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CHAPTER |

| NTRCDUCT1 ON

“Speech may be viewed as the unique nmethod of conmmunication
evolved by man to suit the uniqueness of this mnd. BY its great
flexibility, it permts man to produce a variety of signals
commensurate with the richness of his inagination. At the sane
time, the ability to think in terns of causality and

pur posi veness (tinme binding) enables man to expand enornously
his use of reciprocal conmunication for the coordination of
social activities.” (Eisenson, J., Auer, J.P., and Irwin, J.V.,
1963). Speech is the acoustic end product of voluntary notions
of the respiratory and nasticatory apparatus.

One of gteh nost inportant or nobst conspicuous characteri-
stics of speech is the voice quality of the speaker. |In nornmal
voi ce production, the vocal organs are the lungs and traches,
whi ch act an bell ows and wi ndpi pe, the |arynx, a conplex organ
which fornms the generator, and the vocal cavities, which form

the resonator systemdriven by the glottis, generator in the

| ar ynx.

“The tone produced at the glottis is probably not |oud
enough to be heard very far away. This nust be expressed as
probability, because no one has been able to listen to vocal
tones imMmediately on their release fromthe glottis, since no
subj ect has been found who coul d phonate with his head cut off

at



that point. It is assunmed that the vocal tone needs
anplification because nost sounds of rnusical instrunents are
quite weak without anplification. The process which anplifies
and augnents the intensity of the tone is called resonance.”

(Fi sher, 1966; pp.89-90).

The tones which are initiated in the larynx are nodified and
reinforced or “built-up” in the structures beneath and above the
vocal bands. The principal resonators are the cavities of the

| arynx, pharynx, nouth and nasal passages. Each of these
principal resonators by virtue of its size, shape and tissue
texture has special properties that enable it to make a uni que
contribution to the nodification and reinforcenent of the
initial laryngeal tone and the production of the final or

“fini shed” voice, that the |istener hears.

If the vocal mechanismis considered to be the fundanental
source for speech, then neasurenent of the acoustical signa
which nost directly reflects its properties, is of significance.
The nost fundanmental functional data, about such a resonant
system are the response frequencies. The frequencies of the
peaks of the resonances approximate the natural response
frequencies of the system Scripture (1906), and nore recently
others (Fant, C. G N., 1952; Huggins, WH , 1950) have
enphasi zed, that it is these peaks which are of primary interest
in formant frequency



eval uati on.

Hence, study of the resonance characteristic of the voca
tract gains inportance. In great part, resonance determ nes the
final form of any speech sound. This holds good, whether the
sound is produced as a result of the vibratory nechanismat the
| arynx, whether it be produced by the action of articulatory
organs, or whether it is the conbi ned product of phonation and
articul ation.

Ferkins, WH. (1957) is of the opinion that phonation and
respiration, w thout the help of resonance, even though
possi bl e, “would probably nore closely resenble a squawk than a
tone”. He states that the voice is “influenced mghtly by
resonat or adjustment”. (p.843).

The vocal tract is an air filled tube and like all air
filled tubes, acts as a resonator. This nmeans that, the vocal
tract has certain natural frequencies of vibration and that it
responds nore readily to a sound wave whose frequency is the
same as its resonant frequency, than to a sound wave of anot her

frequency.

The vocal cords produce a series of pulses. The spectrum of
such a sound has a | arge nunber of conponents. Al of themare

nore or |ess of the same anplitude and have frequencies that are



whol e- nunber nultiples of the fundanental frequency. Wien such a
wave is applied at one end of the vocal tract (at the glottis)
and is transmitted towards the |ips, the vocal tract responds
better to those conponents of the vocal cored puffs, that are at
or near its natural frequency. Those conponents wll be

enphasi zed and the spectrum of the sound energing fromthe |ips
will “Peak” at the natural frequency of the vocal tract. The
vocal tract has many natural frequencies. Therefore the voca
resonator will enphasize the harnmonics of the vocal cord wave at
nunmber of different frequencies and the spectrum of the speech
wave wi ||l have a peak for each of the vocal tract’s natura
frequenci es. The values of the natural frequencies of the vocal
tract are determned by its shape; consequently, the anplitudes
of the spectral conponents will peak at different frequencies.
(Denes, P.B. & Pinson, EM, 1963)

Resonances of the vocal tract are called formants and their
frequencies, the formant frequencies. In general, the
frequencies of the formants will not be the sane as those of the
har noni cs, al though they may coi ncide. The formant frequencies,
are determ ned by the vocal tract, the harnonic frequencies by
t he vocal cords, and the vocal tract and vocal cords can nove
i ndependently of each other.

The air colum is set into vibration for a short duration
with each discrete puff of air that is emtted by the voca
f ol ds.



The rate at which the air colum is driven into vibration,
determ nes the pitch, while the frequency or frequencies at
which the air columm resonates, determ nes the quality of the

t one.

Al'l sounds, including those which are vocal, have four
fundanmental characteristics or attributes. These are | oudness,
pitch, quality and duration. The human voice is not limted to
one given pitch, |oudness, duration or even quality.

Fundanment al frequency analysis or “Pitch extraction” (Janes
Fl anagan, 1972) is a problemnearly as old as speech anal ysis

itsel f.

The fundanental frequency of voiced sounds, is an inportant
feature of speech, conveying both |inguistic and nonlinguistic
i nformation.

It is accepted, that “each person in accordance with his
uni que physical vocal equipnent, has a pitch |evel at which the
great est power and best resonance occur under the conditions of
gr eat est physi oacoustic economny. This pitch level is known as
the optima or natural pitch.” (Mirphy, 1964, p.44).

It has been clained by many authors (West, R et al (1968),

Fai rbanks (1940), Gray and Wse (1959), there is a pitch | evel
at which there is relatively high potential for the resonances
of the



of the laryngeal tone and where there is the greatest

effi ciency. Then the locating of this pitch or frequency
objectively will be of great inmportance. This was attenpted by
Nat araja (1972), where an objective nmethod for |ocating optinum
pitch was deviced. The study ained at finding “the frequency of
the vocal cords at which resonance (increased intensity of voice
measured in ternms of SPL occurs in the vocal tract of a
particul ar individual”. The frequency at which maxi num i ncrease,

occurs is the natural frequency of the vocal tract.

Here it could be possible, that, one of the harnonies of
t he fundanental frequency is the natural frequency of the voca
tract, or it could be, that, near the harmonics there is

resonance.

Vocal tract is not a sinple resonator. Resonances of the
vocal tract are called formant frequencies. Thus the question
here is whether the natural frequency of the vocal tract
(rmeasured is ternms of SPL as nentioned above) is a formant and
if so which formant. In sone vowels like /a/ formant 1 and
formant 2 are quite close to each other — in this case we should
be able to get two peaks cl ose together.

Thus, the present study was undertaken to find out the
relati on between natural frequency of the vocal tract as
neasured in Nataraja's study and the formant frequenci es.



Wth the change in fundanmental frequencies, there is no

change in formant frequencies. Another experinment was conducted

to find out the relationship between fundanental frequencies and

formant frequenci es.

St at enent of the probl em

1)

2)

The problemwas to neasure the natural frequencies of
the vocal tract (formants) and to find the correl ation
bet ween the formants and the frequency at which the

maxi mum i ncrease in the intensity occurs.

To find out whether the formant frequencies are
i ndependent of the fundanmental frequency when the sane
i ndi vi dual phonates a vowel at different pitches.

Met hod and Resul ts

The nmethod enployed in the study to |ocate the natural

frequency of the vocal tract was as used by Nataraja (1972). The

procedure is nmentioned in “Mthodol ogy”.

This experinent was followed by the recording of the

phonati on of the vowel /a/ by the subject. This recordi ng was

fed to the Sonograph and anal ysis of formant frequencies and

fundamental frequency for the vowel /a/ was done.



In the second experiment subjects were asked to phonate
vowels /a/ and /i/ each at three fundanental frequencies 110 Hz,
160 Hz, and 200 Hz for 5 secs. and recordi ng was done. The
fundanment al frequencies were controlled by asking the subject to
match the tones of 110 Hz, 160 Hz and 200 Hz respectively from
the Bekesy audioneter. This recording was fed to the Sonograph
and again the analysis of formant frequencies was done.
Fundanent al frequenci es were anal yzed to have recheck on

subj ect’s matching of the tone from Bekesy audi oneter.

Li m tai ons
1) All limtations nentioned in Nataraja s study (1972).

2) Femal es could not be included to test the relationship
between fornmants and fundanental s as at hi gher fundam
ental frequencies spectrograph shows harnonic pattern.

3) Subj ects taken for the Experinent 2 could not be
tested for the natural frequency of the vocal tract
due to practical difficulties.

Hypot hesi s

1) Nat ural frequency of the vocal tract is a formant.

2) The formant frequencies are independent of the fundam
ental frequencies.



| npl i cations

1) It provides information about the natural frequency of
the vocal tract, neasured in ternms of increased
intensity and formant frequencies.

2) It provides information about the fundanental freque -

ncy neasured by Stroboscope techni que and Sonograph.

3) I nformati on about the formant frequencies and

fundament al frequency.

Definitions

The following definitions are used in the present study.

Nat ural Frequency of the Vocal Tract

The vocal tract, considered as a tube or cavity, responds
nore readily to a sound wave whose frequency is the sane as its
resonant frequency, than to a sound wave of another frequency,
This frequency of maxi mum response is called the natura
frequency of the vocal tract.

Fundanent al Frequency of Voice

The concept of fundanental frequency as used and neasured in
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the present study is the direct readi ng obtained fromthe Tacho
Unit in combination with the SPL neter, Cctave filter and the
St roboscope and al so found from spectrograph using the required

f or mul a.

For mant Frerquenci es

W can sinply and accurately neasure the formant frequency as

the center of the formant band of a w de-band-spectrogram



CHAPTER | |

REVI EW OF LI TERATURE

“Human speech, or the ‘phonic substance’ in which
linguistic forns are manifested is a conplex process.” (Fry,
D.B., 1970). One of the nobst inportant or npbst conspi cuous
characteristics of speech is the voice quality of the speaker.
The normal range of voice qualities is imense. The quality of
voi ce depends on the patterning of the over tones and their
intensities. The differing sizes and shapes of many resonati ng
cavites within different human heads contribute to the
uni queness which permts us to identify each other by listening

to these tones.

The pitch is another inportant characteristic of speech.
For every voice, there is a general pitch | evel known as opti num
pitch, at which the voice will be found to be nost confortable
or nost effective. This level will vary, fromperson to person
and each person will find it easily possible to nake a conside
rabl e nunber of variation fromthis general |evel

Information or inflection are two other characteristics of
speech which go hand in hand with pitch. Inflection, is the

shift in pitch during the utterance of a syllable.

Loudness or intensity is another aspect of speech. Loudness
is the psychol ogical correlate of intensity. Loudness
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depends on many factors, but the inmportant factors which

determ ne | oudness, are intensity and frequency of the sound.

“These is a relation between the physical properties of the
speech, sound waves and the |inguistic and psychol ogi ca
consequences of prosodic features. Prosodic features are
organi zed in each | anguage into a system of functional units and
these functional units are recogni zed or decoded through the
medi um of perceptual inpressions. These inpressions are
t hensel ves the results of the physical stimuli which arrive at
the ear of the listener. In the case of conplex tones, the only
kind that occur in speech, the principal correlate of pitch is
t he fundanental frequency of the periodic sound, that is to say
the |l owest frequency in the conplex wave and in the case of
voi ced speech sounds this corresponds to the frequency of
vi bration of the vocal cords.” (Fry, D.B., 1970).

Fundanmental pitch and fundamental frequency, are not
synonynmous, but these ternms can often be used interchangeably
due to the close one to one correspondence. In nore strict
term nol ogy, pitch is a tonal sensation and frequency a property
of the sound stimulus. (Fant, C.G M, 1960).

“Fundanental to many procedures enployed in vocal retrai -
ning, is the belief that for each person, there is an opti num or
nat ur al
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pitch I evel at which an human vocal apparatus operates with the
greatest efficiency.” (Thurman, 1958).

Various clinical techni ques have been described for
| ocating the optimum pitch | evel, prom nent anmong which is the
procedure of having the subject humor sing scales to deterni ne
the level of tone or closely grouped series of tones at which,
vocal i zation is produced ‘nost efficiently . In the nost
commonly reconmended procedure, the client is instructed to hum
up and down his total pitch range and the clinician or the
client hinself listens to the performance and identifies the
tone or series of tones in which an involuntary swell f
intensity occurs. This is taken to be an indication of the
regi on of highest operating efficiency for his voice or the

‘“optimum pitch |evel.

Wentworth (1940) found that there were eight different
ways of finding the optinmumpitch: (i) Finding the pitch at
whi ch increase in | oudness occurs on the nusical scale; (ii)
Fi ndi ng the note one-third up fromthe basal tone; (iii) Finding
the note five tones up fromthe basal tone; (iv) Finding the
note at which the speaker experience the greatest case; (V)
Humm ng the scale and | ocating the | oudest note; (vi)
Considering the pitch at which the person coughs and | aughs;
(vii) Pronovost (1942) |ocated nedian pitch levels in six
superior nmale voices and found that they approximated a | evel

t hat was about one-fourth of the
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total range; and (viii) Linke in a simlar study of female
voi ces, found, that the median pitch | evels conprising one-fifth
of the total pitch range.

These are some of the methods of |ocating optinmum pitch
Clinically, subjective judgnent is used to identify the optinmm
pitch. Hence, an attenpt at an objective nethod of |ocating
opti mum pitch was done by Nataraja (1972).

Hi s hypothesis was, that it would be possible to stinmulate
the vocal tract, with an external sound source and at the
natural frequency of the vocal tract there would be resonance.

In the experinment the follow ng instrunent were used. Audio
frequency anal yzer to neasure intensity. Audio frequency
generator to give the tone with variable frequency. A mniature
speaker and a condenser m crophone were fixed to an acoustic
tile so as to be at the sane surface. The subjects were asked to
keep their nouths in central vowel /a/ position and the speaker
and m crophone were kept close to their nouth opening. The notes
of different frequencies ranging from100 Hz to 5 KHz (natural
frequency range of vocal tract) was given and the increase in
output intensity was noted. It was found, that there were
di scrimnative peaks for all the individuals at different
frequenci es. The experinment was repeated with good speakers and
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their fundanental frequencies were neasured using Stroboscope,
(I't was presuned that they were using their optinmumpitch.) A
definite and consistent relationship of 8.1 was found between
the optimum frequency and the natural frequency of the vocal
tract.

What is the role of vocal tract in the production of voice?

Catford, J.C (1970) states that the human vocal tract nay
be described as an apparatus for the conversion of nuscul ar
energy into acoustic energy. This process is carried out by
nmeans of two functionally distinct types of sound productive
activities of the vocal organs; these are, on the one hand,
bell ow-1i ke or piston-like novenents which set the air in the
vocal tract in motion, and on the other hand, valve-like
postures or novenents which regulate the flow of air and in so
doi ng, generate sound-waves, or, in sone cases, sinply nodul ate
sound- waves generated by other activities. For these two basic
activities, terminitiation and regul ati on have been used. Two
varieties of latter activity are distingshable. Phonation and

articul ati on.

Initiation is a bellowlike or piston-like novenment of an
organ or organ-group (an initiator) which causes a pressure
change in an adjacent part of the vocal tract and consequently
initiates a flow of air.

Phonation covers all regulatory activities occurring in the
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larynx; it thus includes such features as ‘breath; or

‘voi cel essness’, voice, voice qualities. It excludes those

| aryngeal activities (glottal closure and vertical displacenent
of the larynx) which have an initiatory function in the
production of glottalic sounds.

The buss-1ike sound produced by the vocal cords, is applied
to the vocal tract. The vocal tract, is in effect, an air filled
tuber and like all air filled tubes, acts as a resonator.

Resonance Principle:-_ Wen a periodic force is applied to

an elastic system the systemw |l tend to vibrate with the
frequency of the applied force, the nearer the periodic force is
to the natural frequency of the elastic system the greater wll
be the resulting anmplitude of vibration. A Vibrating tuning fork
held in the hand will give a barely audible tone. But, if it is
hel d over the open end of a tube of proper length or over the
nmouth of a jar or bottle of the right size, the resulting tone
will be quite strong and can be heard for sone di stance. The

tube or the bottle is a resonator.

A resonator does not add energy, it nmerely permts the
energy of the vibrator to be used up nore rapidly. The reason
why the presence of a resonator reduces the duration of
vi bration, is obvious. when a vibrator or any other source of

energy, acts upon
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a mass so that an acceleration in the mass results, the vibrator
itself is doing “work” and is using up energy, The greater the
mass or the greater the acceleration, the nore reapidly the
energy is used up. Hence, a free vibrator with a resonator wll
vibrate for a shorter tinme than will one w thout a ersonator.
(Gray and Wse, 1959).

The vocal tract, considered as a tube or cavity, has
certain natural frequencies of vibration, and hence responds
nore readily to a sound wave whose frequency is the sanme as its

resonant frequency, than to a sound wave of another frequency.

Consi dering that the vocal cords produce a series of
pul ses, the spectrum of such a sound has a | arge nunber of
conmponents all of themare nore or |ess of the sanme anplitude
and have frequencies that are whole nunber nultiples of the
fundamental frequency. Wien such a wave is applied at one end of
the vocal tract (at the glottis) and is transmtted towards the
lips, the vocal tract responds better to those conponents of the
vocal cord puffs, that are at or near its natural frequency.
These conponents will be enphasi zed and spectrum of the sound
energing fromthe lips will “Peak” at the natural frequencies of

the vocal tract.

Gordon Peterson (1959) says that the paranmeters which my
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have basic inportance in such a system are the fundanental
driving frequency (and the input spectrum of the generator and
the frequency danping constants, and relative anplitudes of the
resonances. Qther paraneters, such as anti resonance frequency
may becone inportant when the systemis made nore conplicated an

by the addition of the nasal passage ways in vowel formation.

Gray and Wse (1959) state, that the principal resonator of
the human voice is the pharynx o throat which is of a given size
for each individual and is subject to only small adjustnent in
size to retain a balance in nuscul ar tensions. Hence, it is
evident, that the individual’s average vocal pitch should be
chosen at the frequency |level at which the pharyngeal cavity can
resonate wth maxi mum efficiency or without undue tensions in

t he muscl es governing its size.

The tinbre and quality of the voice are determ ned not only
by the vibrations of the vocal bands, but also by the size of
the air colum, by its shape, by the coupling of two or nore
cavities of different sizes and shapes and by the texture of the
pharyngeal walls. Tense rigid walls will enphasize the higher
frequencies to “conme out”, thus contributing to depth and
ri chness. Excessive laxity may result in heavy, dull nuffled

t ones.

“The spoken utterance is an inpact on the atnosphere, very
short in duration and on a very small scale, in which the
conponent
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sounds die away at different di stances depending on their

i nherent energy......... But these vibrations are of the utnopst

conpl exity. Acoustic analysis resolves this tortuous
oscillations in a three-di nensional framework of frequency,
intensity and tinme, in which each sound is characterized by a
typi cal display of energy in various frequency regions along the
unlimted time axis.” (Lotz, J.... 1961). This method of isolating
and determ ning the essential characteristics, of the
constituents in a conplex tone is called harnonic anal ysis.

“The Sound Spectrograph was the first truly dynam c device

devel oped for the analysis of speech.” (Peterson, 1954).

The Formant:- The significant aspect of the Spectrograph is

that it produces a readily usable graph of the “frequency bands
whi ch characteristically contain centroids of energy”, of which
Bl ock wote, and to which has been given the designation of
formants. The formant, in other words, consists of “two (Somne-
times three, seldomone) frequency regions of prom nence in the
speech sound as observed in the outside air. The frequency

| ocation of these regions of accentuated intensity, known as
formants, is an inportant characteristic lending individuality

to the various periodic sounds”. (Fletcher, 1953).

Zinkin (1968) states that the unit of neasurenment of the static

el enents of speech in the sound spectrum “The spectrum
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envelop is defined as the curve drawmn to encl ose snoothly the
contour of the intensity versus frequency section of the
spectrumignoring the fine structure, i.e., the individual

har noni cs, but preserving the individual formant pattern”.

(Fant, GC M, 1966). If the nunber of oscillations of each of
the frequencies is a multiple of the | owest frequency, the
spectrum fornms a harnonic series, its conponent frequencies are
call ed harnonics and the spectrumitself is limted or selective
in character. This kind of spectrumis characteristic of vowels.

There is an optimal tine and certain conditions for the
formati on of a speech sound under which its spectrumw || retain
the characteristic features recogni zed by hearing receiving the
given quality of the sound as always identical. Such
characteristic features of the spectrumare called the formants
of speech sound.

Fant, GC M (1964) says that a formant is not identical with
any specific harmonic and the formant frequency is, therefore,
not identical with the frequency of a specific harnonic. for
practical purposes, dealing with nale voices, we can sinply and
accurately measure the formant frequency as the center of the
formant band of a wi de band spectrogram In case of high
fundanmental pitch, the formants will be poorly defined in a

har moni ¢ spectrum and the so call ed broad-band filter of the

Sonograph wil |
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Portray harnonics and not formants in these instance.

The presence of these formants apparently arises fromthe
peculiar characteristics of the resonating systemin the throat
and nmouth. The vocal tract may be thought of as “a series of
cylindrical sections, with acoustical mass and conpliance
uniformy distributed al ong cach section”. (Dunn H K., 1950).
Toget her with connecting tubes, those sections forma coupl ed
system whi ch receives the energy supplied fromthe action of the

vocal cords.

The vocal bands thensel ves serve to nodul ate the out goi ng
streamof air, referred to by Fletcher as direct current or d-c,
by superinposing upon it a vibrating or fluctuating current,
designated as an alternating current. This alternating current,
or a-c, has frequencies ranging, with fundanmental and harnonics,
fromapproximately 80 cps to 8000 cps or nore. “It is the
ability of the (Vocal) cavities selectively to reinforce various
groups of harmonics (formants) cavities selectively to reinforce
various groups of harrmonics (formants) at will, that enabl es one

to produce various speech sounds.” (Fletcher, 1953).

“I't is the existence in the vocal tract of two ngjor
resonating cavites (throat and nouth). together with the narrow
passages connecting themw th each other and with the externa
air, that produces the ‘frequency regions of promnence’ in the
speech sounds,
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and differentiates themone fromanother.” (Gay and W se,
1959).

Acoustically, the speech wave is the response of the vocal
tract filter systens to one or nore sound sources — this,
expressed in terns of acoustics and el ectrical engineering,

i mplies that the speech wave may be uni quely specified in terns

of source and filter characteristics.

Speech production as filtering process

. Fesal Basal

[ | Cevitdes | cutput
internal Fharyngeal R] Mouth Oral
Impadance Cavities Cavitdes | ' outmut

Schematic representation of the production of sounds

enpl oying a glottal source

Endiation
Vooal Vooal cavities Inductance
cavities Al b e R
A0UTOos
behind the -] Radiation
BOoUTCn Eeaintance

Four term nal network representation of the
producti on of any non-nasal sound irrespective of the

source | ocation

The conplete filter function, referred to as transfer
function is defined as the frequency dependent ratio of the

pressure in the
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sound field at a specified point in front of the speaker to the

pressure of the sound source or its volunme velocity.

Wth the synmbolic notations of S for source and T for the
transfer function of the vocal tract filter, the product P =S T
represents the correspondi ng speech sound.

There is sone degree of correspondence between the phonetic term
phonation and the technical termsource and simlarly between
articulation and fiter. A voice source is further characterized
by its spectrum envel ope S(f) which is a specification of the
anplitudes of the source harnonics as a function of their

frequency.

The glottis represents a high inpedance ternination of the
vocal tract, and it is thus possible and convenient to define
the voice source by the pulsating air flow through the glottis.
The frequency selective transfer characteristics are introduced
by the process of nultiplying the anplitude of each harnonic
/' S(f)/ of the source spectrum by the value of the appropriate

gain factor /T/(f)/ of the filter function at the frequency f,
IP(f)l = 18(f)/ I T(f)/

The phase of each harmonic is the sumof the phase of the
correspondi ng source harnonic and the phase of the filter

function

QR(f) = &(f) Q(f)
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The spectral peaks of the sound spectrum/P(f)/ are called
formants. The frequency location of a maxinmumin /T/(f)/ i.e.,

t he resonance frequency is very close to the correspondi ng

maxi mrum i n spectrum P(f) of the conpl ete sound. Conceptually,

t hese should be held apart but in npbst instances resonance
frequency and formant frequency may be used synonynously. (Fant,
G C. M, 1960).

Fant, G C. M, has tal ked about the significance of cavity
wal | vibrations as a factor determ ning formant frequencies. At
the frequency of a formant, there is always a pressure m ni mum
an velocity maximumat the lips and a pressure maxi nrum and
velocity mnimumat the glottis. At the frequency of the first

formant, the standing wave pattern occupies Ysof a full wave

| ength and % and ??? wave |ength of F,and F3respectively.

Rol e of cavity walls was initially suggested by Van den
Berg. Fant, G C. M, (1964) el aborated the thene that in sound
with a very low F;, there is substantial energy |oss fromsound
transm ssion through the walls of the vocal tract, wherever

these walls are thin enough to allow vibration to be set up.

The basic principle of the theory of voiced sounds is that, to a
first order of approximation, the filter function is independent

of the source. The formant peak will thus only
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accidentally coincide with the frequency of a harnonic. The
formant frequencies can change only as a result of an articul at -
ory change affecting the dinmensions of the various parts of the

vocal tract cavity systemand thus the filter function.

In a study by Lindblons Sundberg (1971) on acoustica
consequences of lip, tongue, jaw and | arynx novenents, he says
with all other paraneters kept constant, jaw novenent al one was
found to cause shifts in F; of Several hundred cycles per second.
Second point noted was: changing the | ocation of the tongue body
downward al ong the tract can be an extrenely effective means of
|l owering F, and contributes towards raising F; somewhat. An

increase in the degree of constriction nodifies primarily Fo.

The formant anplitudes are based on the anplitudes of the
first formant of the vowel / / which has the highest phonetic

power of all the vowels.

“The ratios of pitch anong the formants nmeasured in nels
appear to be fairly constant over the range of speakers
i ncluding men, wonen and children. Wthin limts, the ratios
tend to characterize certain groups of vowels.” (Peterson and
Branay, 1952).
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In addition to the possible reference to the mouth as front
cavity and to the pharynx as back cavity, there exists the
possibility of dividing tract with reference to the sound
source. An alternative division, in the case of vowels as
subdivision, is in terns of the narrowest passage in the voca
tract. It should be observed that the point of articulation of
vowel s, when defined by the highest point of the tongue, may
come far fromthe place of maxi num narrowi ng, the latter
constituting the acoustically relevant basis for a back cavity
versus front cavity division. This discrepancy is apparent for
back vowels. In the case of very open vowels, the division of
the cavity system above the larynx into separate parts, |ose
some of its significance. The nore open a vowel is, the |less
will the separate parts of the vocal cavities act as independent

resonators.

It is generally proposed that the first formant is
associated with the resonance of the back cavity and second
formant with the resonance of the front cavity. There is

limtation of this rule.

As a general rule, vowels are sufficiently specified by
their F-patterns. “F-Pattern (F1, F2, F3..... ) is simply the
formant frequencies with specific restrictions needed for nasal
coupling. Modre generally, the F-pattern is the set of resonance
frequencies of the vocal tract.” (Fant, GC M, 1960).
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F-pattern is independent of the |ocation of source, whether
glottal or in the vicinity of the artioulatory constriction, but
the presence of a glottal source i.e. of voicing, enphasizes the
F-patterns markedly. The average di stance between two adj acent
frequencies of the F-pattern of a nmale speaker is 1000 cps.
which is inversely proportional to the length of the vocal tract
and in general c/22, where ‘c’ is the velocity of sound (35, 300
cmsec.) and ‘1’ is the total length of the vocal tract fromthe
glottis to the lips. Fermal es have on the average about 15 per
cent shorter vocal tracts and thus 15 per cent hi gher formnt
frequenci es and 15 per cent |arger formant frequency spacing
t han nen.

“The nost sinple rule governing the relations between vocal
tract configurations and F-patterns, is that, if a honbgeneous
tube is constricted at a place where one of its formants has a
velocity mnimum there will follow an increase of the fornmant
frequency whereas, a constriction at a place of velocity nmaxi num
results in a decrease of the formant frequency.” (Fant, GC M,
1964) .

In the case of vowels there is for practical purposes,
identity between the formant frequency and resonance
frequencies. A shift down in F; (articulatory conditioned by a
greater closure)is associated with a shift down in intensity of
the entire spectrum envel op above F; by an anount of 12 dB per

octave Fi1 shift. Wen
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the two formants approaches, both increase in intensity. This
rule applies to the difference between front and back vowel s

i.e. between vowels of high and | ow F, positions.

The normal range of variation of the formant frequencies of

a mal e speaker taking into account all possible sounds, is as

foll ows:
Fi1 = 150 — 850 cps
F, = 500 — 2,500 cps
Fs = 1,500 — 3,500 cps
Fa = 2,500 - 4,500 cps

The frequency of the first formant F; is maxinmally | ow when
the front part of the nouth is constricted and maximally high if
the mouth is open and the md and bottom parts of the pharynx
are constricted by a tongue retraction. The second formant
frequency F, is maximally low and close to F; in the case of a
pharyngeal articulation and F2 is maximally high and close to Fs
in the case of a midpalatal articulation. The effect of
| abialization i.e. lip rounding or lip protrusion, on the F-
pattern is, to lower all formant frequencies to a smaller or
greater degree, depending on the tongue articul ation. For the
prepal atal, high tongue position is |owered or the place of
articulation is nore retracted
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the effect will be greater on F2. In the case of a pharyngeal or
velar articulation the influence of |abialization my be
greatest on Fi.

In the case of the vowel /1/, the second formant is thus
nore dependent on the pharynx than on the nouth cavity and the
physi cal origin becones a half wavel ength resonance of the back
cavity (of frequency c/2lp where ‘Ip is the back cavity |ength).
The degree of opening at the tongue constriction and the anmount
of lip rounding are thus not very crucial determ nants of F;, of
lil.

The above description shown that F; F, F3. . . . . . .depend on
articulatory pattern. Thus different vowels have different
articulatory patterns and depending on it, they will have F1 , Fy

Fs. . . . . . . patterns.

In a study of vowels by Fant, CG M, (1960) it is shown,
how di fferent vowels and their formants are determ ned. Thus F
of the vowels /e/, /i/ and / / is alnobst conpletely determ ned
by the back cavity volunme and the narrowest section of the nmouth
cavity. In the vowel /u/ Fpis tuned by the lip section nmuch nore

than by the tongue constriction section.

The second formant F, of /i/ is clearly a half wavel ength
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vowels /u/, /o/ and /al is somewhat nore dependant on the front
Cavity than on the back cavity. The second formant of the back
vowels /u/, /ol and /al is sonmewhat nore dependant on the front
cavity than on the back cavity. Providing the cavity vol une
changes are introduced on a constant percentage basis, this
tendency is apparent, but if the volunme changes are perfornmed by
means of a constant |ength reduction, there is found an equal

dependency of F, on the two cavities for /u/ and also for /al.

In the case of /u/, F, is dependant much nore on the
relative dinmensions of the tongue pass than on the |lip section.
These two parts of the conmpound resonator system have about the
same effect on F, of both /a/ and /o/.

The third formant Fs of /u/, /o/ and /al, is chiefly
dependant on the parts in front of the tongue constriction. This
is also true of Fz3 of /i/. Fzof /i/ is essentially a quarter
wavel engt h resonance on each side of the tongue constriction,
whi ch can also be interpreted as a half wavel ength resonance of
t he tongue passage plus front cavity. Fz of /u/ is a half
wavel engt h resonance of the front cavity. In /a/ and /o/, Fzis
associated with a three quarter wavel ength resonance of the

cavity systemin front of the tongue constriction.
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The appreciable shift of F; of /a/ caused by a shortening of the
front cavity length is shown and is attributed to the fact that
t he renoved section had a function nore |ike on inductance than
Ii ke a capacitance. This effect should be conpared with the
change in resonance frequency of a single tube cl osed at one
end. A small area change in the mddle of the tube has no effect
on the resonance frequency. An area increase at the closed end
has a maxi mal |owering effect on the resonance frequency and a

simlar operation at the open end has maxi mal increasing effect.

In conclusion, Fant, GC M, (1960) says that double
resonator theory should be used with great caution, and it is
not possible to utilize this or any other theory for devel oping
formulas for cavity formant relations which satisfy the

requirenments of both sinplicity and general validity.

Potter and steinberg (1950) have charted the novenents of
the formants for the different sounds both for a single speaker
and for twentyfive different speakers. Using a fundanenta
frequency of approximately 125 cps throughout, the single
speaker showed for /i/, a first formant of about 250 cps, a
second 2,250 cps and a third of somewhere near 2,800 cps. For
/1] the first rises to 400 cps, second drops to 2000 cp and
third to 2500 cps. The formants of /a/ are close to 750 cps,
1,100 cps and 2,000 cps and those for /u/ are about 250 cps, 800
cps and 2,250 cps respectively.
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The formants of the spectrummay differ in their signal neaning.
Besi des speech formants proper, which serve to distinguish the
el enents of the sound make up of words, one can al so single out
i ndi vidual formants of voice which characterize the voice of a

gi ven person. These formants identify the speech source.

The signal neaning of the voice formant is sharply distinct
fromthat of the speech formant proper. The Speech formant is
establ i shed by the conventional norm of the given | anguage and
serves as a neans of differentiating neaningful words; the voice
formant is determ ned by the arrangenent of the speech apparatus
of the given person and ahs no significance in the differentiat
-ion of the sound nake up of words, provided all the sounds are
correctly articulated. It serves as a neans of recogni zing
peopl e by their voice. The voice formant is a feature of
recognition, the speech formant, a signal of the differentiation
of the sound elenments of a word, the latter being a sign of

obj ective rel ationships.

Besi des the two indicated types of formants, there exists a
third type — specially devel oped formants. In the studies of
Rsovkin, S.N. (1928) a special singer’s formant was found. It is
formed when the organs of phonation are in a certain position.

This proposition was recently well confirned by the x-ray
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I nvestigation of Dintriev, L.B. (1955) who showed that in
singing, those differences in the volunme of the resonators which
are characteristic of speech are considerably |eveled out, as a
result of which the special singer’s formant appears. This
specially devel oped formant is a sign of a cultivated voi ce and

is determ ned by the conditions of its training.

In conclusion, the vibrating colum of air in the voca
tract, must be anal yzed as a honpbgeneous structure. For each
resonance frequency of the whole columm (vocal tract) there
exists a specific function which is equal to the vibration of
the | ocal sound pressure novenent. The resonance frequencies are
not determ ned by the partial volunes of the vocal tract, but
rather by its cross section. Each resonance frequency of the
entire vocal tract creates a formant within the vowel spectrum
(Berlin, 1965).

However, at the natural frequency of the vocal tract, there is
resonance (Nataraja, 1972) and thus, follows, that it should be
a formant.

Acoustic theory of vowel production considers a vowel sound
to be the result of excitation of a linear acoustic systemby a
quasi - periodi c volume velocity source. The transfer function of
the acoustic systemis conpletely described by a nunber of poles
whose frequency | ocations depend on the vocal tract configurat -
i on.
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In the light of the above review we can cone back to our
di scussi on on the objective nethod of |ocating the optinum

pitch.

In the nmethod, the natural frequency of the vocal tract is
found by neans of exciting the vocal tract by a pure tone (when
it isin central vowel /al/ position) and taking the reflected
energy the point at which resonance occurs (maxinmumincrease in
the intensity), is the natural frequency of the vocal tract.

The present study seeks information about the F-pattern of
the central vowel /a/ and thus to incorporate the natural
frequency of the vocal tract found in the above nentioned study

w th fornants.

At the natural frequency of the vocal tract there will be
resonance and hence there will be concentration of the energy at
that particular frequency range. The definition of a formant
al so says that there will be concentration of energy at fornmant
frequencies. So, the present study is planned to find out

whet her the natural frequency is a formant.

Even though there is change in fundanental frequency, the
sounds will be identified as sane vowel s. Anot her experinent was
conducted to see whether there will be any change in formant

frequencies with change in fundanental frequencies.



CHAPTER [ 1|

VETHODOLOGY

Experi ment No. 1

Experi ment No. 1l consists of 3 parts.

Part A:- Finding out the natural frequency of the vocal tract

for mal es between the age ranged from 16 to 25 years.

Subj ects: 30 mal e students of the Institute who were havi ng good
voi ces (as judged by trained speech therapists) were sel ected
for the study. The subjects were free fromauditory and speech
probl ens. Further, they were al so exam ned for any oropharyngeal

deformti es.

I nstrunments used in the Experinent No.1

1) Beat Frequency Gscillator ( B & K type 1022)

2) Measuring Anplifier ( B & K type 2647)

3) Hearing Aid Test Box ( B & K type 4217)

4) Audi o Frequency Analyzer ( B & K type 2107)

5) Level Recorder ( B & K type 2305)

6) Two, One-Inch Condensor M crophones ( B & K type 4131)

7) Two M ni ature speakers (Earphones made by Qi con Code
No. s8-21)
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The instrunents were connected as shown in the Bl ock

Di agram No. |.

Desired frequency range for the study ranging from 100 Hz
to 5 KHz were generated by the Beat Frequency oscillator. This
was nechanically coupled to the |level recorder by nmeans of a
flexi ble shaft which nmade it possible to scan the required
frequenci es automatically. The output of the Beat Frequency
Cscillator was fed to the mniature speaker which was used for
the study. To obtain a constant acoustical output-fromthis
m ni ature speaker- a conpressor voltage was provided by using
anot her mni ature speaker connected in parallel to the above
m ni ature speaker, and this receiver was coupled to a condensor
m crophone connected to a neasuring anplifier. To avoid the
external noise, the above mniature speaker with coupl er and
condensor m crophone were placed inside the Hearing Al d Test
Box. The output of the measuring anplifier was fed to the Beat
Frequency Gscillator as conpressor voltage.

The m ni ature speaker and the condensor m crophone were fixed to
a stand. The response of the vocal tract was picked up by the
condensor m crophone of the audio frequency anal yzer. The out put
of the audio frequency anal yzer was fed to the | evel recorded
whi ch gave a graphical representation in terns of frequency
versus intensity changes, over the scanned frequency range.
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Calibration of the Instunents

1) The Audi o Frequency Anal yzer was calibrated using its
own self calibration system It is reachecked by using
Pi st onphone (B & K type 2240). The accuracy of
calibration was 0.2 dB and distortion was | ess than 3

per cent.

2) The Beat Frequency Oscillator was calibrated with its
self calibration system It is rechecked by using the

Audi o Fregquency Anal yzer.
Test Room

The study was carried out at the El ectroacoustics Room of
the El ectronics Laboratory in the Institute. The noise |evel of
the room was neasured by nmeans of the SPL neter. The maxi mum

noi se | evel during the experinent was 43 dB on ‘¢’ scale.

Val i dati ng the experinental set up

Usi ng a known resonator, the instrunental set up was
val i dated. Frequencies ranging from100 Hz to 5 KHz were Scanned
automatically by the Beat Frequency oscillator, and were
i ntroduced into the known resonator, (Kundt’s tube). Increase in

intensity due to resonance
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was noted at the resonance frequency of the Kundt’s tube.

Pr ocedur e

Before the start of the experinent proper, the base |line of
the mniature speaker was determ ned by coupling the mniature
speaker to the condensor m crophone of the audio frequency
anal yzer. The frequency range from 100 Hz to 5 KHz was scanned
fromthe Beat Frequency Oscillator and the response of the
m ni ature speaker was recorded by the | evel recorder. This was
done several tinmes prior to the beginning of the experinment.
Thi s procedure gave the response of the mniature speaker for
different frequencies in the absence of any resonator. This was
taken as the base line. Thus resonance effect, measured in terns
of increase in intensity displayed on the calibrated paper of
the | evel recorder, of a cavity (in this case the vocal tract)
coul d be neasured against this base line. A recording of a base
line is shown in Gaph No.1l. The test proceeded in the foll ow ng

manner -

Locating the natural frequency of the vocal tract in the
position of the central vowel /a/.

Step 1

The subject was asked to sit on the chair and he was instr-

ucted in the foll owi ng manner : -
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I nstructions:-

“I'n the test you are about to undergo, we are trying to

| ocate the natural frequency of your vocal tract. For this
purpose we will be introducing a pure tones of varying
frequency through the mniature speaker. What is required
of you is to adjust your nouth around the miniature speaker
and the condensor m crophone behind the m niature speaker
in such a way that no part of the m niature speaker or
condensor mcrophone is in contact with any part of your
nmout h. Then phonate the vowel /a/ continuously in your

nor mal speaki ng voice w thout any variation in pitch. Then
we will ask you to stop phonating, but maintain the
position of your nouth, tongue and |ips around the

m ni ature speaker in the sanme way as when you phonated the
vowel /a/. The test tone will be introduced into your vocal
tract and you have to keep your nouth in the above position
until we scan the desired frequency range.”

Step 2

The hei ght of the m crophone stand holding the mniature
speaker and condensor mi crophone was adjusted in each case such
that the mniature speaker and the condensor m crophone were at
a
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level with that of the subject’s nouth. Then the subject was
asked to | ean forward and adjust his nouth around the mniature
speaker and the condensor nmicrophone in the central vowel /a/
position with |east disconfort.

Step 3

The test tone was introduced into the vocal tract by neans
of the m niature speaker from 100 Hz to 5 KHz and the response
of the vocal tract picked up by the condensor m crophone at the
lips was recorded on the calibrated paper of the | evel recorder.
The peak having the naxi nrum response was taken as the natural
frequency of the vocal tract. A typical graph indicating the
natural frequency response of the vocal tract of a subject is
shown in Gaph No. 2. Resonance was said to have occurred at
this frequency. The recording of the increase in intensity was
done automatically by the I evel recorder which was set to RMS

val ue.

In some subjects, trail tests were given to fanmliarize the

subjects with the test procedure.
Part B:- Finding out the fundanmental frequency.

I nstrunents used

1) SPL neter (B & K type 2203)

2) OCctave Filter Set (B & K type 1613)
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3) Motion Anal yser (Stroboscope B & K type 5066)

4) Tacho Unit (B & K type 5527)

5) One inch condensor mcrophone ( B & K type 4131)

| nstrunental Set-up

The instrunents were connected as shown in Bl ock
Diagram No. |l The SPL neter was connected with one inch
condensor m crophone and an octave filter unit. The output of
the SPL neter was fed to the Stroboscope as an external trigger.
The Stroboscope was connected to the Tacho unit to neasure the
frequency of the input triggering of the Stroboscope. The octave
filter was used with the SPL neter to cut off the unwanted

frequenci es.
Test Room

The experiment was carried out in the sane room as

nmentioned in Part A of Experinetn No. 1.

Calibration of Instrunents

SPL nmeter was calibrated by using a pistonphone (B & K type
2240). The Stroboscope with the Tacho unit was checked by

feeding a known frequency from Beat Frequency Gscillator.
Pr ocedur e

Fi ndi ng the fundanental frequency for the central vowel
/al.
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The subject was asked to phonate the vowel /a/ in front of the
condensor mi crophone of the SPL neter; by making the necessary
adj ustnments of the SPL neter and the octave filter, the fundane-

ntal frequency was read directly fromthe Tacho unit.

Part C.- Finding out fundanental and formant frequencies of the
central vowel /al.

| nstruments used

1) Ampex Tape Recorder - 1100 Series

2) Sonograph type B/ 65 — Kay El ectric Conpany

| nstrunental Set-up

The Anpex Tape Recorder was installed in the same test room
mentioned in Parts A And B. The Sonogram was installed at B.Y.L.
Nai r Hospital, Bombay. The test conditions at B.Y.L. Nair
Hospital were satisfactory. The pre-recorded sanples of the 30

subj ects were taken to Bonbay for the study.
Pr ocedur o

Step 1

Instructions:- The followi ng instructions were given to al

t he subjects before recording on the magnetic tape.
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“Sit confortably and phonate the vowel /a/ normally for 5
seconds. | amgoing to record this on a magnetic tape. Please do

not change the pitch and try to keep it constant.”

Step 2

The recording was carried out for all the subjects; the
magnetic tape was carried to Bonbay with all the precautions to
preserve the normal recording characteristics on the tape.
Precauti on was al so taken during recording to avoid any distort -

i on.
Step 3

The recorded sanmples were fed to the B/ 65 Sonograph and
anal ysis of the recording was carried out for w de band and
narrow band and wherever necessary sectionor was taken.

Fundanment al frequency was determ ned using the fornul a

F - 78y
o = 2@

'\)I'\)

where ‘n’ nunber of vertical striations in a distance of X
centinmeters. This fornula follows fromthe fact that one ful
rotation of the drum corresponds to 31.7 cns. for the tine
period of 3.3 secs. Formant frequencies were cal cul ated using

the formul a

F=—XxX



43a

Photographs of the sample of the subjects' phonating the vowel /a/
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where x is the distance in mllineters fromthe base line to
center of the formant band under consideration. This is based on
the fact that the calibration tone of the Spectrograph of 500 Hz
corresponds to a distance of 6 mMm

Experiment No. 2

I nstrunents used

1) Bi kday Audi oneter (Grason and Stadler co.)

2) Sonograph (B/ 65 Key Electric co.)

3) Ampex Tape Recorder (1100 series)
I nstrument al Set-up

Anpex tape recorder was installed at B.Y.L. Hair Hospital.
Sonograph and the Bi kday audi oneter were also installed in the
sane room The noi se condition was satisfactory for the testing
pur pose.

Subj ects:- 5 males with age group of 20-25 years were
sel ected fromthe T.H Medical college, Bonbay. These 5 Subjects
coul d phonate at any given fundanental frequency (nodel tone was
presented through the earphone of the Bikisy audi oneter).

Step 1

I nstructions

Al'l the subjects were instructed before the start of the
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Photographs of the sample of the subjects' phonating the vowel /i/
in the three given fundamental frequencies
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experinment. The instructions were,

“When you hear a pure tone through the earphone, you have
to match your voice to this tone and say the vowels /a/
and /i/ for a duration of 5 secs. for each vowel. You have
to give a gap 15 secs. between the two vowels. you are
requested to keep the pitch constant during the phonation
of the vowels. W are going to record it for the purpose
of research work.”

Step 2

The subjects were given a tone of 110 Hz with the help
of the Bi kdsy audi oneter through the earphones. The subj ect
phonated the vowels /a/ and /i/ for the duration of 5 secs.
This was recorded on a magnetic tape. Precaution was taken
while recording to avoid distortion.

Usi ng the above procedure, the sane vowels /al /il
were recorded by presenting 160 Hz and 200 Hz as nodel
frequenci es.

The fundanental frequencies and the formants were

cal cul ated by using the standard procedure.
Anal ysis of Data

Data col | ected from Experiment No.1l and Experi nment
No.2 were anal yzed using standard statistical procedure as

menti oned bel ow.
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Experinent No. 1

Arithnetic nean was cal cul ated for the peaks one, two, and
three, Formant one and Formant two, and the fundament al
frequenci es derived from both Stroboscopic techni que and

Spect rographi ¢ anal yses.

St andard devi ation was cal cul ated for the fundanenta
frequenci es (both techni ques), Formant one and Formant two and
Peak one. The Coefficient of Correlation was found out by the

2,2% 2,

Product Moment Met hod for Fopi, FiP1 and F2Pq,

?
Fo Fo

St roboscopi c Spect r ogr aphi c

Correlation is given by the formula,

22797 22299
229279

This was cal cul ated so as to find out the relation between
formant frequencies and Peak 1, and fundanmental frequency and

Peak 1, and fundanmental frequencies by the two nethods.

Experi nent No. 2

This is a 2 X 3 factorial design.
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Fo — Frequency

100 160 200

Vowel F2

F2

By applying Bartelett’'s test it was found that the
variances in the groups were sanme for /a/ and /i/ vowels. Hence
anal ysi s of variance was feasible.

So, the data were anal ysed by using Analysis of Variance
for both /a/ and /i/ vowels.



CHAPTER |V

RESULTS AND DI SCUSSI ON

Experi ment No. 1

Locating the natural frequency of the vocal tract in the

vowel /al position.

A definite increase in intensity was observed in the
response of the vocal tract to the stinulating tone as seen on
the calibrated paper of the |evel recorder. The response
characteristic of the vocal tract is alnobst the sanme for
di fferent vocal tracts. Each group reveal ed on prom nent peak
and ot her, |ess proninent peaks. The prom nent peak was

consistent wwthin + 10 Hz for each subject on several readings.

It was assunmed that these maxi mnumintensity increases cane
about when the stinulating frequency was near the natural frequ-
ency of the vocal tract. The prom nent peak and the ot her peaks

showed harnoni c rel ati onshi ps.

Spectrographi ¢ anal yses of vowel /a/ of 30 subjects showed
formant frequencies range from 600 cps to 900 cps for Fermant
one and 1,000 cps to 1,4000 cps for Formant two.

The raw data of the fundanental frequencies both by the
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st roboscopi ¢ techni que and t he Spectrographic techni que, formnt
frequencies (Formant 1 and Formant 2) and the natural frequency,
i.e., Peak 1 and the other two Peaks in the same vowel position
are given in Table 1.

The nmean and the standard devi ation of the fundanmental fre-
quenci es (both techni ques), the natural frequency of the voca

tract (Peak 1), Formants 1 and 2, the correl ations of the
Formant 1 and Peak 1,

Formant 2 and Peak 1,

?2?22222272722222°°227°

and Peak 1,

?
Fundanental frequency and Peak 1,

Fundament al frequency Fundament al frequency

St roboscopi ¢ and Spect rogr aphi c
are given in Table 2.

Statistical Exam nation

The mean of the fundanental frequency found by
St roboscopic nethod is 129.00 Hz and that found by
Spectrographic nmethod is 135.37 Hz. The neans by two nethods are
close with a difference of only 6 Hz.

Correl ati on between fundanmental frequency by Stroboscope

and the fundanental frequency by Spectrograph was 0.5711. This
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correlation is significant. The correl ati on between Fo and Peak 1
is 0.12. This low correl ation may be, because, the subjects were
perhaps not using their optimumpitch. If they were using their
optimum pitch, as per Nataraja, (1972) there woul d have been a
‘definite and consistent relationship’

The correl ation between Formant 1 and Peak 1 was -0.12. The
correl ati on between Formant 2 and Peak 1 was 0.11 and the
correl ation between averages of Formant 1 and Formant 2 and Peak
1 was -0.03.

Thus, this shows that there is no rel ati on between Formant
1, Formant 2 and Peak 1, and al so between averages of Formant 1,

Formant 2 and Peak 1.

To test the hypothesis, the WIcoxon Matched Pairs Si gned

Rank Test was used. The null hypothesis fornmulated for this

problemwas rejected at 0.01 | evel and 0.05 | evel.

The Z value being 5.20 and 5.19 which is greater than the Z
score of 4, given in Table A, whose P Value is 0.00006. This

rejects the null hypothesis and confirms H

The Natural Frequency thus obtained is not a Formant and it
is also not correlated with the Formants 1 or 2. O her Formants
were not checked because the Natural frequency Peak fell between
Formant 1 and Formant 2.
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Table 1
Raw Dat a for Fundanental Frequencies, Formant Frequenci es and Peaks
FO
Sl .
No. Tacho Spectro | F; F Peak 1 Peak 2 Peak 3
nmet er - graph
1 120 140 833 1332 978 3467 -
2 130 137 583 1182 955 2000 3388
3 130 130 791 1248 1288 2089 2248
4 140 135 833 1416 1148 1905 3548
5 150 140 833 1248 1175 3631 -
6 110 101 833 1332 1122 2000 3548
7 130 133 749 1248 1259 2089 3388
8 125 122 791 1332 1072 3020 3802
9 135 140 874 1416 1035 2089 3311
10 125 137 833 1332 1047 1862 3236
11 130 137 666 1082 1072 1905 3548
12 145 155 749 978 1000 2138 3162
13 120 124 833 1416 1023 3020 -
14 145 143 916 1416 1047 2000 3162
15 135 128 749 1166 977 2089 3236
16 115 101 833 1332 1138 2045 3981
17 140 140 833 1248 1202 2000 -
18 140 160 749 1332 1259 2000 3631
19 120 130 833 1082 851 1349 2089
20 115 128 666 1248 1175 2291 3311
21 110 128 833 1332 1000 3020 3467
22 145 160 749 1332 1148 2089 3162
23 145 140 833 1332 977 2042 3162
24 115 122 833 1332 1000 3162 5000
25 135 123 833 1416 1000 2000 3000




26 125 140 916 1416 1000 3020 4199
27 130 135 916 1499 977 3236 4786
28 130 183 666 1249 1122 2399 3020
29 120 140 749 1332 1148 2291 -
30 115 137 833 1499 1122 3467 -
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Table 2
Statistical Analyses of Fundamental Frequencies, Formant
Frequenci es and Peaks
Fo
Tacho Spectr Fi1 F2> Peak 1 Peak Peak 3
met er o- 2
gr aph
Mean in Hz 129.00 135.37 798.03 1304.2 1077.2 2390.4 3446.04
St andar d
Devi ati on
11.28 15.77 35.62 121.11 104.18 - -
a
Pr oduct
Monent
_ Fo & Fo FP1 F1P1 FoPy 2?7 , & P1
Correlati - 5
on Tacho Spectr-
? Meter ograph
0.5711 0.12 -0.12 0.11
-0.03

Experi ment No. 2

5 subj ects were asked to phonate the vowels /a/ and /i/ at

110, 160 and 200 Hz (Model tone).

Tabl e 3 gives the val ues of

nodel fundanental frequencies versus actually phonated

fundanment al frequenci es.

One subj ect could not phonate vowel

/a/ at 110 Hz.

Formant frequenci es anal yses of the vowels /a/ and /i/ at

three different | evels of fundanmental

above) are given in Table 4.

frequenci es (nentioned
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Statistical Analysis

Bartelett’s test was used to find out the honpgeneity of

variance. The hypothesis tested here was vari ances are sane.
Val ues are:

T = 1.879
Vowel /a/ : Tabulated X* = 15.086 at 1% evel

Tobserved < X? tabl e val ue

T = 13. 497
Vowel /il Tabul ated X2 = 15.086 at 1% evel
Tobserved < X2 tabl e val ue

By application of this test the hypothesis was accepted.

Thus, the test showed that variances in the groups were sane.

Hence, the analysis of variance was applied in both /a/ and /i/

vowel anal yses.

The data collected for /a/ and /i/ vowels were treated for

t he above nentioned test.

Since vowel /a/ was not phonated by one subject at one
particular |level (110 Hz), the forrmula used for anal yses of /al/
vowel was different fromthat of /i/ vowel.
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Table 3

Model Fundamental Frequencies versus Actually Phonated Fundamen-

tal Frequencies

Nare Vowel Fundanental Frequencies in Hz
110 160 200

G G a 110 148 198
i 106 146 196

E M a 106 148 208
i 108 148 195

S. P. a 107 160 182
i 106 167 202

N T. a 110 153 198
i 109 145 196

J. a - 147 174

i 106 138 172
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TABLE 4

For mant Frequenci es Anal yses of /a/ and /i/ vowels

Namre Vowel Fundament al Frequencies in Hz
110 160 200

GG a Fi1 583 666 749
F2 1249 1082 1166

[ Fi1 333 291 291

F2 2249 2332 3000

E. M a Fi1 833 833 750
F2 1249 1332 1332

[ Fi1 291 291 333

F2 2415 2665 2665

S. P. a Fi1 749 749 749
F2 1332 1332 1499

[ Fi1 291 291 333

F2 2500 2500 2500

N. T. a Fi1 749 833 833
F2 1332 1499 1416

[ Fi1 291 291 270

F2 2332 2374 2500

J. a Fi1 - 250 291

F» - 2665 2665
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Table 5 gives the Analysis of Variance for /a/ vowel and
Tabl e 6 Anal ysis of Variance for /i/ vowel.

Table 5

Anal ysis of Variance Table

Sour ce of Degr ees of Sum of Mean Sum of F Val ue
Vari ation Freedom Squar es Squar es

Rows ( For mant s) 1

Col . (f,) 2

I nteraction 2 3402.0 1701.0 6.1176
Error 22 228932.8 10406. 04

Tot al 27 32516580. 0

F observed 6.1176
Tabul ated value of F = 19.447 with df (22,2) at 5%/ evel
F observed < F Tab. Val ue

Hence, accept the hypothesis, i.e., there is no interaction.
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Tabl e 6

Anal ysi s of Variance Table

Sour ce of Degrees of  Sum of Mean sum of F Val ue
Vari ation Freedom Squar es Squar es

Rows (Formants) 1

Col . (fo 2

| nteraction 2 97866. 06 48933. 03 3.824
Error 24 307118. 00 12796. 58

Tot al 29 37578322. 17

F observed = 3.824
Tabul ated value of F = 5.61 with df (2.24) at 1%/ evel
F observed < F2,24 (tabul ated)
Hence, accept the hypothesis, i.e., there is no interaction.

Thus, the results here show that there is no interaction
between Formant 1 and Formant 2 and Fundanental Frequenci es.
Therefore, Formant Frequencies are independent of Fundanent al
Frequenci es.



CHAPTER V

SUMVARY AND CONCLUSI ONS

The study was concerned with the frequency response of the vocal
tract. This was undertaken on assunption that the vocal tract is
an acoustical system having a series of coupled resonance

el enents with resonance peaks in the response frequencies. These
resonance peaks are given by formants, and these formants were
conmpared in turn with the natural frequency of the vocal tract
(Maxi mum increase) in the intensity when the vocal tract was

stimulated with an external source) as found by Nataraja (1972).

The study was al so concerned with finding out the effect of

change in fundanmental frequencies on formant frequencies.

It was al so attenpted to see whether fundanental frequency
found by Stroboscopic technique and Spectrographi c anal ysis
tallied.

In order to study these aspects the followi ng hypot heses
wer e advanced.

1) Natural frequency of the vocal tract is a formant; and

2) The formant frequencies are independent of the

fundanment al frequenci es.
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In order to study these hypotheses the foll ow ng
experiments were undertaken. The natural frequency of the voca
tract was found out by using Nataraja' s technique.

The subjects of the above experinment were asked to phonate
/al for 5 seconds. This was recorded and fed to the Sonograph.
Formant anal yses was done.

The fundanental frequency was neasured directly fromthe
Tacho neter which was used in conbination with a Stroboscope,
SPL neter and Cctave Filter.

To test the hypothesis (2), 5 subjects (males) were taken.
They were asked to phonate vowels /a/ and /i/, each for 5
seconds. A tone of 110 Hz, 160 Hz and 200 Hz was given for
mat chi ng t hrough the earphones of the Bi kday audi oneter. Vowels
/al and /i/ were recorded in the Anpex Tape Recorder at the
three |l evel s menti oned above.

The Spectrograph analysis of formant frequencies and funda-
ment al frequenci es were done.

Hypot hesis (2) was accepted.
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Concl usi ons

1)

2)

3)

4)

The natural frequency of the vocal tract do not coinc-

ide with any of the formants.

On statistical exam nation: 30 subjects taken for the
study showed that there is no correl ation between the
averages of F; F, and the natural frequency found by
Nat araja (1972).

Means of fundanental frequencies found fromthe

St roboscopi ¢ techni que and the Spectrographic anal yses
were closer. Mean of the two nethods showed 6 Hz

di fference. The correl ati on between Fundanent al
Frequenci es obtai ned by Stroboscopic technique and

Spectrographi ¢ anal ysis was 0.5711.

Formant frequenci es are independent of the fundanental
frequencies. That is, if the same person phonates
vowel /a/ in different fundamental frequencies still
you perceive it as vowel /al.

Reconmmendat i ons

1)

oj ective confirmati on of the frequency | ocated as
opti mumpitch by studying the physic-acoustic econony

at this level by using EMG
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Recommendati ons — contd.

2)

3)

4)

To study the effects of the changes in resonators on

normal and abnornmal changes in pitch.

Val i dating the natural frequency and the di nensions of

the vocal tract by nmeans of anal ogues techni que.

In subjects with good voices, to correl ate fundanental
frequencies found from purdue pitch neter, Sonogram
Stroboscope and the natural frequency of the vocal

tract.
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TECHNI CAL DATA

BEAT FREQUENCY OSCI LLATOR (Bruel & Kjaer type 1022)

The Beat Frequency Oscillator type 1022 is a precision
signal generator using solid state circuitry throughout. it
covers the range 20 — 20,000 Hz and is designed for acoustical,
Vi brational and el ectrical measurenents.

The 1022 works on the heterodyne principle using two high
frequency oscillators one of which operates at a fized frequency
whil e the frequency of the other can be varied. The required
audi o frequency is then obtained by m xing these frequencies to

produce beat frequency.

The out put inpedance can be varied to give maxi mum power
(2.5W in a load of 6-60-600 or 6000.

The 1022 may be swept continuously through its frequency
range by neans of an external notor drive. If it is driven by
the Level Recorder 2305 it can al so be automatically synchron-
ized with frequency calibrated paper.

A Conpressor anplifier can be switched in, to control the
regul ating anplifier so that constant output |evel is obtained.
When the instrunent is being used for instance to power a

| oudspeaker



the conpressor circuit can be used with a m crophone to maintain

a constant sound pressure |evel.

FREQUENCY ANALYZER (Bruel & Kjaer type 2107)

Type 2107 is an AC operated audi o frequency anal yzer of the
constant percentage bandwi dth type. It has been desi gned especi -
as a narrow band sound and vi bration anal yzer, but nmay be used
for any kind of frequency analysis and distortion neasurenent
within the specified frequency range. Wen used together with a
Level Recorder type 2305, frequency anplitude diagrans can be
recorded automatically on preprinted frequency cali brated
recording paper. In addition, it is supplied with the weighting
networ ks for sound | evel neasurenents “A’, “B” and “C’, and a 7-
pin i nput socket for connection of a Bruel & Kjaer condenser

m crophone or preanplifier as required.

The instrunent is supplied with an output switch, by neans
of which the rectifier and nmeter circuit can be switched to
nmeasure either the peak, the arithnetic average or the true RVS

val ue of the input signal.



MEASURI NG AMPLI FI ER  (Bruel & Kjaer type 2607)

The 2607 Measuring Anplifier is capable of an extensive
range of sound, Vibration and voltage neasurenents. It conbi nes
extrene versatility with a wi de nmeasurenent range of | aboratory
preci si on.

It is basically a wide range nmeasuring anplifier for linear
as well as logarithm c operation an includes true RM5 and Peak
rectifier circuits. The rectifier circuits contain tinme consta
nts ranging fromO0.1 to 3000 sec. which can be directly or
renotely selected to give averaging tines for RVS Measurenents
and decay tines for Peak nmeasurenents. A display neter with
i nt erchangeabl e neter scal es on which the range setting is
automatically indicated facilitates the direct calibration of
the 2607 for sound pressure |level, acceleration and voltage

measur enent s.

HEARI NG Al D TEST BOX (Bruel & Kjaer type 4217)

The Hearing Aid Test Box type 4217 consists of a mniature
anechoi c enclosure with a built-in |oudspeaker and a transistori

-zed oscillator and anplifier section.

The anechoic enclosure is set up with thick layers of glass

wool to obtain essentially free field conditions.



In the present study, only the anechoic part of the Hearing
aid Test Box was used to keep the m crophone and the speaker,
whi ch provides a conpressor voltage to the B.F. O (type 1022)
t hrough the Measuring Anplifier (type 2607).

LEVEL RECORDER (Bruel & Kjaer type 2305)

The Level Recorder type 2305 has been designed for accurate
recording of signal levels in the frequency range 2 Hz to 20
Khz. Typical fields of application are the recording of
frequency response characteristics, reverberation decay curves,

noi se and vi bration | evels, spectrograns, and pol ar di agrans.

Recordi ng can be nmade by neans of ink, either on |lined
paper or on frequency calibrated paper, or by neans of a
sapphire stylus on wax-coated paper. A synchronous notor is used
for the paper drive, and by nmeans of a gear-box 12 different
paper speeds are avail able. The operation of the Recorder is

based upon the servo principle.

El ectronically the Recorder type 2305 nmainly consists of an
output circuit, a Range Potentioneter, a direct-coupled AC input
anplifier, the special Bruel & Kjaer signal rectifier arrangem
ent, and a DC output anplifier section which drives the
el ectrodynam c



writing system

PRECI S| ON SOUND LEVEL METER (Bruel & Kjaer type 2203)

The Precision Sound Level Meter type 2203 is a highly
accurate instrunent designed for outdoor use as well as for
preci se | aboratory neasurenents. It is easily portable, battery
driven and conpletely self-contained for ordinary sound | evel
and vibration nmeasurenents. Used in conjunction with a suitable
filter set, e.g., the Bruel and Kjaer Cctave Filter Set type
1613, the instrument becones a handy and easily operated

frequency anal yzer.

The Bruel & Kajer type 2203 covers the range 18 to 134 dB
(or 39 to 148 dB using a ¥ mcrophone). Al the three weighting
networks (A, B and C) are included in the instrunent as well as
a linear characteristic and nmeans for connecting external filter
circuits for further shaping of the frequency characteristic, if
necessary.

THE FILTER SET (Bruel & Kjaer type 1613)

The COctave Filter Set is a compact, portable unit contain-

i ng
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Only four screws are used for joining the units together and the

el ectrical connection is provided by a connection bar.

The Filter Set type 1613 contains 11 filters with centre
frequencies in accordance with | SO standards as follows: 31.5 -
63 — 125 — 250 — 500 — 1000 — 2000 — 4000 — 8000 — 16000 and
31500 Hz. The overall range of the Filter Set is thus 22 Hz to
45 Khz.

MOTI ON ANALYZER ( St roboscope) (Bruel & Kjaer type 4911)

The Motion Anal yzer type 4911 is designed for use in obser-
ving and neasuring periodi c nechani cal phenomena such as
mechani cal resonances, observing the functioning of the |arynx,

and many ot her conplicated mechani sns.

The flash of the type 4011 may be synchroni zed by any exte-
nal electrical signal which is periodic with a pulse width
greater than 20 sec., a frequency in the range of 5 Hz to 10
Khz, and a voltage level in the range 100 nV to 280 V peak- peak.
If no external signal is available the instrument may be
triggered fromeither the Iine frequency or an internal signa

generator with a frequency range of 5 Hz to 105 Hz.
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TACHO UNIT (Bruel & Kjaer type 5527)

The Tacho Unit (type 5527) is a reliable RPM neasurenent
used along with the Stroboscope (type 4911). The Tacho Unit
i ncor porates speed, reading sinultaneous with visual observati-
on, with four speed ranges for accuracy. There is no need for
manual adjustnents to foll ow the speech vari ati ons.

The Tacho Unit is conmbined with the Stroboscope and the SPL
neter, in the present study, to get the required readi ngs. The
Tacho Unit is connected to the Stroboscope by a cable fromthe
“output f” socket, the saw tooth signal from which exact
synchronismw th the input pulses is fed to the Stroboscope. The
nunber of input pul ses, as received by the Stroboscope from sone

kind of triggering device, is nmeasured and indicated in RPM

CONDENSER M CROPHONE (Bruel & Kjaer type 4131)

The Condenser M crophone’s operating characteristics of
high stability, flat |inear response, and reasonably high sens-
itivity, conbine with its mninmal effect on the sound fields in
which it is placed to neasure sound pressures. They are designed
for use with a range of instrunments: m crophone anplifiers, fre-
quency anal yzers,
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preci sion sound | evel nmeters, etc., to give a conplete analysis
of the sound fiel ds neasured.

A conmpl ete m crophone consists of a m crophone and a cat ho-
de follower for inpedance conversion, allow ng | ong cabl es and
relatively low input inpedance anplifiers to be used between the
m cr ophone and the neasuring instrunent. The m crophone
cartridge is screwed onto the housing of the cathode follower

making a small, rugged unit.

The m crophone may be directly connected to the different
Bruel & Kjaer measuring instrunents which are provided with a
Condenser M crophone input socket fitting the m crophone connec-
ting plug. Stabilized plate and heater voltages for the cathode
foll ower and pol arization voltage for the cartridge are

avail abl e on this seven-pin socket.

TWO HEARI NG Al D RECEI VERS (Denmark S 821)

Since a probe speaker was not available, two hearing aid
receivers were used in the present study. They were chosen
primarily because of a flat frequency response in the
frequencies from 100 Hz to 5 KHz.




SONOORAPH (type B/ 65 — Kay Electrical Co.)

The Principle of sound spectrum spectrography involves two
basic steps. First, The signal to be analyzed is heterodyned
with a variable frequency, sine wave oscillator; second, the
result is inserted into a narrow band pass filter and the beat
frequency output is measured. The signhal to be analyzed is
recorded on a magnetic drum which is capable of storing
approximately 2.5 seconds of material. In order to shorten the
analyzing tinme, the recording is played back at several tines

t he recordi ng speed.

In the analysis, the recorded signal is played back many
times as the variable frequency oscillator slowy shifts in
frequency. The signal frequency necessary to produce an out put
fromthe band pass filter is equal to the difference between the
carrier oscillator frequency and the center frequency of the
band pass filter. The output of the band pass filter is
anplified by a marking anplifier and fed to a stylus which nmarks
on electrically sensitive facsim|le paper. The density of the
line marked is roughly proportional to the | ogarithmof the
anplitude of the beat frequency conponent. The paper is w apped
around netal cylinder which rotates in synchronismwth the
magnetic drum Since a nechanical |inkage slowy noves the
stylus across the cylinder, the picture is constructed of a
series of parallel lines. in this manner, it is possible to make
per manent frequency anplitude versus tinme portrayal of the

recorded signal
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The Sonograph can provide two alternative degrees of
frequency — selectivity, either so-called ‘narrow band analysis
by neans of a 45 cps wi de band pass filter or a ‘broad band’
anal ysis by neans of a 300 cps wi de band pass filter.

Since the facsinm |l e paper is capable of only a 12 decible
range fromthe lightest gray to the darkest black, a neans of
mar ki ng a frequency versus anplitude portrayal at any point
along the tine dinension is also provided. This technique is
known as anplitude cross sectioning.

The cross sections show frequency along the horizontal
axis, the relative anplitudes of the harnonics are shown in dB
by the lengths of the spikes. An anplitude cross section is
obtai ned by inserting a comma on the marking drum at the point

to be sectioned.

In the ti me frequency — intensity spectrogram produced with
a broad filter the formants are seen as bl ack bands oriented | a-
rgely in a horizontal direction. They carry the major spectra
energy. Providing the voice fundanental frequency Fo, is |ow,
there appears in the broad band spectruma fine structure of
vertical evenly spaced running through the spectrogram Each
line reflects the excitation of the vocal cavities by a single
air pulse of the glottal flow produced by an openi ng and cl osi ng
novenent of the vocal cords. The duration of one such period T,

is the inverso of the fundanental frequency Fo = 1/ To
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AVPEX TAPE RECORDER (1100 Seri es)

The Mbde

1160 is a solid state “instant-on”

4 track, self-

cont ai ned stereo tape recorder conplete except for speakers.

Per f ormance Specifications

1160/ 1165 1150
Aver age Aver age
Perform Perform
Overal | Record/ Reproduce
Frequency Response (Pre- _
Anplifier only) 721 ps _4db _4db
50 cps to 50 cps to
15 KC 15 KC
3% ps _4db _4db
50 cps to 50 cps to
7.5 KC 7.5 KC
SI GNAL TO NO SE (from peak
record | evel to broad band
noi se) (preanmplifier only) 7% 46 dB 46dB
3% 43 Db 43 dB
TONE CONTROL RANGE 20 dB
at 100 cps -0 6
At 10 KC -10 to 10 -10 to 10
PONER OUTPUT: 6W
Conti nuous rns per Channel
E1A Voi ce and Misic Power 7. 5W
per channel
Peak Per channel 15 W
Peak both channel s 30 W

conbi naed



Perf ormance Specifications — contd.

Xii

1160/ 1165 1150
Aver age Aver age
Perform Perform
FLUTTER (Flutter & Ww
conmb. measured according
to ASA stds.) 7% 0.15% 0. 15%
3Y 0.2% 0.2%
Speed Accuracy 7Y% 2% 2%
3% 3% 3%
Fast Wnd Tines
(1200 of Tape) 160 sec. 160 sec.
Li ne I nput | npedance: Hi gh Hi gh
M crophone | nput | npedance Hi gh Hi gh
Li ne I nput Level: 0.2V min. 0.2V mn.
2V Max. 2V Max.
M crophone I nput Level: 3nV mn. 3nV mn.
30nV max. 30mV max.
Li ne Qutput | npedance: Low (Less than Low (Less
1K) t han 1K)
Li ne Qut put Level: 0.3V 1V
Power Anp Qut put 8 ohns Non-

| npedance:

Appl i cabl e




