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Yocal systes wodelling has decoms ef prime
importance in recent years for helping our understanding
of the subtleties of human spesch mechaniem, Thers are
other fields alac where thess aynthesis techniques have
unshallenged oontridution, Seversl of the modelling schemes
are grouped under thres basic soncepts of synthesisings A
resonance or formant technique, An articulatory teehnique
snd Spectrun shaping teohnique ueing physiologicsl parameters
of spsech process,

Formant synthesisers have soms preferred featurss
over that of the artisulatory synthesizers, T r«unﬂoh
of formant~ vooal-tract analogs ueed in formant synthesisers,
need passive or active f£ilter oirecuits oonnected in meries or
in parallel,. The prodlems asscciated with the R,L.C £ilters
are minimized or reduoed if gotive ReC=Op Amp oircuite are
used, A single analog of vocal tract basel on active filter
representation of vowel formants is designed and its perfor-
mamee studied and compared. The encouraging results obtained
opens further, the doors for improvemsnt and axtension of
sach schemes o0 as to generate more realistio synthetic speech,

Ardfulatory techniques have their own sdvantages
in the faet that they structurally represent the underlying
anatomny and physiology of the wvoesl sschanise, Dignostic and



vi.

therapsutie stidies can be supplemnted by the tests
on such sodels. Speach cerrection therapy, artificind
larynx realisation snd voeal organ disorders are well
and effectively $reated by studying the perforsancs of
this analeg under simulated conditions,

The vooal trast function during phonation such as
voeal cavity resonances, tract shape, location and mede of
excitation are analysed by taking the help of eleotrical
cirouits,

Further work towards practical famplsamentation
and complete working models should see the near future
with the synthetic speakers doing variety of Jodba ranging
from aan-machine comsunication by voics to the hearing aids
for the deaf, | |



1 .
Y INTRODUCTION

1.1 The mechanism of volce production in the human

vocal system has long been a focus of interest for mny
d1ffermt ummmn, Yarious approsches have Lesn taken

by investigators in order to account for this mechaniem.

Many theoretical models provided a basis for elucidsting

the physiodl mschanimm of phonation in the vocal systenm,

It is & faot that, these models are still Sncomplete and

such isprovesent based on physiolegical investigations and
anatomical structure has yet to be made, The physiological
information related to this mechaniss is considerably limited,
One of the major reasons for this lack of information has deen
the Aiffioulty of odservation, Fhe vooal organs are relatively
inaccessidle without disturbance to their physiologieal
funotion{ 1]+ In sddition, since the rate of its vivratory
sotion per unit time $» consideradly high, usual methods of
observation do not provide the detalls of the activities of
the vibrating structure,

142 The human vocal system, being a physio-aooustic
systen, can be treated as an agoustio tude appropriately
excited at one end dy puffs of air [2]., The volum of air
flow while passing thyeugh the tude axoites the paseive
natural sodes of vibration [2], An ssoustic signal, whieh
is a combination of a fine structure, superimpomed on the
mvelope of the transmission function of the tude, gets
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radiated from the open end of the tude, The asrodynamical
studies carried out on the asouatical anslor of the woeal
system reslted in various details about the physiolorical
parameters suoh as sudb-lottal pressure, intraoral pressure,
11p impedance, the turdtulence omd perfodic aexoitation, eto.,
eto.[3]. The main advantage of this acouetic tubde mm#entm
tion is ite motivation for realisation of eleotrical egquivalaent
of the vocal system,

1.3 The first attempt for studying the feasidility of
eléctriod network repressntation of speech mechanimm [ 4]
was based on the imowledse that, ae the aly in resonant
oavities, if exoited by series of puffs of air can initate
the action of human vocal orpgans, mo aleo electric oirouits,
1f excited to produce sudiofrequenay osofllations by some
means or the other, ocan be considered as a funotional copy
of the vooal organs, The physiolorioal, anatomical, and
struotural details, that were available or Inown at that
time, were s0 muoh insuffiofient that this eleotrical analog,
sven thoush, wae able to produce vowels and some afmple words,
wvag far from anywhere near to the actual wvocal system,

1.4 The year 1939 had seen a real drearthrough in vocal
systen synthesis research, Hommer Dudley and his assooiates [ 5]
presented A Synthetioc Speakey' at the New York world'e Fair,
Thetvoder' a ganeric name attached to this synthesiser ’
incorporated several of the kriown features of the human vocal
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15,1 Articulatory techniques consider the human voocal
tract as an ssoustic tubs with tyansmissien oharscteristios
sintlar to that of sn edestrical transaission line [2]}. Zhe
‘transaission line is made up of large number of seetions,
esch represonting a ssall length of the voosl traot. The
section may be a 'x' or 'I' configuration of lumped Le(-R
parsnsters, the values of the parsmeters being funotions of
the orvss-sectional ares st that point [7]. By properly
adjusting the values corresponding to the tysot configuration
or geonmatyy, typical of vowel, various sounds could de
produced. ‘

1e5.2 Qm vooal traot, when excited froms ths gleottal
source, raliates scund waves, vhich have a spsctirus
charscterising the mudiu resonant nature of the trast,
By virtue of this characteristic of the tract short time
energy-density-speotrun of the tranwmitted sound waves
project the peaks at intervals, decided by the exoitation
frequency [8]. Fig.2 showvs the frequency band around the
peaks tersed as "Yoyrmante', The sodeling technique, here,
involves representation of each formant dy an electrical
resonant cirouit [9]. In this oase there is no obdvious
correlation of the control dgﬁda with the artioculatory
movements [ 6]. The resonant cirouits representing the
formants may be oonneoted in parallel or in series., This
kind of medelling i8 referred %o as 'Terminalenaleg’
syntheaising technigue,



Go

“ho pohoiza uSdlioes opopationa aorlifioro ond DeCe CACTING0.
Tedn~ oroeniiona} ooplAliors 0 nodn prodion ozsormtonsy

i eopvonticnal pactivo possnnlins £atweriio, morolifne $ho
poclication of puzo Apduotlivo olemont, 40 ovopcand. Othon
indoront cdvenlonos of Sho cotlvo soconntines ofronlto oxo
aioguncele Uodnr PAold 5C%cat Yernciotero n Oho oozl
elpcadts, o0 Svniny LD pocsnatoro, c2ditiond clvcatonoa
a0 (odnod wMoh aro faotigied {99).

1.0 o dercont oyadhooinor 40 rodlinoed in tho Lobamatowy
ard ¢ho poeformango otuddcl. Pho ontput of thio tormind omalon
of tho Mamon veonl opcion whon corprecd vith Ohad of o cotud
rivoo very ongouasing moculso, Cho rodol 4o gamobio of
cenceating Coodrned wwdio. Ath onathoer oourae of cmoitabion
for £riontivan and comw ooncononto aad gorrooronlin~ voocl
Szoot Seonrdep femelion Cop croh opooch cowndo moaliccd, tho
caclor A1 Do ablo %0 produeo al) Gypoo of covmido, Fusthow

42 g Qyarndoslidy conteoliod cnolos, with 33403 Coiken089
7ados fon cozol oovedo 4atsaduncd, consdimious opcosh ©ay Do

~
gon rsaiied

9.9 i onnlyoio Soaimiquos fop voesl quotcs faddonal
AocozdBticn coo Qocazitadyuhieh 2o basdanily Sha opoeoh
oncasEy o2C0iiin~ ond wovo £2d0iilng Scatndgrons,



Te

2.,  ANATOMY AND PNYSIOLOGY OF VOCAL ORGANS

2.1 Anatomy [ 1%)

The sagittal view of the huxan vooal system is
shown in Fig,53. The main parts are the lungs, brononid,
traches, larymx, voeal folds, pharynx, oral oavity, nasal
cavity, tongue, velum, 1lips and nostrils, The primary
funotions of these organs in human dody are respirstion and
di-nttio.n. These oygans are situated in the thoracio cage,
cervical cavity and the oral and nassl cavities,

2.1,  Trachea

‘ Btructuraily, trachea~ the wind pipe- is a cartila~
_ inous snd memdrancus tude, sbout 11=12 cw {n length,
continued downwarde from the lower yart of the larymx, It
extends fros the sixth cervical vertedra to the upper
border of the fifth thormeic vertebra, The trachea is not
quite oylindrical, being flattened posteriorly. Its dismeter |
Tfrom eide t0 side &s adout 2 om in the male adult and 1,5 con
in the female, The framework of trachea is of imperfeot rings
of hyaline cartilage, united by fidrous and unstrippsd
muscular tissue. They are lined with mucous memdrans, The
cartilages vary from 10 to 20 in number, Xach is an imperfect
ring which occupies the anterior two thirds of the oircumference
of the tracheaf dehind, whers thi rings sre deficient, the
tudbe is flat, ‘!hi cartilages are placed one adbove the other
and separated by narrov intervals, They measure 4ma in depth
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end 1 sm in thickness, T external surfaces are convex
and highly slastic, The cartilages are enclosed in an
elastic Lidreus mendrane which oensists of two layers.

2:1¢2 lLarmx

The larynx ia situated bdetween the root of the
tongue and the trachea, at the upper and anterior part of
the neok, Above, it opens into the larymgesl part of the
pharynx of which it forms the anterior wall; delew it is
continuous with the trachea, In the adult male it is
.situsted opprosite Jrd, 4th, 5th and 6th cervical vertebdrae.
Larynx messures 44 ma in length, 43 ma in diameter{transverse),
56 mm in mhropolmrior dismeter and 136 ms in cirgumfersnoe,
The skeletal framevork of the larynx is formed of cartilages,
which are connected by liguzents and mezbranes and sre woved
by numercus miseles, It is lined with mucous membrane,

241.3  Cartilages
| The eartilages are nine in nuwbers Thyroid 1,
Cricoid 1, Epiglottis 1, Arytemeid 2, Cuneifors 2, corniculate 2.

241,31 Thyroid Cartilege

The thyroid cartilage 1s the largest cartilage of
the larynx, It consists of two laminas the antertor borders
of which are fused at sn angle in the sedian [lane and forms
the laryugeal prominanes, Immediately adove it, the laminae
are separated dy s V-shaped notch, The laminas are irregularly
quadrilateral in shape and their posterior angles are prolonged
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into processes termed the miperior and inferior horms,

On the outer surface of sach lamine sn odlique line runs
downwards and forwards from the superisr thyroid tudercle
vhioh iz situated a 14t%1e infrontof the root of superior
horn, to the inferfor thyreid tudercle, The inmer surface
is smooths above and behind it is slightly concave and
covered with mucous membrane, In front, in the angle foimed
by the junotion of the laminae, the thyroepiglottic ligament
i sttashed(Pig,4), and on each side the vestidular snd
vooal ligamnte,

The upper border of eash laminae is oconcave dehind
and convex fronty it gives attashwment to the corresponding
half of the thyroid mewdrans, The lower Yorder is concave
behind and nearly -pm;m, lnfronﬂ the two parts bains‘
separated by the w.rzor Shyroid tuberale, The anterior
bdrdw is fused with that of the opposite lamins forming
with 4t an angle of sdout 90° in male (adout 120° in femals).
In men, the grester pojection of the hzyn.xul prominance,
the greater length of the woal folds méd the mmltmt
desper pitch of the voice are all asmciated with the smaller
sise of the thyroid angle. On the medial surface of the
posterior dSorder's lewer end, there is & small over fadet
for articulation with the side of the oricoid cartilage.

2:1:3.2 Crieoid Cartilage?
The cricoid cartilage 40 smaller ut thicker and
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stronger than the thyrcid cartilage. It is shaped 1ike

s signet=ring and forms the lewer parts of the snterior
and lateral walls and most of the posterior wall of the
larnx, T lamins of the oricotd cuﬂﬂm is desp and
broad, sd measures vertically from Z2em % 3%cm, The arch
is narrov infromt and weasuires vertically from 5 ms %¢ Tmm,
Mt widene posteriorly as it approaches the lamina. The
lower boxder of the oricold cartilage is horsontal and
connected to the highest ring of the trachea by the cricoe
tracheal ligament, The upper dorder ruuns odliguely upwards
sand backvards, The inner surfase is lined with mucous
mowbrane, |

2.1¢3.3  Arytenoid Cart{lagess

The paired arytencid cartilages are situated at the
upper border of the lamina of the oxicold cartilage at the
back 0f the larynx, Near the apex of the cartilage there fs
an elevation from which s orest curves at first backwards
and then downwards snd forwards to the vooal process, The
lower part of this crest intarvens between two dispreseion,
an upper trimngular and the lower obldng in shape} the upper
gives gttachment to the vestidular ligaments, the lower to
the vocalig: Tha medin) surface i3 narrow, smwooth,and flat,
It 1% covered with mucous mewbrane., The base is soncave and
presents a swooth surfage for articulation with upper dorder
of the lanina of oriceid asartilege. Its anterier angle or
voeal process is pointed, it projects horisentally forwards
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and gives attachment to the vecal ligaments, The apex

eurves Datkwards and medially, and articulates with the
cormiculate sartilage,

2.1,3.4 Commiculate Cartilages:

T™he cornisulate cartilages are twe small eeniesl
nodules of yellow edastic cartilage which articulate with
the sumaits of the arytenoid cartilages and serve to prolong
ther backwards and medially. The cuneifors cartilages are
two maall elonguted plsces of yellow elastic cartilage,
Placed one in sach aryepiglottic fold, vhers they give rise
to whitigh elevantions on the mirface of the secus madrane

Just Infront of the sorniculate cartilages,

2.%:4 Epiglottis

| The cartilage of the epiglottis iz & thin leag=1ike
lomllia of yellow fidrocartilage whioh projeats odliguely
upwards dehind the tongue and the dody of the hwid dons
and infront of the entrance t0 the larynx, The gides of
the epiglottis are attached to the arytenoid cartilages
by the aryepiglottic folds of mmcous membrans, The upper
Part of the anterior surface of the epiglottis is fyee,
and covered with mucous aemdrane,

~ Ihe exvity of the larynx extends from the laryngeal
inlet, dy which it cemmunieates with the pharynx, te the
level of the lower boxder of the ericeid cartilage, where
1t 18 continuous with the cavity of the trachea, It 48
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divided into three Parts by an upper and a lower pair
folds of mucous menbrane which projests from the sides
of the eavity inte its intertor, The upper folds are
concerned in the production of the wice.

2.1:5 Vosesl Toldes

The vooal foléds are two sharp folds of sueous
meubrane which stretoh from the sngle of the thyroid
cartilage at adout its widdle to the voeal processas of
the arytenoid cartilages. They form the lateral boundaries
of 'rims~glottidie® in its snterior part and are intimately
conderned in the production of the voice, The rime-golttidis
is 182 mm in length, Jmm in depth and variadle in width, The
sinisum snd seximum opening of O and 18 mz. The voeal liganent
which is continuous balow with the lateral part of the
ericovocal membrane consists of a band of yellow elastio

tisme, related on 1its lateral side, to the vocalis musoles,

21,6 Mouth Cavity? |

Ths mouth cavity is beunied laterally and infront
by the alveslar arches, the taseth and the gums] behind it
commnicates with the pharynxy by a constrioted apperature
termed the oropharyngeal isthusms, Its roof commisgtsof hard
palate and 20f% palate} while the greater part of the floor
is foymed by the anterior $wo thirds of the tongue,

2.%.7 Lips, Cheeks eto,.$
T™he 1ipe are two fleshy folds whieh surround the
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orifiee of the mouth, The cheeks form a large part of

the face and are continuous infront with the liprs, The
cheeks are composed of & musoular stratum and a large
quantity of fat, together with areolar tiassve, The hard
Palate is bounded infront and at ¢the a3l by the aleveslay
srches and gums, behind Lt 18 gontinuoun with the soft
palate. The velum 18 a seal %0 the nasal tract during the
non-nasalised vowels and soms consonante,

2.2 TFhyalology:

2,2,1 In the produotion of speesch sounds, all tho orrans
and in adiitior the related miccles of artioulation, do
take part. The idens are originated in the brain, [easage
is formulated and neural cormands aro sent to the related
motor musoles, Mecular astivity enenes, This resmlts in
machanical disilacement of the vooal system ecomponents eo
as to form typlcal confipurations and relative positioning
of the speech orrans, The nett remlt is the generation of
sound waves which are radiated from the mouth via the lips
and nostrils,

From the point of view of explaining the physiology
of speech rroduotion the woosl asysten s 4fivided into three
subsystenss Supraclottal, Intmaslottal and subplottal syste-s,
The sapragslottal systen contains the pharyngeal, oral and
nasal cavities and the organs located therein, The sudrlotial
syatem consists of thoracic care, luncs, droneid, and trachea.
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The Intraglottal system is the laryngeal eavity ineluding
she vocal-gords,

2:,2,2 Jubglottel System:

Fig.5 12lustrates the mdglottal system, The lungs
are comyliant-loesy saske which are filled with air by the
action of the thoracic mumcles and the diaphragm, A sustained
air pressure from the lungs drives a steady air fiow through
bronchii and trachea %o the rime-glottidie{ 14]. The bronoil
are 3-5 o in length snd total eross-seotional ares of 400m<,
Thess are the tubes of ciroular seotion with mucous mewxbrane
1ined from inside, The tubes are lossy and compliant in
naturs. The traches is & 12 om long hard walled tude of 400—2
oross-ssctional area. The reapiratory muscles inhibit the
diaphrage, while the muscles of the addominal walla contract,
pushing up the relaxed 4diaphrags and thue foroing air out
of the therax to the adducted vooal ligssents, The pressure
of alr e 8 om M. dixtins norsal vocal effort. So the funotion
of subglottal system in Muman spssch production is to supply
constani-pressure air flow to the mechanical-acoustionl
osoillator f.e., the vecal folds,

There are three ways in whioh th"d.r flow, sustained
by the steady air wessure from the lungs, is converted inte
an aceustical signal having powsr components throughout the
scoustisal frequemey renge [ 6] d.ALr pressure in the lungs
elevated and forced through the vocal cord orifice, cansing
it to vidbrate. The interrupted flow producing quasiperiodio

oY
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bread spsotrum pulses which excite the vocal traet, Such
an esxcitation is required for wvoiced sounds such as vowels,
senivowels and consonantas, 2. A constriction is formed at
some point in the vooal trect, mainly in upper part of
pharyngeal cavity,due to tongue huwp position, air fyom
subglottal system i{s foroed through this constrietion,
creating turbulemce, This is unveiced exoitation necessary
during fricative sound production. ¥. A cowplete olosure
at the Yips is formed, & Daok pressure developed behind the
closure, this air is suddenly releassd rroducing plausive
sounds, |

2,2,5 Intraglottal System:

The intraglottal systez contains the wvooal folds
and the associated articulatory ligaments, Volume of air at
subglottal pressure is foroced through the glotiis opening

- whioh in tuyn starts vidrating, producing varying volume

velocity, The lengthaning and shortening of the voesl cords,
resulting due t0 increass or decresse in the commective
ligaments, is effected Ly the activation of the oricothyroid
and voealis muscles. In the production of speech sounds the
ligaments are sdducted and mede to vidrate only for short
periods, |

Preparatory to phonation, the folds are alducted
together with the arytenoid cartilages =0 that, both the
intermenbrancus and intersartilagenocus parts of the glottis
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the glottis, The vocal tract oross-sectional ares varies
betwesn 0,05 and 97 «2. Vhen the air puffs enter the vecal
tract the air cavities start resonating and the naturel wodes
of vibration gets exéited, The length snd the cross-sectional
area of the tract 18 such that there are the fundemental
resonant frequencies and higher harmonics, in the vibrations.
The firet three harsonics (formants) are predominant in the
spesch output, So the funotion of the vooal trast is to
-qdulnto the exaitation signal such as to generate a sound
speotrs containing scoustical power all throughout the audie-
frequency range (upto 3500 Hs) [ 46].

When the wooal traot sdove the glottis is constrioted
to such a value that the coriticsl Reynault rusber for the air
strean 18 excesded, inmtadility in the airfiow results [ 17].
This instability is the ocsmse of turbdulsnce, This turdulance
at the point of conamtriction is the source of excitation
1isted at mumber two on page 15, The random velooity fluctua~
tions in the flow can sot as & source of sound and the sound
gensrated in this mr is enlled the turbulance noise, If
the noise is produced near a constriotion adbove the glottis,
it 198 called as Irication nofme, Yoise gensrated at or near
glottal constriotisn im termed aspiration noise, The constrice
tion o&n, at whlch Surdulance L8 generated, 1s in the range
of 0,05 em? to 0.2 om?, Avove 0.2 on?
contridute for turtwlance generation, The turdbulance sourae
is spatiaslly 4istriduteld, ut generally san H located at or
ismediately downstreas of the elosure [ 18],

the sonstriotion do not
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a.¢ svectrum superposed on the 4,0 alr flow. These a.0
variations are of the order of 100~-500 g in male,

The cords hesin to open from underneath, (when set
into vidbration), the opening yrosressing upward with en
outward unfoldin~ of the cords. The lowor portion is also
first to close, Thus there 48 a vertiocal variation in the
Phase of the coxrd motion, Torizontally the openins along the
length of the cords may alac have a phase Adisplssement, If
the oycle of cord movenent la abmﬁd one sees that the two
substantially olosed confisurations cover a mioh larger
fraction of the time(Pig.6). Tuty ratio tesnc 0.6, The
esoapin” ailr throush the plottis has velocity in the range
of 20 to 200 em® seo” ',

2.2,4 Supraglottal Syatem?

The pulsating alr strean from the glottis enters
the vooal tract. ?he wooel traot is am irresularly shaped,
yieldins wall tube,terminated by the vocal cardes at the
lower smd and tha 14ps at the upper end [ 15], The total
lenpth of the tube 18 17 om, Whole of the tract length gets
divided into two portions, ealled the voonl cavities, Ly the
constriction oreated due to positioning of the hump of tonpue
at the uvper part of vharinx, The gesometry of the $Hraot
varies with the position of tonrue, l1ips and the jJaw confi.
guration. There is an adjustable couplin~ between the voocal
tract and the nassl tract at a distance of 8 to 10 oms from
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Instead of partial closure of the tract at sews |
point, by creating a constriction, if the tract is clesed
at soms peint nfﬂeintly high pressure is Built up behind
the closure {19]. A sudden releass of this pressure causss
a transient excitation of the voesl traet which results in
a sudden onset of sound, If the wocal cords are not vidrating
during the elosurs the onsst is precedeéd by a silence. If the
vocal eords are vibrating during the pressure buildeup the
main onset is preceded by low level sound, Thess ssunds are
the voiceless and voiced stop consonants respectively,

The above three excitations considersd produce non-
nasal sounds as well as nasal sounds, While considering the
nasal munds it is odyexrved that the velum positiens itsel?f
in such & way that the nasal traat gets coujled with the
vocal tract, The nasal tract is a chamder of 12,5 om in
length and varying cross seetional area. The nasal cavity
volumse 8 60 cm’, The nasal tract is partially divided where
the two nostrils terminate (20} . Thewe two sections are
invarient in cross-section, The posterior part of the chamber
f.0, the nasopharynx ia of varying ocross-section, As the
wiuu is lowered, the crossesectionsl area of the posterior
part imoreases, theareby increasing thw ascoustioal éoupung
betwesn the vocal $rast and nasal cavities. Anterior to the
nasopharynz, the oxesa-sectional area ehanges mere slowly amd
within a wmuch narrower range. Proceeding further towards
anterior nasal port we reach regions whose aress resain
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relatively invarient, The variadle oross-sectional area

of the nasal traot 1s of Sem lensth and varies detween

0,08 and 5.0 em“". The maximum cross-geotional area lying
above nasopharymx 18 of the oprder of 10 amz {21]+ The
relatively constsat area region s of 2,6 cma. The anterior
nasal port may vary between 0.4 and 2,0 ema. T quring -
nasal sound peneration the vocal tract gets acoustically
coupled to the namal tract andoval tract. The radiation is

via the nostrilo because, the oral tract o olomed,

1% 18 soen that tho confisuration of the wocal tract
gote mﬁtm&leﬂ by the tomsue humpeconstriction and the acoustioa
couyling fue to velun adjustment, Fositiono of jJaw and lips
also contribute %o the contyollins of the shape of the tract
during phonation, The oral cavity, formed between the lips
and the anterior parxt of the tonrue hump constriotion, is a
resonant chamber, The extreme values of the oral trast ares
are 0,9 fmam 50 m‘z and the length of the oral trasct is
about 8 to 10 oms, The mouth opening take up various confie
ruration for various sounds, It is maximum when /o/ is
produced and is gexo when /p,b/ are produced, T he excitation
source 1o looated in the oral oavity for the stop consonant
generation, The articulation of the orsl cavity is effected
by the partioipation of the oral muscles, They oconsist of
mascle of the palate, tongue, floor of mouth, cheeks, 1ips

and jawe,

The gound waves radiatins fyom the 1lips and nostrils
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to the atzosphere are the speseh signals, in the sudio-
range of frequency, which reash to the ears of the listener,.
fhe ear then snalyses the signal, derives the desired peara~
metors and carries the characterising parameters to the
Srain for perception.

L 24
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This obesrvatien leads us to think of the voeal
trect a8 an ascustie tude with selective rescnanes preperty,
which is exeited at one end, such that the cutput from the
systen sxhibits the selective resonances, This filtering
foaturs of the tract i® a time varying property of the tract,
Now as sesn already, the vooal tract is excited bLy three
differamt gources 4ePending uron the typs of sound to be
produoed we will study the spectrograph so0 as to know about
the asoustie nature of these sources, The Fig.0 shews the
wavefors three bdasic types of sounds generated in humsn voeal
system, whieh are? 1, the fricatives 2, stop or plausives and
3e voiced, A careful look at the figurs gives the following
information,

5.3 Vocal Excitation!

The aistinctively different nature of waveform is
physiologically related to the system excitation, The vooal
tract being the same, it is hut evident ¢that the 4difference
in waveshapes is mainly due to the presenss of 4ifferent
sscitation sources. These murees are turned on amd turned off
at varicus times as is evident from the duret, silence and
dsoay in the waveforwm,

%.5.4 Yoiced Bxoltation?

rnn the waveform of Fig.8, we will take up rirst,
the nzcoa sound for vowel /i/. As is alresdy diecussed the
voiced sounds have as excitation, the volums velacity at the
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vocal oarde. The presence of formants indicate that the vowels
and other voiced sounds possess harmonic speotra [23], The
display of harmonic spectra in the wave is indiocative of
quasi-periocdic nature, Thus the exoitation source for |
voilced sounds is a quasiperiodio pulisive wave generator and
this finding i in acoordance with the physiologioal studies,
This fine structure originating from the opening and closing
movemnts of the vocal cards periodiocally modulating the |
volume of the exhaled afr during phonation at a rate of ,on"
which is the wvoics fundamental frequency or 'pitoh'. The

time varht&m of 1"# is the mﬂiaul basiz of fntonation,

Trom the above we will be able to put the scoustio
theory of volced sound generation, The train of successive
air pnuu esmerging from the vidrating glottis 48 the primary
sourcs of voiced sound, The air oavities within the vocal
tract sot a» a multiresonant filter on the transmitted sound
snd impress upon it & corresponding formsnt structure nu;:i:w
imposed on the harmonic fine struoture [8]. The three formant
frequensies !1, ¥, and l‘, ave the main determinants of the
phonetic quality of a vowel,

- The unnmi fraquencies of the vocal tract vary more
or less contiruously scross the often sharply tims localissd
breaks in the spectrographic picture. Such breaks wmay fndicate
shifts fyes voice % nolee seurce or vice versa. Xach position
of the articulatory organs has its specific formant-pattern { 18],
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In general, the continues eloments of spesch are
due to the contimuity of the position of the articulators.
The dissrete breaks are mainly due to a shift in wanner of
productien, that is,a change in type of source, er a redical
change 13 the active resonator system through whieh the
sound is produaced,

%.35.2 Yoiced + Fricatives:

Coming to the #%0p consonant,| x|, the wavefora indicates
tw features { 23)s Coolusion snd bBurst, The bdurst may be split
up into thres successive and partly overlepping phases, the |
explosion transients, s short fyioative and an hesound,

Thus from the speotrograph and the speedh wave if
following parsmetsrs are sxtracted Dy visual observations or
from some analytical treatment the warious sound generation
nechanisn anéd physiology on Y exilained, The paraseters are
1 Durastion, 2. Intensity, 3. Yoice fundsmental frequency,
4, Formsnt frequency, 5. Formant struoturs, sand 6, Fine
struoture,

%.5.3 TYricative (turtmlance)$

Stop consonants and voiced sounds are discussed sbove
and the fricatives are taken up in the following discussion,
Looking at the waveform for the sound, [s], it 1# a quasi-
rendom type f response, The speotrum is continuous rather
than a diserete one as in vowel gemeration, The quasi-random
and continusus spectrum feature of the fricatives indicate that,
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the acoustic source of such syund generation must be a
random noise generator with droad dand energy distrivution.
This is characteristic of a turdulence noise at the eonstri-
otion in the voocal tract, The noise source my % located
snywhere in the tract, From the waveform of the sound |s|,
it 18 again odserved that the excitation spectrum is
relatively uniform, u:iltko- that of the vocal cord source,
the energy is continuously distriduted with ramdon phase
components rether thm being concentrated at discrete
frequencies [6].

The tramsient source (as in stop consonant generation)
approxinates stepr function of pressure with its consequent
- 6 4B per octave energy spectrum, bhut .MI is normlly followed
by & period of turdulancs at the place where the closure is
rehaased and it is 4iffioult to separate the effects of these

two souroces,

This acoustic theory of spesech thus serves two purroses,
it explain the spesch production mechaniem and simultsneously
gathers information as regards to the possidle resiimation of
the systea snaloge,. The acoustie nature reveals the formant
structure of spesch wave, On this rmnt inforsation the
farsant synthesisers are oonstruoted and & nev field gets
opened in vocal systea synthesising techniques,

“ae



4. SINTHESIS TRCHNIQUES

4,1 Introduetions

The hanl aystem for produaing spesch oan de viewed
as & two port system from the point of visw of network
synthesis (Pig.9). The vocal tract being sxcited from the
glottal esource at one end, has s responss observed at the
cther end, which is the speech output, Yocal tract has a
transfer funoction, sach that, the convolution of this function
with the excitation function results in the speech wave ocutput,

o{t) « (g "N}, where, g{t) = exoitation funotion

h(t) = transfer function of
vocal traoct

and s(t) = the speech output

This linear seperation 0f the vocal system and the sound
sources is possidle bessuse of relatively looss intersetion
between them [ 9]. From the aeoustic theory of speech gensration
it was ebserved that the vooal tract is a time~varying filter.
The time variation feature is evidant from the articulatory
movemnts related with the scoustic parameter varistion. In
this form of linear syparadls appmimtion of the wocal system
and source, the individual acoustic propsrties can be conve-
niently exanined as Aiscussed esrlier,

.lb«ninc of the voocal system requires dupucutinn of
the natural details in voval excitation information, the
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tranmmission charsoteristios of the vocal traoct and radiatien

- charssteristics of the mouth epening [ 2], The necessity of
control parameters arises from the continuously vaerying
characteristios of the systen Suring continuous speech
generation, Depeniing upen the techmique of synthesis utilised
the nature of control paramsters vary. There are three main
tezhniques of vooal system synthesis whioh are dessrided delow,

4¢2 Resonanoce Synthesizer:

4.2, Introduotions

It wvas ssen that the sound signals, from the glottal
vidbrations or turbulance in the vooal tract at constriction
and transient sxcitation at snd Suring eﬁpltt. elosure of
the raot, get modulated by the natural modes of vidtratien of
the voeal savities - the formants, Tiw first three formants
decides the quality of sound generated, The natural frequenocy
of oscillation (the resonance frequenay), the bandwidth and
the 4R levsel of each formant gets manipulated depending upon
which vowsel or fricstive or stop consonant is to be generated{ 24],
The adjustaent of formant positions is possidle by the articue
latory movements which in turn adjust the dimensions of the
vocal cavities [8], The system is made up of three cavities,
whose adjustments decldes the formsnt parameters., Thess being
the throat or pharyngeal oavity, ths mouth or oral carity snd
the nasal eavity.

42,2 !m:yc
Yocal trant is sm acoustioc filter of selective resonance
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property, To represent the three main formmnts it is

therefore necessary to oonsider the vooal tract as a

series or parallel cosbination of eleotrical filters or
vesonant oircuits (9], Each f£ilter approximately simulating

the formant er the natural mode of vibration of the voeal
cavition, The resonance synthesizer is a ‘terainal-analog’

of the vocal system, By the term terminal analog 1t is meant,
that, the analog has no physical egquivelance with the actual
systenm dut has funetional equivalence, The electrioal network
representing the vooal system will have transmission charscteri-
stics similar to the transwission Properties of the voocal tract,
and receive their sxoitation from sn electrical source similar
to the sound source exciting the wooal tract,

"8

4.2,3 SBynthesiss L

It && now necessary to arrive st fhe t&ﬁ&or function
of the voaal tract which is an acoustic tude of non-uniform
oroas-geantion, The tude is terminated at one end by the glottis
and at the other by lips,

The voluzme velooity at the glottis and the volume
velocity at the 1ipe, if Inown, will give the transfer
function of the voosl tract, which i& the relationship
between axcitation end respones,

Let, 0‘(1:) = volume ﬂlnnny at the glottis
U,(%) »  wolume velocity at the lipe,

In Laplace transform notation the transfer function for the
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vocal tract is written as, fer vowsl Iroduotion

' *
H{s) .,.“.ZS..'..). - m ﬁ ' 4.2.1
U TTg (s = a)(s = o)

vhere, o, = (- o3 + Jw) 18 & complex number representing
a normal mede of vidration of the tract, .; the odupltx
mm;tc of 8, and 9 » (0~¢ Jw) is the complex frequency
variadle, |

Because the vocal tube is & 4istriduted asoustic
systen, it has an infinite number of natural frequenciss md
the values of the natural fraquencies change with time as the
vocal tract is deformed during articulation. The dimensions
of the voeal traot are sich that the first three natural
frequencies 1i¢ in the frequency range below 3000 M,

Yor a tract of relatively unifors cross-sectional
area the first thres formants are in the wiscinity of %00,
1500 end 2500 Ng, resysotively,

Relation (4.2.1) indicates that the glottis-to-mouth
transfer funetion has poles only and no seros. A typical pole
disgran for this transfer function is shown in Fig,10. The
natural frequencies of the trast are slwayes manifested in the
scoustic sutput as maxima in the spectra of the vowel sounds,

AS the natural frequencies of the tract change with articulatory
motion the relative amplitudes of thess spectral maxima change
accexding to the relationship expressed ﬁy the function (4.2.1).
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WVhen equation (4.2,1) 1# expanded by partial fraction
expansion the following aquation is obtained

*

- LU I °

| 02,2
Uy (e) ~ k L(a- ap ’(-...k)] )

whers, Ay = the residue in the pole &), and {s a complex
nusber that,ie s function of all the e s, Ay 10 the complex
conjugate of A, . .

) £ 4 u1( t) is assumed to be a unit fwpulse of volume velooity,
the volume velocity at the 1lips is,

10 =1 [2ade™ % anms of)] 4203

where, each ‘k and 'k are funotions of 'k“‘

: the
Fros this/relationship Letween the samplitudes of the formants

can be estimated, The amplitudes,|A.l‘s, can be associated

with the relative amplitudes of the formants and oy 'e can be
associated with the forment frequencies, The op's are related
to the half power damdwidthe of the formmnts and are relatively
constant for the vowel sounde; Xence specification of w,'s 1s
approximately equivalent to specifioation of 8, 's, Thue the
8,'s specify not only the formant frequencies but aleo the
relative amplitudes of the formants. Furthermore the amplitude
of any given formmt is s funotion of the frequencies of all
the forsants,

New, the tranafer functisn (4.2.1) cen be realised
¢lectrically as a cassade or parallel oconnections of simple
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uncoupled seriee RLC resonant (or band pass) oireutts or
aotive resonant cireuits. Fig.11 and Pig,12 show the dlock
disgram representations of the cascsde and parallel formant
synthesiser respectively, Yor detter approximation four or
Zive resonant cirouits are required., In Prastice resonadly good
vowel produotion is odtained when the tuuiw of tw first
three ruaators is sontrolled, snd the tun.tu of the higher
formant resenators is maintained fixed at neutral or compenw
satory values, In desling with the resonant synthesisers it

is worthwhiile to Aiscues soms of the comparative aspects about
the parallel and cascade conneoted types,

The mest {sportant faotor which tilts the scales in
favour f serial forsant synthesiser is the reduced complexity
of synthesis strategy by reducing the number of synthesiszser
control parameters, This is evident fyom the fact that indivie
dual amplitudes of eash of the resonsnces 30 not have %o be
deternined for a serial synthesiser [24].

Secondly, the vowel spsctra from the parallel synthesiser
contains extraneous seros, vhersas a serial synthesiser produces
spectra containing only poles. The seros generally fall at
frequencies betwsen the resonances and say be perceptibdles and
henee a ui‘mpthc Zastor,

Parallel synthesiszer has two advantagest 4, Noise
generated in the parallel synthesiser propagates aidditively
rather than multiplicatively, Yor a given signal~to«neise ratio,
signal sises in a parallel synthesiser are smaller than in a
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m-m synthesiser, 2, The ability of a parsllel smthesiser
to reproduce consonant speotra scecurately through independent
ocontrol of forment amplitudews,

For research in speech synthesis dy rule a ssrial
synthesiser 1s best suited., T™he cascade cinnection appears
to be a more ascurate physical analeg of the wvocal tranafer
function for vowel production than does the parallsl connection,
The qutput ef the parallel synthesizer sounds different from
ths output of the cascade synthesiser,

In the parallel cornnection of the resonaters, the
resyonse %0 a unit impulse of sxcitation ia

- 2{%) =1 [’k‘ -*-—--'--L-’iz +m? ) :%t sin mkﬂ 4.2.4
k - Dy

¥here, ’k" are positive consiiants deterained by the propore

tiens in whieh the sutputs of the parallel resonators are

summed, The releative asplitude of any given forment resonance

is, therefors, a function of fts particuler frequency only,

end is not a funotion of the frequencies of the other formandsf9].

In this case the anplitude of a formant resonancs incresases

approximately linearly with its frequenoy, The Laplace transform

of the response (4.,2.4) 1» |

pos » !! :*
f) 'i_(-‘- % )(s - lk)]

»
B !
- ’: -u—-j——- » .-J-f—] “2’5

kL (s~8) (s-s)




35

*
B
where, Cp = m.. 4.2.,6

3om,

is a function of %, only. In rational form the transforam
(4.2.5) 1o

‘ ( ‘ml - >
2He) » U“n 2 .ﬂ)(' ?l 4.2,7
This = a)(e ~ w) -
where, n< k
The funetion £(s) has seros 8, interleaved with the poles L
as shown in Fig.1%,

A typical speotral envelope for a vowel sound genorated
by both types of synthesimers is shown in Fig,. 44,

The discussion sdove considers the production of wowel
sounds only. When it 8 necessary to produce consonants, nassls,
fricatives, whispering scunds(aspirations), the model should
be modified =0 as to realise the transfer funotion corresponding
to thess sounds,

Tor nasale ~ nasalised vowels or nasal consenants -
profuctien, the pole and gerc are parted end s new formant
and spectral sero are introduced in the output[25]. When nasal
tract participates in the formation of apectral charscteristic
of the output sound thers sxists an acoustic coupling detween
the nasal 4ract, pharyngeal part and oral part of the vocal
tract at their ends at the velum, The dimensions ef the part
of the system that ssrves for this coupling is assumed to de
small compared with the wavelength of the sound components of
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s

interest, If we assum® the transmission through the walls
as negligidley the transfer function of the vooal tract for

the nasals,
n

| . ]
(1« =1 = =)
r(a)ugﬂ%.-;- u"i‘ ‘1 ;i
s -3 -2
. 1EI (1 .1)(1 ’!y

Now canddqm the traat as lossless, the poles and
Sex0s of the transfer funotion will lie on imsginary axis,
The three coupled cavities i.e,, pharyngeal, oral end nasal
beinr ayproximated by thres scoustic tudes that transmit
plamf wvaves, the looation of poles and zeros of T(s) can de
decided by examining the driving point surceptances looking
{nto these tudes from the coupling point, The location of the
poles of T(s) are given by the frequencies where thejsum of
the susceptances iooung {n all poesible diractions at sny
arbitrary point in the system is sero, Thus at the point
of coupling the internal susceptance must de egual to the
driving point susceptance looking into the mouth cavity to
obtuln the farsant frequencies, The zeros scour at frequenocies
where the driving point susceptanve looking into the mouth
cavity sould be infinity, since at these frequencies the mouth
cavity short cirouits the transmission to the nose,

B(') 4,2.8

In suwmary, the side dranohing of the vooal tract during
m’nl sound® add soms pole sero pairs, These pole«sere pairs
csuse local perturdation of the apeotra of nasal consonsnts in



.

certain frequency ranges., S50ft walls and involved geometry

of the nasal cavity eause apprecisble damping for some of

the resonances, The incresased damping results in o droadening
of the resonance dbandwidths, particularly at lowest resonance,
Fig, 15 shows spectral envelope of typicsl /w/. Now the transfer
function as in (4,2,8) csn he realised by eascaded resonance
circuits with the medification that the antiresonsnces are

aleso introduced and thelr locations controlled. In sush a |
schems the amplitudes of various Yesonances are no longer
constrained to vary in a sinple manner,

The fricatives mich as /f,8,2/ have continuous energy
density spectrum of the scocustie cutput sigmal and are charace
terised by approximately the same poles as thoss that charace
terise a vowel spsotrum produced by the sazs vocal traot
oonfiguratien, The poles are simply the natural frequenecies
of the vocal tract and do not depend on the location of the
source. However soms of the poles of the fricatives get heavily
danped bmmzn. of additional losees, Zeros characterisze the
output speotra of fricatives at frequeneies for whish the
driving point impedmce of the portion of the wooal tract
posterior to the noise source is infinite i.e¢., at voles of
that impedance, At thess frequencies the source is decoupled
from the front cavitiss,

The transfer characteristis of the vocal tract during
fricatives is given dy an expressien which charsoterise the
pole=gero locations,
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By combining all these transfer function realisation
networks and the excitation sources properly ocennected as in
Pig.17 4t 1is pomsidle to generate continuous spsech,

These formant synthesisers are the vooal system
analogs which require simple contyol circuitry and thus sesy
t0 maintain and of low cost. The serial or parsllel somnection
of the formant resonators or combination of them result in
vooal systes analogs which produce sufficiently good quality
synthetic opeech, By the study of these formant analogs it
is possible to stuldy the sdoustic-phonstic relation which ia
1uportm€‘ froxw the point of wview 0f the physiology involved
in the human speech production, For analysis of speech signals
also the results of the tests on such analogs are readly
utilized with advantege.

4.8 Articulatory Synthesisexrs?

4.3,1 Introduotient

The second technique 0f madelling the human speech
mechanism slectrically is again dased on the filtering
property of the acoustic tude i.e, the vocal tract. A oloze
slectrical analog of the human vecal trast, which is mn
electrical transmission line, apyroximates physically and
dimensionally the transmission tude, ‘

Before going to reslisstion of the voeal system analog
it 15 necessary to catablish certain physical bdasis, which will
be the tramsitional step in the direction of the electrical
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squivalent representation,

4:.5.2 ZTheory:

| The vooal tract 1s assumed as an scoustic tube
terminated by the weal coxds at one end and by 1ips at the
upper end., The wale of the tude are variadle in shape and
scoustic excitation may be appiied either by a periodic signal
at the glottis or by turbulanee at some point along the tude[7].
By controlled variations of both the shape of the walls of the
tube and the nature and pénuou of one o wore sources of
sxcitation different spesch sounds are produced, Prom the
physiclogical studies and Y-rayphotographic observations on
the vocal tract, 1t is eoncluded that when the vocal tract
receives pulses of volume of air st one snd they are trans-
mitted as plane waves sll through the tube, This is so becausse
0f the fact that the eross-sectional dimensiens of the vocal
tract are small as compared with the wavelength of the sound,
Fow ths tube is considered as made up ¢f ssries connecked
cYlindrical ssotions, The dimensions of the sections bLeing o
chosen a® not to violate the rlent wave Iropagation approximation,

The electrical mmalog of the woal tract is thus an
electrical transmission line in which current is analogus
to volume velocity and voltage 18 analogus to sound pressure,

4.3.3 Bynthesis:
A uniform oylindrical section (uniform section being
& valid assumption for plane wave propagation) of the acoustic
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oould never b successfully taeXled,

With the introduction of eperational amplifiers
snd the poseidilities of its wide spresd application lead
the author to consider its uee as an sotive element which
wey revlase the inductor and at the same time will be an
sdequate rssonator, From the characteristics of operational
awplifiors 4¢ 18 gathered that a highly stable sand linear
infuctor oan bs simulated by the use of an opsrational
amplifier,

Further, with this iGea of aotive filter spyroximation
of formant fraquencies in the vooal tract, the follewing
advantages are gained

s High faput impedance snd low cutput impedance of the
operationsl amplifier releives the task of impedanss matohing,

b, Active filters can supply large amounts of power,

G, Thase filters have good stadility wnd signal-to-noise

ratio [ 11].

Becanse of the above, operational amplifiers in
setive filter wode are tried for simlating the vooal ¢ract
filtering function on formant repressmtation technique,

~Te2 Demign Strategys

A casoale eonnected configuratien of resonators is
preferred end sdopted, Only four formants were considersd
for appreciable quality of vowel sounds,

fhree of the four resonators are provided with tuning
fecility, vheress the fourth formant ressnater is a fixed
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frequency hbonctor.

Yor the gmneration of veiced sounds suoh as vewels,
an excitation scurce resembling the glottal wave generator
is used, The sutput 4is edbserved on sscilloscope or alterns~

tively heard, using uiu-pm-n.

The fixed freguency resonators for ¥ 4 "imdation
generally does the Job of higher pole corrections snd itas
inclusion improves the quality 0f sound generated.

7«3 Dats Regarding the Your Remonatorss

wm vocal tract anulog 419 capadle of generating vowel
sounds, From tabdle (), 1t is odserved that, the centre
frequencies of the formants oan conveniently be selected as
500 Hs, 1500 Hx, 2500 Hg and 3500 Ex respeetively. The band-
widths axya fixed for each formant and the wvalues bDeing assumed
as 50, 150 and 250 Hs, The amplitude of the forments do not,
in any simificant way, affects the position of the formants,

7.4 Theorms
With respect to the schematio of the dand-pass active

filter, as shown in F1g,%0, the follewing discussion resulte.

The operational amplifier 1s oconnected in the inverting
mode such that, the veltage tranafer function is given by
v AS
A“ - - - - Tet
A r‘ +Be+l
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1 |
where, Q.--l—- '].—%1;‘:-&~m0.-§1i

ROy s RyCyCa

The transfer funotion indicates a patr of complex

conjugate s-plane poles with seros restriocted to the origin
or infinity.

T3 Designs .

To deaign the first formant resonator, we will fix
the values of H , Q and vo(-asto). where, H, is the pass-band
gain peouring at v, » 21:::0. Q i# the ratio of resonance
frequency and the dDamdwidth, gnd v, is the resonwwe fre-

quency in rediens m”.

ﬂ‘ i3 » free parsmeter md for canvenience we have
chosen it as 10, Q is selested as 10 Because it satisfied
the vowsl formant bandwidth Tange at the said resonanse
frequancy and aleo the gimnu configuration is suitadle
only for Q values less than or equal to 10, For values
greater than 10, the element values will have large spreais
and high Q sensitivities to element value changes, fo is
fixed at 500 fism, | |

Resistors are less expensive than capasitors and
are wors easily used in trimming schemes and therefore are
oalculated for the desired performance of the filter, rather
than calculating the values for capsmitors. The capasitors
are selected from thw standard values and of squal eapacity,

let, O =0, =004y, Qu10, K =10
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Por eontrol of r,. rz and r, the resistors n, in
esth are made varying to adjust the resonant frequency,
the bendvidth gets adjusted by keeping R, variable. The \\

asplitudes may if desired be adjusted by controlling C,. \

The sdjustamts of eavh formants is independently
carried sut and thn? ?

sdvantags of the active filters.

With values tl"jﬁu stors as determined above with \\
% peroent telerance and disc condensors, the connections
are made as shown in Fip,51, Paotentiossters and presets
connected in series with resistors, holp in adjustment of
the formmmt positions,

For exciting the vocal~tract terminal analog, a saw~
tooth signal generator with frasjuency rmnge of 40-300 Hs is
connected asxoss the input terminals of first resomator. The
output waveferm is viewsd an gn escillossops, A head-phene
connected aeross the output terminals will ratiate the
synthetic vowel sounds, in isolated form (not concatenated).
By senvually adjusting wvarious resistors the formants are
appropriately positisned to gorvespond the various vowels,

Tor smtomatic eontruvl of the formant positions it is
necensary to use soms slectronically ocontrelled schems, The
use of Field Bffect Transistors(Fit's) as variakle resistances
nadles gpotive filtere t9 Do Qesigned wvhose resonant frequenscy
ecan be voltage comtzelled, The possidility of such a comntrol
is pat forward herewith and may de tried,
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8. ANALYSIS TECHNIQUES

8.1 Introductions

The study of the structural properties of the
phynical systes i.e, vocal orgmns, vhioh are tims invariant,
comen undsr the designation *Analysis of vocal system', A
sound wave per se has no meaning and should de regarded as
s ocarrier, that has encoded within 1t certain aspeots of
the structural end tesporal charsoteristios of its source{4t].
The 1deal analysis therefore should be abdle to fsolate thess

two factors,

Key features of the analysis is the use of filters,
that ars cupadle of vevealing the strustural conteat of the
sound irrvespective of its particular form of sxocitation, The
" natursl frequencies epitomize these structural properties of
the source that may be encoded within the sound wave, since
thess natural frequencies are independent of ths points at
which the system is excited or obssrved,

~ Gsrtain sounds are made with much the same configuration
of the lip, mouth, tongue and Jaw and thus posses the sane
forment frequencies, They are recognised as 4ifferent seunds
beesise the exoitatien occurs at Aifferent psints in the wvooal
tract.
The formant frequenaies are of fwmportance for the

reason, that, for the purpose of hearing, the major structural
gontent of a sound wave are descrided dy its fromants [ 16],
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4. Yolced fricatives /h,v,¥,.8, 5/
5. VYowel and vowel 1iXe seunds / $,1,8,8,¢s./
6, Comdination of sounds,/eI{eny),aX(1)/.

1 From the spectrogram 1t is obmerved that the volceless
stop sounds are produced by a combination of stop and fric-
tional wodulation, Thase sounds are made by stopping breath
flow at soms point ({n the vooal tract duiléing up pressurs
and then rapidly releasing the bdreath, Aes 18 evident from
the gap, indtoating stopping of breath and s spike £111
indicating release of dreath, The irrssular striations result
from frictionsl modulation, When stop modulation precedes
frictional modulation and dreath flow is relessed smddenly
the striations are nxrrow and dbegin abdruptly,

Thus gaps and spikes charscterized voicelsss atop

sounds,

2 Voiced stop sounds are produced by thes cosbination
of stop, voecsl cord snd frictional mydulation,

A nayrow voics bar on the baseline of the pattermn
indicetes vidratory msodulation, A gw' in the pattern adove
the volce bBar indicatse the breath stop, This e volostegap,
s combination of vofoed bar and gap. The apike following the
voiced gap 18 the result of endden relsase of the bPreath,

Thus volced stop scunds are characterised by volced-
gaps and apilkes,
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s. Yoiceleas fricatives are the result of frietienal
modulatien, The irregular wvertical striations on the pattern
is the proef, the striation are wilder than that for the stop
sounds vhich reasons out the slow and continuous emission of
breath through the restricted opening,

Wider striations charscterise the voiceless fricatives,

4 Yoieed frioativess The eurvad lines in the profile
represent the vocal cord scotion umed to produce the voiced
breath stresam, &hiu vidratory medulation is showm by the

voicebar slong the baseline. The friotional modulation is
evidant fyom the striations appearing adove the voices bar,

Thus patterns of voiced fricatives are characterised
by veliae bars and stristions,

5., Vowsle and vowel like sounds? The horisontal bars in
the pattern show soms resonating phenomena and the presence
of thess remonancs bdars is indizative of selective resonance
property of the vossl tract cavities, For generating thess
resonancss the nesd for vidratory sxoitation is self explali~
natory, There are four dars quits distinguishadle and
predominaat, indicating that the first four resonsnces of

~ the voeal cavities are surficient to specify s vowsl, The
shift in the rewonance dars (or formsnts) with aifferent
vowel seunds explains the varieus cosdinatiens of souyled
vocal eavities that are forsed during wvowel production, The
change in shape and 4imensions of vocal ocavities is due to the
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aotion ef artigulators, The position of the bars correspond
to thi frequencies at which resonances of the vocal cavities
ocour and from this the range of variation ef the three
resonant frequencies is given as 200-900 He, 550-2%500 Hs,
end 1900-2900 Hs respectively, Whereas fourth formmnt may
de loocated at a fixed velue of %500 Hs,

Combinations of dars in the pattern thus explains
the vowel and vowel like sounde,

6 Comdingtions of sounde are dlagnosed by odserving the
patterns vhich shoew vesonance bdars-curved in nature,i.e.,
they change their positions while going from one sound to
another in the ocombination,

In general wvhwnever there $s a comdination of
conspicuous features of seperate sounds a 4iphtheng is
16“!1‘1!1“0

The above discussion thus reveals the important role
Played By spectrogran in deciding the vocal traot behsviour
during varieus sound generation and also the mode of lecation
of sxcitation., To soms extant the artienlatery movemsnt
during phonstion cen also de studied from thezs speech

Patterns,

The other physielogical factors responsible in
charsoterising the sound generation are also revesled by
enly vimial observation of the spesch pattern., Taks the
‘stress’ used to give exphasis to particular sylladles

neOnIFE

CENTRAL pepary UNIYFRSITY OF
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or words. The ovservation of the pattern in relation %

shade of darkness shows that darker the shade high the
loudness and 1lighter the shade lower the wmm. Again

the length of the segmnt of pattern characterising the
duratisn of sound voice descrides the glotsal source
contridution during stress, The pitch of the voiced exoi-
tation is aleo evidant in the pattern, wider the specing
betwaen the vertical bdars the higher the piteh and vice-verss.

In prinoiple the spectrographic snalysis of the spesch
wave and establishwment of the correlation bBetween the struce
tural and funotional detail of the voosl systes to that of
the spesch wave uses sleotriosl network theory. The speotroe
graph is & translator of sound waves into visidble patterns,

A set of variadle filters receives the apesch sigmal coming
out of the hunan vocal system via « microphone, Xach filter
is capsdle of handling a predeterminsd frequency dand (All
the bands added to gether will esqual the 0-4000 Hs range of
the spesch signal). The cutput of each filter is umed to
form a trace of 1ight and the brightness of the trase iw
related to the intensity of speech components within that
bend pase by the filter, This analyser bend pass filters
receiving the spesoh wave disintegrate the wave inte ita

- couponents which c¢an be analysed and studied coriwnlmtlx
then the complex cembination of them in the sotual speedh wave,

8.3 Spectrum Analysis Scheme!
In the second group, the analysis of the spesch wave is
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earried out by first formulating the mathematical medel

and then realising electrically the functions derived, The
speech wave 1is a complex, aperiodic or quasipsriodic wave

esd hence can be malysed by using Foubieyr transform technique
ad the related correlation funotion,

The information a spesch spectrum carries sbout the
vocal system is disoussed in the following section,

The extraction of the varicus parameters and in

~ particular the pitch information, using sleetrical metwork
approach [ 42-49] basioally considers the speech wave as a
combinatien of fundamental wnd higher harmonios, The quasi-
pariodic repetition in a voiced interval of speech oause
pariedic ripples in the speech spectrus and this is & clewr
svidence of the vibratory nature of the excitatien source,
By estimating the spacing detwesn peaks of these ripples
by peak picking techniques, the rate of vidration of glottis
cen ve decided. By estimating the Duss or hiss existance as
is possidle Ly preocessing the speech speatrum [ 50] the mode
of exeitation and location of excitation is declded,

The forment informmtion gives the aceustic hgohaviwr
of the veeal tract, Thus analysing the speech wave fyom the
peint of view of studying the formant behavieur during arti-
culation will give the asoustie theory of speech pro&uotion,
There are various schemes [5%-55] which use elestrical circuit
for extrasting the formant imformation from the -jnoah spectirum,

*re
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9, OONCLUSIONS

91 The vooal systex analysing and synthesising techniques
discussed in the previcus sevtions, are the useful tools in
various studies ranging from physiology of spseeh production
to the ma-machine commnication by volce, Rwphasis is laid
on the veeal tract models, The {mportance of vogal tract
models, whatever form they may take, is twofeld, First they
sllov a substantial reductfon in the smount of dats needed

to specify s spesch waveform. And secondly the models provide
a struotural framework in terms of uhihh spesch phengaena
can be insightfully, sconomically and naturally specified.
The goals of research in aynthesis can be Yoth, the eonstruc-
tion of seund engineering solution to prodlems which require
a wide range of synthegic speech uttermces, as well as, the
furthering of basic knewledge of the speech process.

9.2  The formaat synthesiser is & structural model of the
vocal Srast whieh produces output speech waveform from a

small, slowly varying set of input paramsters, The advantage
of thess wodels in that thiy relate directly to many of the
ressarohrresulta in acoustic phonetice, The model is asdeguate
to produce speech which is fndistinguishable fros humsn spesch,

9.3 The articulatory models of the vocal tract can provide
very natural struetural repressntation of the underlying
anatomy and physiology of the traot which give rise to the
speech signal. Much 0f the needed data for voaal traet shape,
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tongue movement and velar opening has been derived from
X=ray data.

9.4 A formant synthesissr, with sotive £i{lters used as
regonant circuits, gsnerating the formsnts of the vowel
spectra, 45 Jesigmed and tested, The oparational emplifier
use in the resonmant circuits simplifies wany a probdleus
assoelated with suich type of wocal trast models. Only vowel
sounds with formant fragquenscy ranges fallingin ths eenirolle
able regions axre gmerated, The yemults show that such kind
of realisation of vooal traot wodels is feasidle and yossidle.
By providing resonant oirouits corrssponding to the transfer
function pole-sers pattern for fracative, stop consonants
snd other oconscnants the vooal tract model can generate all
types of english spsech sounds, If dynamioally controlled
resonant cireuits are designed a aynthetic speech can de
Produced, The parameters derived from sotual speesh signals
for controlling the resonances %aing comparativaly less, the
modsl besowes less expenasive and ansy to maintain, By
providing higher pole eorreotion cireuits, the guality of
the spesch can de iwproved,

~ 9.5 Kedelling of the vocal systen, as is the case with
 other physielegiecal systems, is unlikely tc achieve complete~
ness, Consideradle attention 5 the parawsters a humsn overtly
manipulates in speaking, souléd be given, The exact duplioation
of the system in terme of the electrical parsmeters is far

from reality,
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9.6  2he Flanagan-Ishisaka model [3] of the vocal traet

snd the volced excitation mource equivalent can be an answer
‘to the desired vosal system anslog. The further work in the
direction of improvemsnt may centre around the derivation of
physiological parameters that are manipulated during speech
prooens, Further the Eleoctromyographic signale of the varicus
articulatory muscles when correlated with the acoustio of |
spesch, will produce mors natural synthetio spudh from the
dynaxically controlled analogs.[$6]

The glottal source of sxcitation a» is modelled dy
Flanagan~Ishizakn, sscounts for large details atout the
thysioal system, S5ti1) one aspect of the wvocal cord vidration
is neglestads The vertical phase difference of uppsr snd lower
edges is taken cere of, whersas ths horisental phass &ifference
along the length of the voocal oords is not taken note of, This
hnrimntd phase 4ifference may have some influmnce on the
scoustis«phonstie relationships, So efforts should be
directed to analyse this phase~difference frem the point of
view of its ocontridution in the process of spesch production,

All digital vecaletract moldels, which are both compact
and Snexpensive is the need of p:romt d:;f. So the annetcd
future research work should be lead towards this goal.
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FIG 32. OSCILLOGRAMS SHOWING WAVEFORMS FOR
SYNTHETIC VOWELS FROM VOCAL TRACT ANALS
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