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Study of midsagittal x-ray tracings reveals that the vocal-tract outline can be accurately represented by means
of variables specifying the positions of the jaw, tongue body, tongue tip, lips, velum, and hyoid. As the
articulators move, they modify the vocal-tract cross-sectional area and the vocal-tract transfer function com-
puted thereform. The speech signal may be synthesized by concatenating the responses to repeated excitation
of the quasistatic vocal tract. Vowels are specified in terms of variables denoting the positions of the jaw, tongue
body, lips, and velum. Consonants are implemented as transformations on the underlying vowel-derived ar-
ticulatory states that satisfy given constraints on the position of an articulator relative to the fixed structures.
The set of states which satisfy the given constraint corresponds to the allowed productions of the consonant.
Coarticulation effects control the selection of the underlying state and thus determine the particular consonant
produced. Vowel-consonant-vowel sequences generated with the aid of rules for articulator movement and the
articulator-position to vocal-tract cross-sectional-area transformation are intelligible and exhibit coarticulation

in agreement with acoustic measurements.

Subject Classification: 9.2, 9.4, 9.7.

INTRODUCTION

Speech synthesis by rule, when implemented in
articulatory terms, incorporates a dynamic model of
the articulatory system. Articulatory representations of
isolated phonemes are combined, modified and se-
quenced in time to generate the trajectory in articula-
tory space appropriate for the production of the
specified speech signal. The dynamic model defines the
rules governing this procedure.

The momentary state of the articulatory system may
be represented in terms of the positions of the individual
articulators—jaw, tongue body, tongue tip, lips, velum,
hyoid, and the maxilla. The excitation conditions,
glottal or fricative, are assumed independently specified.
A static vocal-tract model uses the articulatory variables
to determine the length and cross-sectional area
function of the tract. These in turn suffice for generation
of a synthetic version of the speech signal appropriate to
the particular configuration of the stationary artic-
ulatory system. Time variation of the articulatory
variables results in a quasistatic simulation of the
speech event where the output signal is obtained as a
sequence of responses to different stationary vocal-tract
configurations.

This paper first describes the static model—the
description of the vocal-tract shape in terms of artic-
ulatory variables. These variables, individually or
pairwise, specify the position of the jaw, hyoid, tongue
body, tongue blade, lips, and velum in the midsagittal
plane. The temporal variations in variable values can
be determined from measurements on x-ray tracings
obtained at regular time intervals during a spoken
utterance, and in turn serve for an accurate reconstruc-
tion of the time-varying midsagittal vocal-tract outline.
Articulatory information so derived has been combined
with fundamental frequency and amplitude information
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determined from the natural speech signal to yield a
synthesized speech signal and thereby indicate the
adequacy of the method for speech generation purposes.

The second part of the paper postulates rules for
temporal variation of the articulatory variables in
particular phonetic contexts. As yet, the rules have
been systematically formulated only for vowel-voiced
stop/nasal-vowel sequences. Similar rules are con-
sidered applicable to wider contexts. The rules allow
temporal overlap in the movement of the individual
articulators in contexts where they are free to move
independently, and they impose delays where con-
straints between articulators or with respect to the
fixed structures must be satisfied for specified intervals.
The vowel-consonant-vowel (VCV) sequences syn-
thesized with the aid of the rules yield high consonant
identification scores.

The fundamental point of the postulated rules is
that the invariant property of a consonant is best
expressed as some constraint on the position of an
articulator relative to the fixed structures. Examples of
such constraints are tongue-tip closure, lip closure, and
velar closure. There exists no one-to-one mapping
between phonemes and articulatory states. Rather the
collection of such states satisfying the given con-
straints corresponds to the allowed productions of the
phoneme. When consonants are coded in such terms
coarticulation across phonemes, across syllables, and
even across words (Daniloff and Moll, 1968 ; Amerman,
Daniloff, and Moll, 1970) can be readily implemented.

I. PREVIOUS MODELS

The picture of the state description of the articulatory
system undergoing modification under the influence of
a set of goals or targets was succinctly presented by
Henke (1967). His solution in terms of separately
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controfled flesh-points on the surface of the tongae
and bip & ursahsfaclary due to the mmplefqit:,' ol the
canstraints between such points. Coker and Fujimura
{19066) introduced a model with paramcters assigned Lo
the tongues hody, tongue tip, lips, and wvelum, This
mxlel, whin appeopriately contrdled, suffices for the
generation of all English phonemes amd has been
userl En generaie contexiually comples sensiences
Further developenenis of the model by Coker make
usg of time cofstants with which the mdividual artic-
ulators reapond o particular commands. He further
intredsces the notion of “priority™” of cortain con-
sonandal characteristics 1o ensure  thal the most
pertinent articubatory features of individiesl ponsonants
sirvive drastic smoolhang effects.

Concurrently with the wark, Lindblom and
Sundberg (1971} focused attention on the mile of the
jaw in an ariiculatory model, The jaw position influenoes
the wocal-fract cross-sectional area in both the longue
aned lip peghons, It allows the Eolation of parancters
periaining to the tengae and lips aleae, contrluting L
a simpler pictare of the artdculatory medhaniam [or
vowel generation.,

Char work considers the lips, paw, longue, velum, and
hyoid ns movable structunes, The toague body and
tongue blade are consédersd s separate bul inler-
depemibent arliculators. The position vanabbs for all
artoalatars Exoep Lhe tongse hxlz.l m«r_q:q'rhd_ o
megsuralde points on middaginel sy tredngs; the
tongue-baxly coordinates are those of the apparent
center poant of the approximately circular tongue-body
oy i ime:,

The prarameter sel adopted is nat minimal—a smaller
murnber of parameters may be sufficient te generate an
adecuatle stalic regwesentation of the wocal-tract
outline. Toagoe movement in a fixed coordinate system
may tale place as a resuli of jaw mowement only—in
which case the tongee remains fxed reative o the
jaw, Alternatively, the jaw may remain fixed and the
Longue mave relatrve to the mavlla and the mandible.
These two modes are differentiated to allow independ-
ent expression of contextual consteaints, Artioulations
equivalent with respect to tongue height (tongue-body
position relalive to the maxilla) can then be generated
with different tongue-hody and jaw positions. The
chaice allows 3 reduction in the mequirsd travel of any
one articylator in the given context, and thus faster
attpnment of the articulatory poal B made possible,

II. REFRESENTATION OF THE MOVAELE
STRUCTURES

FParamebers assigned to the movahle struciures ane
position variahles which indicate the position of the
structure in fixed space or relative mmmm
structure Lo which it iz attachad. The of the
jow mnd lorodd are expressed direcily in the fixed
coordinate system. Lip and tongue-body positions are

spedilied with respect to the moving jaw, Toague-tip
pesition is specified relative to the tongue body. This
representatson provides for an active mode of moe-
meenl for an articalator by changes in the comesponding
variable. Alternatively, a passive movement may be
execited i the fived coondinate system as 8 nsult of
movernent of the structure o which the articulntar is
attached, but relative 1o which its position remains
unchanged.

Limits on the articulatory variables may be specified
in abeolute terma, such as maximal jaw or velar opening.
More frequently, the limits are imposed by the (nom-
inally) fixed structares of the maxilla and rear pharyn-
gl.'-lI wall, These limuls are aftaned :1r||_-,' duﬁng q]umﬁu:l
timee intervals, for example, that of tongue-tip dosure.
To attain these limits the articulatory state ia modifed
by means of 3 consonantal gesture. The modification
takes place throogh changes in the variable valises
reflecting movement of the participaling structures
required in opder to achiewe the requisite artsulatory
resiull.

The nuadel variables e determined by reference 1o
x-fay bracings miroduced inlo an interactive COTRpUEr
systemn. . Perkell wes moar generous in making
available to us the dats used in bis spady (Perkell, 1969),
The experimenter, by adjusting the variables, generates
& wvocal-tract outline that e brought inle registration
with the z-ray tracing. Significant deviations noted by
the experimenter are used to modify the model
Automatic extraction of the arliculstory varables is
feagible; howewer, manual matching with careful
inespection allveed a hetter focis on the defects of a
mcdel under development.

In the fallowing wvocal-trvcl representalion a rather
abundant set of va.niahla B wed in onder Lo allow
detailed rldcpund:n! consscleration of the individual
articulatory structures, Some of the variabls may be
irealed as constanks in most cases. In other places
relationships between the variables noted in the nlysts

Fi. I, Mogai-peserabed woeal-trut gutline.
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are used to peduce the number of free vardables of the
el

A. The Jaw

In general, the jaw may be sssumed to evecute rigkl
radation ahout & point ficed with respect ta the statian-
ary structures. Let the jaw pl:r!-l-i'mﬂ be indficated by the
paint J at the top of the lower incisors in the sagittal
plane (see Fig. 1). Tis location relative to the GHaed
Wlﬂ! E __' by rdar eoealinalis r'r -i.'l The

[ R ===

diztance s; remains mnaunl_a.t ltimﬁnrwrmhjnrt
in most cases. In a few cases, such as the fricatives fs/
mﬂfvfnﬂmmﬂumh}'}&ﬂuﬂlfm
in.dn:u.mg a slight retraction of the mandible relative
by e wapper incisors.

u--n.u

B. Tha Hyodd

The hyoid is allowed 1o mowe in the midsagitial
plane, and s positkon is expressed by means of vertical
arnd haorizontal position coordinates represeniting the
integrated action of the muscles cannecting the hyoid
to the jaw, tongue, styloid process, and infrahyaid
structures, The hyold position s denoted by the paint
H, kseated on the sagittal x-ray tracing at the apparent
intersection of the anterior edge of the epiglottis with
the top edge of the hyaid bone. The point H represenis
the jumction of curve sections swch that below H the
curve i & function of H only and above it & function of
H and the tonguee bady. The paint B, an estimate of
the anterior extremity of the bryns, s found e move
up and down roughly synchronously with H, .lnd Ty
bocated LT om below it As 2 rough estimate, anterbor-
posterior movement af K & found b be ane-hall that
af H, Thus the curve EH changes orientation slightly
with anberinr—posterior movement of the hypold.

C. The Tongue Body

Fallowing Coleer and Fujirmira (1964), we represent
the tongue-body outlin: 2z o circle with a maoving
penter ansd Axed radius. At frat the radius was allowed
to vary, but good matches 1o maosl x-ray Iracings wers
found with a constant radius of 2 om. In o few articul-
atary diuatiors gach as the devated tongoe body just
prior to achicving palatal closure, the superior outline
of the tonguee bady was ohsereed to deviste from a
cirpular arc, but the extent of deviation was desmed
amall enough to be generally neglizible.

The position of the tongue-hody center C is given
with reference o the jaw-based line F] by polar coor-
dinates (5,00, Since the jaw rotates aboutl point F,
the angular cosrdinate with respect te the fged system
#, B given by the sum 88,

The coardinates specily the position of the teoguae
with respect to the fized reference system and the jaw.
Identification of varlables with wnique muscles is not
mmtended, The coordinate assignment = purely func-
1072 Volema 53
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tinmal im that it permits simple desciptions of tongue
mavement in two distinot meodes ; {I.:l as fxed relative
by the maving jaw—primarily executed by the muscdes
af the jaw, amd (h) aa moving relative 1o a fived jus
cantrolled by the intrinsic and extrinsic mscdes of the
(T

Analysis of aur data indicates that the antenor awtling
of the pharynt is controlled by the tongae hody and
biyoid bone positions. Let 5, be the distanoe from H 1o a
paiat [¥ on the tongue-body circle such that HD &s
tangent to it on the posterior sidle. The actual putline
deviates from this line o the anleror ar posterior side
dipending on the height of the tongue body. Let P be a
point on the normmal bisector of HD such that the
ll-—l-ml-b L 1-l|-'l PO hull sEpreRE Thaa rhsse paid

Timibs  Rigt. LIRS VAR

r.:ulh.ne PIY s the tangent 10 the tongue-body cirde
throagh the poimt P, The uFEl.:r.]'i froom HHEF hins been
determined for vasious voel and eonsonant articula-
thons im owr ®-ray datn, and the observed valoes are
plottsd agamat ¢, in Fig. 2. The data indicate that a
sirakght line adequaidy approximates the variatbons in
the offset as & function of tongue-tody- lyoid distance
55 This relation & wed in the model o determine the
pharynx outlme from the tooguebody and hyoid
positions, 1t was further ohaereixd that the rear pharyn-
peal wall moves backwards as 5, increases—if s
mamimally anterior for fa/ and maximally posterior for
S amd Suy, This mighe be considersd an indication of
the contraction of the sphincter muscle in the lower
pharynx for the loe back vowel

I}, The Tongue Blade

The wague tg and jongue blade are considered
atlarched to the tongue beady and mowve with respect 1o
a point B nominally on the tongue body surface. The
line CH is anented at an angle 8,40.55% with respect to
the horizantal. When execuiing up-down movenents,
the tongue tip appears o rotate about B; therefore
its pasition is expressed hy palar coordinates (2,8,) with
respect to I, Active exlension or retrctian of the tonguwe
tip relative to the tengue body is expressed by warda-
tioma in 5. The sngle of elevation of the Loagee tip &
has components 88, reflecting the pesition of the
jaw and the tomgue body. A further component .
reflects active elevation of the tongue bp and 5 zer
for static wowels. Again, a functional separation is
maele to allow longue-tip ebevation with fived ongee
by or imvolimfary losgue-lip movement due o
tomgee-bady movement.

‘The actoal teogue-blade outline §s approxinsated as
a mmasth curve Langent o the ongue-body cincle at B
andd passimg through T, the paint on the tongue hlade
farthest from the tomgue-body center O B i located
o the tongue body circle such that the angular differ-
ence between OB oand CB' is proportional to the
imfrinsic tongee hlade elevation 8, defined  helow,
The tongae blade decreases in thickness and increases
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in Hexthility as one moves alang its surface from the
tongue boddy o the Eongue tip. We can represent the
curve madelling the tongue-blade surface by o radial
coordinate abowt the ongue-hody center C which
waries as the square of the angular difference with
respect by the starting point B° on the ngue bady,
The angular coardinate of the langue tip & 15 ahserved
o wvary with tongue fronting. In particular, far the
Ay ws fuf distinction a tongue-body contribution o
tongue-blade odentation 6, can be defined such that

= 4+t o
#y, nn intrinsic tongue-blade elevation wariable, is
asalgned a zero value for stanionary wowels—defined as
the approximately siationary wowel Largeis = the
[ba"CV] arbiculations. (hur analyss reveals that for
these fases
B0 (5, — 8.00),

where #, is in radians and 5, in centimeiers. Ths
allows a q:ﬁ:i.!-u'_a.l.;:u'l ol l.mgu:-hlmle crientation {or
vowels that i a fanction of the jaw and tonpue-bedy
coordinates,

The tongue-badiy-tongue-tip distance 4, is roughly
constant at 3.4 om for the oheerved wowels, Articula-
tioma with a merroflexed womgise tp where 5 can be
expectod o be reduced have not been studied.

E. The Lips

The lips are allowed to open (close) or protrude
(retract) relative to the jaw and magilla, The position
al the lower lips is denoted by the point £ having
conrdinates (pr b)) with respect to the point o which is
ﬁndmlhmpa:linth:]a.w Althoagh bor vowels i
English the jaw ﬂ]‘.'d‘:l.'II.I.'IE amed either & or fy permils a
fair approsimation of the other one [Mermelstein,
Maebky, amd Fujmura, 1971}, for aontinems. artsula-
Lary warEisans conlainng labisl oomsamants holh oo-
ordinates necd te be independently specifable. Use of oy
amnd ;a8 sepasate variahles albows lip dosare with
spread of founded lips. Forthesmore lip opening and
roumiding have different characteristic rates of change,
and this diference would be masked if anly one coords-
n.l1¢nm1md_']'l'h:]1ﬂﬂnulm1ud elevatinn of the
uipipeer fip relative 1o the upper incisors ane assamed equal
i those of the bower lip relative 1o the lower incisors,
Tatal lip apeming i again given by teo components—
ame A function of the jaw opening 8;, and the other lip
opening & relative 1 the jaw, Again, we provide for
differentimtion between lip dosure by jaw movement
with lip muscles inactive or with the aid of the lg
muscles alone and the jaw stationary,

F. The Yelum

The state of the velum is represented by the position
\’nlt}wwtﬁpdlh:umﬂlmﬁﬂﬁﬂunﬁl

LA

B+ LAT {5y~ 3 4m w

TOMGUE BOOY — HY (0D HNSTANCE [3p-Cm]

Fic. 2, wridete ol olfeet Froun ue-laxly hyoil ks
Im:'nl-hudlj-e-'hnirl ni!llnm e ot -

:I.II.I.iEJ“. line ViV V5 i empirically defined 2 the [
aitian noted lor the neost dbevatad point of the velum amd
Va s the bowest ohserved position, The velar opening
area B assumied proporional 1o the soquared distanee
(V=¥ Where a monzero wvelar area = noled, an
apprapriate nasal sxlehmanch is asumed coupled o the
pharyngeal-oral tract, The glottis-lips transfer function
is replaced by one which determines the total pressure
e ta radiation froen mostrils and lips for 2 unit gloiial
velogity pulse. The welar position madifies the vocal-
Lract eross-sectional area as it controls the position and
length of BEgmENt BV, a normal from W to the real
pharyngeal wall, and curve VM approximating the
catline of the soft palate,

G. Marills and Rear Pharngesl Wall

The poteror-superior  vocal-tract  outline  was
matched with the aid of wariables controlling the highest
podnt al the periarytenokd G, the horiganial eoordinate
af the rear-pharyngeal wall position R, the welum
pasitian W, the hig!‘u:s.l. piril:{lﬂ the mnaawilla M, the pont
1F on the uppes incisors and the poing L' on the wpper
lip. Point M is located an the siraight line MU such that
distanee MM & twioe the distance MU Circular ancs
WAL amd MN are drawn with centers on & vertical line
thraugh M. G, the center af the grid system to be dis-
cipsid later, & abso bocated on this ling 385 cm below M,

ﬁtvmlbmumthcrm[ﬁlqmgrﬂ]rdlmﬂmm.l
positions. were considered significant for analysis par-
poses. However, as noted further bebow, for symihesis
purpases U posterise—superer suiline l_'-:uq-l far the
upper lip) may be considered fixed if slight adjustments
are made in the jaw and toapue variables of the vowels
to maintain the relative separation between the two
Hﬁitlil cuatlines,

The Jowwal gl the Agsugial Setiery of &médoa 173
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IIL ANALYSIS OF X-RAY DATA

Mid-saggittal x-ray Lracings of cight bisyllabic wier-
amces [ha'CV ] consisting of reughly 20 c-ray framios
ach, and oo sentence of 120 [rames (2.5 sec) hawve
been analymsd with the abd of the model, The articula-
tury warkabbes wene adjusted with the aid of programmed
knihs to schieve best regisiration on the oomguter
display between the stored <-my tracing ard the re-
peatedly  regenerated  model-derived  ouilines, The
ad justments wers carfied oud in the arder : rear-pharym-
geal wall, maxilla, welum, hyobd, jaw, wogae, body,
e Lip, lips. Results of this matching procedurs are
illusirated in Fig. 3. Frames L0 and 1343 show ex-
amples of & hack and Eront wowel from the sentence.
Frames 1344 and 1353 are ecamples of aleealar and
palatovelar 3tops,

The experimenter triel o atiain particularly small
dindations in the scoustically imparant regions—ine
example, the polal of maximam constdction on the
tamgue bady. Deviations between the solid (x-ray
derived) and dotted (mode ) curves noted in the pharyn-
e amdd tongie blade regions are due to the appires-
matinns used in qlcri'.rir‘ the artsoulatary n]1n.|'l:|.. The
deviathans are ol considensd scoustically significant—
the ermars lhq.- introduce are esceeded by the ermom

invodved in estimating the areas i the sechions through
tract normal to the center line.

IV. DETERMINATION OF THE VOCAL-TRACT
LENGTH AND CROSS-SECTIONAL AREA

The vorul Aract cross-sectional area is determined in
termis al the ares of connal metions whos: prapsctions
an the midsagittal plane form a gnd system as shown in
Fig. 4. Grid line are 003 on apart where paralld and
107 apart where radial, Tl anterior<indferior outline of
the vl tract in the midsagitnel plane is dedermined
fram the articulatory parameters &5 disouwssed above.
The postersar-superior outline shown In Fig. 4 I3 a
sequienee of straight line and arc segments apgroxi-
maling the rear pharyngeal wall, the soft and hard
plates, the upper incsors and upper lips. The o ot -
lines imtersect the gprid system as shawn, Lot the jth

il segment delimnited by thess two autlines have
leiggth g amd madpoint Ca The wocal-tract center line
i5 azmumied to be in the madssgittal plane and is apgara-
rmted as the sequence of sirakght-line segements joinlng
the £y Assume the direction of wave propagation at O
is given by J[ang(Cya—C,)Fang(C;—Cya)], which
deviates from the normal 1o the jib grid Bne by angle
arye The estimated ares ab geid-lme § i thin ghoen by

dy= i fogy) comay,
where f[jg) B a transformation that maps the jth
midsagittal projection g into the cross-sectional area in
the plane of the grid Bee. The grid system B ol with
r:lpu:llu-lh:m.liﬂltﬂ-lhﬂillb:'plriniuuuiumc
1074 Walume 53
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tramsfarmation with chamges in the articulation, Recent
dats of Maeda (1973} show that improwsd scouracy
may bee oblained by including varations in the trans-
formation as a functivn of the articulation, Le., allowing
&, to depend nod anly oo n.mi;_.h.'ll.nh'rnn l.,ﬂdj,hur
these effects were cansitdered minar and were not imple-
meenited here,

The tmnsformation ((f,g,) 5 based on previously
published data. Following Heing and Stevens (1964)
the crmsanctional area in the phanyngeal region is ap-
prosinatid as am ellipse with g, as one axis ol the sther
imcreasing, from 1.5 to 3 om as one mowes upward from
the: laryny tube o the welophasyne, In the oral region
we approximate the data of Ladefoged e al. (1971},
In the sofi-palate meghon the ama (em?®) is taken as

#% in the hand-palate region s Lg%, and betwemn
ihe alweolar ridge amd eisors s 1.5g, for g,<0.5,
075+ 3(g;—0.5) for 0.5< <2, and 5.25+5(g~2) for

g I In e labsal pegion the arca i asumed elliptical
with width in centimeters given by 24 1.5({5= pu) where
v bs e lip prodrusion and g the werlical ligr separation
[(Mermelsten o al 1971).

In arder to inclede articulations such as J1J, the
translarmation W cooss-sectional area must be modified
im o few special cases. To allow for /S ws /17 distinetion,
which is presumahly not possible on the hasis of mid-
sgittal data alone, the area walus in the oogue-tp
repman are modiled o the basis of acdditiosal mioema
tion regarding the shape of the tongue in the Frontal
plane near the point of constriction.

The Lramt wrmlsatson plane al the woral tract is
determinied from the upper and lower lip positions as
foflows, Tangents ant drawn o the lip surfaces hord-
zontally, and nclined 10 the horizontal at +45% and
=457, Paints L and L' arc located an the lower ard
upper lips at the intersections of the respective tangent
lines (see Fig, 1), The paint of intersection of the twa
tangents drawn inclined fo the horizantal is the apes of
2 0" sector formed by the Dips in the madsagiital plane
amd approximates the lecation of the fronial plane where
the saurrre [or rachiatian From the tract is located, T can
b shown that this simple definition of the vocal tract
termination point Fesules 9o dependence an jaw apen-
ing chosely approximating that given by Lindblam and
Sundberg (1971).

The area values d; represent manumiform sumpbes
af the wocal-tract eross sectional ares scpamted by the
straight-line distance between center points Cp The
arcs functlon ks eorvverted 1o a ssquence of sections af
uniform area 3y by allewing the section impedance 1o
appronimate the varying impedance integrated over the
extemt af the section. The tract is continued fo the
nearesd nlegral muliiple of the section length, 0875
em, in a parabolic hom of area 414 (2— 2/ (@)1 T,
where d; is the estimated lip area at distance from the
gloitis x=xp Under these conditions, the radiation im-

pedance booking from the tract al x b replaced by a
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Foc:. 3 ﬂﬁ'rillt'im-d'lllillhl..djll.i; -y 1rmclng with sodd-pmertel =atch, Solid limes

cascade of hem section and radiation impedance of
equivalent total input impedance [(Sondhi and Atal,
VA7),

Far waiced excitation, the set of values 8; ooniains
the requisite articulatory information far signal synthe
sis or fnemat computation. For fricative exdtation the
solree is assured IIH_.lrl_'\-IL jl,lﬁ[ .-|||_I_|_lri|_|r L Lhe Eli:-1||_|_ 7|
cross-sectional area minimum. Methods for computing
the vocal tract fransfer funchion are ;i'..'l'u i Mermel-
stein (1971, 1972},

¥. EEPRESENTATION OF THE SPEECH EVENT
IN TERMS OF TIME-VARYING
ARTICULATORY VARIARLES

The mathermatical framewark described above allows
ane Us reprisent the momenlary articulatory state in
termis of the respective vanables. The extent to which
such i slats mepresentation i adequate for the repre
seniation of the dynamic sequence of events may e
expbared by symthesis of the speech signal from sariable
values determined at closely spoced paints in time
throurh the ulteramoe. Articalalory vanabdes were de
tegmined for the sequence of x-ray tradings cormespond-

w-riy racing ; dodbed limes—masfed

ing to the utterance “Why didl Ken set the soggy net on
Lo of has deck ™ Cross-sectional area values were opm
puted for each frame using the model-deriesd voeal-
tract outhines as previously disoussed. Piteh and pitch-
period energy data were demved from the naturaldly
spiren verann af the sentence using Finear predictor

. _.|1_'~|:'.1|_- THACT
| = —— CENMTES iLiNE

Fig. 4. God systerm for conversion of midsagittal dimension o
woCl-lrSen CFids-SaCmal aren.
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Tasre I. Comparison of model-derived formant frequencies
with those determined from the natural speech signal.

Some of the articulatory parameter trajectories used
in the sentence reconstruction are illustrated in Fig. 6.
The data appear to have quite complex structure. It is
noteworthy to remark that the consonants are normally
associated with extremes in some parameter. The values
associated with vowels are intermediate and rarely

Frame No. Model-derived . Speech-derived

F1 F2 F3 Ft F2. F3
1340 666 . 1291 2537 717 1261 2373
1343 436 1683 2373 480 1846 2533
1348 382 1841 2650 354 1813 2544
1356 452 1833 2369 472 1839 2592
1358* 476 1686 2503 514 1835 2485
1372 492 1611 2308 509 1649 2581
1381 314 1385 2971 395 1367 2705
1390 602 1367 2491 632 1260 2312
1398* 334 2177 2929 305 2215 2832
1403* 391 1737 2575 336 1819 2574
1405 569 1498 2577 594 1698 2537
1417 480 1259 2681 536 1233 2848
1426 648 1290 2671 619 1197 2352
1433 306 1211 2571 527 1225 2421
1438 369 1741 2486 392 1754 2460
1446 546 1618 2551 472 1710 2553

Average absolute

error (%)
103 49 5.5

analysis (Atal and Hanauer, 1971). The vocal-tract area
at the onset of each pitch period was estimated by inter-
polation of the area values corresponding to the neigh-
boring frames. ‘ :

A linear predictor analysis of the spoken sentence
(Atal and Hanauer,-1971) yielded formant values for
comparison purposes. The model-derived formant values
are defined as the poles of the transfer function expressed
as a ratio of polynomials in the delay parameter z~'. The
formant comparisons are given in Table I. Frames
marked with an asterisk indicate a lowered velum, and
the corresponding nasalized formant values are com-
puted using a nasal tract with a fixed prototype area
based on published data (Fant, 1960).

Some of the formant differences, for example, the
large difference in the first formant for frame 1433, are
considered to be due to tracing errors. The mean abso-
lute error of about 5%, in the second and third formants
illustrates the extent of validity of the assumptions re-
garding the geometry of the vocal tract and the acoustics
of wave propagation there, for example, that the tract
is hard-walled within its interior. The differences are
considered to arise primarily from a lack of detail re-
garding the shape of the tract in cross-sectional sections
normal to the center line of the tract. Informal percep-
tual observations comparing the natural and recon-
structed speech signals reveal no phonemic confusions,
though improvements in naturalness can be expected.

The formant differences are plotted in F1-F2 space
in Fig. 5. The model-synthesized signal formants appear
generally more centralized than the natural-signal for-
mants., The low F2 for front vowels and high F2 for
back vowels indicates that for this subject the rate of
change of cross-sectional area with sagittal segment is
possibly too small in the hard-palate region.
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stationary for any length of time. To obtain a better
understanding of the data we must consider more
simply structured speech events, such as the nonsense
syllables discussed below.

The advantages of separate jaw and tongue repre-
sentations compared to one monitoring only the tongue
in the fixed reference system' can be observed by refer-
ence to the angular measures of jaw and tongue position
plotted in Fig. 6. The vowel /a/ in both its productions
manifests a marked jaw lowering. In the first case,
marked (1), the tongue simultaneously anticipates the
stop /g/ and moves to a high position. In the second
case, marked (2), anticipating the labial stop, it remains
stationary. Separation of the variables simplifies the dy-

T T T T T T T T T T T
2.2 ’\ 4
i t |
2.0 F .
X SPEECH SIGNAL MEASUREMENT
= ® MODEL SYNTHESIS* 1
2.0} .
1.9 -
1.8 -
= .
N
T
= .7+ .
W
1.6 € N
1.5 .
1.4 ‘*’( <
F 4
1.3k 4
.\a’(
L '\o’( |
-2
1.2 \ n 1 1 1 t i
0.2 0.3 0.4 0.5 Q7 08

Fy (kHz)

F1c. 5. Comparison of formant frequencies measured in the
natural speech signal with the corresponding model-synthesized
values.
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namic picture. The range of jaw positions and jaw ve-
locity are much smaller than those of the tongue even
when both angular measures are converted to displace-
ment values. The corresponding parameter values
appear, in general, independently controlled yet care-
fully coordinated in time to yield a smoothly flowing
speech output.

Eight [ha’CV] utterances have been analyzed in
terms of the articulatory model variables. Tongue-body
position is always determined relative to the jaw po-
sition, and this has enabled us to separate tongue-body
movement from labial movement for the stops studied.
The labial stop is executed through the action of jaw
and lips, the alveolar and palatal stops with the aid of
the jaw and tongue. Figure 7 illustrates tongue-body-
center coordinate s, variation in different environments.
For [ha’pe] the tongue body moves smoothly between
the vowel targets. For [ha'ke] it moves first to a rela-
tively posterior target, advances anteriorly maintaining
closure, and then moves rapidly to an appropriate
stationary value. For the alveolar stop the tongue body
appears to have a target that shows considerable vari-
ation with the succeeding vowel. Following the release,
it undergoes an exponential-like transition to the final
vowel with a characteristic time constant of roughly
75 msec. Study of the other variables shows that their
release gestures can also be approximated with the aid
of exponentials with time constant appropriate to the
articulator; lips—30 msec, tongue tip—S50 msec, and
jaw—7S msec.

The vowel-transition gestures, i.e., those not involved
in the stop production are smooth and possess a charac-

80 1400 20
FRAME NUMBER (44 FRAMES /sec)

teristic transition function (Houde, 1967, and our
observations). The same transition function with a
somewhat reduced peak velocity is appropriate for
transitions during dipthongs as well (Kent, 1970). We
approximate the vocalic transition function as

p(O=3{p(t)+p () +[p)—p ()] cos ()}, (1)

where f(f) increases linearly with time from O to =«
between the times /, and ¢, appropriate for vowel
targets p(t,) and p ().

Figure 8 illustrates smoothed tongue-body center
trajectories for the utterances [ha’tV] and the points

TIME QF STOP RELEASE

o

o—0——g——0— [hi'pc]
o

)

TONGUE-BODY CENTER COORDINATE S,
0.5¢cm
9

Q.1sec

Fic. 7. Tongue-body center coordinate (s;) trajectories for
utterances [ha’CV].
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om the trajectories delimitmg the interval af tongue-tip
closure, (e abserves that while tongue-Lp dosure &
maintaimed the ngoe-lady positkon can 1ake on values
within a ::giun af the {sg.ﬂ',} space. (nce the Lp i
redeasid | the tongue body B appanently Tree to move to
the positinn appropriate for the following vowel, Turing
closure, the Langue by moves in the general direction
of its ultimate target, The dats appear to support a
maxdel ihat specifies that the vewel-somwel tomguee-body
trajectory is sufficdently defiected in the divection of a
tangue-hod y target for gn alveolar stop, 50 that tongue
hady B oontained within & region consistent with
ternugue-tigs closure.

The concept that an articulatory parameier i re-
stricted 1o & range of values under certain condilions
may be further genemalized, The palatal stap Sz may be
artecialated with & range of jaw opening values, Ohman
{1954 gives exaumples for the Swedish utteraneces [vgy ],
laga], and [uga] when: the jaw opening for the stop
varie with that af the vowel context. We implement
such warations with the aid of the following rale. Let
8,02 A4, b the range of jaw opening values permitied
durimg elosure, 1F8,% and &% are Uue jaw opening val.
ues for the preceding and succerding vowels, amd & (1)
ontrals the mie of articolalory change with time,
the vowel-vowe trarsition is given by

B = M ) (T — M0

Dhedinee: thi nogmalized distance fren the mean conso-
nanial valee as
dm |G =02 /A,

g clcrusre, 1 d 5 1, st

J=1
041y =8,101)+[82—8,20) }T’
olberwise
B (1) =8, (1) (2)
O iy obseree it explicit contral of the jaw in this
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manmdr neanilests sl inoa partsoalary fluent type of
coarticulation appropriate for aqually stresed wowds,
In the Perkell {196%) data, where the stops are in pre-
stressed position, the jow i seen to be stationary until
the comstriction & released,

V1. DYNAMIC ARTICULATORY MODEL
FOR VOV PRODUCTION

As an initial step in exploring synihisls by rde with
the aid of the sbove vocal-tract model, the results of
our analysis were incoaporated inte conteol rules for
articulator mawement, and the resuliing speech ma-
terials were evaluated. Ohsermbons hased oo the
limited [ha®CV] context were generalized 1o hold for
all Wi s

Far the production of every consonant,
artrulatars are of primary mportance. Tn general ihese
are the articulators effecling diosare, In Table 11 the
cornapaiding vamabdes are marked 1—pamary per-
timence, Other anticulatom conteibute 1o o lesser extent.
These vaniables are constrainad o take an positions
withim & given range and marked 2, as being of second-
ary impartance, Articulators wat imvalvad in the con-
safiant production at all have their vanahles marked 3,
I order U generate a vowd-tonsanant—vawel sepuene,
a planning program cxamimes the articulatory trajectosy
between the preceding and succeeding vowel and de-
termines puints on the frajectory using Faq, 1 for the
time walues delimiting  consonanial  closwere,  Thise
articulstory slates represent the underlying vowel
articulations at the given times and must be altersd o
sadisfy the specified level 2 and lovel 1 constraings, 1
variables marked 2 are gutside the permissible range,
they are madified using Eqs. 2, Finally, variables markod
1 are meoved 5 specified directions in varable space
uniil closure relative o the fixed stractuses s atixinead,

For labial dosure the lower lip height is set o ope-
hali the maxilla-aw sparation previously determined
—ithe upper and lower lips are assumed (o mave sym-
mctrically, Sinee noexplicit pew opening target has been
gpecified, and In fact the actual opening vahee & context
dependent, the lips are made to eveoute whatever adjpast-
men is necessary far dosure--ie., the variahle is mads
to dake an o walue @ priosd pe known., For (he alveslar
slap the Jhaody ancd jow positions ame adjusted
first, With these varishles set o their accepiable ranges
mrr e exiension or coflraction of the toogue blade

Tamax LI Pertirence ofl arseul iwhios ba the production
ol stops and nasals.
Lataal Alwealar Velar
Lig hisight & | 1 E
llgmu'!ﬂ-h'lju 3 3 k]
k: A 2 1 1
L &y, Fy 1 1 ]
Tongee bealy 1y, 8 i 2 ]
— =
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excitation envelope, and besdamental frequency
cansoar Tar &

Feed VTV uAbera=ees,

iz required to achieve elemirre. The toagae tip is mawed
i the direction of a target defined o e above the
alvealar ridge. Since dosure takes place befores the targer
i resched, the pont of closure varies with the direction
af appeaach, Fallowing Henke (1967), a similar virtiosl
tangue-bady target is spectfed for the velar stap. The
lomgee body mowves in the direction af the tangel—Iin
this case in the fiosd reference frame —unell desure s
reached, In the absence of further data, the requined
change in 8, s arbitrarily subdividied into equal changes
i 0 and 8, IF necesary, ihe tongue Blade is lowered to
insurg the absenoe of contact in the alvealar region,

The tume-course of events for the VOV stimuli sym-
thessizec] was a5 shawn in Fig. 9. Excitation envvelape and
Famdamental frequency ocontour were set arhitranly Lo
provide smooth amgditude onset and decay, and ac-
ceptable intonation, All consonants were assigned an
imiplosion interval of 50 mseae, 2 dosure imterval of 100
mser, and an explosion interval af Hi msec, in mugh
agreemsent with the ohserved [ha'CV] productions,
A st of peference vowels was defined in teems of the
variphles (4, &, 8, o, measured with pspect to a
stationary hyoid, rearpharyngeal wall and maxilla, As
our rules assume those structunes fived, the vanables
measured for the stationary farget vowels of the
[ha'tV] atierances wero correcied to preserve the rela-
tlive spacing with respect o the fized struciures,

Expcution of the planming program resulis in a se-
quence of partially specified arficulatory states at the
edrkad interval boundares, Artioulators of pertinence
3 are not explicitly specified by the planning program
and are interpolated wsing Eqg. 1 and  f{f)=e{f=i)/
(L—1), h<i<l; {see Fig 9—for the time definitions),
The other variables are independently, and lmearly
interpolated between the determined values, excepl far
the explosion inlerval where expamnential transitions
with time constants appropriate (o the articulatons ane
used. Thias the actual transition may in [act be practi-
cally completed long before the end of the given explo-
sian interval is reached,

The structiere allows for cansonant duster prodoction
as well, although this has fol been implemented as el
The timing of the consanants and therelore the sslection
af the underdying vowel articulation would be different,
Articulators nod pertinent to the production of any
menber of the cluster are free 1o e as determined by
vowel context. Articalators nod pertinent 1o the producs
tion af the imitial member of the cluster are free 1o
anticipate their future pe;rgiti.ms F ] I:ln! ns they div nit
chose the truct. Articulators not pertinent to the procduc-
thon of the remaining members of the cluster are free 1o
ove towards thefr vocalic valaes.

The articulatory data of Houde (1957) as well as the
nestic data of Chman (19%64) and Menon of al. [1971)
imdicate & directional sypmmetey between the [V ] and
thi: [gV] transition for the same V. The iaitial consa-
nantad target, the articulatary stade when closure is first
attained, has a tongue-body position that is postenar
W that of the fnal consonantal warger where dosure
terminanis. In aoousthe. lerme, lor symsmeinc vowel
camtexts the second formant frequency at the tme of
releisi pxooads that af the time af closurs, Cober [1969)
misdels this phenomenon by assigming a larger time
comtant and therefore slower movements o ongie-
body mavement in the borizanial direction than in the
wertical, Houde's data show no such asymmetry for
iongue-body movement in [ VBV ] contest —transitions
between wivwel Largels follow The sume Lransition func-
tian irrespective of the orentation of the targel did-
ference. Apparently timing differentiation with direc-
tsan of movement has to be suppresssd when tongue-
baly closure is not invalved. We Bolbow Houde's forma-
latinn by applying o haorizontal perturbation ta a virvaal
twrget pasition for the tongue body and separate the
consgnant initial and consonant final targers by 7 e,
The effect of the separstion is to diferentiate between
the closwre directed and release directed transition di-
rectiong in articulatory space—a differentiation oon-
sistent with, but not necessanly cwsed by the lack of
precise antagonism between ihe participating musches,

Figures D, 0%, and 10¢ illwtrate the foermand tra-
jectarnies in the F2-F3 plane predicted by the VOV madel
for the waiced stops /by, fd/, and /gy, respectively. For
comparisen, the formant frequencies for consonant
targets preceding transition to the final vowels measured
by Menan e af, (1971) are also given, Thedr formant fre-
quency measuremenis are the awerages from fve
English speakers utiering the same VOV sequence,
(ualitative agreement is observed between the fran-
stion directions, although the actual tangel frequencies
o ifler corslderably. Absalute differenoes may be due
1o vocal-brecl sk (sctors, The arboulstory model al-
lows tracking the fwrmants through closure with the
aid af the assumption that & very small cross-sectional
areat (s (U em®) cam replace the completely dosed
tract-sectiom and therehy simulate the I:I:Ill.l].l]ilIE hetwetn
the scparated parts. Tdeally the measured fosmant
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F16. 10. Formant trajectories in F2-F3
space for model-generated VCV'’s. Marked
points are corresponding consonant targets
preceding the same final vowels measured in
natural speech by Menon et al. (a) Labial
stop /b/; (b) alveolar stop /d/; (c) palatal
stop /g/.
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targets would he Iocated on these trajectories. al times
capresponding o the relesse of closwre,

The vowel-comsenant-vowel sequences were evalu-
ated for consonant elentification by generating the
cansonants fhye, fdf, fed, dmy, and fngdinoall possible
wowel comtexts chosen from the set S, faf, amd Sufd.
Masals were generated entically to s1ops, except for a
lowered velum, Four subjects listensd to 45 stimadi and
repacted a total of fve erpos in comsonant identibeatian,
an errar mbe af Jﬁ‘ﬂ_ Mone of the stmmuli was missed
miows than anoe, The preciss numerical results for such
a limited variety of stimuli ane of no great significance,
They do demonstrte, however, the utility of simple
ariiculatary rales in plaee of the complex scoustic ruls
that wouwld he required to achieve similar resulis,

VIL CONCLUSIONS

Im constructing a model that accurately reflects the
Behaviar of the artboulstory !}".llcm and produces intel
higihle synthetic speech, one stives for a compromise
hetween including the myriad of complexities observed
in hsman behavior and the kopefully feser sufficient
details that contribuate to the naturainess and inteliigi-
bility of the synthesized result. The made] discribed
here s sufficiently genceal fo prodsce all English
phanemes wnd the rules far YOV production illustrate s
s 1n a.d].rnumll:emrn'unmmt Although the data frar
the madel are derived from only one speaker, thtprmr:l
ples af mowensent differentiation accoeding va artieu-
latnr functipn on which the maodel is based are considersd
1o be generally applicalde.

The warables, when determined fram an x-ray frame
seruence, carry the reouisite articalatory informarion
e synthiesis of the speech signal, I conjunction, exo-
tation information indicating the presence or absence of
glottal excitation of specificd escitation Erequency,
plusicn, ar frication must abs be supplied. These e
tation contral signals operate synchronousy with the
n.rl;i.n:uln.t:lr)l cantral mechanssms, indesd in many cases
disectly folbkow 22 3 result of the articulatory trajectory.

The organization of Independent vowel parameter
values ity conlimeones contml signals reflects the con-
textual madification of stationary articulations when
embedded in a dynamic environment. The genseration
YOV utterances illustraies a simpbe frst sicp along this
road, The parametric wocal-tract representation, since
it charscterizes the posithons of physical artoalatons
rather than, say, mdividual paints along the wocal tract,
possesses acvantages af simplicity and compactness.
Tt can be viewed as 2 Language for description of articu.
latory phenomena.

Inspectban of the midsagitial x-eay daia in terms of
the msddel peveals that stherwise independent artioa-
lators becomse constrained with respect to each ather
under certain conditions. For the final stationary vawels,
jaw apening angle #; and tongue-hody angle &, appear ta
be inddependent variables and must be separalely speci-

SPEECH PRODUCTION

fied, Some vowels are differentisted pamanly by
8i—/a/ ws fa/—athers by the pair {s.4,}—/a/ vs LI/,
When executing the palatal (velar) stop Sk the togue
body and jaw became constrainesd with respect to each
other by the closure condition. Similar relaionships
hald for the ather stops, Consonants ase nod assigned
unbue vales for the aniculatory vanables—ihe ac-
tual yidues are determined by context.

The ramge of valwes introduced as appropriate for a
wvariahle m a |1=|.rt'|;l.:||.:|.r conlext s 2 somewhal different
paint of wiew than that of targets used by enrlier
workers, (fman (1367} computes an “idesl consonantal
targel™ shape and considers deviation from it as due o
coarticulation, Far an arbitrary production, be requies
ecack agreement with the target over some parts of the
tract, andd owver others he lﬂuwsumhﬂmilud Lhe
targel o & wvanable cetent. Implicit in the notion of
tngget is that under certain conditions it will be atiained.
We brasden the concept to 2 tarzet region that must
be attaimed for the production. Through separate oon-
sideration af the individial articulator we may differ-
eniiaie among those with emct targets (pertinence 1 in
aur discussion—those with target regions (pertinence
2}, and those with no targel regioms i all {pertmence 3).

Dar wark PEpHSEIE 4 rﬂmn.l:,mis of Ferkell's data
using an riiculatory model. One may ask whether the
mcklel incorporates Perkell's conclussons regarding an
“patrinsic muscle system" producing the wowels and an
“intrinsic muscle system™ that assists the first in the
prcduction of consonants. We differentinte among the
rodes thal the articelatar may play in different contexts
by assignment of different condeed pules for its vanables.
Onir differentiation generally fallaws the same lines as
Perkell, However, since the same arbiculator smay e
effective in producing either a comsoniant or o vowel,
such as the longue bady, we see no legical necesaily for
assagning separale muscle systems for the artbeulator's
conbral. The tongue bady can mowo fast—a5 mee: for
the implastan in [ha'ke]. This Sgure s abaut the same
as for the tongue hlade in [ha'de ] However, the tongue
hody is normally skower than the tongse Dlade when
copcuting & stop release, The difference for the same
artboulator meay be due bo the participation of different
mausches, or dise 1o different control over the same mmscle,
As an examphe of the latter, chosure may be signaled by
tactile feadback rather than peoprinceptive sensory
PHOCERAES.

The dynamic model far YEV production is based on
the fnllowing principles:

(1] The midsagittad vocal-tract catling B medeled in
terms of nine sédected vaniahles describing the position
af the participating articulators,

(2} Statsonary vowels are represented in terms of
four wariahbles, bwn describing Longuee-body positlon, one
the juw position, and one the lip position. Movement
fram wowrel to vowel, expressed as changes in Lhe vari-
abile values, 5 slow and precisely controlbad,
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() Representation of consonants requires additisnal
comdrol of longue-tip elevation, lip height, and wvelar
opening. Tonges body or jaw closure is speadied by the
wvariahles pertinent o wowels,

(4} Cormsonants are nod defined directly noeems of
variabile values but by constraints on articulator po-
sitiom pelative Lo the fixed strsclures. Articelators inde-
pendent of the specific constrinis are free to ke on
pn.i.{'im'u. independent of the consomant under produc:
tion subiject to the roquirement that they dis ot other-
wist ronsairsct the vooal tract.

{5} Stop consomants are rebeased by rapad sowenent
of the constricting articulator,
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