Also the sound level could not be measured because 
of che unkno'f.'m. effects of the rubber face mask and 
mask microphone.

A series of phonations was recorded using the 
experimental system shown in Figu.re 6.1. The subject 
was a 25 year old, normal speaking untrained male sub
ject, and each phonation was maintained at a constant 
sound level and fundamental frequency for between 5 
and 10 seconds. The subject monitored his funda
mental frequency by observing the digital frequency 
counter. The values of fundamental frequency, sound 
level and air flow rate were measured for each pho
nation, and some typical results are shown in Figure 6*4.

6.4
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Ill: Pigup© ‘til© daijcL I'op *fcliG ph-OUGitions liaving
soimd levels in the range 85 “ 90dB were plotted as 
a graph of flow rate v fundamental frequency, and in 
Figure- 6,4B, the data for phonations having funda
mental frequencies in the range I80 - l85Hz were 
plotted as a graph of sound level v air flow rate.
The data in the upper graph indicated that, in general, 
an increase in the fundamental frequency of phonation 
was accompanied by an increase in the air flow rate, 
but the spread of the data points was somewhat large. 
The results in the lower graph indicated that there 
was no definite relationship between sound level and 
a,ir tlow rate evident from this experiment, and that 
a particular value of sound level could be maintained 
over a wide range of air flow rates.

This suggested that the information which could 
be gained from such an experiment was limited, and 
that, perhaps, more information could be gained by 
perturbing the system, i.e. by investigating pho
nations which were non-steady with respect to sound 
level and/or fundamental frequency,
êjïA .DATA_JLBOH_BON-STEABY p h o n a t i o n s - THE BSLATTOH- 

SHIP BETIVEEN SOUND LEVEL AND AIR FLOW RATE.
A series of maximally sustained phonations was 

now recorded. These were each maintained at a fixed 
fundamental frequency, which was visually monitored 
by the subject using the digital frequency counter, 
but the sound level was deliberately varied through
out the phonation. Two typical examples of the out
puts obtained during such phonations are shovwi in 
Iigu.re 6,5> and in both cases a definite relationship 
between sound level and air flow rate was evident.

The . example shov/n in Figure 6.5A was maintained 
at a fundamental frequency of 176Hz for 16.5 seconds, 
and measurements of sound level and air flow rate were 
taken at 0.5sec. intervals. The plot of sound level 
V air flow rate is shown in Figure 6.6A. The re
lationship between sound level (SL) and air flow rate 
(FR) was of the form :
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SI = A (1 - = A(1 - e __(6.1)
where A ^  and k were constants for the phonation,
and' fi

k = e
Equation (6.1) was linearized to give the form :

In = - «=< .PR + In k ------- (6.2)

The values of the parameter A, ^  and k were 
obtained by using a least squares fit computer program, 
and were found to have the values A = 100.0, ^  = 0.26, 
k = 1 .878, with a highly significant regression co
efficient, r = 0.980, (p<c0.001). Thus this form of
equation proved to fit the data satisfactorily, and the 
graph of (A-SL)/ A v PR is shown in Figure 6.6B, to
gether with the line of best fit.

However, the plot of sound level v air flow rate 
resulting from the phonation illustrated in Pigizre 6.5B, 
had a slightly different form, and is shown in Figure 
6..7A. The phonation^which lasted for 16.2 secs, had 
a fundamental frequency of 200Hz and was initiated at 
the point marked X. The sound level increased rapidly 
with only a small change in flow rate imtil the point Y 
was reached, and thereafter the phonation followed: the 
same pattern as already described, with the data points 
showing an exponential relationship of the form given in 
equation (6.1). The parameter A was estimated to have 
the value 103.4dB, and the graph of (A-SL)/A v FR is 
shown in Figure 6.7B, with (A-SL)/A again being plotted 
oh a logarithmic scale. The values of c< and k were 
calculated as before, using only the data points ob
tained from the phonation after the point Y, and the re
gression line is shown in the diagram. The values ob
tained for the parameters were ^  = O.IO8 and k = 0.322 
with the correlation coefficient being r = 0.973 ( p < 0.001).

A series of such recordings was made, and in each 
case a regression line of the form of equation (6.1) was

—  6 .6  —
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fitted. The regression coefficients indicated- that 
these lines represented satisfactory descriptions of 
the- relationship between SL and PR ( p < 0.001), and the 
values of the parameters are given in TABLE 6.1. The 
fundamental frequencies for the phonations varied from 
150Hz to 28?Hz, but there was no relationship between 
either fundamental frequency and , or fundamental 
frequency and k, or indeed between ^  and k. It seemed 
tha/b, in general, there existed an exponential rela
tionship between the SL and PR, with the ̂  coefficient 
being the order of 0.15. The mean values of the 
parameters were :

^  = 0.154 /L/MIN. (3.B. = 0.072 ./L/MIK.)
= 0.718 (8.D. = 0.575)

and
% = 100.2 dH (S.B. = 3.4dB)

The parameter A represented an upper limit to the 
sound level which could be produced with the particular 
vocal tract configuration, and this value was asympto
tically approached at large values of- flow rate. The 
equation of the regression line showed that a parti
cular change in flow rate produced a greater change in 
sound level at low flow rates than at high flow rates,

A ( s l ) = A.c<, k.e“ *^'^^. ( A p r )
The locus given by the regression line for each 

phonation represented a state of equalibrium or maxi
mum efficiency for this type of phonation. (SL,PR) 
states lying to the left of the locus were never found 
in phonations in which the fundamental frequency was 
maintained constant, although on several occasions 
such states did exist during periods when the funda
mental frequency was varying rapidly. States lying 
to the right of the locus did exist, and represented 
states in which the sound level was not maximal for

— 6.7 —



PHON.
PÜNDA- 
MEETAL 
PRSQ o 
(Hz)

A Æ3< k
GORRoOOEPP.

r

SIGNIP.
LEVEL.

1 150 93.6 0.225 0.579 0.921 < 0.001
,2 167 91.7 0.271 1.157 0.920 < 0,001
3 175 95.8 0.174 0.500 0.939 < 0 0 001
4 176 100.0 0.260 1.878 0.980 c 0.001
5 179 99.5 0.110 0.361 0.897 <0,001
6 191 102 0 3 0.194 1.092 0.971 < 0.001
7 193 103.3 0.179 0.568 0.987 < 0.001
8 200 99.9 0.259 1.809 0.890 < 0.001
9 200 103.4 0.108 0.322 0.973 < 0.001

10 200 98.2 0 e 1 6 6 0.471 0.936 < 0,001
11 200 102.7 0.121 0.365 0.968 <  0.001
12 203 102/7 0.089 0.366 0.934 <. 0.001
13 204 102.2 0.145 0.508 0.980 <  0.001
14 204 100.9 0.158 0.499 0.972 < 0.001
15 212 101.2 0.059 0.158 0.942 < 0,001
16 213 1010 0 0.294 1.893 0.961 < 0.001
17 214 101.9 0.106 0.385 0.989 < 0.001
18 216 97.8 0.098 0.312 0.971 < 0,001
19 217 101.0 0.079 0.247 0.924 < 0.001
20 219 106.7 0.060 0.322 0.853 < 0.001
21 222 101.8 0.292 2.08 0.930 < 0.001
22 230 97.4 0.156 0.719 0,944 < 0.001
23 233 97.3 0.169 10 415 0.971 < 0.001
24 250 95.1 0.188 0.303 0.944 c 0.001
25 250 97.4 0.073 0.140 0,897 < 0.001
26 257 103.6 0.054 0.338 0.973 < 0.001
27 262 102.1 0.151 0.692 0.982 < 0.001
28 275 101.3 0.112 0.303 0.956 < 0.001
29 287 104.7 0.102 1.038 0.912 < 0.001

ÏABLE 5.1
VALDES OE A, ce AIT» k CALOÜLATE» USIîTCt 

"LEAST SQUARES" METHOD.



the particular air flow rate. The locus represented 
the limit in which the maximum sound level was pro
duced for each value of flow rate, and as such could 
he regarded as the locus of maximum efficiency, if 
only flow rate and sound level were considered. This 
phenomenon explained the spread of results illustrated 
in Figure 6.4 which consisted of data points randomly 
spread throughout the permissible portion of the SL v 
PR space. Such phonations could be sustained by the 
maintenance of suitable adjustment of the respiratory 
and laryngeal musculature. Phonations such as that 
illustrated in Pigijires 6.5B and 6.,7 occurred in about 
one third of the recorded series, and the trend was 
always to move towards and then along the equilibrium 
locus. It was possible that these phonations were 
initiated at maximal lung volume, and that the initial 
phases of the SL v PR curves reflected a different ad
justment of the relevant musculature, e.g. the initial 
activity of the diaphragm at full lung volumes referred 
to by Draper et al (1959) and Proctor (1974). An 
analysis of the volumes expired before and after the 
equilibrium locus had been attained in each phonation, 
revealed no significant.relationship,

A similar series of experiments was attempted in 
which the sound level was to be maintained at a con
stant value, while the fundamental frequency v/as varied 
continuously. However, it proved impossible for the . 
subject to maintain the sound level constant, and no 
meaningful results were obtained.

If the 8dB correction was made to the sound level 
measurements to allow for the effect of the flowhead, 
there was no effect on the gradient of the (A-SL)/A v 
PR graph, i.e. the value of ^  remained unchanged. 
However, the parameter k would be replaced by k ', 
where k* = .k. Since A had a fairly constant
value of about lOOdB, k' was about 8f greater than k 
for all curves, and so made little difference to the 
analysis.
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6.5 DATA gRQM N0N-8T3ADY PHONATIONS - THE DEPENDENCE
“ ON THE VOCAL DODD VIBIl/iTQRY PATTERN>

The variation of sound level v/ith changes in air 
flow rate during the sustained phonation of the vowel 
/'D/ was discussed in the previous section. However, 
in terms of a transmission line model of the vocal 
tract, one method of controlling the soimd level would 
he to either relatively increase or decrease the in
tensities of the higher frequency harmonic components 
of the source function, in relation to the lower fre
quency components. This would necessitate an altera
tion in the vibratory pattern of the vocal folds, 
especially during the closing phase, since this was 
shown to correspond to the period of maximum excita
tion of the vocal tract. The aims of the experiments 
described in this section were to relate the control of 
sound level to the vibratory pattern of the vocal folds 
as measured by the Lx waveform, both in terms of the 
frequency content of the Lx spectrum and also in terms 
of the closing time of the vocal fold vibration.

Several of the phonations discussed in SECTION 6,4
v;ere analysed in terms of frequency using a two channel
sonagraph which allowed.the harmonic components of both 
the microphone output and the Lx output to be obtained 
at the same points in the recording, and two typical 
examples will be discussed in detail.

The phonation, whose respirometry outputs are 
shown in Figure 6.8A, lasted for 19.5 secs,, and was 
maintained at a fundamental frequency of l67Hz. The 
sound level v flow rate graph is sho;wn in Figure 6,8B, 
and the equilibrium locus had parameters A = 91.7dB,

0.271, k = 1.157, with the correlation coefficient,
r = 0.920 (p< 0.001). The recordings were analysed
using the two channel sonagraph, and these outputs 
were accurately aligned with the respirometry trace 
using the discontinuities in the sound level. Section 
displays of both the microphone and Lx outputs were ob
tained at the points marked 1 - 15 in Figure 6,8A,

6.9 -
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The sonagraph displays are shovm successively in 
Figure 6*9, with, in each case, the upper outputs 
being the frequency analysis of the microphone re
cording, and the lower being those of the Lx signal.
It was evident from the displays that, increases in the 
sound level of the voice signal were largely caused by 
differential increases in the intensities of the higher 
harmonic components, e.g. comparing sections 1 and 2, 
the 2nd harmonic increased in intensity from 32 to 34dB, 
a change of 2dB, whereas the 8th harmonic increased by 
13dB, and the l?th by at least 20dB. Similar changes 
were observed by comparing other sections, e.g. 6 and 7, 
13 and 14 etc. The. same trend was evident in the equi
valent spectra of the Lx signal, i.e. an increase in 
the sound level of the voice output corresponded to an 
increase in the intensities of the higher harmonic com
ponents in the Lx spectra, and could thus be attributed 
to changes in the vibratory pattern of the vocal folds. 
The overall intensity of the Lx signal remained fairly 
constant throughout the phonation, apart from a decrease 
near Section 12, when the voice sound level decreased to 
about 73dB.

The differential changes in the intensities of the 
higher harmonic components^ of the Lx spectra were 
measured by changes in the spectral gradient, as des
cribed in CHAPTER 5* The results for Lx spectral 
gradient, voice sound level and air flow rate are shown 
for each point at which simultaneous readings were 
available (points 1-15) in Figure 6.10. The relation
ship between sound level and air flow rate has already 
been discussed. However, there was also a marked re
lationship between the Lx spectral gradient and the 
voice sound level, such that an increase in the voice 
Bound level corresponded to an increase in the Lx spec
tral gradient (i.e. becoming less negative). Regression 
analysis showed that a linear relationship of the form

SL = B+C. (Lx gradient),---— (6.3)
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was a satisfactory representation of the data, with a 
correlation coefficient, r = 0.872 (p< 0.001). The 
relationship between sound level and air flow rate, and 
sound level and Lx spectral gradient in turn implied 
that there was a direct relationship between Lx spectral 
gradient, or some measure of the vocal fold vibratory 
pattern, and the air flow rate.

A similar phonation is illustrated in Figure 6,11. 
The phonation lasted for 21.0secs. and had a fundamental 
frequency of 204Hz, and the SL v FR locus had para
meter values of A = 100.9dB, oc = 0.158, k = 0.499, 
r = 0.972 (p^ 0.001). Sonagraph outputs were also 
available for this phonation, with section displays 
being made at points 1-15, and these are shown in 
Figure 6.12. The general results were the same as 
those reported for the previous case, with the intensity 
of the Lx signal remaining fairly constsint throughout 
the phonation, apart from at the very lowest voice 
intensity (about section 11), and an increase in the 
voice intensity corresponding to a differential increase 
in the intensities of the higher harmonic components in 
both the voice and Lx spectra. This was again reflec
ted in the spectral gradient of the Lx waveform, and 
the Lx spectral gradient, voice sound level and air flow 
rate results obtained simultaneously for the 15 data 
points are plotted in Figure 6.13. Regression analysis 
indicated that in this case, too, a linear relationship 
existed between voice sound level and Lx spectral gra
dient, with a correlation coefficient,

r = 0,809 (p< 0.001).
Figure 6.14 illustrates a phonation which was not 

initiated on the equilibrium locus in terms of the 
sound level v flow rate relationship, this locus being 
reached about data point 4 (arrowed). Analysis showed 
that subsequent to this point, there again existed a 
linear relationship between sound level and spectral 
gradient (r = 0.714, p<0.01), but that prior to reach
ing the locus, the sound level did not follow the Lx 
spectral gradient. Thus the initial phase of this

_ _  n
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phonation' represented a period of vocal fold adjust
ment, and that if there was an explicit relationship 
between the parameters used to define the vibratory 
pattern, and either sound level or air flow rate, it 
was not as simple as when the equilibrium locus had 
been attained.

In general, in the phonations investigated, there 
was a direct correlation between the Lx spectral gra
dient and the sound level of the voice, and the results 
are tabulated in lABLE 6,2. The lx waveform again 
seemed to behave in a, fashion similar to that of the 
laryngeal source function in that changes in the har
monic components in the Lx spectra were directly reflec
ted in the voice spectra. Eliminating SL from equa
tions 6,1 and 6,3 gives :

A-Ak 0 - ^ .iR = B + O.M , where M-Lx gradient

i.e. M = P - Q e “ -------------(6.4 )

and PH = ~ - . In------------ ------- (6.5)

where P = and Q =

The values for P and Q are given in TABLE 6,3 for 
some of the phonations recorded, and examples of curves 
derived from equation (6,4) are plotted in Figure 6,15. 
The general form of these curves indicated that at low 
flow rates, ^n increase in the flow rate produced a 
relatively large increase in the Lx spectral gradient, 
(i.e. becoming less negative) caused by the more rapid
closing of the folds due to increase in the Bernoulli
force. However, at high flow rates a further increase 
in air flow produced little or no change in the spectral 
gradient, indicating that there existed a lower limit for 
the closing time, i.e. the vocal folds could not close 
at an infinitely fast speed, and so the increase in air 
flow must be accompanied by a decrease in the opening

— 6*12



RHONE
FUNDA
MENTAL
FREQ. B 0

CORN.
OOEFF.
r

SIGNIF
LEVEL.

2 167 109.4 2.33 -0.872 < 0.001
4 176 146.8 5.95 -0.860 < 0.001
- 190 133c4 4.48 -0.918 < 0.001

10 200 132.7 4.62 -0.714 0 0 Qi.
11 200 115.0 2.20 -0.671 < 0.01
- 204 126.1 3.56 -0.531 < 0.05

14 204 127.3 3.49 -0.809 < 0.001
18 216 113.1 2.49 -0.700 < 0.01
24 250 127.6 3.85 -0.776 < 0.01
26 257 138.1 4.97 -0.790 < 0.01

TABLE 6,2
DATA FROM REGRESSION ANALYSIS FOR THE EQUATION OF THE FORM :

SL B '!■ C„ (Lx gradient)



H-ÏONL PÜNDoFREQ. P Q c<

2 167 —7.60 45.54 0.271
4 176 -7,87 31,56 0.260

10 200 -7.47 10.01 0.166
11 200 17.04 0.365
14 204 -7.56 14,43 0,158
18 216 —6 ® 14 12.25 0.312
24 250 -8.44 7,48 0.188
26 257 : -6.94 7,05 0.054

TABLE 6o3
CALCULATED VALUES FOR P and Q, where

and Q / Ak 
( G
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time and. consequent increase in the open time of the 
vocal fold vibratory pattern. Thus the increase in 
air flow rate was achieved by a relative decrease in 
the glottal impedance. The existance of a lower limit 
for the closing time suggested that a similar limit 
would exist for the opening time, these being dependent 
upon the mass of the folds. Since the open time w^ould 
still have to be long enough to allow sufficient air 
flow, an upper limit was placed on the fundamental fre
quency which cotuLd be sustained under a particular 
vocal fold adjustment. Thus to reach high fundamental 
frequencies, the vibrating portions of the vocal folds 
must be adjusted to be less massive than that for 
lower frequencies.

Although some of the direct parameters used to 
define the vibratory pattern of the vocal folds could 
be inferred from the Lx spectral gradient (CHALTER 5), 
a limited number of phonations was recorded to investi
gate directly the relationship between voice sound 
level and the closing time of the vocal fold vibration. 
During these phonations, the sound level output ob
tained from the analogue read—out device was recorded 
on one channel of an EM tape recorder, while the 
simultaneous Lx output was recorded on the other channel. 
This tape was then replayed via the U-V recording 
oscilloscope to obtain the Lx waveform and the voice 
sound level at several parts of the phonation. The 
ratio (closing time/period^') was measured from the Lx 
traces, and these values, together with the voice sound 
level are plotted for corresponding points in each pho
nation in Figure 6.16, In each case, a decrease in the 
relative closing time (resulting in more intense higher 
harmonic components) corresponded to an increase in the 
voice sound level, and.linear regression analysis was 
carried out between the two variables. There was a 
significant linear relationship (p<0.001) for each 
phonation, and the results are given in TABLE 6,4.
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p h o nati on % r LEVEL OP 
SIGNIFICANCE

A 92.4 -2.20 -0.817 <  0,001 ■
B 99.9 -1.67 -0.959 <  0.001
c 107.6 -3.01 -0.987 <  0.001

TABLE 6.4

DATA PROM LINEAR REGRESSION ANALYSIS FOR 
THE EQUATION OP THE POEM ;

T



The variation in the shape of the Lx waveform for 
phonation, C (Figure 6»16) is shown in Figure 6.17, 
with the voice sound levels being given below each 
output. It was observed that in the vmveforms 
corresponding to the higher soimd levels, the closing 
phases of the vibratory pattern were steeper than those 
in the lower sound level outputs, e.g.. compare the 
waveforms A, B and C. However, it also appeared that 
in the high sound level outputs, the peak of the Lx • 
signal became more rounded, and there was also a 
tendency to shorten the opening phase and thus lengthen 
the period of no contact, agreeing with results ob
tained by other methods by Timcke et al,(1958) and 
Flanagan (1958), and also those inferred from the 
previous experiment.
6.6 DISCUSSION

The data obtained from previous recordings 
agreed with those- reported by Isshiki (1965) and 
Perkins and Yanagihara'(1968) viz. that, in general, 
there was an increase in air flow rate with both funda
mental frequency and sound level, these data being re
corded during steady sustained phonations. The re
sults reported in this chapter for non-steady sus
tained phonations strictly applied only for the test 
subject, and then only for phonations near and above 
his noimal fimdamental frequency in chest register 
(about 150Hz). However, it was found from phonations 
in which the fimdamental frequency was maintained at a 
constant value, while the sound level was varied, that 
there existed a preferred area or locus in the SL v FR 
space, along which each phonation progressed. The 
loci for the phonations did not coincide, due to the 
many possible adjustments of respiratory and laryngeal 
musculature, but they all had the same form of equation

SI = A (1 - ke .
Phonations lying to the right of this locus in the

— 6.14- —
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SL V FR space, i.e. corresponding to greater air flow 
rates for a given voice sound level, did exist, although 
the tendency during the non-steady phonations was always 
to move towards the locus. Thus the locus represented 
a condition of maximum efficiency in terms of sound 
level and air flow rate. Less efficient' states could 
he maintained during steady sustained phonation by 
suitable muscular adjustment, and accounted for the 
earlier data in which there was no relationship between 
sound level and flov/ rate, the data points representing 
a random selection of possible adjustments. States 
corresponding to higher sound levels than the locus for 
a given flow rate did not exist in phonations in which 
the. fundamental frequency remained constant, but 
appeared to be permissible when the fundamental fre
quency was rapidly varying. This point could not be 
investigated in a similar manner^as the test subject 
could not maintain a particular sound level while vary
ing his fundamental frequency.

The variation in voies sound level was also re
lated to the vibratory pattern of the vocal folds in 
terms, firstly, of the Lx spectral gradient, and then 
in terms of the relative closing time of the vibratory 
cycle, A highly significant linear relationship was 
found between the voice sound level and the Lx spectral 
gradient, although it was likely that a much more com
plex relationship existed. In general, a decrease in 
the spectral gradient, corresponding to a relative in
crease in the intensities of the higher harmonic com
ponents, resulted in a similar trend in the voice 
spectra and an increase in the overall voice sound 
level. In this respect, the Lx acted in a manner 
similar to the laryngeal source function. The 
relationship between voice soimd level and the relative 
closing time of the vocal fold vibration v/as also found 
to be linear, with the shorter closing times corres
ponding to higher voice sound levels. Such a

- 6.15



relationship was qualitatively expected^since it had 
been shown that the closing time corresponded to the 
period of maximum excitation of the vocal tract.
However, other changes also took place in the Lx wave
form. At increased sound level, the closing time be
came shorter, but so too did the opening time, thus 
■giving a relatively longer period of no contact. Thus 
the mean glottal impedance could either be increased or 
decreased by varying the proportions of the different 
phases of the vocal fold vibration. The only satis
factory method of investigating such changes was to 
measure the subglottal pressure and floŵ  rate, cycle 
by cycle. However, the techniques of measuring sub- 
glottic pressure involve either the insertion of a 
pressure sensing balloon into the oesophagus, and 
after the correction for lung volume and thoracic 
pressure effects, the laryngeal pressure ce,n be esti
mated, or the insertion of a hypodermic needle between 
the cartilage rings and into the subglottal space of 
the larynx, and measuring the subglottic pressure 
directly. Both techniques are highly invasive to 
the subject and were beyond the scope of this thesis. 
Thus no correlations could be made between the present 
data and subglottic pressure. However, the present 
results did provide valuable information about the re
lationships governing the control of sound level by 
both air flow rate and the vibration of the vocal folds.
6.7 BUmiARY

The relationships governing the control of sound 
level were discussed in this chapter. y/hen this was 
investigated by using random steady sustained phona
tions, there was found to be no significant relation
ship between the voice sound level and the air flow 
rate. However, when phonations in which the funda
mental frequency was maintained constant while the 
sound level was allowed to vary, were investigated, a 
limiting condition was found, which could be con
sidered to consist of states of maximum efficiency for



these variables. Although staites of lower effi
ciency were permitted, states corresponding to a 
greater sound level at a particular air flow rate 
than that of this locus, were not found in this type 
of phonation. The equations of these loci all took 
the form ;

SL = A(1 - ke '™) ,
The relationship between voice sound level and 

the vibratory pattern of the vocal folds was also 
investigated. Linear relationships were found be
tween the voice sound level and the Lx spectral gra
dient, and also between the voice sound level and 
the relative closing time of the vocal fold vibration, 
Both of these relationships reflected that a relative 
increase in the intensities of the higher harmonic 
components in the Lx spectra resulted in a similar 
trend in the voice output spectra, and also an in
crease in voice sound level. Thus the Lx was again 
acting in a fashion similar to the laryngeal source 
function.

- 6.17
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CHAPTER 7. A STUDY OF THE ELEGTRQLTYOGRAPHIC ACTIVITY
OP THE LIP I'.iUSCULATURE.

7.1 IHTRODÜCTIOH.
In the previous chapters of this thesis, the 

role of air flow rate and the vibratory pattern of the 
vocal folds has been discussed and related to the final 
voice output in terms of.frequency components and also 
overall sound intensity. The phonations investigated 
consisted entirely of sustained vowel sounds, although 
the experiments described in CHAPTER 6 utilised non- 
steady phonations with a view to quantifying the re
lationships between air flow rate, voice sound level 
and the vocal fold vibratory pattern* However, con
tinuous speech consists of rapid transitions between 
vowels and consonants, involving rapid changes in the 
adjustment of the musculature of the larynx and articu
lators , thus necessitating a fine degree of neuro-muscu
lar control. The purpose of the experiments described 
in this chapter was to investigate some of the aspects 
of muscle activity during the production of a limited 
series of simple speech utterances. "The technique in
volved measuring the electromyographic activity at par
ticular sites using non-invasive, surface electrodes, 
and interpreting the results with regard to the muscle 
structure at those sites.

Interest in the electromyographic (EMC) activity 
of the musculature involved in speech production 
originated from the phonetic theory that each phoneme 
(smallest indivisible sound in a language) had some 
corresponding invariant physiological characteristic. 
This invariant characteristic was patently not the wave
form of the acoustic signal, which was extremely vari
able, and it was suggested that each phoneme resulted 
from a particular series of neuro-muscular events. The 
most accessible muscles directly involved in speech pro
duction are those of the face and, in particular, those 
surrounding the lips. Several studies had been carried

7.1



out to investigate the EMG- activities of these muscles, 
associated v/ith specific speech gestures, but the re
sults obtained were conflicting both in terms of the mag
nitudes of the activities measured, and also in their 
general forms. However, the techniques employed in 
these studies were investigated, and it was found that 
different electrode sites and electrode configurations 
(i.e. either monopolar or bipolar) had been utilized. 
Promkin (1966) used an electrode situated on the medial 
line of the lower lip, whereas Tatham and Morton (1969) 
had used a bipolar pair of electrodes placed on the 
upper lip, but off midline in one investigation, but had 
used a monopolar electrode situated near midline and re
ferenced to an electrode placed on the nose in another 
-series of experiments (Tatham and Morton, 1973). Lubker 
and Parris (1970) had. used a bipolar electrode configura
tion on the lower lip, and to the left of midline, while 
leanderson et al (1967,1971>1972) utilized arrays of 
needle electrodes to record simultaneously from several 
specific muscle sites.

In monopolar recordings, the absolute M G  activity 
at one site is measured with reference to the activity 
at a site which is not involved in the process under 
test. In bipolar recordings, the differential activity 
between two electrode sites is measured, with both elec
trodes recording from muscles involved in the test process. 
Thus a bipolar' electrode pair measures the vector sume of 
the monopolar outputs of each electrode.

Clinical applications resulting from this type of 
study include the possible diagnosis of organic diseases 
of the nervous system which give rise, to alterations in 
the pattern of M G  activity (Leanderson et al 1970). In 
another application, the EMG output is employed to pro
duce an audio feedback signal in the treatment of stutter
ing, and the patient is encouraged to reduce the level 
of M G  activity (Guitar, 1975).

The aim of the present investigation was to record 
the M G  activity associated with a limited number of 
speech utterances, using different* electrode sites and



configurations, and to interpret the results in terms 
of the underlying muscle structure. Surface elec
trodes were used throughout^as the invasive technique 
of using needle electrodes was beyond the scope of this 
thesis. Hov/ever, the results obtained were compared 
with those of other investigators who had employed 
needle electrode recording.
7.2. RECORDING TECHNIQUE

The EMG activity was obtained from the sites under 
investigation by the use of standard silver/silver 
chloride cup electrodes, each having an active diameter 
of 5mm. The skin of the subject was suitably prepared, 
and the electrodes were attached using adhesive discs 
and filled with standard electrode jelly. The active 
electrodes were situated at the required sites on the 
vermilion border. In the case of monopolar recordings, 
the reference electrode was situated on the boney point 
of the mastoid process, this being remote from the 
muscles involved in speech production, while the ground 
electrode was always place on the forehead.

Pour biological amplifiers having identical fre
quency characteristics, namely flat in the range 1.5 - 
700Hz, were used to amplify the E1\ÎG signals, which were 
then recorded on four channels of an M  tape recorder 
(Ampex SP300). The tape recorder was run at a tape 
speed of 3.75ips (9.5 o p s a n d  thus had a flat fre
quency response in the range DC.~625Hz. The channel 
gains were set equal by using a calibration signal, and 
good electrode contact was ensured by monitoring each 
channel in turn using an oscilloscope. The voice out
put of the subject was obtained via a throat contact 
microphone and recorded on another channel of the tape 
recorder, used in the "direct” record made.

Since the musculature under investigation was that 
surrounding the lips (principally the muscle orbicularis 
qris, m. orb. oris), the speech utterances chosen were 
consonant — vowel — consonant (CVC) syllables containing 
the plosives /p/ and /b/. The main syllable used was 
/pip/, while the syllables /pAp/, /pib/, /bib/, /bip/

_  7 % -



and /bAb/ were also recorded for comparative purposes. 
The subject was required to repeat the required GVC 
utterance at 5 second intervals, using his normal voice.
7.3. ANALYSIS TECHNIQUE

The analysis system is shown schematically in 
Figure 7.1. In order to obtain a measure of the mag
nitude of the EMG activity, the EMG signal was full- 
wave rectified and integrated, and in order to remove 
the random fluctuations present between even consecu
tive utterances of the same GVC syllable, a process of 
signal averaging was employed, with the averager trigger 
signal being derived from the voice output.

The voice signal was full-wave rectified and in
tegrated, the time constant of integration being 50msec., 
and this signal was used as the input to a Schmitt 
trigger circuit. This circuit produced square output 
pulses which were used to provide the trigger for the 
signal averager. The Schmitt trigger circuit also in
corporated a variable dead-time facility during which 
it could not be retriggered. The dead-time was set 
to 4 sec., and this served as a noise rejection device, 
preventing the averager from being triggered by spurious 
noise between CVC utterances.

Since the Eî»ïG activity was initiated prior to the 
onset of the audio signal, and hence the trigger pulse, 
it was necessary to delay the EMG signal before pre
senting it to the averager. This was achieved in the 
playback mode by re-recording the EMG signal on another 
FM tape recorder (based on a Ferrograph tape deck, and ■ 
having a flat frequency response in the range LG-625 Hz.) 
and using the output of the replay head of this re
corder as the input to the integrator. A delay of 
O.45oec. was introduced when this recorder was run at 
a tape speed of 3.75ips. The EMG signal was then rec
tified and integrated (the integration time constant 
being 50msec.) and presented to the signal averager

- 7.4
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(Medelec AVM 62). Figure 7.2 shows four examples of 
the unprocessed EMG signals and integrated EMG and 
audio signals for the same GVC utterance, prior to 
averaging. The averager had a 200 point store and a 
resolution of 5msec. with a Isec. averaging time.
During analysis, the Medelec system was used in the 
^superposition" mode^ so that the outputs obtained from 
each utterance of the same GVG syllable were superim
posed and gave an indication of the variability present. 
The final averager output was recorded using a Bryans 
Auto Plotter (22000 series), which allowed averaged 
results obtained from different electrode sites to be 
superimposed.

In a preliminary series of experiments, designed 
to elicit a suitable sample size, recordings were ob
tained during which 80 utterances were made. Averaged 
outputs were obtained using different samples of 30 
tokens, and Figure 7.3 shows the results obtained for 
different samples from one such recording. There were 
no significant differences between such averages and 
those of larger sample size, and so a sample size of 30 
was chosen as producing representative results. During 
the subsequent recording sessions, the subject v/8,s re
quired to perform 40 utterances of the required syllable, 
with the initial and final 5 being discarded to avoid 
possible artifacts.

In order to obtain a measure of the variability 
present in the data which provided a single averaged 
output, several sets of rectified and integrated signals 
were displayed individually by using the Mingograf ink 
jet recorder (as illustrated in Figure 7.2), and the 
amplitudes of the main peaks were measured. The co
efficients of variations (std.dev./mean.^) were calcu
lated, and found to be in the range 13.3 - 22.1^ with a 
mean value of 18.3^

The experimental subjects were two normal speaking 
mdle subjects, aged 26 years. Although the main feature: 
of the results were similar for both subjects, there

- 7.5 -
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were some significant differences, and so the results 
for each subject are presented separately in each 
section.

In the initial parts of the study, the aims were 
to compare the activities measured from left and right 
electrode sites, i.e. to investigate if there was 
lateral symmetry, and also to compare the activities 
measured from superior and inferior electrode sites. 
These recordings were made with the electrodes connected 
firstly in the bipolar configuration (SECTION 7.4) and 
then in the monopolar one (SECTION 7.5), and the re
sults obtained using the different configurations were 
also compared (SECTION 7.6). In the later parts of 
the study, the EMG activity associated with the initial 
and final consonant was investigated, and the muscle 
groups giving rise to the activity were identified.
7.4. BIPOLAR RECORDINGS DURING THE PRODUCTION OF

THE SYLLABLE /pin/.
The surface electrodes were placed as close as 

possible to the vermilion border at the sites shown in 
Figure 7.4, and connected in the bipolar pairs 1-2, 1-3, 
2-4, and 3-4. The test syllable was /pip/, and the EMG 
activity was recorded and analysed as detailed in 
SECTIONS 7.2 and 7.3.

A typical averaged result obtained from subject A 
is shoTO in Figure 7.5. There were two main peaks, 
labelled PI and P2, in the output obtained from the 
superior eleôtrode pairs, and also a much smaller peak, 
P3, lying between them. (It was later demonstrated that 
the peaks PI and P2 were directly related to the initial 
and final consonants in the utterance (SECTION 7.7).)
The output from the inferior electrode sites showed the 
same three peaks, but PI and P2 were much smaller in mag
nitude, and P3 was the largest. A peak occurring after 
P2 was also present and was labelled P4, but the peak 
which followed P4 by about 150msec. was caused by muscu
lar readjustment well after the speech gesture had been 
completed.
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Several recording sessions were carried out, and 
the general forms of the results were as described 
above, The magnitude of each peak was measured for 
each electrode pair, and the results obtained for the 
.series of recordings are shown in Figure 7.6. The 
range of magnitudes for each peak obtained from left 
side electrode sites was compared to the range for the 
corresponding peak obtained from right side electrodes, 
using Student's t-test, and the data are presented in 
TABLB 7*1A. The data were also tested using the non- 
parametric Wilcoxon rank test, and the results were 
similar at the 0.05 level of significance. It was 
noted that there were no significant differences meas
ured for any peak, and that, as expected, there was a 
lateral symmetry in the FMO activity.

However, the data were also compared using a 
paired t-test, and in this case there were significant 
differences in the magnitudes of the activities attribu
ted to peaks PI and P2 from both superior and inferior 
electrode sites (TABLE 7.IB). This indicated that for 
these peaks there was consistently greater activity 
measured from the right electrode pairs, although the 
results from the unpaired test showed that the vari
ation resulting from different recording sessions, and 
perhaps slightly different electrode sites, nullified 
any differences in the peak magnitude ranges.

The magnitude of the peaks obtained from the su
perior electrodes were compared to those measured by the 
inferior electrodes (TABLE 7.10), and for all peaks 
which were common, i.e. PI, P2 and P3, there were sta
tistically significant differences between the ranges.

The general form of the.outputs obtained from sub
ject B are shown in Figure 7.7. Similarly to subject 
A, for the superior electrode sites, PI and P2 were the 
dominant features, with P3 being evident, but rarely 
well enough defined to be measured. There was a,lso a 
late peak present from the superior sites. The inferior

7.7
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PEAK ELECÏPOPE
PAIRS n t-

VALUE
SIONIFI-
OANCE
LEVEL

WIL-
GOXOUCOEPIU

SIGUIEI-
GAUGE AI 

0,05 LEVEL
PI 1-3/1-2 38 0.50 NS 453.5 US
PI 3-4/2-4 37 1.30 US 469.0 US
P2 1-3/1-2 38 0.38 us 444.0 US
P2 3-4/2-4 37 0.51 us 430.0 US
P3 1-3/1-’2 38 0.29 us 447.5 US
P3 3-4/2-4 37 0.76 us 365.5 us
P4 3«4/2«4 32 0.05 us 286,5 us

B„
PEMC lEpCTRÔDE

PAIRS n t-
VALUE

""3î#ïpï%"
OAUOE
LEVEL

PI 1«3/1..2 18 4.23 Go001
PI 3-4/2"4 18 4.36 c  0.001
P2 1-3/1-2 18 2.95 < 0.01
P2 3-4/2..4 18 3c75 < 0.001
P3 1-3/1-2 18 0.93 us
P3 3—4/2—4 18 1.15, us
P4 3«4/2«4 14 0.39 us

G
PEAE ELECTRODE

PAIRS n t™
VALUE

SIGUIEI-.
GAUGE
LEVEL

UIL-
GOXOU
OOEPP.

SIGUIFI-GAUGE AT 
0,05 LEVEL

PI 1-3/3-4 39 7.75 < 0.001 635»5 S
PI 1-2/2-4 36 8.28 < 0.001 558.5 S
P2 1-3/3-4 39 10,55 < 0.001 610.0 s
P2 1-2/2-4 36 8.88 <. 0.001 610.0 s
P3 1-3/3-4 39 3.79 < 0.001 321.0 s
P3 1-2/2-4 36 6* 68 < 0.001 197.0 s
TABLE 7.1

¥îÂïfïSTIGAL COMPARISONS OP PEAK MAGNITUDES POR 
SUBJECT A. (BIPOLAR COHPICrüRATIOîî)

A - LATERAL COMPARISON, B - LATERAL COMPARISON
(PAIRED DATA)

C - SUPERIOR - INPSaiOR COMPARISON.
1 - SUPERIOR: 2, 3ELECTRODES LATERAL; 4 INEERIOa
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electrodes also gave outputs having the same form to 
those of subject A, with peaks PI and P2 being much re
duced in magnitude, and P3 being the largest. Peak P4 
was also evident from the inferior sites, the nomencla
ture being the same as for subject A. However, the 
late peak observed from the superior electrode pairs 
did not correspond in time vfith the peak P4 from the 
inferior sites, and this peak was labelled P5.

The data obtained from a, series of recording 
sessions are shown in Figure 7.8, and the results of the 
statistical comparisons between the ranges of the magni
tudes of corresponding peaks are given in TABLE 7.2. In 
each case, there was found to be no statistically signi
ficant difference between the ranges in peak magnitudes 
resulting from left and right electrode pairs (TABLE 
7.2A), and when the paired t-test was carried out, only 
for P2 was there any significant difference, with the 
activity measured from the left side electrodes being 
greater than that from the right side electrode pairs 
(TABLE 7.2B), The results of the superior-inferior 
comparisons showed that for PI and P2 there was signi
ficantly greater activity measured from the superior 
electrodes. Peak P3 could not be reliably measured 
from the superior electrode results, and P5 was only 
evident from the superior recordings, while P4 was only 
present in the recordings obtained using inferior elec
trode pairs.

Thus the results from both subjects showed, as 
expected, lateral symmetry in the ranges of the mag
nitudes of the corresponding peaks, although the paired 
t-test did indicate a consistently greater level of 
activity recorded from the right side electrode pairs 
for peaks PI and P2 from subject A, However, for all 
peaks from both subjects, the magnitudes of the corres
ponding peaks obtained from superior and inferior elec
trode pairs were statistically significantly different.
7.5. MONOPOLAR RECORBINGS DURING THE PRODUCTION OF

THE SYLLABLE /ulp/.
In the previous section, there were found to be
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__,S_fi _____

PEAK ELECTRODE
PAIRS n . t— 

VALUE,
SIGNIFI
CANCE
LEVEL

WIL-
COXON
COEFF.

SIGNIFI
CANCE AT 

0.05 LEVEL
PI 1-3/1 "“2 32 0.18 NS 339.0 ' NS
PI 3—4/2—4 25 0o62 N8 152.5 NS
P2 1-3/1-2 32 lo42 NS 265.0 NS
P2 3_4/2«4 30 1.25 NS 200.0 NS
P3 3«4/2«4 30 0.45 NS 261.0 NS
P4 3-4/2-4 29 lolO NS 265.0 NS
P5 1-3/1-2 26 0.80 NS 256.0 NS

BA

PEAK ELECTRODE
PAIRS n t—

VALUE
SIGNIFI
CANCE
LEVEL

PI 1-3/1“* 2 15 0.73 NS
PI 3 “’4/2 *"4 12 1.31 NS
P2 1-3/1-2 15 3,43 C  0.005
P2 3—4/2—4 14 2.50 <  0.05
P3 3-4/2"4 14 0.67 NS
P4 3-4/2-4 14 1.11 NS
P5 1-3/1-2 9 1.58 NS

CM
PEAK ELECTRODE

PAIRS n t-
VALUE

SIGNIFI-
CANCE
LEVEL

Y/ÎL-
COXON
COEFF.

SIGNIFI
CANCE AT 

0.05 LEVEL
PI 1-3/3-4 29 3,44 <  0.005 351.5 S
•PI 1-2/2-4 28 2.43 <  0.025 310.0 S
P2 1-3/3-4 32 4.05 < 0.001 396.0 8
P2 1-2/2-4 30 5,04 < 0.001 358.5 S

..... . . .... ----

TABLE7.2
STATISTICAL COMPARISONS OP PEAK MAGNITUDES POR 

SUBJECT Bo (BIPOLAR CONFIGURATION)
B - LATERAL COMPARISON B - LATERAL COMPARISON 

(PAIRED DATA)
C - SUPERIOR - INFERIOR COMPARISON 

ELECTRODES - 1 ™ SUPERIOR; 2, 3 LATERAL; 4 INPERIOR



significant differences in the EMG activities measured 
between electrode pairs placed on the superior and 
inferior vermilion border. However, the activity 
measured by such pairs of electrodes resulted from 
the vector summation of the absolute activities mea
sured at each electrode, and the differences noted in 
the previous section reflected, to a large extent, 
differences in the EMG activities measured by elec
trodes 1 and 4 (Figure 7.4), since either electrode 
2 or 3 v/as common to each pair. In order to investi
gate the origin of these differences, the experiment 
described in SECTION 7.4 was repeated, but the elec
trodes were now connected in the monopolar mode with 
the reference electrode being situated on the mastoid 
process. The utterance used was the syllable /pip/.

A typical result obtained from subject A is shown 
in Figure 7.9, with labelling of the peaks being con
sistent with the bipolar ca.se. The activity measured 
from the superior electrode showed peaks PI, P2 and P3, 
with the magnitudes of PI and P2 being similar, and 
very much greater than that of P3. The same peaks 
were evident in the output from the lateral elec
trode, but PI and P2 had much reduced magnitude. The 
output from the inferior electrode shov/ed the presence 
of PI, P2, P3 and P4, with P3 being the greatest in mag
nitude, The results (mean - 1 S.D.) obtained for the 
peak magnitudes from a series of recording sessions, 
are plotted in Figure 7.10, and the results of the 
statistical comparisons between the ranges are given 
in TABLE 7.3A. The superior electrode indicated signi
ficantly greater PI and P2 activity and significantly 
less P3 activity than that measured at the other sites. 
The PI and P2 magnitudes measured by the lateral and 
inferior electrodes were not significantly different, 
but the P3 activity at the inferior site was signifi
cantly greater than at the other sites.

« 7.9 -
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SUBJECT - A
PEAK ELECTRODES 11 t-

VALUE
8IUNIEI-
CANOE
LEVEL

WIL.»
OOXONCOEEP.

SIGNIFI
CANCE AT 

Go 05 LEVEL
PI 1/4 22 4 0.96 cC 0.001 70.0 S
P2 1/4 22 8.54 < Go001 66,0 S
P3 1/4 22 22,94 < 0.001 66,0 s
PI 1/3 32 7o08 <  0,001 238,0 s
P2 1/3 32 9o87 <; 0,001 231.0 s
P3 1/3 32 2.26 <  0,05 130,0 s
PI 4/3 32 0.82 NS 175,5 NS
P2 4/3 32 1,40 NS 146.5 NS
P3 4/3 32 17o60 <  0,001 231.0 S

B, SUBJECT - B
PI 1/4 15 7c 41 <r; 0,001 10,0 S
P2 1/4 22 8,86 < 0,001 66 0 0 S
PI 1/3 32 7,43 <’ 0.001 66,0 8
P2 1/3 32 7.70 < 0,001 316.0 8
P5 1/3 21 9,24 <  0,001 55,0 8
PI 4/3 24 0,92 NS 63,0 NS
P2 4/3 32 1,54 NS 139.0 NS

TABLE 7,3
STATISTICAL COMPARISON OP PEAE !'«iGHITUK5S 
o b t a i n e d PROM DIFFERENT ELECTRODE SITES 

(MONOPOLAR 0 ONPIGURATION)
ELECTRODES 1 ~ SUPERIORS 3 ™ LATERAL; 4 - INFERIOR



Figiire 7.11 shows a typical output obtained from 
subject B, Peaks PI, P2 and P5 were present from the 
superior and lateral electrodes, with PI and P2 having 
the greatest, magiiitudes in each case. The inflexion 
present in the output from the superior electrode may 
have corresponded to a small amount of activity con
sistent with peak P3„ The recordings from the in
ferior electrode showed peaks PI, P2, P3 and P4, with 
P3 having the largest magnitude. The results for the 
peak magnitudes (mean - 18.D«) calculated for the series 
of recordings are shown in Figure 7,12 and the statis
tical comparisons are given in TABLE 7.3B, Peaks PI 
and P2 were significantly larger from the superior 
electrode than from the other two, and P5 was signifi
cantly larger from the superior electrode than from 
the lateral. There, were no significant differences 
between the magnitudes of either PI or P2 obtained 
from the lateral and inferior sites, P3 and P4 were 
only evident from the inferior electrode.

Thus, the results obtained were similar for both 
subjects, and explained the general .differences which 
had been found from the bipolar recordings,
7,6. COMPARISON BETWEEN BIPOLAR AND MONOPOLAR

RESULTS.
The results so far have indicated the form of the 

EMG activity measured at different electrode sites and 
using different electrode configurations, A direct 
comparison was carried out, where possible, between the 
ranges of corresponding peaks obtained with the elec
trodes in either bipolar or monopolar mode, and the re
sults are given in TABLE 7-4. Comparisons were made 
between the outputs obtained from the superior elec
trode in monopolar mode and that from the superior- 
lateral bipolar pair, and also between the inferior 
electrode in monopolar mode and the bipolar pair, 
inferior-lateral,

There were significant differences in the magni
tudes of PI and P2 in all cases for both subjects, and 
also for P3 (superior/superior-lateral) for subject A,
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A, SUBJECT - A

PEAK ELEOÏPODSS n t-
VALUE

8IGRIPI"
CANOE - 
LEVEL

WIL-
OOXONOOEEI'K

8IGNIPI- 
CANOE AT

0.05 LEVEL
PI 1-3/1 51 3e96 < 0.001 141.0 S
PI 4-3/4 50 3.32 < 0.005 145.0 S
P2 1-3/1 51 3.71 < 0.001 154.5 3
P2 4-3/4 50 4,22 < 0.001 136.5 3
P3 1-3/1 51 6.79 < 0.001 82.0 3
P3 4-3/4 50 0.05 N8 262.0 NS

B. SUBJECT - B

PI 1-3/1 45 3.04 < 0.005 131.0 S
PI 4-3/4 31 3.29 .< 0.005 10.0 s
P2 1-3/1 45 3.88 <: 0.001. 118.0 s
P2 4-3/4 43 6.16 < 0.001 71.5 s
P3 4-3/4 43 1.87 NS 296.5 NS
P4 4-3/4 42 0.88 NS 229.5 NS
P5 1-3/1 39 0.45 NS 258.5 NS

TABLE 7.4
STATISTICAL COMPARISONS OF PEAK MAGNITUBES 

OBTAINED WITH BIPOIAH AND MONOPOLAR 
CONFIGURATIONS.

ELECTRODES SUPERIOR LATERAL : 4 « INFERIOR



P3 (inferior/inferior/lateral) for both subjects and. 
also P4 and P5 for subject B showed no statistically 
significant differences. These results were also ex
pected on the basis of vector addition, e,g. in general 
if a peak had a contribution from both electrodes con
nected in the bipolar mode, then the peak magnitude 
would be different to that measured from either elec
trode connected in monopolar mo'de. Similarly, if a 
peak had a contribution from only one electrode of a 
bipolar pair, then the other electrode acted as the 
reference electrode, and the configuration was basically 
monopolar for the activity corresponding to that peak. 
Thus great care must be taken, when comparing data 
from different studies, that the electrode configu
rations are similar,
7.7. ACTIVITY ASSOCIATED WITH IhlTIAL AND PINAL

COhSQNANT~ ^
The forms of the magnitude of EMG- activity 

associated with different electrode sites, superior and 
inferior midline and also lateral, during the utterance 
of the syllable /pip/ have been discussed. In order 
to associate with particular parts of the utterance 
the EMG activity giving rise to the various peaks ob
served, several series of recordings were made in which 
the utterances used were /pi/ and /Ip/, i.e., in order to 
confine the labial gestures to either the initial or 
final consonant. Recordings were made in both binolari
and monopolar modes', and the results are illustrated by 
one example for each subject,

Pigure 7.13 shows typical outputs obtained from 
subject A,, with the electrodes connected in the bipolar 
mode. The. EMG activity associated with the utterance 
/pi/ consisted mainly of PI from the superior-lateral 
electrode pair, with a small contribution to P3, while 
from the inferior-lateral electrodes, PI and P3 were 
Qf similar magnitude, but smaller than that of PI

7.11
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from the previous sites. The utterance /Ip/ produced 
the large peak P2 and a smaller P3 from the superior- 
lateral electrodes, and peaks P2, P3 and P4 from, the 
inferior-lateral pair, with P2 having the greatest 
magnitude. The magnitudes of the peaks measured from . 
the utterances were very similar to those obtained from 
the composite utterance, /pip/.

Figure 7.14 illustrates the outputs obtained from 
subject B with the electrodes connected in monopolar 
mode. The utterance, /pi/, resulted in a large peak,
PI, from the superior electrode, with a small contri
bution to P2. The output from the lateral electrode 
showed peak PI to be smaller than in the previous case, 
with peak P3 being evident and larger than P2jwhich had 
approximately the same magnitude as previously,, Peaks 
PI and P3 were obtained from the inferior electrode 
site, with P3 being the larger and of similar magnitude 
to the same peak arising from the utterance /pip/. The 
utterance /ip/ produced a large peak corresponding to 
P2 from the superior electrode, with the peak, P5, also 
being present. The lateral electrode site demonstrated 
peak P2, although with a reduced magnitude, and also 
small contributions corresponding to P3 and perhaps P5.
P2 was’ the largest peak present in the output from the 
inferior electrodes, but P3 was greatly increased in 
magnitude, and P4 had replaced P5 as the peak occurring 
after P2.

These results indicated that peaks PI and P2 were 
associated with the lip closure of the initial and final 
/p/*8 respectively. P3 was present in both utterances
/pi/ and /Ip/ and could not, therefore, be directly 
correlated to either consonant. Peaks P4, and also 
P5 in subject B, were only observed during the produc
tion of /Ip/. It was probable that the peaks P3, P4 
and P5 resulted from the muscular readjustments necessary 
for the transitions from consonant to vowel, voy/el to 
ôonsonant and also those occurring after the cessation 
of the utterance.

-  7.12 -
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7.8. THE EFFECT OF PHONETIC CONTEXT ON THE 
MEASURED EI/IC ACTIVITY,

The results described in the previous section 
permitted the peaks in the EMC activity to be associ
ated. with specific events, in particular, PI and P2 
were associated with the muscular adjustments during 
the initial and final consonant, /p/, respectively.
In order to investigate the dependence of the magni
tudes of the various peaks upon the particular conso
nant or vowel sound, a limited ex]periment was carried 
out in which a series of utterances were used, i.e. 
/pip/, /p A p/, /pib/, /bip/, /bib/ and /b'Ab/. This 
allowed comparisons to be made between the bi-labial 
plosives /p/ and /b/, in various combinations with the 
vowels /I/ and /A./• The EMG activities were recorded
in both bipolar and monopolar modes, and the peak magni
tudes (mean - 18.D.) obtained from subject A are shown 
in figures 7.15 and 7.16. The forms of the outputs 
were similar in each case, and so the peaks PI and P2 
were, interpreted as resulting from the initial and 
final consonants, whether these were /p/ or /b/. The 
results from the bipolar recordings **from subject A 
suggested that the magnitude of PI was greater in the 
syllables in which the initial consonant was /p/, but 
the final consonant and central vowel sound appeared to 
have no consistent effect upon the magnitudes of any of 
the other peaks. The data for subject B (Figures 7.17 
and 7.18) demonstrated that none of the phonetic con
texts investigated produced consistent differences in 
the measured EMG activity.

The results obtained agreed, in general, with those 
reported by Fromkin (1966), and MacNeilage and De Clerk 
(1969) i.e. that the central vowel in a CVC utterance 
had little or no effect on the peak heights of the 
measured EIvIG activity, Fromlcin and Ladefoged (1966) 
and Lubker and Parris (1970) also found that the EMG 
feignal recorded from the lip musculature did not produce 
a reliable discrimination between the labial consonants

7.13 -
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/p/ and /b/* This indicated either that such a dis
crimination was not possible on the basis of EMG. 
activity, or that it was necessary in this part of the 
study to use needle electrodes to record from specific 
muscle groups, which individually might have actions 
dependent on the phonetic context.
7.9. THE MUSCLE ORIGINS OF THE MEASURED

EMG ACTIVITY.
The EMG activity of the lip musculature has been 

studied during the production of CVC utterances using 
surface, electrodes placed at fixed sites on the ver
milion border, i.e. superior midline, inferior midline 
and lateral, and basic differences in the forms of the 
outputs recorded from these sites have been found.
Since the surface electrodes recorded from finite 
volumes of muscle tissue surrounding each site, and not 
merely from a single or small group of motor units as 
would be the case with needle electrodes, the differ
ences in the measured EMG activities reflected differ
ences in the underlying muscle structure, i.e. the sur
face electrodes not only recorded activity from the 
muscle orbicularis oris (m.orb.oris), but also from 
soma of the other facial muscles which were used to 
control lip movement. The study was extended to in
vestigate whether it was possible, using different 
arrays, to map out spatially the regions of origin of 
the EMG activity giving rise to the various peaks, 
and from a knowledge of the facial muscle structure, 
to be able to attribute these peaks to particular 
muscle groups.

The superior and inferior portions of the lip 
musculature were investigated using the electrode 
arrays shown in Figure 7.19 A and B respectively. The 
electrodes were always connected in monopolar mode, and 
the utterance used was /pip/. The subject was photo
graphed at each recording session, and the position of 
each electrode was expressed as a percentage of the

7 . 1 / 1  -
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midline - lateral distance of the vermilion border, 
with 0̂ 0 representing midline and 100/' the furthest 
lateral extremity.

The spatial distributions obtained for peaks PI - 
P4 from subject A are shown in Figure 7.20. The PI 
activity measured from the superior sites had a maxi
mum magnitude at the midline, decreased steadily to a 
minimum of about half of its midline value, and then 
increased again as the lateral extremity was approached. 
The PI distribution obtained from the inferior portion 
was similar but had a consistently smaller magnitude.
The P2 activity followed very closely the spatial dist
ribution of the peak, PI. The P3 activity attained a 
maximum magnitude about midway between the midline and 
lateral extremity on the superior vermilion border and 
decreased steadily both towards Of and 10Of. The in
ferior P3 activity showed a maximum magnitude at midline 
and decreased rapidly towards the lateral extremity, 
although the magnitude was always greater than that 
measured from the superior electrodes. The P4 distri
bution on the inferior border had a maximum at, or near, 
midline, and decrea,sed rapidly to zero as the lateral 
extremity was approached.

The results obtained from subject B are given in 
Figure 7.21. The distributions obtained for PI, P2 and 
for P3, P4 on the inferior border were very similar to 
those described for subject A. There was no measur
able activity corresponding to P3 or P4 from the su
perior border, but the P5 activity was at a maximum on 
midline and decreased steadily to zero as the lateral 
extremity was reached.

The muscle groups giving rise to the above acti
vity could be identified with reference to the anatomy 
of the relevant musculature, shown in Figure 7.22 
(Gray,1973; Palmer and La Russo,1965). The superior 
midline maximum in the PI activity was due to the action 
of muscle levator labii superioris (m. lev. lab. sup.).
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This activity decreased rapidly to a minimira, hut 
then increased again as the lateral extremity was 
approached, due to the action of the muscles zygo- 
maticus major (m^ zyg. maj.) and depressor anguli oris 
(m, dep. ang. oris). ' The inferior vermilion border 
gave rise to a similar distribution of activity, with 
the midline maximum being attributed to the muscle 
mentalis (m. ment.) and a probable contribution from 
the muscle depressor labii inferioris (m, dep.. lab. inf.) 
The action of the m, orb, oris gave rise to a general 
background level of activity. The muscles giving 
rise to the peak, P2, were the same s.s described for 
PI. The P3 and P4 activities measured from the 
inferior electrode sites showed maxima due to the 
action of the m. dep, lab. inf. and probably the m. 
ment. The P3 activity obtained from the superior re
cordings of subject A reached a maximum between midline 
and the lateral extremity due to the m, lev. la.b. sup.
The m. zyg. maj. and m. dep. ang. oris possibly con
tributed to some of the activity measured at the 
lateral extremity.  ̂ The P5 activity recorded from 
subject .B was attributed to the m. lev. lab. sup. The 
differences between the outputs obtained from the two 
subjects were due to slight variations in the detailed 
structure of the lip musculature, and also to differ
ences in the phonation of the test utterance,
7.10. DISCUSSION.

The experiments described in this chapter in
volved the measurenent of the EMG activity of the lip 
musculature at a limited number of sites during the 
utterance of a CVC syllable. The results showed, as 
expected, that, in general, there was a lateral sym
metry in the outputs measured, but that the activity 
measured from the superior portion of the vermilion 
border differed greatly to that obtained from the in
ferior border. Significant differences were also ob
tained depending upon the configiA.ration of electrode
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connection, i.e. bipolar or monopolar. These factors 
combined to explain some of the contradictory state
ments in the literature regarding the form and relative 
magnitudes of the various peaks, and stressed the ne
cessity of taking great care in the' comparison of re
sults obtained from different studies. A more de
tailed study, using electrode arrays placed on the 
superior and inferior margins allowed the spatial dis
tributions of the EMG activity to be measured, and the 
muscle groups giving rise to specific activity to be 
identified.

Hov/ever, once the muscle groups giving rise to the 
activity measured in the present study had been identi
fied, it was possible to compare these results with 
those of Leanderson and his co-workers, who had used 
arrays of needle electrodes implanted directly into 
specific muscle groups. The subjects in these studies 
were required to ]phonate longer and more complex phrases 
than those used in the present investigation, but com
parisons with the activities associated with the voice
less plosive, /p/,.could be achieved. In one study 
(Leanderson et al, 1967), the EMG signals were inte
grated, but not averaged, and recordings were made only 
from inferior electrode sites. However, peaks corres
ponding to PI and P3 v/ere associated with the consonant, 
/p/. PI was present from the m. ment, and decreased 
in magnitude towards the more lateral sites (corres
ponding to the m. dep. lab. inf.) until the m, dep. ang. 
oris was reached, where it showed an increase in magni
tude. P3 was just observable from the m. ment., in
creased to a maximum at the m. dep. lab. inf., and then 
decreased to zero at the m. dep. ang. oris.

In further studies (Leanderson et al,1971; 
Leanderson and Lindblom,1972) which did not involve 
any signal processing, the activities associated with 
the m. ment., m. dep. ang. oris and m. dep, lab. inf. 
'were confirmed. Recordings were also obtained from
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the.m. orb. oris sup., m. orb. oris inf. and the m. 
lev. lab, sup. There were large amounts of activity 
measured from.the m. orb. oris sites corresponding to 
PI, and the m. lev. lab. sup. electrode demonstrated 
activity consistent with P3.

Thus, the results of the present study agreed 
well with those obtained by other investigators who 
had used more invasive te cliniques involving needle 
electrodes.
7.11. SUMMARY.

The technique of recording EMG signals was des
cribed, and the analysis procedure involving signal 
averaging was discussed. The recordings obtained 
during the repeated utterance of the syllable /pip/ 
were used to confirm lateral symmetry in the EMG 
activity, and to demonstrate the differences due to 
electrode position and also the configuration of elec
trode connection, i.e. bipolar or monopolar. The 
peaks in the activity measured were associated with 
the corresponding consonant of the CVC syllable or to 
muscle re-adjustments arising from CV or VC transi
tions. No consistent changes could be related to 
contextual effects when either the consonants /p/ and 
/b/ were interchanged, or the vowels /!/ and / A /  were 
alternated. Arrays of electrodes situated on the 
superior and inferior vermilion borders were used to 
provide the^spatial distributions for the EMG activity, 
and these were used to identify the muscle groups 
giving rise to the measured activity. The results 
agreed very well with those of other experimenters, 
who had used the invasive technique involving the use 
of needle electrodes.
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CHAPTER 8. REVIEW
It was stated in CHAPTER 1 that speech formed the 

basis of man's ability to communicate, and that im
pairment of this function might lead to serious conse
quences for the subject, either clinical, social or 
economic. The department, within which the work de
scribed in this thesis was carried out, had between 
200 and 300 new referais each year, with the number 
showing a steady increase. The majority of these 
cases arose from vocal misuse, sometimes accompanied 
by psychogenic factors, v/hile others were caused by 
neurological or respiratory disease or carcinogenic 
involvement etc. Although some of these conditions 
required surgical intervention, the majority could be 
successfully treated by non-invasive techniques once 
the diagnosis and initial assessment had been carried 
out. However, the standard assessment consisted mainly 
of the visual inspection of the patient, with the result 
that it was entirely subjective and thus, unsatisfactory, 
as it gave little indication of the appropriate course 
of treatment. One of the aims of the work of this 
thesis was to provide an objective method of assessing 
vocal function, and the development of such a technique 
was described in CHAPTER 3.

The objective assessment was based on aerodynamic 
measurements and was divided into two series of tests^ 
(ICelman et al, 1975). The first series measured the 
variability in a subject's respiratory pattern during 
a period of quiet respiration, and the results obtained 
from a control group of subjectively normal subjects 
were compared to those from a group of dysphonie patients 
It was found that the dysphonie group showed greater 
variability than the control group, and, on the basis of 
a comparison between the groups, statistically signifi
cant "limits of normality" were calculated.

The second series of tests consisted of measuring 
air flow parameters while the subject sustained the 
vowel /a/. A normal range for the value of the mean
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flow rate was obtained, and this agreed with results 
reported by Isshiki (Isshiki and Von Leden,1964). The 
variation of flow rate v/as estimated by calculating the 
parameter (mean flow rate/peak flow rate), and by the 
comparison of the data obtained from the control and 
dysphonie groups, a ."limit of normality" was calculated. 
The volume of air expired during the phonation (phona
tion volume) showed a close correlation with the sub
ject's vital capacity, and, using the data obtained 
from the control group, a "region of normality" was de
fined on the graph of phonation volume versus vital ca
pacity. Since the air used during phonation was highly 
dependent on the vital capacity, it was necessary to in
vestigate whether the measured vital capacity was as large, 
as would be expected on the basis of the subject's physi
cal characteristics. This was achieved by calculating 
the expected vital capacity for each subject using 
Baldwin's Formulae and obtaining the "limit of normality" 
for the ratio - (measured vital capacity/Baldwin's vital 
capacity).

Thus each series of tests consisted of the measure
ment of four parameters, the values of which were com
pared to the limits obtained by the statistical com
parison betv/een the data of the control group and those 
of the dysphonie group. A score of 1 or 0 was assigned 
to each test result which lay outwith or within the pre
scribed "limit of normality", and the total scores showed 
a close correlation with the results of the standard sub
jective assessment. However, the results of the objec
tive assessment gave a quantitative measure of the de
gree of abnormality for each subject, and also indicated 
which aspect of treatment would be most appropriate, e.g. 
correction of the quiet respiratory pattern, control 
over air flow rate during phonation or increase in the 
vital capacity and air used for phonation. The record
ing session could be rapidly carried out (about 30 mins.), 
'and the technique was totally non-invasive to the sub
ject. The degree of patient co-operation required was
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minimal as the phonation was sustained at the subjec
tively "normal" fundamental frequency, and at a "com
fortable" sound level.

The "limits of normality" were calculated by 
firstly showing that the results obtained from both 
groups were highly significantly different, by using 
the CHI technique (APPENDIX 1), and then optimising 
the limit value to allow for a "level of about 10^ for 
the mmber of false positive diagnoses (i.e. "normal" 
subjects who would be classified as "abnormal"). Thus 
the limits were, to some extent, dependent upon the dis
tribution of results of the dysphonie subjects. If the 
number of subjects in the control group was considerably 
increased, it might be possible to fit the distribu
tions of the results obtained with known, statistical 
distributions and, thus, to obtain statistical limits, 
®*g* 955̂  limits, which would be totally independent of 
the results from the dysphonie group. This was not 
feasible in the present investigation. However, the 
assessment, as described in CHAPTER 3, is carried out 
routinely for every patient referred to the speech 
therapy department, and the results are proving of great 
benefit to patient management.

The frequency analysis of vowel sounds was des— 
erioed in CHAPTER 4, and the role of formants in vov/el 
recognition discussed. The classification of hoarse
ness suggested by Yanagihara (196?) was explained. This 
was based on the presence of random noise components in 
the spectra of vowels phonated by subjects who were sub
jectively described as hoarse, and the intensity and 
frequency of these components indicated the degree of 
severity of hoarseness. A group of 85 dysphonie sub
jects was classified according to this system, and the 
results obtained were compared to those obtained by 
using the aerodynamic assessment. A highly signifi
cant correlation (p^c 0.0005) was found between the re
sults of the assessments. However, the analysis of 
the aerodynamic measurements was" more easily carried 
out, and the results were of immediate clinical value,
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as indicated above, whereas the frequency analysis 
was much more time consuming, and the clinical inter
pretation of the results was very difficult. The use 
of this technique to provide a routine clinical assess
ment was not practicable.

Although this was the case, the frequency spectra 
which were obtained in the course of the investigation 
illustrated the spectral correlates of several types 
of abnormal vocal function, e.g. pitch breaks, voice 
breaks, modulations in fundamental frequency and inten
sity, and, in particular, the presence in many spectra 
of sub-harmonic frequency components. These were 
found to be not uncommon in the spectra obtained from 
dysphonie subjects and indicated the non-linearity of 
the voice production mechanism. The origin of such 
components was investigated and was reported in 
CHAPTER 5.

In CHAPTER 5, the non-invasive laryngograph tech
nique was used to study the vibratory pattern of the 
vocal folds. Since the development of this technique 
was comparatively recent, it was essential initially 
to obtain normative data before the technique would be 
of clinical use. The lengths of the different phases 
of the laryngograph (Lx) waveform were measured, and it 
was found that the closing time was always much shorter 
than either the opening time or period of no contact, 
typically being less than 20^ of the period. The 
closing time corresponded to the period of maximum ex
citation of the vocal tracts

The build up of vocal fold vibration during the 
initiation of phonation was studied, and it required 
up to about 16 cycles until a steady amplitude of vi
bration was obtained. It was demonstrated that male 
subjects required a longer time to attain a steady vi
bratory pattern than females, this being attributed to 
the vocal folds of males being more massive, with lower 
natural frequencies of vibration and thus having longer 
periods. In the majority of cases studied, the phona
tions were initiated and maintained at the same



.

fundamental frequency, indicating that the vocal fold 
adjustment did not depend solely upon feedback via the. 
auditory pathv/ay, but that other control systems were 
also important..

A study of the frequency spectra of both simula
ted and real Lx waveforms revealed the importance of 
•the length of the closing time (CL.T.) of the vocal 
fold vibratory pattern to the resultant spectra. The 
general shape of the spectra could be described by a 
logarithmic relationship of the form : '

(1(f) = intensity of 1(f) ~ m . In f -f 0  ̂harmonic component
of frequency f )

so that the parameter a = m In 2 (db/octave) could 
be used to define the spectral gradient and also be 
independent of frequency. The value of a was found 
to be. relatively independent of the opening time (O.T.) 
over the relevant range of values, but to be dependent 
on the closing time, and the value of the closing time 
could be estimated from a knowledge of the spectral 
gradient. However, the envelope curve of the spectral 
gradient was not monotonie, but consisted of a series 
of maxima and minima, giving the curve fine structure. 
It was predicted from the analysis of asymmetrical tri
angular waveforms and confirmed by experiment, that the 
closing time could also be predicted from a knowledge 
of the fine structure from the relationship ;

CL.T. = i/
where; p/ = frequency of the first; subsidiary minimums 

The value of the closing time is thought to be of 
clinical significance, especially in some cases of 
vocal misuse in which the vocal folds are considered to 
close too rapidly, leading to irritation at the points 
of contact and the development of nodules etc. How
ever, such measurements should be combined with aero
dynamic measurements and this aspect was beyond the 
scope of this thesis.

The frequency spectra obtained from dysphonie
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subject were studied, and abnormal components in voice 
output were found to have correlates in the Lx spectra. 
This was especially true for subharmonic components, 
proving that such components originated from the vi-' 
bration of the folds* This was investigated further 
and was found to be caused by a regular amplitude 
modulation in the Lx signal and therefore in the area 
of. contact of the folds. This-was interpreted as re
sulting from an asymmetrical adjustment between the 
folds and perhaps even in the folds having slightly 
different vibrational frequencies. The extreme case 
of a subject with a unilateral vocal fold paralysis 
was used to illustrate a simple model of the folds, 
and predict the variations in Lx output which were ex
perimentally observed.

The relationship between sound level, air flow 
rate and the vibratory pattern of the vocal folds 
during a sustained phonation, were discussed in,CHAPTER 6. 
Phonations sustained at constant fundamental frequency 
and sound level could be maintained over a very large 
range of flow rates, and produced no significant re
sults. However, v;hen the sound level was deliberately 
varied, v/hile the fundamental frequency v/as still main
tained constant, a relation of the form :

SL = A (1 - k e 
waS' found to exist between the sound level (SL) and 
air flow rat,e (PR). The interpretation of this type 
of curve was that it represented an equilibrium locus 
for the type of phonation under study. Phonations 
could be initiated at a point some distance from this 
curve, in the sound level versus flow rate space, but 
the locus was always approached as the phonations con
tinued. This curve also served as a lower limit of 
air flow rate which could maintain a particular sound 
level, and in that sense also represented a locus of 
maximum efficiency in terms of air flow rate. Hov/- 
ever, in practice, this locus may not correspond to
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maximum: efficiency when the vocal fold vibratory 
pattern and its consequences in terms of fold path
ology are considered.

Data points in the sound level versus flow rate 
space corresponding to sound level values greater 
than those of-the locus were only found during periods 
of rapidly varying fundamental frequency, and may have 
arisen entirely from such effecfs. A detailed study 
involving the effect of fimdamental frequency was not 
possible because of the difficulty in controlling 
this parameter.

Variations in the vocal fold vibratory pattern, 
especially in the closing time, and hence the spec
tral gradient, correlated well with changes in soimd 
level and air flow rate, and indicated the fine control 
which existed in the relationship between these para
meters.

The important: factor which it was not possible 
to measure- during these investigations- was the sub- 
glottic pressure. The techniques for measuring this 
parameter involve either the use of a tracheal puncture 
to sense the pressure directly, or the use of an 
oesophageal balloon which, after correction, permits 
the tracheal pressure to be estimated. Both tech
niques were considered to be too invasive and were not 
used in the work described' in: this thesis.

The electromyographic (EMG) activity associated 
with the lip musculature during the phonation of a 
consonant-vowel-consonant utterance was studied, and 
the results presented in CHAPTER 7* Surface cup elec— ■ 
trodes were used in the investigation. In general, if 
was found that there was lateral symmetry in the activity 
measured, whereas the activity measured from the su
perior and inferior electrode sites were significantly 
different. (Kelman and Gatehouse,1975)• The measured 
activities were highly dependent upon the electrode 
configuration, i.e. bipolar or monopolar, (Gatehouse 
and Kelman,1976). The use of monopolar electrode 
arrays allowed the activity associated with various



muscle groups to be identified (Kelman and Gatehouse, 
1976), and the results showed close agreement with 
those obtained by other investigators who had used 
needle electrodes. The discrepancies in the data 
reported by some experimenters in the forms of the 
outputs obtained during the phonation of the same 
utterance were also explained. Different electrode 
sites and configurations had been used, and thus re
cordings had been obtained from different, muscle 
groups.

M G  recording is an important tool in phonetic 
and physiological research, and it is important to 
use non-invasive techniques wherever possible. The 
use of such recording techniques may have clinical 
value in determining laterality or cerebral dominance 
in neurological cases, but such studies remain to be 
carried out. The lip muscle M G  activity is already 
being used to provide an auditory feedback in the 
treatment of stammerers, and it is therefore important 
to be aware of the activity expected at particular 
muscle sites and also, its reproducibility.

The study of voice pathology is of relatively 
recent origin, although some of the techniques used 
have been available for many years. The aims of the 
work described in this thesis were to add to the under
standing of the voice production mechanism, which 
would, in turn, provide an insight into pathological 
conditions, and also to use modern technology to pro
vide objective means of assessing vocal function.
This should aid in the management of such diseases.
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APPENDIX 1
Àl.lo ESTIMATION OP OPTIMAL LIMITS OP NOEMADITY

Consider two groups of subjects (l and 2) 
having N^ and N^ '̂ lembers respectively, with 
N = N-̂  •!- Np,« Assume that each group can be 
classified into two subgroups according to the 
criterion A (and also- NOT A, and define B = NOT A), 
and that the numbers in each subgroup are as shown 
in TABLE Alol* It is desired to test the Null Hypo
thesis that both groups belong to the same popula
tion, If this were true, then the proportion of 
each group being classified according to A would be 
the same (within statisticad limits).. This is apBinomial problem, but the CHI" distribution can be 
used tO' test the significance of the differences ob
tained in the proportions-, once criterion A has been 
applied. It is necessary to apply Yates* correction 
to allow for the fact that the Binomial distributionpis- discrete-, whereas the CHI distribution is con
tinuous (Moroney,1970)o If the numbers given in
TABLE Alol already incorporate Yates* correction,9then the CHI"* value is given by ;

9 (”la - ^2h -" "2a ' ). W
. 1̂-2 • Ka • h

with 1 degree- of freedom. The Null Hypothesis must 
be rejected at the appropriate level of significance 
if this value exceeds that obtained from tables of 
the CHI^ distribution.

In the part of the present investigation des
cribed in CHAPTER 3, the two groups were the control 
group and the dysphonie group, and the criterion A 
was that ’*a given parameter had a value less than a
limit, L,*' Then, for a range of values of L, the 

2CHI value was calculated and plotted against L, as
shovm in Figure Alhi. The Hull Hypothesis, that
both groups came from the same population, had to be
rejected most strongly at the value of L correspond-

2ing to the maximum value of 'Xh. lîowever, if



CRITERION A CRITERION B 
(=NOT A) TOTALS

GROUP 1 l̂a. "lb "la "lb

GROUP 2 ^̂ 2a "2b ’■'’2 “2a + “2b

TOTALS ®b““lb'*'"2b N = R.| -1- Np

TABLE Al.l

RESULTS OF DIVISION OF TWO GROUPS 
ACCORDING- TO CRITERION A



CHI

Grap}a of CHI^ value v limit value used 
for testing criterion A.



statistical significance was set at a particular 
level, corresponding to a value, , then
the Null Hypothesis was rejected for all values of 
L in the range < K L ^ y  and the most appropriate 
value of L selected with regard to other features 
of the investigation, e*g, the number of false nega
tives or false positives with which the clinical
situation could cope^ Thus, this techniaue used ?the CHI' coefficient as a variable with which to 
scan for the most appropriate value of the limit, L, 
at a given level of statistical significance, (Kirk, 
1975),
A1.2 TEST OP INDEPENDENCE USING A OONTINGEHCY TABLE.

Suppose that a group of N individuals can be 
classified according to two criteria, X and Y, and 
that there are r classes in X and s classes in Y. It 
is desired to test the Null Hypothesis that the classi
fications X and Y are independent. Let the data be 
plotted on a r x s contingency table, with the number 
of individuals belonging to class and also y . 
being denoted by n .. (TABLE A1.2).'X J
Thus N --

i, Ü
Let the total number of subjects belonging to class

T . , and the number belonging to y . be T A.L J y j
where-; T = h  , n., .

and T ^ .
i

An "independence value" can be calculated for each 
cell (i,j)o This represents the number of indivi
duals which would be expected in each cell if the 
criteria are independent. Let the independence

A1.2



YX ^2 ^3 TOTALS

^1 ”■11 ”12 ”13 — ”ls '̂xl

^2 ”21 ”22 ”23 ”2 s

^3 ”31 ”32 ”33 — ”3b '&3
1
l ; 1)

t \) ;

%r ”rl ”T2 ”r3 ^T8 T"xr

TOTALS m,yi Ty2 h 3 T"ys N

TABLE Al.2
r X s CONTINGENCY TABLE FOR THE TV/0 

CLASSIFICATIONS x M B  y.



values be denoted by The fraction of the
total group belonging to class is T ./N, and 
this applies for any si%e of population. In par
ticular, it applies to a population of size 
where the expected number also belonging to class 
Xj is (Garret,1967)» Thus, for all
i, j : m m

N. . = xi " yj
pThe CÎ-ÏI ‘ coefficient is given by :

^2 _ _ X 7 h.i -

h - A  N . .

with (r - 1),(8 - 1) degrees of freedom. If theocalculated OHI'̂  value exceeds that obtained from 
tables for the reciuired number of degrees of freedom 
and significance level, then the Null Hypothesis, 
that the classifications are independent, must be 
rejectedo
The contingency coefficient is calculated from

C

However, the standard error in C is complex, and 
the most satisfactory method for testing the sign! 
ficance of a correlation is to test the 7(̂  value, 
and this measure, was used throughout the work 
described in this thesis.
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APPENDIX g - COMPUTER PROGRAMS. 
A2.1 RESPIROMETRY PROGRAM

Step Prog*code Key
000 04 08 MARK
001 10 00 1000002 04 12 WR oC
003 12 00 PRINTER ON
004 01 08 cr/lf
005 01 03 Ü/C
006 01 04 I
007 02 06 N008 02 07 T
009 01 14 V010 01 02 L/Coil 04 13 END
0X2 07 00 0
013 04 00 ST.DIR.
014 00 05 REG.5015 00 01 SR 0001016 00 02 SR 0002
017 07 01 1018 07 06 6
019 07 12020 07 00 0021 00 03 SR 0003022 04 12 WR cx:
023 01 03 Ü/G
024 02 05 E
025 02 15 X026 02 07 T
027 01 14 V026 01 02 L/C
029 04 13 END (X
030 00 01 SR 0001
031 00 02 SR 0002032 07 01 1
033 07 06 6
034 07 12 g
035 07 00 0036 00 03 SR 0003
037 04 12 WR oc038 01 03 u/c
039 02 07 T040 01 04 I
041 01 15 M
042 02 05 E
043 01 01 S
044 01 02 L/C
045 01 08 CR/LF046 04 13 END ̂
047 07 00 0
048 04 04 ST,DIR,
049 00 01 REG .1050 04 04 ST.DIR.

7T-

INSPIRATION 
TIDAL V'OL. 
OALOS.(II

EXPIRATION 
TIDAL VOL. 
CALCS.

SD/M#: LIMIT

PERIOD AND f 
INSPIRATION TII 
GALOS,

A2.1



Stop Prog.code Key
051 00 02 REG,2
052 04 04 81.DIR.
053 00 03 REG,3054 04 04 ST0DIR,
055 00 06 REG.6
056 04 04 ST,DIR.
057 00 07 REG.7058 04 08 IvIARK
059 15 03 1503060 05 15 STOP
061 04 11 WR062 01 02 FORMAT063 06 04 t064 04 11 WR
065 15 02 2 SP.066 05 15 STOP
067 04 11 WR068 01 02 FORMAT
069 04 00 4- DIR,
070 00 01 REG.l
071 06 03 •r079 07 13
Ô73 04 00 4- DIE,
074- 00 02 REG. 2
075 07 01 1
076 04 00 4- DIR.
077 00 03 REG.3078 06 05 4/079 04 12 WR
080 07 02 2
081 04 00 4- DIR,
082 00 06 REG, 6
083 07 13 %
084 04 00 4- DIR.
085 00 07 REG.7086 04 07 SEARCH
087 15 03 1503068 04 08 MARK089 07 01 1
090 04 12
091 01 08 CR/LF
092 01 03 u/c
093 00 05 p
094 02 05 E
095 01 13 H096 01 06 c
097 01 02 I/C
098 04 13 END^
099 00 02 SR 0002
100 07 01 1
101 07 04 4102 07 12
103 07 00 0
104 00,03 SR 0003

INPUT •
INSPIRATION T i œ

INPUT PERIOD
i

SD/M/ LIMIT FOR 
PERIOD:

A2.2



Step Prog.code Key
105 04 12 WR
106 01 03 ■ U/C
107 03 05 fo108 00 02 SP
109 01 04 I
110 02 06 N111 00 02 SP
112 02 07 T
113 01 02 L/C
114 01 08 CR/LF
115 04 13 END vC
116 07 01 1
117 04 on DIR,118 00 03 REG, 3
119 04 05 RFC0DIR,120 00 06 REG,6
121 04 04 ST.DIR,
122 00 01 REG.l123 04 05 REG.DIR.
124 00 07 REG. 7
125 04 04 ST.DIR.126 00 02 REG. 2
127 00 02 SR 0002128 07 01 1
129 07 04 4130 07 12 ®
131 07 00 0
132 00 03 SR 0003
133 04 12 WR cx.
134 01 03 u/o
135 02 07 T
136 01 09 0
137 02 07 T138 01 02 L/C
139 00 06
140 04 13 ENDcY
141 01 05 REG.DIR.142 00 05 REG. 5143 04 11 WR
144 01 01 FORMAT
145 07 00 0146 04 04 ST,DIRc
147 00 05 REG,5148 04 12 WR cx:
149 01 08 CR/LF150 01 08 CRy'̂ LF
151 01 03 u/c152 01 01 s
153 00 14 F
154 01 14 V
155 02 12 G156 01 02 L/C
157 on 06 rï
158 04 13 END ̂

m/wf.- LïLîiT poa
f IWSP. l’IKHi

SPOHE Fpl{ QUIET
r e s p i r a t i o n'

\L
fh

OALC.MEASURED 
VIT.“CAP,

A2»3



step Prog.code Key
159 07 12160 07 08 • 8
161 07 02 2
162 07 06 6
163 06 04 t
164 04 04 ST.DIR.
165 00 00 REGoO166 05 15 STOP
167 06 02 X168 04 11 WR
169 02 02 FORMAT170 04 11 WR171 15 04 4 SP172 04 12 WR
173 01 03 U/O
174 01 14 V
175 02 12 6176 01 02 b/C177 00 06
178 04 13 END
179 05 15 STOP180 06 02 X181 06 05 i182 04 CM ST,DIR,183 00 01 REG el
184 04 11 WR
185 02 02 FORMAT186 04 12 WRc<
187 01 08 CR/LF188 01 03 U/C
189 01 12 A
190 00 15 G-
191 02 05 E
192 01 02 L/C
193 ■ 00 06
194 04 13 END <<195 05 15 STOP196 04 11 WR
197 02 00 FORMAT198 04 04 ST.PIR.
199 00 02 REG. 2200 04 11 WR
201 15 04 4 SP202 04 12 WR c<
203 01 03 U/C
204 02 01 H
205 02 07 T206 01 02 L/C207 00 06 E2
208 04 13 END
209 05 15 STOP210 04 11 WR~i 02 00 FORMAT212 04 04 ST.DIR,
213 00 03 REG.3214 04 11 WR

INPUT SCALE FACTOR 
FOR VIT.CAP. DATA

INPUT VAT,CAPA

INPUT DATA FOR CALC 
OF "BALDWIN'S"
VIT.CAP.

INPUT ACEI

INPUT HEIGHT

VIZ!, 4



Step Prog . code Key
215 15 06 6 SP
216 04 12
217 01 03 U/C218 02 00 B
219 01 14 V
220 02 12 C221 01 02 L/C
222 00 06 -
223 04 13 END oC
224 05 15 STOP
225 04 08 MARK226 07 02 2
227 07 02 2226 07 OS 8
229 04 12 ) “Î230 04 05  ̂ • -!■ K y  /231 04 02 X DIR.
232 GO 02 EEC c 2
233 07 12
234 07 00 0
235 07 07 7236 07 00 0
237 07 01 1
238 07 08 8
239 06 04 t240 04 05 EEC,DIR.
241 00 02 REG.2242 06 01
243 04 07 SEARCH
244 15 1515
245 04 08 MARK
246 07 03 3247 07 02 2248 07 06 6
249250 04

04
12
05 < f 105J251 04 02 X BTR.

252 00 02 REG 2
25^ 07 12 (9

254 07 00 0
25: 07 05 5256 07 05 5
257 07 03 3258 07 02 2
259 06 04 t260 04 05 EEC.DIR,261 00 02 REG, 2262 06 01
263 04 08 MARK
264 15 15 1515265 04 05 RED.DIR.266 00 03 REG.3

MALE SUBJECT

FEMALE SUBJECT

CALC. OF B.V.C

A2



Step Prog® code Key
267 06 02 X
268 06 05 4/
269 04 11 WR
270 01 02 FORMAT
271 04 11 WR
272 15 06 6 SP
273 04 12 V/Rcc
274 01 03 U/C
275 01 14 V
276 02 12 0
277 01 02 L/C278 00 09 /279 01 03 Ü/ 028n 02 00 B281 01 .'14 V282 02 12 f;
283 01 02 L/C
284 00 06
285 04 13 END286 04 15 REG. y
287 00 01 RECt s .L288 06 03 I..
289 06 05 4/290 04 11 WR291 01 02 FORMAT
292 04 11 WR
293 15 04 4 SP294 04 12 WR o(
295 01 03 U/C296 01 01 3
297 02 12 0298 01 02 L/C
299 00 06
300 04 13 END (X
301 07 12 p
302 07 07
303 06 06
304 00 03 SR 0003305 04 08 MAIUC306 07 04 4307 04 12 WR (X308 01 08 CR/LF309 01 08 CR/LF310 04 13 END
311 04 11 WR312 15 15 15 SP313 04 12 WR o<
314 01 03 U/C
315 00 05 p316 02 01 n
317 02 07 T318 04 13 END
319 04 11 WR

v_
A

CALC. VC/%.G

LIMIT FOR YC/SVOI
A

A2.6



Steri Prog.Code Key
320 15 08 8 SP
321 04 12 WR c<
322 00 05 P
323 02 01 H
324 01 14 V
325 04 13 ENDc<
326 04 11 WR
327 15 07 7 SP328 04 12 WRo<
329 01 15 M
330 00 14 P
331 01 13 R •
332 04 13 ENDcX
333 04 11 WR
334 1 5 03 8 SP
335 04 12 WR tX'
336 00 05 i-
337 00 14 F
338 01 13 R
339 04 13 ENDcf
340 04 13 WR
341 15 10 10 SP
342 04 12 WR «X
343 01 15 M
344 00 14 F
345 01 13 R
346 01 02 I/O
347 00 09
348 01 03 U/O
349 00 05 p
350 00 14 F
351 01 13 R352 04 13 E N D X
353 04 11 WR
3'54 15 07 7 SP
355 04 12 WR c<
356 01 14 Y
357 01 14 Y358 01 04 1
359 01 02 L/C360 01 08 CR/LF361 04 13 END X
362 04 08 MARIT
363 07 05 5
364 04 12 WR X
365 01 08 CR/LFu/c366 01 03
367 02 06 N368 00 05 P
369 01 02 L/C
370 04 13 END X
371 00 04 SR 0004
372 04 07 SEARCH

THON. HEADINGS

V„
A

HEADING- NP

A2 0 7



Step Prog.Code Koy
373 15 13 1513374 04 08 MARK
375 07 06 6376 04 12 V/RX
377 01 08 CR/LP
378 01 03 Tj/O
379 02 01 H
380 00 05 P
381 01 02 D/G
382 04 13 END X
383 00 04 SR 0004
384 04 07 SEARCH
385 15 13 1513386 04 08 MARK387 07 07 7388 04 12 WR X
389 OJ 08 OR/LP
390 01 03 Tj/C
391 02 09 L
392 00 05 P
393 01 02 L/C
394 04 13 END X
395 00 04 SR 0004396 04 08 MARK
397 15 13 1513398 04 12 WR X
399 01 04 i400 04 13 END X401 04 11 WR
402 15 13 13 SP
403 00 05 SR 0005404 04 12 WR X
405 02 05 e406 02 01 h407 04 13 END X408 04 11 WR
409 15 12 12 SP410 00 05 SR 0005411 04 12 WR X.412 01 12 a
413 04 13 ENDX
414 04 11 WR
415 15 13 13 SP416 00 05 SR 0005
417 05 15 SÏOP418 04 08 MARK
419 07 08 8420 04 12 WR X421 01 03 U/O422 00 06 p423 02 01 K
424 01 14 V
425 01 02 L/C

hA

HEADING HP
i

t
HEADING DP

t

l’HOÎT. DATA POE 
VOïVEDS
/i/,/£/, /a/.

Y
7\

A2.8



Step Prog,. Code Key
426 04 13 E N D X

427 04 05 RFC.DIR,428 00 01 REG.l
429 04 15 REC.Y
430 00 06 REG.6
431 06 00 4-
432 07 03 3
433 07 12
434 07 05 5
435 05 07 SKIP Y
436 04 07 SEARCH
437 15 11 1511438 04 15 RFC, Y
439 00 01 REG.l
440 07 01 1
441 06 01
442 07 12
443 07 06 6444 07 05 5
445 06 02 X446 04 05 REC.DIR.
447 00 06 REG,6448 05 07 SKIP Y K
449 04 07 SEARCH450 15 10 1510
451 04 08 MARK
452 15 11 1511
453 07 01 1
454 04 00 + DIR.
455 00 05 REG,5456 04 07 SEARCH
457 15 09 1509458 04 08 MARK
459 15 10 1510460 07 00 0
4SI 04 00 4  DIR.
462 on 05 REG, 5463 04 08 MARK
464 15 09 1509465 00 06 SR 0C06466 04 11 WR
467 15 04 4 SP468 04 12 W R X
469 01 03 H/C

M470 01 15
471 01 02 L/C
472 00 09 /473 01 03 U/C
474 00 05 P
475 01 02 L/C
476 04 13 END X
477 04 15 REG.Y

CALC, 0? TEST 
SCORE FROM .P.:LV 

AREA OF 
NORMALITY

V

A

CALC.OF TEST 
SCORE FOR k/P

A2,9



step Progo Code Key

478 00 07 REG.7479 07 12480 07 06 6481 07 05 5482 05 07 SKIE'
483 04 07 SEARCH
484 15 08 1506485 07 00 0486 04 00 4 LIE.
487 00 05 REG.5488 04 07 SEARCH
489 15 07 1507490 0/ 08 m a r k
491 15 06 1508
492 07 01 1
493 04 00 4- DIR.
494 00 05 REG.5495 04 08 MARK496 J.5 07 J507497 00 06 SR 0006498 04 12 WR X
499 01 03 U/C500 01 15 M501 00 14 I'502 01 13 R
503 01 02 L/C504 04 13 END X
505 04 15 EEC.506 00 04 REG. 4507 07 05 5508 05 07 SKIP Y^X
509 04 07 SEARCH510 15 06 1506
511 07 01 X512 07 01 1
513 05 08 SKIP
514 04 07 SEARCH515 15 06 1506516 07 00 0
51' 04 00 + DIE,518 00 05 REG. 5519 04 07 SEARCH520 15 05 1505521 04 08 MARK522 15 06 1506523 07 01 1
524 04 00 4- DIE.525 00 05 REG. 5526 04 08 MARK
527 15 05 1505528 00 06 SR 0006
529 04 12 WE X
530 01 03 u/c

l i m i t FOE M/P

A

LOWER LIMIT 
FOR ICPR

UPPER LIMIT 
FOR MFR

CALC. OF TEST 
SCORE FOR MFR

A

A2.10



Step Prog.Code Key

531 02 07 I532 01 09 0
533 02 07 1
534 01 02 L/C
535 00 06
536 04 13 mi) «■<
537 04 05 REC.DIR538 00 05 REG.5539 04 11 WR540 01 01 FORMAT
541 04 12 W RX
542 01 06 CR/LF
543 04 13 mj)oc
544 05 15 STOP
545 04 08 MARK546 00 01 0001
547 04 11 WR
548 15 04 4 SP549 04 12 WR X
550 Or 03 U/O
551 01 01 s552 CO 14 F
553 01 02 L/C
554 00 06
555 04 13 END X556 05 15 STOP
557 04 11 WR558 02 02 FORMAT
559 06 04 t560 04 11 WR561 15 04 4 SP562 04 12 WR X563 01 03 U/C
564 02 07 T
565 02 12 C566 01 02 L/C
567 00 06 —
568 04 13 END X560 05 15 STOP570 04 11 WR
57 ; 01 03 FORMAT572 06 02 X
573 04 14 ST Y
574 00 00 REG.O
575 04 12 W R X
576 01 08 CR/LF
577 04 13 ENDX578 07 00 0
579 04 04 ST.DIR.580 00 01 REG.l581 04 04 ST.DIR.
582 00 02 REG. 2
583 04 04 ST.DIR,

CALC,OP TOTAL 
SCOfiE FOR 
PHOW.TESTS

INPUT VOL.SCALE 
PAOTOP.i
SUBROUTINE 
0001

INPUT TEÈÎP, 
CORRECTION

A2.ll



Step Prog,, Code Key

584 00 03 • REG.3
585 04 08 MARK
586 15 00 1500
587" 05 15 STOP588 04 11 WR
589 02 03 FORMAT
590 04 15 REG. Y
591 00 00 REG.O
592 06 02 X
593 06 05 4/
594 04 00 -Î- DIR.
595 00 01 REG.l
596 07 13
597 04 00 -J- DIR,
598 00 02 REG, 2
599 07 01 1
600 04 00 4- DIR.
601 00 03 REG. 3
602 04 11 WR
603 15 02 2 SP
604' 04 07 SEARCH
605 15 00 1500
606 04 08 MARK
607 07 00 0608 05 11 RETURN
609 04 08 MARK
610 00 02 0002611 04 12 WR X
612 01 08 CR/LF
613 02 06 M
614 00 06
615 04 13 END X
616 04 05 RECjDIR,
617 00 03 REG.3618 04 11 WR
619 02 00 FORMAT620 04 11 WR
621 15 04 4 SP622 04 12 WR X
623 01 03 U/C
624 01 15 M
625 01 02 L/C
626 GO 06
627 04 13 END X
628 04 15 REC.Y
629 00 01 REG.l630 06 03 -
631 06 05 4/632 04 11 WR
633 02 03 FORMAT
634 04 04 ST.DIR*
635 00 04 REG 4

INPUT TIDAL VOL, 
DATA

A

SUBROUTINE 
0002 i

OALG.MEAN

A2ol2



Step Prog,» Code Key

636 04 15 • REC.Y
637 00 01 REG.l638 06 02 X
639 04 05 REC.DIR
640 00 02 REG.2
641 06 06 u642 06 01
643 07 01 1
644 04 01 - DIR.
645 00 03 REG.3646 04 05 REC.DIR
647 00 03 REG,3648 06 03
649 06 05 i650 06 12 XX
651 04 11 WR
652 15 04 4 SP
653 04 12 WR X
654 01 03 U/G
655 01 01 8656 02 13 D
657 01 02 L/C
658 00 06
659 04 13 END (X
660 04 11 WR
661 02 03 FORMAT662 04 11 WR
663 15 04 4 SP
664 04 12 WR X
665 01 03 U/C
666 01 01 S
667 02 13 D668 01 02 L/C
669 00 09 /670 01 03 0/C
671 01 15 M
672 03 05
673 01 02 L/C
674 00 06
675 04 13 END u
676 06 04 t677 04 05 REC.DIR678 00 04 REG,4679 06 03680 06 05 I681682 04

07
12
02 j % 100

683 04 11 WR
684 02 01 EORTvlAT
685 06 04 t
686 04 11 WR
687 H5 04 4 SP

CALCi- S.D

SUBROUTINE
ÔÔ02

0AI,C,8D/M?^

A2,13



Step Prog,  ̂Code Key

688 04 12 WRX
689 01 03 u/c
690 01 01 s
691 02 12 c
692 01 02 I/o
693 00 06 =
694 04 13 ENDX
695 05 11 RETURN696 04 08 MARK
697 00 03 0003698. 05 '07 SKIP Y
699 04 07 SEARCH700 15 01 1501
701 07 01 1
702 04 00 + DIR.
703 00 05 REG.5
704 04 07 SEARCH
705 15 02 1502706 04 08 MARK707 35 Cl 1501708 07 00 0
709 04 00 + DIR.
710 00 05 REG,5711 04 08 MARK
712 15 02 1502
713 04 1,1 WR
714 01 01 FORMAT
715 01 12 W R X
716 01 08 CR/LF
717 01 08 CR/LF718 04 13 ENDX
719 05 11 RETURN
720 04 08 MARK
721 00 04 0004722 04 12 WR tX
723 01 08 CR/LF
724 01 03 u/c
725 0.1. Ci s72r, 00 14 F72 7 01 14 V
728 01 02 L/C
729 00 06 =
730 04 13 END X
731 05 15 STOP
732 04 11 WR
733 02 02 FORMAT
734 04 15 REC. Y
735 00 00 REG, 0736 06 02 X737 04 14 ST. Y738 00 02 REG-. 2
739 04 12 WR ex.
746 01 08 CR/LF

 %
/h

CALa.SC0LF(0 or 1)

SIïBROinilN] 0003

_JLA

INPUT SCALP FACTOR PHOÏPVOL,

A2.14



Step Prog-, Code Key

741 01 03 U/C
742 01 01 S
743 00 14 F
744 00 14 F
745 01 13 R
746 01 02 L/C
747 00 06748 04 13 END X
749 05 15 STOP
750 04 11 WR
751 03 01 FORIMT
752 04 15 REC. Y
753 00 00 REG, 0
754 06 02 X
755 04 14 <-irn "f/ f-A J, e kL756 00 03 REG.3757 04 12 WR X758 01 08 CR/LF
759 04 13 END X760 05 11 RETURN761 04 06 MARK762 00 05 0005763 05 15 STOP
764 04 11 WR
765 02 02 FORMAT766 04 04 ST.DIR.
767 00 04 REG.4768 04 11 WR
769 15 05 5 SP.
770 05 15 STOP
771 04 15 REC. Y772 00 02 REG. 2
773 06 02 X
774 06 05 4'
775 04 11 WR
776 01 03 FORMAT
I'll 04 11 WR
773 15 04 4 SP.
779 04 04 ST.DIR.780 00 06 REG.6781 06 04 t782 04 05 REC.DIR
783 00 04 REG.4764 06 03 t
785 07 06 6786 07 00 0
787 06 02 X788 06 05 4*789 04 11 WR
790 02 02 FORMAT
791 04 04 ST.DIR.792 00 04 REG, 4

SUBROUTINE 
0004

INPUT SCALE 
FACTOR FLOW RATS

INPUT IHOUcTIME

INHJT PHON.VOL,

SIUmoUTINE 
0005

CALC.MFR

A2.15



Step Prog» Code Key

793 04 11 WR
794 15 05 5 8P.
795 05 15 STOP
796 04 15 RECo y
797 00 03 REG. 3
798 06 02 X
799 06 05 if800 04 11 WR
801 02 02 PORMAT
802 04 11 WR
803 15 '07 7 8P.
804 04 15 REG. Y
805 00 04 REG, 4806 06 03 r
807 06 05
608 04 11 WE
809 01 03 P0R1ÏAT810 04 04 ST.DIRr811 00 07 REG. 7812 04 11 WR
813 15 06 6 SPr
814 04 05 REG.DIR,
815 00 01 REG, 1816 04 15 REG, Y
81T 00 04 REG. 4
818 06 03 4"
819 06 05 4/820 04 11 WR
82.1 03 03 FORMAT
822 04 12 WR K
623 01 08 CR/LP
824 04 13 EHD (X
825 05 11 RETURN826 04 08 MARK827 00 06 0006
828 04 12 WR (X
829 01 03 u/o830 00 0;' 8P,
8.3 01 01 S

02 12 C
833 01 02 L/C
834 00 06 =
835 04 13 END ̂836 04 11 WR
837 01 01 pommT
838 04 11 WR
639 15 04 4 8P.
840 05 11 RETURN
841 05 15 STOP842 05 12 END PROG

INPUT PPE

OAPC.MPE/PI'E

CALC.VOCAI. VSL, 
INDEX (VVT)

 ± ___
A

SUBROUTINE
0006 I

SCORE POP IDICi-; 
PTION. TEST

A2.I6



A2.2

FOURIER SERIES PROGRAM

Let the periodic function Y(t) Batiefy the 
continuity conditions for Fourier Analysis to 
be valid, and let one cycle of Y(t) be defined 
by 2nAl consecutive, equally spaced data point! 
(I'ojT'j yXq" ' ' ̂ "̂ 2n̂  " Then Y(t) can be described 
by a sutrunation of trigonometric terms, such 
that

2n
lf(t) A (A cos rO B^sin rO)r™o r

where Ao
1 2n

S=0
Y

Ar

Br

2n-fl

2
•nwk-Ma-m.'ooAt

2n+l

2n

s-o

2n

8=1

cos rSO

Y_ sin rSO

and 0 __2Z
2rH--l

Let

and

m
A.

B.

2n-î-l, then

C_^
S = 0

m-1
' y  ^

8=1 m

2
111

m-1
 ̂ Y_ sin rSO

8=0

A2.17



Let t 8 + 1  i*e = t-1

Then
A.

m
Y, T cos r(t«-l) @....(A2.1)^  t"l 

t=l

And Br «L
m

m
"̂ t-1 r ( t-1 ) 0**,. (A2.2)

t=l

The intensity , of the r harmonic
component is given by

h  = a "

In the computer program the A^, coefficients
were calculated from the forms given in eqns (A2.1) 
and (A2*2)

A2.18



Step Prog, Code Key

000 04 08 MARK
001 01 00 0100
002 04 12 WR (X003 12 00 PRINTER ON
004 01 08 CR/LP
005 01 02 L/C
006 02 06 N
007 00 02 SPACE008 04 13 ENDcX
009 05 15 STOP
010 04 11 WR
Oil 02 00 PORimT
012 04 12 WR
013 01 08 CR/LP
014 04 13 END (X
015 04 04 ST.DIR.
016 06 09 REG. 69
017 06 04 T018 07 03 3
019 07 06 6
020 07 00 0
021 06 06 n022 06 03
023 04 14 ST. Y
024 00 00 REG. 0
025 07 00 0026 06 04 t
02? 04 04 ST.DIE.028 06 01 REG. 61
029 04 04 ST.DIR,
030 06 03 REG. 63
031 04 04 ST.DIR.
032 07 00 REG.70
033 04 04 ST.DIR.
034 07 01 REG. 71
035 04 08 MARK036 15 00 1500
037 07 01 1
038 06 00 +
039 05 15 STOP
040 05 04 ST.INDIR.
041 04 11 WR
042 02 04 FORMAT
043 04 11 WR
044 15 02 2 SP.
045 04 00 + DIR.
046 06 01 REG.61
047 04 05 REG.DIR.
048 06 09 REG. 6
049 05 09 SKIP IF Y=X
050 04 07 SEARCH
051 15 00 1500
052 04 15 RECo Y

TINPUT WO.OP DATA 
POINTSi

CALC. 6 = N

yfINPUT DATA 
tPOINTS, Y,

S.

A2,19



Step Prog, Code Key
053 06 01 EEC,61
054 06 03 t
055 06 05 i
056 04 12 WRX
057 01 08 CR/LP
058 01 08 CR/LP
059 00 02 SP
060 00 02 SP
061 01 03 U/O
062 01 12 A
063 01 02 L/C
064 03 01 0
065 04 13 mvoc
066 04 11 WR
067 15 04 4 SP
068 04 11 WR
069 02 04 FORMAT
070 04 11 WR
071 15 15 15 SP
072 07 13
073 04 12 WR (X.
074 01 03 Ü/C
075 01 12 A
076 01 12 A
077 01 02 L/C
078 04 13 ENDX
079 04 11 WR
080 15 04 4 SP
081 04 11 WR
082 02 04 FORMAT
083 04 11 WR
084 15 05 5 SP.
085 04 12 WR X
086 01 03 U/C
087 01 04 I
088 01 02 L/C
089 00 02 SP.
090 00 02 SP.
091 04 13 mi)^
092 04 12 WR pC
093 07 03 3
094 06 10 LOG X
095 04 12 WR X
096 07 01 1
097 04 11 WR
098 04 04 FORMAT
099 04 12 WR
100 01 08 CR/LF
101 04 13 END (X
102 04 08 MARK
103 15 01 1501
104 07 01 1

CALC.Ao

CALC.Ao

CALC.Io

A

A2.20



Step Prog.Code Key
105 04 00 + DIE.
106 06 03 REG.63
107 07 00 0108 04 04 ST.DIR.
109 06 02 REG.62
110 04 04 ST.DIR.
111 06 05 REG.65112 04 04 ST.DIR.
113 06 08 REG.68
114 04 08 MARE
115 15 02 1502116 07 01 1
117 04 00 + DIR.
118 06 02 REG.62
119 04 15 REO. Y
120 06 02 REG. 62
121 06 01
122 04 05 REO.DIR,
123 00 00 REG. 0
124 06 02 X
125 04 05 REG,DIR,
126 06 03 REG,63
127 06 02 X
128 06 05 4.'
129 04 04 ST.DIR.
130 06 06 REG,66
131 00 03 SR.0003132 04 04 ST,DIR.
133 06 04 REG.64
134 04 15 REC.T
135 06 02 REG.62
136 05 05 RECoINDIR.
137 04 15 REO. Y
138 o6 04 REG,64
139 06 02 X
140 06 05 4/141 04 00 + DIR.
142 06 05 REG, 6 5 — 4L'
143 04 05 REO.DIR.
144 06 06 REG.66
145 00 02 SR.0002146 04 04 ST,DIR.
147 06 07 REG,67 — --- -148 04 15 REO.Y
149 06 02 REG,62
150 05 05 REC.INDIR.
151 04 15 REO.Y
152 06 07 REG,67
153 06 02 X
154 06 05 ■i
155 04 00 ■(- DIR.
156 06 08 REG, 6 8 ---- Zi'

t

3? (  *fc—1  ) G

I
COS r(t-l)ô

sin r(t~l)G

t-l sin r('b-l)0
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step
157
158
159160 
161 162
163164
165166
167168
169
170
171172 
173.
174
175176
177178
179180 181 182
183
184
185186
187188
189190
191192
193
194
195196
197198
199200 201 
202
203
204
205206
207
208

Prog.Code
04 0506 09
04 15 06 02
05 09 
04 07
15 02
07 02
06 03 06 05 
04 0306 05
04 0306 08 
04 12 00 02 00 02
01 03 01 12 
01 02 
04 13 
04 05 06 03 
04 1102 00 
04 11 15 01 
04 0506 05
04 11 02 04
07 13 06 04 
04 11
15 03 04 12
01 03
02 00 
01 02 
00 02 00 02 
04 1304 05 06 08 
04 11 
02 04 
04 11 
15 02
07 13 
06 00 
06 05 
04 12

Key
REC.PÏR 
REO'. 69 REO. Y 
REG.62SKIP IP y=% 
SEARCH
1502
2
4'T DIR. 
REG.65 DIR.
REG.68 -
SP.
SP.
Ü/0
A
L/C 
ENDc{ 
REG.DIR, 
REG.63WRo
FORMAT
V/R.
1 SP. 
REO.DIR, 
REG.65 
WR.
FORMAT 

-
WR.
3 SP. WR.^
U/C
B'
L/C
SP.
SP.END
REG.DIR, 
REG.68 
WR.
FORMAT
WR.
2,SP.
■h
4WR. (4

GALc/r,^r

B V
1\

A. 2

A  ̂ B  ̂GALO.^r 1-

B.r
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Step Prog.Code Key
209 01 03 U/C
210 01 12 A
211 01 12 A
212 00 06 *(•213 02 00 B
214 02 00 B
215 01 02 L/C216 00 02 SP
217 04 13 ENBtK218 04 11 WR.
219 02 04 FORMAT
220 04 11 WR.
221 15 05 5 SP.222 04 12 WE.K
223 01 03 U/C
224 01 04 I
225* 01 02 L/C226 04 13 END c(
227 04 12 WR. ̂228 07 03 3229 06 10 LOG_ X
230 04 12 WR. (X
231 07 01 1
232 04 11 WR.
233 04 04 FORMAT
234 04 12 m . o <

235 01 08 CR/LF236 04 13 END oi
237 04 15 RFC.Y238 06 03 REG.63
239 07 01 1
240 07 05 5241 05 09 SKIP IF242 04 07 SEARCH
243 15 01 1501
244 04 07 SEARCH
245 15 03 1503246 04 08 MARK
247 00 02 SR.0002248 06 04 t
249 07 09 9250 07 00 0
251 06 01
252 06 05
253 04 08 MARK
254 00 03 0003
255 06 04 Î256 07 03 3257 07 06 6258 07 00 0
259 06 03 "T260 06 05 4,261 06 08 INT. X
262 06 01
263 07 04 4

SCALING FACTOR

CALC. I•r

_V

SUBROUTINE OOP? 
(SINE X)

V
A

SUBROUTINE 0003
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step Prog,Code Key
264 06 02 X
265 06 05266 06 08 INT.X
267 06 01
268 04 12 WR,o(
269 06 12 Jx
270 06 09 T
271 06 02 X
272 07 02 2
273 06 03 —
274 06 05 i 2275 07 13 X
276 04 04 ST,DIR,
277 07 00 REG.70278 07 01 1
279 07 06 6
280 06 04 t281 07 01 1
282 04 04 ST.DIR.
283 07 01 REG,71284 04 08 MARK
285 15 14 1514286 04 05 REOcDIR
287 07 00 REG.70288 04 02 X DIR.
289 07 01 REG.71290 06 05 4
291 04 03 P DIR.292 07 01 REG.71293 07 01 1
294 06 01

4295 06 05296 07 11 CH.SIGN
297 04 03 T DIR.298 07 01 REG.71299 07 01 1
300 06 01
301 04 00 DIR.302 07 01 REG,71
303 04 12
304 04 11 WR,
305 04 07 SEARCH306 15 14 1514307 04 15 REG. Y308 07 01 REG.71309 07 12310 07 05 5311 07 10 SET EXP,
312 07 11 CH.SIGN
313 07 01 1

SUBROUTINE 
.0003 (COSINE X)
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step
314
315316
317
318
319320 
321 
322
323
324

Prog.Code
07 01 06 01 
06 01 
06 05 
04 12 05 12 
05 11
04 08 
15 03
05 15 05 12

Key

VWRX
END PROG.RETURN
MARK
1503STOP
END PROG.
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•A2o3 RESPIROMETRY PROGRAM (ME II) (FORTRAN IV)

1 1 ]<2 H i  A TC * '■? E S PI R 0 1 1 T RY V  J a A -1 ' )
2 2 i'GR'lA'K * GUÎ h.T Riry'l ^ATiQ 1 ■ )
3 3 K :  4 (\ l \  M  j S i  H, i 1 Di \L  V O L , " >
4 A 1'OR'IA R , \ [  DAL VOL.  ‘ >
5 h  } O R  ■) /; T V ̂ > ,] p- j R pi, gA Ta ' )
6 6 FG^PlATC ‘ P L ' ^ I G D * )
7 7 f G Ü l A l ( ; | ; 3 P i R , r k A C T f G J ' )
I? 9 i-.jA-iAïC ‘ 4LA '. he, 3* aXv ' SD= * . fC»3, A.'<> ' SD/4%;. ' r hS.2,
9 l 4 < r ' S L G ^ L = ' , f 3 . l )

ÎG 9 > G 4 ’! A T a 2 >
n  10 I-GR'IATC * JG.G]- DATA P ü i n S = ‘ s i 2 )
3 2 Î 1 TGR1AT( ' GUi I T  RLSPI RAT IO J TOTAL rC O R .-> ' ,  ;‘ 3 ,  1)
13 12  TOR4AT(  1 0 4 , '  P4 0  I , Ï  S  3X ,  * PrtU J, L S  3A;  ’ .4 >■ ? * F hR ' r
1 4 ! 3 aG " 4 h R /PF  R'  > 3X,  ' VVÏ * )
15 13 F J R M A T ( F A . 2 , 1 X , F A , 2 )
16 14 FOnOATC ' 3F vC= " # F 4 .  2? AXG M V C =  * - F 4 . 2 ,  A K i  ' VI TAL C A P . - ' p
17 I  F A . 2 )

16 I S  J- jP4ATC ' A T I -  ' > Ï 2 f  XX,- * H T -  S  I 2 ,  44> ' SVC“  ' / F 4 . 2 , 4 X ,  ' V C / 3 VC
Î 9  E- ‘ ;  F 4 .  2 , 4 X ,  ‘ SCGRL---* ' ? F 3 .  I )
20  Î L  FOROATC ' ItJR,TAL P i T C u ' l
21 17 F O R ' i A I C ' r O  34 P i T t O F )
22 16 FuR 'I ATC O G 7 Pi  T D : * )
2 3  14 K3- '1AT< I X .  FS.  2>
2 4  20 F FGR-ÎAT-; ' 3FV-: ' > F 4 . 2 , 4 X ,  ' SFFR= • ,  r S ,  1)
2 5  21 F O r i O A T i ' i ' )
2 6 22  DO‘M A T (  ’ t r iV>
27 2 3  rOPTATC ' A ' }
28 2 4  V JR'i '. 'OC I 2 ;  I X ;  I 2 ,  1 X ,  I 1)
29 27 >.:;R-iATC ' PrU V ,  SCORL= ' , P 3 . : , 4 % ,  V i / R / P F R  S C 0 R L ^ ' , } 3 «  U
30 1 4 X , ' 1 ; 2  S C O R L = ' , F j . l )
31 28 >0R-1ATf ' P.H0 JATIOO-C A) TOTAL SCORL= ' * F 3 .  '.>
32 l i T t G L R  A 3 L , n T
33  R IA L  .‘1P ; 1F P » P.40 i V p / j  > R, 0  V C
3 4  Dl T L I S i O /  X ( 2 4 ) ,  TC2 4)
35  C O M O  J X,  T,  SF,  T C , X 3 ,  SD, PCf SFV,  SFFR, SCO XL f P 4 G 3 V ,0 P >
36 1 1 F R , V C ,  j
37 J R I T K < 6 » 1 )
38 7 R I T D ( 6 , 2 )
39 R LA DC I f  9 )  1
40 V R I T F ( 6 , 1 0 )  I
41 V R l T L C 6 f 3 )
' i2 CALL S C A LLÎ
43  CALL DATAI
4 A CALL T L A )
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> 4 5 CALL TF.ST1
> 46 RESÜL T-SCGRE
> 47
> 43 S = S D # S L *T C
> 49 ^ E r T L ( 6 , 3 )  XX,  5 f  PC, SCORE
> 50 JRI TEC 6 ,  4 )
> 5 Î CALL SC ALE l
> 52 CALL DATAI
> 53 CALL -TEA)

5 4 CALL T E S T l
> 55 RESULT^ R E S D L T + S û l R E
> 56 X X - X ^ * S E # T C
> 57 S=SD^SN«TC
> 53 ■VKl TLC Cf ») X X ,  S, PC, SCORE
> 59 7R1 TE" 6 , 5 )
> 60 a?Ri TEC 6 , 6 )
> 61 CALL DATAI
> 52 CALL 0 £ A î

63 CALL TEST2
> 64 J K l  TEC 6 .  8 ) X G S  D, P C ,  5 0  J R £

65 R E S vL T= R E SUL T+ SCü R E
> 56 DO 30 1 = 1 , 7
> 67 30 T<1 ) = KCi >
> 6S CALL DATAI
> 63 LÜ 31 1 = 1 , 0
> 70 31 X < I )  = X < 0 / T C 1 )
> 71 CALL 0E A7
> 72 CALL TEST2
> 73 X4= lA Q ^ X . i
> 7 4 SD= IC.îJ-'SD

7.5 VRÎ  TEC 6 , 8 )  X î j .  SD, PC,  SCORE
7 6 RESCLT= RLSULT- ï-SOj KE
77 TEC 6 , 1 1 )  RESULT
78 K L - A D C Î , 1 3 )  s l v c , o v c

79 VC= 1VtP^.SFVC-MC
8 0 v / R l T E < 6 , l 4 )  SFVC, .4VC,VC
8 1 READC 1 ,7 .4 )  AJEE 'AT, ! .
3 2 1 F C L . E L . î ) 3 0  TO 35
8 3 B V C= C û , 0 5 5 3 8 "  0 o 0 0 0 2 6 A 3 L - H  T
8 4 30 Ti] 40
3 5 35 BVL= C n « ü 7 Û 18-  0 . U 0 0 284«A3 E) T

40 RVC=VC/3VC
l F< RVC.SL. 0 . 7 )  30 TÜ 41 
SCORED 1,0
3 0  TÜ 42

41 SCG.KE=rjo Û
42 JRI TEC 6 ,  15)  A 3 E , A T , S V C , R V C ,  SCORE

JRI TEC 6 , 1 2 )
JRI TEC 6, 16)
R E A D C 1 , 1 9 )  S h V f S F E R
JRI TEC 6, 20) SFVfSFF'R
JRI TEC G, 2 1 )
CALL PAO!
JRI TEC 6 , 2 2 )
CALL PAO !
JRI  TEC 6 , 2 3 )
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101 CALL PHa-J
> 102 U=PAG IV-KVC
> 10 3 I F ( L G L T . 3 . 5 >  3 0  TO 45
> 1 0 4 V = 0 *  6 4 ^ C V C " l c O )
> 105 IF C À H G . v V o L T . V )  GO TO 45
> 1 06 S C 1 = 0 . 0
> 107 3 0  TO 50
> 108 45 S C ! = 1 . 0
> 109 50 I F C A P e l  To 0 . 6 5 )  3 0  TO 55
> 110 S C 2 = 0 c 0
> 111 GO TO 60 '
> 112 55 S C 2 = 1 s 0
> 11 3 60 I F (  ) f R , 3 T » i l o O )  3 0  TJ 65
> 11 4 I F ( i h P , L T , 5 . 0 )  .30 TO 65
> 115 SCS=(jc rj
> 1 1 6 GO TO 70 .
> 117 65 3C3=i .- .D
> 118 7 0 P K SÜL TOSC0KL+SC1 +  SC2 + .SC3
> 119 V R 1 T E ( 6 > 2 7 )  S C l , 5 C 2 i S C 3
> 130 J R i  TEC 6 . '28>  RESULT
> 121 J P I  TEC 6 , 1 7 )
> 122 RKADC 1 M 9 >  SFV,  STFR
> 123 JR î  TEC 6 , 2 0 )  S f V ,  5 M R
> 124 JR !T EC  6 , 2 1 )
> 1 2 5 CALL PHQJ
> 126 J P f  TEC 6 , 2 2 )

12? CALL PdOJ
> 128 JR l  T.LC 6» 2 3)
> 129 CALL PPO.J
> 130 t'RI  T K 6 ,  18)
> i  3.1 R E A S n , ) 9 )  SFVf SFJ ' R
> 132 VRi  T E ( 6 , 2 0 )  SFV,  SFFR

133 9R i  Î K  6 , 2 1 )
1 3 4 CALL PHOJ

> 1 3 5 V'Ki TI-.C 6 ;  2 2 )
136 CALL PnOT
1 Î7 ■JRl T L (  6 , 2 3 )
138 CALL PHGl
139 i M i )
140 SUSP O U T ! I E  S C A LE l
141 Dl M O S i O  J X ( 2 4 ) , T C 2 4 )
142 COO 'ÎG i  >0 T,  SF , TC, XO, SD, PCf  SF
143 • IG F R r V C y  'i
1 4 4 REA DC 1 , 7  5 )  S F , T C
14 5 V K t T E C 6 , 8 0 >  SF,  TC
1 4 6 7 5 F O r < 1 A T ( F 5 . 2 ,  I X ,  F5« 3)
147 80 FGPIATC * SC. F= ' ,  F 5o 2 , 4 X ,  ' T E t P
143 • RETURN
149 EO D
150 SUBROUTINE DAT AI

A2.28



> 151 D i N E J S I G ' l  X ( 2 4 ) , T ( 2 4 )
> 152 C O I i O J  X , T ,  S F , T C , X 4 , 5 D ,  PC,  S r V f S F F R ,  SCORE, PdO J V f O P f
> 1 5 3  H F R f V C M
> 1 5 4  9 0  HJR 1A ÏC 12C  F 4 « 2 ,  I X ) )
> 15 5  9 1 F G R 1 A T C IX ,  1 2 C F 4 . 2 , 1 X ) >
> 1 5 6  1 FC 'J .G T.  12)  3 0  TO 8 5
> 157 R E A D C 1 , 9 0 )  ( X ( I ) , I = 1 , N )
> 163 JR I  TEC 6 , 9  1) ( X C i > , I  = l , J )
> 159 GO TO 9 5
> 160 3 5 R E A D C M 9 Ü )  ( X C i  ) , !  = ! ,  12 )
> 161 J R I T E X 6 , 9 i )  ( X C I ) t i  = l , 1 2 )

162 R E A 1 X 1 ,9  0 )  C X( 1 )  ,  I ~ 1 3 ,  1)
> 163  J R I T E ( 6 . - 9 U  CXCi  ) ,  1= 13 ,N >
> 164 9 5 RHTUlLj
Î- 1 65  END
> 1 6 6  SU3RJUTI  I I  / ’ LAN
> 16T D i N E î S I O j  X C 2 4 ) , T < 2 4 >
> 163 CO T U N  X ,  T .  SF,  r C , X - l ,  SD, PC,  5]  V,  S h f S ,  SCORE, Pr tO.JV,NP,
> 169 1 N F R ,V C ,N
> 170 A = n , 0
'  171 B = 0 , 0  .
> 172 DO m o

1 73  A = A + X ( 1 )
174  100 B.-3H-XC I
1 75  X.MA/ .N
1 7 6  S D D = ( B - A * * 2 / N ) / ( N - 1 )
177 SD=SQHTCSDD)
173 PC= m O v S D / X . I
179 RETUSj
ISO E I D
m l  SUSP.]DTI NE T E S T l
'‘ A2 D I N U S i Q I  X C 2 4 ) , T C 2 4 >
i o  3 ' COTL.-J ; X ,  T ,  3 F ,  TC, X I ,  SD, PC, SFV,  SFFR, SCORE, PNG /V , / : P >
18 4 1 N F R , V C , N
135 I EC PC. G T. 1 6 .  0 )  GO TO 105
13 6 SCG RE=0.0
18 7 GG io no
188 10 5  SCORE=1.0
189 110 RETURF
19 0 END
19 1 SUBROUTINE TLS T2
19 2 D I N E )  S IC  I X ( 2 4 ) , T ( 2 4 >
193  ■ CGNNO J X,  T,  SF,  TCf X . ' i ,  S D , P C ,  5FV,  SFFR, SCC O n P K O F V , ' ! P ,
1 94  1 N F R , V C , F
195  I FCPCcGT. 1 4 . 0 )  GO TO 115
1 9 6  SCORE= 0.0
197 GO TO 120
198 115  SCORE=1-0
199 120 RETURN
2 0 0  EFO
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201 SUBROUTINE PdQF
> 2 02 D I . - I E I S I O I  X C 2 4 ) , T ( 2 4 )> 2 0 3 C O M O  J X,  T,  Sh,  T C , X N ,  SD, PC, SFV,  SF FR,  SCORE, P d O N V , N P ,> 2 0 4 INF R, VC,  i> 2 0 5 REAL N P f N F R ,  • iPH.OFVfOPFRfNVC
> 20 6 125 F 0 R 1 A T ( F 5 . 2 , 1 % , F 5 . 3 , I X ,  F 4 . 2 )
> 207 130 FOP-IATC lOX, F 5 . 2 ,  4 X ,  F 5 .  3 ,  3X ,  F 5 . 2 ,  I X ,  F 5 . 2 ,  3X ,  F5 .  3 ,  3X
> 208 1 f Î* 6 » 3 )> 209 R h A D( 1 , 1 2 5 '  PHO J T, .'1PHÜ I V, A  PER
> 210 Priu.-J V= S FV* T PriON V
> 211 P F R = S F f R « V . > N P F R
> 21 2 NF R=PKO GMCO/Pr iCl  l T
> 2 1 3 -i r  R /PFR
> 2 1 4 vvmxi'X/vc
i- 2 1 5 JPI  TEC b ,  1 3 0 )  PmO.JT,  P i iO .JV,NFRt  PFR,NPp VVI> 216 RETUXj5> 217 END
# FD OF F I L E
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APPENDIX ^
A3olo FOURIER SERIES EXPANSION NON ASYT/IMSTRIGAL

IRIA1TUÜLAR V/AVHFORM
Let f'(x) "be a periodic waveform defined in the 
interval o <x <,2rfi and satisfying the condition 
that f(x) and its first derivative are piecewise 
continuousJ then f(x) can be described by the 
Pouri er series

f(x) - (a^ cos nx 4- b^ sin nx)
n - o

where Jx | f(x) , cos nx , dx

and b\ - 1 n *”■“ f(x),sin nx «dx.
II Jo

If such a waveform is analysed, then a series of
components corresponding to n = 1, 2, 3--.-^are ob
tained, whose Intensities are given by

la = «
In the special case, of the asymmetrical 

triangular waveform shown in figure A3 el, f(x) is 
defined by the equations :

= ^  o X o X < t-1
'̂ 1

=  A (t-j 4- t g )  Ax , t. C: X  t., -f t g"— - J- ^ 9 JL JL d
tg t2

“ 0  ̂ t^ -F tg X 2 <- Zw

and it can be shov/n (SECTION A3.2) that :
A  1 \ -A. 2a = — 3 tr -F -x" cos nim - “ -3 cos n(t. 4- t^) 

^ TTn'̂  I "l ^2/ 71 tg ^ 2 '

A _1_
Tfn^ h

*- A3 o 1
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and
h t^
A 1PII n - t sin n 4- tg J

Thus can he calculated for each value of n, if 
t^ and tg are knov/n. The values of t^ and t^ were 
expressed as percentages of the period^and the spec
tral components calculated for a range of values of 
t^ and tg. The harmonic component which corres
ponded to the first minimum of the envelope curve of 
each spectrum was noted. The value of (lOO/t^) was 
also calculated y and the results are tabulated in 
TABLE A3.1, The values of t^ were in the range 
3*̂ 20/p of the period y and for tg 20-67f of the period? 
comparable to the range of values found in I.x wave
forms. The table shows that there was very good 
agreement between the value of (lOO/t^) and the har
monic- number of the first minimum of the envelops 
curve. It was possible that if a smooth curve was 
fitted through the harmonic components? a more pre
cise estimation of the position of the minimum could 
be obtained. Thus for a waveform of the required 
shape? if the frequency spectrum, was known ? an esti
mation of the value of t-ĵ could be obtained. If the 
fmidamental frequency was also known? the absolute 
time for the t̂  phase of the waveform, could be 
calculated*
A3.2 CALCULATION OE AND b^

(a):
a ~ 1from n —tj

2̂ïï
y cos nx * dx

and substituting the value of y
,1 ^ X .. h + H )
A ' ^n t^ J X cos nx dx - t^ x cos nx dx,

(t-, -f to) 1 n1. 2 I cos nx dx
tu



t, a OF
-

(# OP 100 HARMORIC ROoAT
PERIOD) PERIOD) % 1ST MINIÎvUM

20,00 30 30
26.67 30 30
33,33 30 30

3.33 40 c. 00 30 30
46 ̂ 67 30 30
■50 c 00 30 3060.00 30 30
66.67 30 30
20*00 15 15
26.67 15 15
33.33 15 156,67 40,00 15 15
46,67 15 15
50.00 15 1560,00 15 15
66 o 67 15 15
20.00 10 10
26,67 10 10,11
33,33 10 1010.00 40.00 10 10
46.67 10 10
50,00 10 10
60,00 10 10
66,67 10 10

r 20,00 7,5 8
26,67 7,5 8
33.33 7,5 913.33 40.00 7,5 8
46 c 67 7,5 8
50.00 7,5 860.00 7,5 8
66.67 7,5 8
20,00 6 6
26.67 6 8
33,33 6 6

16 « 67 40.00 6 6
46.67 6 6
50.00 6 6
60.00 6 6
66.67 6 6
20.00 5 5
26.67 5 5
33.33 5 6

20.00 40.00 5 5
46.67 5 550.00 5 560,00 5 5
66,67 5 5

'JABLB A3,l
DATA OE V/AVESHAPE PARAI.rBT’BSS AND HAIf.'OEIO NUMBER OE EIE3T î.'IKILiUM IK THE ENVELOPE 

CURVE OE THE FREQUENCY SPECTRUIvH



giving

" Ù  “ f;?. n c q . t p -

(b) s bn

"̂ n “ -ff J y sin nx.dx ?
so that s .

ÏÏ- 1  r  1  1  r ' ^ h z. b = T j x.sin nx.dx - ^ x.sln nx.dxA U  ^2 1
o

+ (ti+tg)

'2 ■' t.

rh+'^2
1

sin nx.dxIt 2

*' -1giving:

h  = “ 72 (p7  i-J “ J ^ 2  " ig nC-q+tp

Then^intensity of each harmonic component is given by

h  .= 4  - 4
in the special case of the symmetrical triangular 
wave f

\  "be simplified to give
2Aa z= — — . (1 « cos nt), cos nt 

1/ n^t
2Ap = (q _ COE! lit), sin nt

^ Tf n'̂ t
Thus, in this case,

2
x̂i — 2^^2 nt)^

IT- n t
giving minima in the envelope curve when cos nt = 1

217'i.e. n

and these minima are equally spaced
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