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Vocal tract are¡r functions estimated from 38 sets of X-rayed vowel

articulaÈions collected from the liÈerature and from new X-ray motion

filns of English and Aråbic speech reveal four constriction l"oca-

Èionsr along the hard palate' along the soft palåÈe' in the upper

pharynx and ín the l-ower pharynx. Each location is appropriate for a

definable class of vowel qualities, confirming the quantal nature of

--!:--.1^!:^- nL^ ^^^..^!i^^l -L,.^i^-aL icasL LrrIù dùPtLL L4rr HrrJr¡v

logical. and phonological inplications are discussed. In a given pho-

noÈacÈic environment the precision of the constricting Èongue månoeu-

vre was good. the only truly language specific difference was a

preference for eíther the midpalatal or prepalatal location for
paLataL constricÈions, The toûgue muscles are found to be admirably

situated for creating consLrictions aÈ the four locations.

I. INTRODUCTION

Since Èhe second half of the 19th century, work on vowel articulation
has lårgely been based on a model that prescribes for eåch vowel a

unique tongue position in Eerms of height and fronting of Lhe tongue

arch. This rnodel, initiated by Be11 (1867), was rapidly adopted long

before it could ever be subjected to experimental verification' It has

never been validaÈed, buE it has been contradicted. For example,

Meyerrs (l-910) plastopalatograms revealed unexpected tongue heights.

The Be11 model ¡¡as conclusively discredited by Russel's rnassive X-ray

study (1928) which failed to corroborate the predicted tongue arch

positions. This was follo¡^¡ed by several decådes of advances in acous-

tical analysis and psycho-acoustical experimentation, which has 1ed

to proposals for purely auditory or integrated acousÈical-auditory

systems for describing vowels (Jakobson el. aI.1952, Lådefoged et al.
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1972, Lindau 1975, Lieberman 1-976). During rhe sanê half century arti-
culation was alrgely disavowed for vo¡,¡e1 descriptíon. The confusin!
picLure of vowel articulaÈion obÈained from X-ray sÈudies and the
theorelical possíbility of producing the same sound in a variety of
r{rays were seeû as ¿pparent proofs of the inconstancy of artículation
and the nuLtipliciCy of compensâtory adjustnents. However, I suggesÈ
in this paper Èhat the alleged inconsistancies are due Èo observation
of rhe wrong articulatory variables (height and fronting) rather than
!o arEiculatory irregularity. There â.re inportant and relevanÈ regu-
larities in vo¡¡el articuLation (llood 1975a), one of which ¡¿ill be

reporred herê: the number of Locations \rherè Lhe vocal tract is
constricÈed by the tongue.

The location of a major internal narrowing is a fundarnental parameter
of vocal tract configuraÈion for vowels (Stevens and House 1955, Fant
1960). These authors, and Lindblon and Sundberg (1971), treaÈed the
length of the vocal tract as a continum of constricÈion location for
model explorations of vocal tract resonances. On the other hand, the
ârticulatory model universally accepted frorn ancíent Indiâ untiL the
19Èh cenÈury had divided vor¡els inÈo Ii-¿]-fit. palarals, Iu-o]-tite
labiovelars and Io-a]-rike pharyngeals. These are precisely the three
regions rdhere stevens (7972) found vower spectra to be relatively in-
sensiÈive to moderate displacements of constriction location. Examina-
Èion of three-parameter model nomôgrams (such as Fant 1960, Fig.
1.4-11) discloses four locations r.¡ith this property: at the hard
palaÈe and in the lower pharynx for spread-lip vowers and aÈ t.he soft
palate and in the upper pharynx for rounded vowels (Gunnilstarn 1974).
I have previously inferred the saû¡e four rocations fromthefornânË
transiÈion frequencies of west Greenrandic Eskimo vowels (llood 1971):
(i) along the hard palaÈe for ttre Ii-e]-fite allophones of /i/ and rhe
[e]-1ike allophone of. /al, (ii) along rhe soft patåre for rhe Iu]-Like
allophone oÍ. /u/, (iii) in the upper pharynx for rhe [o, c]-1íke
allophones of /ul and the Iy]-like allophone of /í/, and (iv) in the
lower pharynx for rhe [o, a, æ]-tite allophones of /a/. All this
varied evidence points to the use of a smaLl nurnber of discrete loc¿-
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Èions for the constriction. The analysis of X-rayed voweL articula-
tíons reported below confirms these four consiriction locations wich-
out excepLion by 40 subjects in 13 languages'

This finding has inportant iurplications for Èhe study of speech

physiology and the evolution of the speech organs. If it is true

that ir is noÈ acoustícally relevanÈ to utilize more thån four
constricÈion locations for vovels, and if speakers universally con-
fine themselves to these four Locations, then the tongue must have a

far simpLer task than has hitherto been assumed. l,fe should expect to

find manoeuvres directed to\dards each of the four constriction targeEs

in the vocal LracÈ and a suitable arrangement of tongue muscuLature

for this purpose.

2 RADIOGRAPHIC MATERIAL

This investigatíon is based on 38 sets of rnid-sagittal vocal tract
tracings for 12 languages that have been reported in the literature
during lhe pasÈ 75 years (l.tood L975a) and on türo new X-ray motion
filns of Southern Britísh English and Egyptian Arabic speech. Trac-
ings from a third fihn (of l,lesÈ creenlandic Eskimo speech) are also

used to il"lustrate patt of this report. These films rrere made at the

angiocardiographic unit of the Lund University Hospital. The subjects
were liniÈed to one reel of 35 rmr film each, which provided 4O seconds

at 75 frames/secontl. The X-rays were delivered in one 3 msec pulse

per frarne. The absorbed radiation dose was 6O-2OO mrad/reel.

The Englishc subject read a randomized list of test sentences ôf the

form ItpVti rpVt a rpVtí,pVre], where different test vowels were sub-

stituted for [v] and where Iv] indicates the focus (intonation nucleus)
of the sentence. The sentences were read at Ëwo different rates,
yielding a total of 8 renderings of each of 10 different vowels. The

Egyptían Arabic subjectrs sentences had rhe fom ['bvti rbvti tbvra
tbVÈi] and Itbvtå tbvti] (rvith "emphatic" r). These were read once

and yielded 4 renderings of each vowel, For both subjects, the inter-
vening lingual consonant and the ¡¡eak vowels ensured that all test
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thaÈ all tesÈ vowel articulaÈions nere independent. The number of
Èokens of each test iten is importanÈ for statistical. ÈreaÈment

(published sets of tracings rarely contain more than one token of each

vo¡'¡e1).

The vocaL tract area function for each rendering was estimated accord-

ing to Sundberg (l-969) and LindbLon and Sundberg (1971). Measuremenr

of vocal resonaûce modes on a line elecEric analogue (LEA at the
Speech Transrnission LaboraÈory of the Stockhol-m Institute of Techno-

logy) indicated Èhat estinated cross-sect.ion areas at the faucal
isthnus in velar constrictions Ì¡ere too large. This will be discussed
beLow ($ $).

3 CONSTRICTION LOCATIONS

The striking Èendency in all sets nas that the Longuê narrowed the

vocal Èrac¡ at one of four Locations for vowels: (i) along the hard
palaÈe for Ii-e]-like and [y-d]-like vowels, (ii) atong rhe sofr
palate for [u-u] ana [i]-tite voweLs, (iii) in lhe upper pharynx for
[o-c] and [y]-like vowels, and (iv) in the lor¡er pharynx for [o-a-æ]-
like vowels. Figs. 1 and 2 sho¡r¡ area functions for my English and

Arabic subjects. Area funcLions for the material colleeted fron the
literature r¡ere similar.

These are precisely Èhose LocaÈions, referred to in the introduction,
where resonance modes are insensitive to some displacement of Èhe

consÈricÈion, The fact that all subjects restrícted themseLves Eo

these locaÈions suggests that this preference is universal.

4 ACOUSTICAL CONSIDERATIONS

The combinations of F, and F, produced by constricÈing the vocal trac!
at each of the four locations can be studied by referring to three-
parameter rnodel nomograms, Fig. 5 is based on the Stevens and House

(1"955) nomograms and gives the frequencies of Fl and tr'2 generated by

varying the degree of mouth-opening and the degree of constriction at
each of the four constriclion locations. Fig, 5 aLso contains the
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parameter model for the four preferred constriction
locaÈions, based on nomograms by Stevens and House
(1955) (distance from source to constïiction 12 cn
for the hard palate, 8.5 cn for the soft palaÈe,
6.5 cn for the upper pharynx, 4.5 cn for the lowe¡
pharynx). The superimposed volrel areas are from a
sarirple of Southern British English speech recorded
fron the radio.

ftequencies of Fl and F2 of sÈressed vowels in a sample of SouÈhern

British Engi-ish speech recorcled fron the radio. The four constric-
Lion l-ocaÈions convenieotly dívide the entire F,/F, space into four
relatively unambiguous areas, each enclosíng a definable family of
vowel qualities. Ilithin each arêa, the differenr spectra are obtained
by varying the degree of constriction (corresponding to lingual and

mandibular artculation) and Èhe degree of rnouth-opening (corresponding
Eo labial and nandibulår ârticulation). In natural speech the formant
frequencies are also deternined by tongue .root movemenc in the Lower
pharynx, by Èongue blade movemenÈ in the buccal cavity and by vertical
larynx movement. These movements cannot be simulaÈed by a three-
parameter modeL independently of Èhe chree model parameters. Independ-
ent símulation is only possible by direct manipulatíon of the area

F2tz
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4 x [r
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4 x Ii]

I x [o]-

4 x [r]--
4 x Ie].,,.

(b)(a)
8 x [u] - -

(c)

8x[æ] ir

I x [r]

8x[¿]--
sxlol-

(d)

Fig. 6. Position of the Èongue reLative to Lhe nandibLe for
sttessed vowels by the Southern British English subject,
cLassed by constríction Location. (a) slower rate,
(b) fasrer rate, (c-e) both raÈes. The three profiLes
for each vo!/el represent the range of variaÈion and the
average position. cf. Fig. l-. Note the nid-palatal
posÈure for the palêtaL vowels (cf. Fig, 7).

function to reproduce Èhe desired ârticulatory nodification (Lindbron
and Sundberg 1971, Mermelsrein 1973).

The vocaL tract is a single non-homogeneous pipe whose resonance modes
are sensitive !o loca1 narrowing or expansion. All parts of the vocaL
Èract contribute in varying degrees to each rnode. The following laws
help us undersÈand the specÈra1 

"Jr""Or"rr"." of each of the four pre-
ferred constriction locations. Firstly, 1oca1 narror¿ing of the vocal
tract will cause a resonånce mode to rise or fall according as the
perturbaÈion is made in the vicinity of a sound pressure or volune
velocicy maximm in the standing wavê for that node (Chiba and
Kajíyana 1941). The converse is true for l-ocal expansion, Secondly,
the sensitivity of a resonance node to a local area perÈurbation is
related to the difference between the kinetic and potential energy êt
that point (Fanr 1960, 1975; schroeder 19671. Fanr and pauli r.975). A

(e)
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4 x [u]
4 x Itl 4 x [e]
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\l

4
4x[¡l

4 x lcl axfol

¿ x [a]

(d) (e)

Fíg. 7 The position of the tongue relative to the Eandible
for the stressed vowels by the Egyptian Arabic subjecÈ.
Cf. Fig. 2. Note the prepaLataL posÈure for the palatal
vorùels (cf. Fig. 6).

local expansion r¡i1l cause a resonance mode to rise or fa1l in propor-

tion to Èhe excess of kinetic or potential energy respectively. Chiba

and Kajiyana (t941), Fant (1960, 1975) and Mrayati and Carré (1976)

give the voLume velocity and sound pressure distributions for sets of
Japanese, Russian and French voweLs. In addition Fant (L975) and

l.frayati and Carr6 (1976) give the energy distributions for their
Russian and French sets. The sensiÈivity functions for ny English and

Arabic subjects are given at Figs. 3 and 4. All this data from differ-
ent sources is strikingly sinil-ar for sinilar votrel qualities, as

should be expecÈed from the gross sinilarities of Èhe corresponding
areafunctions and the apparent universality of the four preferred
constriction locations. It is therefore possible Èo generalize with
confidence from this data Èo similar cases in other languages,

It is possible to predicÈ fron the volune velocity, sound pressure and
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Fig. 8. The movement of the tongue relaÈive to the nåndible fron
a paLatal Ii], through [p, b] occLusion Èo 1o¡.r pharyngeal
lo, a, æ] (above) and vice-versa (beLow). The lãrge-airows
indicate the movement of the tongue body into the Low
pharyngeal or paLaÈal" constrictíons respecriveLy. The
movement was sanpl-ed four times: first vowel- 

-, 
[p, t]

occlusion......., [p, b] release second vor"¡el-

energy distributions that Limited but specifiable portions of the
full F1 and l'2 frequency ranges can be exploited at each of the four
constriction locations (as exernplified at Fig. 5). These rlistribu-
tions also show why the formants are insensitive to slight constric-
tion shifts at the four locations. The sound pressure and voLume

velocity maxima are not narrowly localized but range over extended
zones. Consequently, resonaûce node sensitivity to i.ocal narrowing or
expansiondoes not alter appreciably through these zones (Figs. 3 and

4).
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Fíg. 9. The movemen! of the tongue relative to the ¡nandible through
[p, b] occLusion to upper pharyngeal [o] frorn a preceding
Ii] (above) and Ia] (be1or¡). Cf. Fig. 8.

Since aLl parÈs of the vocal tract contribute to each resonance node¡

vorrrel qualities within each of the four classes are not determined

exc¡.usiveLy by varying the degree of constriction. It is particularly
striking to note that in each of the four basic configuraËion tyÞes

the tongue blade, the tongue body and Èhe tongr¡e root âre in appro-
priate positíons to narrow or expand the vocal tract precisely at
sensitive parts of the F1 and F2 standing waves (Figs, 1, 2, 3, 4).
Further, the extrinsic tongue muscles and the pharyngeal constrictors
are admirably situated for this purpose (Fig. 11, $ 7),
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Fig. 10. the movement of the tongue relaÈive to the oandible
through [p, b] occlusion to velar [u] fron a preceding
palaÈal [i] (above) and lo¡¿ pharyngeaL [a] (¡elor¡). -
Cf. Fig,8.

5 THE PRECISION OF TIIE CONSTRICTING GESTURES AND THEIR
RELATION TO LARYNX HEICHT

Stevens (1972) has pointed out the possible articulatory advantage of
utilizing Èhe regions of the vocal tract r{rhere formant frequencies are
insensitive to so'ne variaÈion of constriction locaÈíon. such variation
rnight arise from the coarticulaÈory constraints of normal connected
speech. lle can imagine Èhe speaker may sËrive to maintain the same
disÈance from rhe glotÈaL source to the constrictíon, inplying lingual
compensation for vertical laryrx movernent by fine adjustnent of the
direction of the constricting tongue gesture. Alternatively, thè
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Fig. 11. The directions of contraction of the extrinsic muscles
of the tongue ard of the pharyngeal. constrictors,
arranged according Èo Èheir presumed actíviÈy for the
formation of the four constrictions.

speaker mây constanÈly constrict the sæe parÈ of the vocal tracÈ,
irnplying one locaÈion target disregarding the acoustícal consequences

of any variaÈíon of the vertical position of the larynx.

There is no evidence in the maÈerial reported here that epeakers
aÈtenpÈed to keep a constant distance from the gloÈtal source to the
consEriction by making compensatory adjustments of the consÈri.cting
ges Èu¡e.

Figs. 1 and 2 are lined up on a fixed anatonical landnark, the central
incisors. Variation of larynx height for any one vonel type is indi-
cated by nonalignmenÈ aÈ Èhe glottal end. For these two subjects, the
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tongue was directed towards the sa¡ne part of the vocal Èract for each
token of a vowel type with Little varia¡ion bet¡,¡een Èokens and irre-
spective of any variation of larynx height. A possible exception was

the low pharyngeal constriction of the [o, a, æ]-like class which
Èended to keep a constanÈ distance Èo the gLotÊis, This is probably
because Èhe upper part of the epigl-otÈis contributes to Èhis con-
s¡riction (observed visually by Chiba and Kajiyanra 1941 and Lind-
qvist and Sundberg 1971). The epigloÈtis is linked Èo rhe rhyroid
cartilage so that some of the vertical movement of lhe larynx is
ÈransmitÈed to it. ConsequentLy, the constriction remains at about
4 or 5 cm frorn the glotÈal source.

Individual constricting tongue movemenÈs are illustrated at Figs. g,

9, 10. These shor¡ Èhe movement of the tongue from one vowel constric-
Èion to another. The sinilarities betr¡een the Ëhree subjects (re-
presenting Èhree unreLated languages) should be noted.

IÈ rnay be more perÈinenÈ to ask if there is any opportuoity to vary
Èhe consÈriction locations. Some of Èhe ¡nuscLes involved have a

sphincteral funcÈion ¡,¡irh a localized constricting effect (the pâlato-
glossi and Èhe phâryngeâl constricÈors, see Fig, 1l). Only in the case
of the palatal constriction, where there are no muscles contracting
across the vocaL tracÈ to pull Èhe tongue uplrards, does there seem to
be any freedom for varying the location ÈargeÈ. There is furlher
discussion of rhis below (gg 6, 7).

The range of larynx heights between separaÈe tokens of each vowel
type by both subjects h¡as abouÈ 12.5 o'r. The consequent variation of
the disÈance from the gl-ottal- source to the constriction is within
the acoustically toLerabLe rirnits and has little effect on the formanr
frequencies. The consequent variation of the overall length of the
vocal tract also has little effecÈ, about ! 2 7. for FZ of palatal
vo¡sels and much Less for other vower-s (Líndblorn and sundberg 1971,
I,lood 1975b). I assurne that this random variation of larynx height
from token to token reflecÈs varying tensions of the extrinsic
1-aryngeal muscul ature.
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The larynx position does nevertheless appear to play an ioportanL roLl
in tuning the vocal Èract. It is wei-1 knorrn thât the larynx is lo¡¡er
for rounded vowels than for spread lip vowels (Sundberg 1969). In the
English and Arabic fil¡ns the average larynx height was about LO mm

Lo¡¡er for t'tense" [u, o] and about 5 trE¡ lohrer for "lâx" [u, c] than
for spread-Lip [i, e]-fite vowels. In ¿he tracings colleeted fro¡n Èhe

f.iterature, the larynx tended to be lower for [u, o, y, ó}-Like vowels

than for [È, y, i, e]-like vowels. By lengthening rhe vocal Èracr
overal1, this larger laryngeal depression contribuËes Èo the Lowering

of F2 of Èhe rounded voweLs, especially those r{rith a pålaÈal constric-
Èion. But more important is Èhe adjustment of Ehe disÈance fronû Èhe

gloÈÈal source to the constriction. Fantts three-parameter model

nomograms clearly shorrr that lrhen the Lip-opening is narrowed there is
a lengchening of the distance fron the glottal source to each of the
four regions where formanË frequencies are not sensítive to smal1

shifts of constriction location. The invarianÈ tongue consÈriction
locations sÈill coincide r¿ith these regions in rounded voweLs thanks

Èo the Lower larynx. StatisticaLly, these adjustments are quantal. The

larynx is depressed for rounded voweJ-s (more so for "tense" Èhan for
"lax" vowels) and elevated for spread-lip vowels.

6 LANGUAGE-SPECIFIC DIFFERENCES OF CONSTRICTION LOCATION

The EngLish and Arabic subjects had strikingly different constriction
locaÈions for palatal voweLs (Figs. L,2,6, 7). The English subject
cenÈred his constrictions nidway along bhe hard palate about 35 nrn

behind the central incisors. The Arabic subjeetrs consÈrictions
were more anterior, abott 27 mm behínd the central incisors. This
difference is reflected in the directions of their constricting
tongue movements for palatal vowels (Figs. 6, 7,8, 9). The American
and British subjects in the collection of published tracings aLl had

nidpalataL constrictions benÈered at up to 4O m from the incisors.
Fant (1965) has pointed out a sirnilar difference bets¡een "the Russian
and Scandinavian Ii] vor¿els which are prepalatal r¿hereas the Ii] is
articulated more towards thè nidpalatal region in English", giving the
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former a sharper quality. The consequence of the less anrerio[ mia-
palatal constriction is a wider prepala!ål part and narrower postpala-

tal parÈ, whích will both yield a lower F3, The F3 standing htave has a

prepalatal pressure naximum and a postpalatal volume velocity maximum.

Figs. 3 and 4 show that F3 is sensitive to rnodífications at boÈh

places in palatal vor^rels. IÈ is interesting to note that nost cases

of prepalatal location in the collected material are from languages

contrasLing Ii] 
"ittr [y] or Iil qualities. These contrasts are en-

hanced by having a rnaximally high F, in Ii].

The estimaÈed area functions also indicated a difference between the

velar consÈricÈions for lul by these two subjects (Figs. 1 and 2).
The maximun narrowing estimated for Èhe English subject was opposiËe

Èhe uvula, Lhe vocal tract wídening out anÈeriorly along the soft
palate. The Arabic subject appeared to narrow the dorsovelar passage

near the front end of the velum. F, should not vary much for constric-
tion shifts withín this region but a model experiment on the analogue

indicated Èhat F2 would ríse about 120 Hz when this constrictíon is
fronted along Èhe whole length of the velum. Yet paradoxically the

English subject's F2 was the higher, 1000-1200 Hz againsr 75O-9OO Hz

by the Arabic subject. F, is usually higher than 1O00 Hz for Iu]-like
vowels in English (cf, Fig. 5) and lower than 1O0O Hz foï the graver
["]-fite vowels of some other languages such as Swedish. The English
subject had less close 1ip-rounding and a less depressed tongue blade,
which accotding to analogue simulation would together more than

counter any negaÈive effecE on F, from a slightly retracted consfric-
tion. BuË why is the Arabíc subjectrs F, so much lower? Other analogue

experiments indicated that the consÈricted dorsovelar passage needs

to be extremely narrow if f, is to be lowered into the 700-1000 Hz

range of a very grave Iul quality. Close lip-rounding alone is noÈ

sufficient. Narrowing of the dorsovelar passage is accompanied by

narrowing of the top of the pharyrx by the back of the Èongue. The F2

standing wave has a volume velocity maximum extending right through
the dorsovelar [u] constriction, \riÈh its peak in the pharynx

imnediately below the uvula. F, is therefore lovered not only by
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further narroning of Èhe dorsovelar paseage but aLso by narrowing
behind the constricÈion in the vicinity of rhe uvula. F2 of [u] has

a considerable excese of kinetic enêrgy throughout this region
(Figs. 3 and 4) so rhaÈ iÈs frequency is extrenely sensitive to
narrowing all the way from the faucal isthmus Co the top of the
pharynx. A crogs-section area in the constricted dorsovelar passage
of aÈ mosÈ 0.5 or O.7 cn2 would be necessary to keep F, below 1OOO lfz.
The area given for the Arabic subject hae probabLy been overestinated.
It is notoriouety difficult to assees crosa-section arees accurately
in the velar region fron cross-dÍstances alone. The palatogloeeal
muscles (in the anterior faucal pillars) can function sphincterally,
which r¡ould narrorÍ the faucal iethmus transverseLy gnd contribute to
the degree of constriction (cf. Fig. 11). If these muscles are active
d^- f--f 1:t-^ --^---a - t-tior Li¡j-iiKe vo-w-eis (Ëirè evidence l¡iii be riiscussed beiow in $ 7),
then they could help provide the extre narrowing needed for the
Arabic subject Èo lower his F, to lrell below 1O0O Hz.

Of Èhese two cases, the difference of location wíthin the paLatet
region is Dost likely to provide a difference of vowel quality, by
nodifying F3. For the velar region, any F, variation attributable to
differences of constricÈion Location is much srûe11er thaû any opposite
variation from oEher articulatory variables (degree of constríction,
degree of lip-rounding, tongue blade depression, larynx depreaaion)
and is therefore easiLy cancelLed by then. The true difference be-
trreen the [u] vowels of the6e tno subjects is Èhe degree of constríc-
tion throughout the velar-r¡vular region.

The amounË of freedom available for varying the constriction location
is again a crucíal problen in this context. The sphincteral uode of
Èhe palatoglossi nil-l narron the vocal tract Locally in [u]. If the
styloglossi and palatoglossi (Fig. l.l) together guide the tongue into
posítion for [uJ, little freedon should remain for varying the con-
striction Location. For the palatal vowels on the oÈher hand, there
are no muscles thaÈ contract across the anterior part of the vocal
Èract Èo pull- the Èongue up into position. The Èongue hås to be pushed

up fron below, which leaves greater freedon for deternining the target
of the movement.
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7 PI{YSIOLOGICAL CONSIDERATIONS

This section is devoted to hord the four constrictions may be achieved.

The discussion is based enÈireLy on pubLished maLerial - anatomical

descriptions supplemented by reporÈed EMG results. The conventional

view, extending back åt least to HeLlwag (178L), is that the tongue

body is positioned for vovels by its extrinsic muscles. HelLrúag listed
the geniogi.ossi (for palataLs), the stylogLossi (for velars) and Èhe

hyoglossi (for pharyngeals). In addition, the vocal ÈracÈ is shaped

by the palatogl-ossi (tinking the Èongue to the velun), the superior
pharyngeai constrictors (incLuding the glossopharyngeal fibres) and

the niddle pharyngeal constricÈors. There q¡il-l also be a contribution
frm the intrinsic muscLes, especíally the inferior longitudínal-s for
tongue blade depr:ession. The directions of conÈraction ascribed to
Èhese muscLes are illustrated at Fig, 1L. EMG dâLa is still Limited

and has largely become available during the past decade.

FigS. 6 and 7 shor¡ tracings of the tongue profile rel"ative to the

nandible for a selection of voweLs aÈ each location. This presentation

highlights siurilarities and differences of purely lingual articulation
There was little variation between different tokens of the same vowel

by the same speaker.

Figs. 8, 9, lO show Èhe movement of the tongue to thê different con-

stricÈion locations frorn a preceding weak Ii], [e] or Ia] through [p]
or [b] occlusion. These are examples of the f-ingual manoeuvres Èhat

form the consrrietions. The nanoeuvres by each speaker are strikingly
sinilar âlÈhough they are for Ëhree unrelated languages.

Palatal vowels

There are no muscles ÈhaÈ pull thê tongue up towards the hard palate.
The palatal tongue position is generally ascribed to contraction of
the genioglossi, especially the posterior fibres. This is now being

confirrned by EMG investigation (Harris 1971, Smith 1971, Raphael and

Bell-Berti 1975, Miyawaki et al,. 1975), These fibres pu1l the tongue

rooÈ fornard, widening the lorùer pharynx where both F, and F, are
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sensitive (Figs. 3 and 4). This contraction is aLso believed to push

the tongue body upwards to!¡ards the hard pal-ate rûhere it narro¡ys the
pa1-ata1 passage. the fornânts are also sensiÈive to the degree of
palaÈâl constriction, especially Fr. The nylohyoíd muscles wiLl also
elev¿te Ëhe tongue body by pushing it up fron the floor of the mouth

but there is little agreement among authors as to whether they'are
used for vo¡sels. They may, for example, provide the extra Lift for a

consonantal obstruction against the roof of the mouth. Any additionaL
help in shaping the tongue in this class must come from intrinsic
lingual muscles.

Labiovelar vowei-s

FL^ f.- ..1-1ir-^ ^-r f^ ^ì-rir.^ :----^ ---^¡¡rç tur ul rrÀc duu Lv, JJ ¡¡Âr vvwrrs LUUòLrLuLc Lwu ÐcPðraLc LadùùEù

accordiog Èo consÈricÈion location, but it is convenient to discuss

them together here. Figs. 6, 7, L! shol¡ horr the tongue is lo¡¡er and

more retracÈed reLative to the mandible for [o] than for [u]. fne
sane difference is true for all" subjects in the collection of pub-

Lished tracings. The wider jaw-opening for [o, c] r¡il1 hel.p lower
the tongue away from Èhe soft palate but iÈ cannot unaided ttansfer
the constriction to the upper pharynx. This must be done by the tongue

itself.

The sÈyloglossi d¡a¡¡ the tongue upwards and rearu¡ards torrards the

uvula. EMG investigations by Harris (I97L), Snith (1971), Raphael and

Bell-Berti (1975) have found the styloglossi active for [u]-fite
vor¡els. The sinilar brunched-up tongue postures of [u] a.d [o] suggèst

the styloglossi are also active for [o]-tite vo!ûel"s, but the data is
very linited. Snith found styLogLossal activity in cardinal [o:] but
hardly any in cardinal [c:]. Miyawaki et al. (l-975) also srudied rhe

styloglossi but their results were unfortunately marred by artefacts.

The styl-ogl-ossí can determine the general upward and rearl¡ard direc-
tion of lingual movement. But ho¡ü ís the tongue elevate{ toreards Èhe

soft palate for [u] or retracted into the pharynx for [o]? For
elevaÈion there are È¡{o possibilities - the genioglossi pushing fton
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below and the palatoglossi pulling from above. For retraction lhere
åre the superior pharyngeal consLrictors. The hyoglossi, which draw

the tongue dom into the lower pharynx, have also been proposed in
Ehe lilerarure for Io].

Harris (1971), Smith (1971), Raphael and Be11-Berti (1975) and

Miyawaki et al. (1975) have all found the posterior genioglossal
fibres Èo be active for [u]. Such activity can be deduced fron the

very wide lower pharynx for Iu]. The posterior genioglossi should

be less active for [o] since the tongue body is not elevâted Èovards

tlìe velum ancl the tongue root is less advanced. At the same time

there should be som activity for [o, :l.] in these fibres in order to
keep the lorver pharynx sufficiently open for Fl to sray in the

350-550 Hz range, Tbere is also a diffarence of tongue root posirion
beE\deerì "tense" Io] and "lax" [:]-tike voweLs (l{ood I975b) which

in<licaEes a difference of genioglossal activity betweên them. The

posterior fibres of the genioglossihave so far been studied for Iol
by only one group of investigators, Miyawaki et aÌ, (1975), They

found tlìat tlìe same eLectrode that pickecl up considerable activity
fr-r Iu ] also derecLed activiry for Iol.

Lel us nor¡ turrì t() lhe palaroglossi. These are a very slender pair of
muscles linking the clcrrsal part of the tongue and the soft palate,
The¡'1ie in the anferior faucal pillars. Thel.appear to have several
mocle,s of âcLivity depending on what other strucEures or muscles
happen Eo be doing (Lubker 1975), including (i) to draw rhe tongue
t(ìwards tlìe soft palate when the latter is firmly elevated by the
palaÈiue levators, and (ii) to act like a sphincter to narrow the
faucal isthnus trârìsversely. Both of these modes are relevant for the
¿rrtículation of Iul-litre vowels by (i) guiding rhe velar (stylo-
glossal) movement anteriorly towards the soft palate, and (ii) con-
trolling the degree of constriction there. It is well known that the
velum rends to be most tightly closed agains the posterior pharyngeal

waLl during Iu]-fite vowels, An acoustíc and perceptual explanation
has usually been offered for this tíght closure ín an [u]-like con-
figuration, based on the particular sensitivíty of its oral resonånces
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to nasal exciÈâÈion and on the fact that colìtrastive nasality is rare

for [u]-like vowels' However, a velum Èightly closed by the palatine

levators is a necessary condition for the sphíncteral mode of pålato-

glossal funcËion, u'hich means there is a firm physiological constraint

against nasalizing Iu]. eny EMG activity recorded from Èhe palatoglossi

during [u] can only be due to the Èno modes quoted above from Luhker.

Other modes are not applicable for Iul (opening'the oronasal Pâssage

when the palatine levators are not contracting, or adjusting muscle

length Èo accomodate a downward movement of the tongue). Fritzell

(1969) found strong bursts of potentiàls in the palatoglossi during

the transiÈion from [f] to [u] in foolish and in [u] in the seqt¡erìces

Iou, au, gu] and Imu, nu, nu-l (411 with strong simultaneous levator

conLraction). Of Be1l-Berti and Hirosers (1973) two subjecrs, one

revealed no palâÈog1ossal activíty lrhatsoever, rleitlter for Iul nor fc'r

nasals. The oÈher had palatoglossal activity for a1l nasal openings

and [k] ênd the largesÈ bursts of all for [u]. fne balance of all this

data is in favour of palatoglossal involvenent in Èhe arEiculaÈion of

Iul with simultaneous conÈraction of the palatine levators.

For lhe retraction of the tongue into t.he Pharynx for [o, :)l' the mos!

like1y nuscles are the superior pharyogeal constrictors (including the

glossopharyngeal fibres) in view of Èheir upper pharyngeal situaEion.

Smíth (197f) found Èhe glossopharyngei active in [o, ¡]-tite vowels.

MacNeilage and Sholes (1964) concluded from Ehe activity picked up by

surface electrodes fron the back of the tongue thåt the hyoglossi

were invoLved for Io]. But surface acÈivity at that locaÈion could

equally well have come from the glossopharyngei. The hyoglossi have so

far not been invesÈigated with electrodes inserted into the muscles

themselves and their involvement is open to speculation in the absence

of further data. Tr¡o faclors probably rule out the hyoglossi for

[o. c]: (i) the upper pharyngeal Io, r] constriction occurs where the

glossopharyngei and the superior pharyngeal constrictors embrace the

pharynx, and (ii) the moderately large cavity in the lohrer pharynx

for Io, r], necessary to avoid an unduly high F,, precludes hyoglossal

ac tívi ty .



t2h

I conclude that the tongue is most likely drawn upwards and rear_
wards by Èhe styloglossi for borh rhe Iu]-like and rhe Io]-1ike cras-
ses, and that this comon movement is deflected towards the soft
palate by the palaEoglossi and the posterior genioglossi for Iu]-like
vowels, and ínto the upper pharynx by the superior pharyngeal con-
strictors and the glossopharyngei for Io]-like vowels, The genio-
glossi are active to wid¿n the lower pharynx and assist in raising
the tongue, more so for Iu]-like vo¡¡els than for Iol-1ike vorrels. The
sphincferal function of the palatoglossi and the pharyngeal constric-
Lors probably leaves little freedom for variation of these constric-
tion locations.

Low pharyngeal vowels

For the Ir:, a, æl-like vowels, there is considerable general narrowing
of the lower pharynx where Fl has high pressure and F2 a sensitive
volume velocity maximum. The maximurn constriction is in the vicinity
of the epiglottis. The acousLical consequences are that F, is nraxi-
mally high for all vowels in this class (ar least 600-700 Hz \dith rhe
large mouth-openings that are also typical of these vowels) and that
the individual vowel qrralitíes are distinguished by F, according to
tlìe degree of constriction (cf. Fig. 5). ln contrast, Ëhe lower
phar1.ry is less narrow for [r, c] configurations for which F1 does not
exceed about 55O Hz even rvith exaggerated mouth-openings,

The extrinsic tongue muscles that draw the tongue dor¡n inLo the lower
pharynx åre the hyoglossi, The inaccessibility of this pair has so
far deterred investigators from attempting to insert electrodes. The
pharyngeal constrictors are also frequently mentioned in conjunction
with these vowels, Tlre superior constrictors (including the glosso-
pharyngeal fibres) retract lhe tongue and narrow the plìarynx above the
constriction. The middle constrictors, arising from rhe corni of the
hyoid bones,narro\r the pharynx atand below the constriction. Both
Chiba and Kajiyama (1941) and Lindqvist and Sundberg.(1971) have
observed transversaL narrowing of the constriction at the level of the
epiglottis, indicating contraction of the constrictors. 'Smith (1971)
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found considerable activiÈy fton the glossopharyngeal fibres for
cardinal [bo:] and [ba:]. Minifie et al. (1974) recorded the acÈiviry
of the superior and niddle constricÈors to investigate differences of
"tenseness" and "Laxness" in [p, b] and reported no apparent differ-
ences betrareen the vordels [i] and [a]. ttre activiÈy they observed
during [a] is expecËed for consÈrictor involvement in this vowel! but
that observed for Ii] ís unexpected for a palatal vor¡el. A previous
utrasonic scan (Minifie et al. 1970) had shor^¡n considerable inr¡ard
displacement of the lateral pharyngeal walls (3-4 mn by the Left wall)
during Èhe Low pharyngeal vowel.s [o, ,r, æ] but LiÈtle or noÈhing
during Ii, u], indicating consLticÈor acËiviLy for the formerbutnot
for the latter. Minifie e¿ al. (1974) suggest rhar "had the EMc

signals been integraÈed, discernable diffe,rences would have energed"
bui chey cii<i not pursue the question furÈher.

The avaiLability of nUC data is leasÈ saÈisfactory of all in this
class of voweLs - nothing for the hyoglossi and occasionally contradic-
tory for the pharyngeal consÈrictors. But the direct (visual) and

indirect (X-ray, ultrasound) observations of movement are unanimous:
Èhe Longue is drawn into the lower pharynx and the pharynx is narrowed
Lrasversely by inward movement of the Iateral wal"Ls. This points
strongly to involvement of both the hyoglossi to dêpress ând reÈract
Èhe tongue and of the pharyngeal consÈrictors to nâtrols the pharynx
generai.l"y and especially at and belor,r lhe consËriction. Narrowing of
the lower pharynx ís predictable from acoustic theory Èo raise F, to
its maximum, above 60O or 7OO Hz.

8 PHONOLOGICAL CONSIDERATIONS

All Èhe data and discussion so far presenÈed have clear ínpl-ications
for phonology. The preference for the four constriction locations is
appârently universal. These LocaÈions are acoustically and physiologic-
ally significant, They divide the spectral space inÈo four voqrel
qual-ity fanilies. The extrinsic tongue muscles are located just where
they are needed to provide these constrictions and to narrow or expand
Èhe vocal tract at Lhe sensitive parts of resonance node standing
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waves. Phonetic processes that c1aim to describe phonemic contrasts,
allophonic distributions, vordel shifts, morphophonemic alternations
aud so on in articulatory terms should reflect this unique way of
utilizing the innate acoustical and anatomical properties of Èhe vocal
tråcr. The established tongue articulation model, which professed to
describe tongue articulation in terms of the height and fronting of
che tongue arch, failed to do this.

Notice also that the boundaries be$reen rhe for¡r families (¡,ig. 5)
constitute the basic phonemic contrasÈs. In two-phoneme systemg such

as Kabardian (Halte l97O) there is a conrrasr between (i) [¡]-flte
vowels produced with 1.ow pharyngeal locations and (ii) non-[A]-like
vowel.s produced at the other constriction locations. In Èhree-phoneme

systems there are contrasts beÈrdeen (i) [A]-like vowels with 1ow

pharyngeal constricrions, (ii) spread-lip II-El-like voweLs with
patatal constricrions, and (iii) rounded IU-Ol-1ike vowels with velar
and upper pharyngeal constrictions. Five-phoneme systems have

contrasts between (i) lAl-fike vowels wiÈh low-pharyngeal constric-
tions, (ii) spread-lip IIl-like and (iii) spread-lip lE]-tike vowets
with palatal consrricrions, (iv) rounded IUl-like vowels with velar
constrictions and (v) ror¡nded IO]-fit. vowels wirh upper pharyngeal

constrictions. No further constrasts are obtained by varying the
constricEion location. Other modificaÈions are utilized for ådditional
contråsts, for example the degree of constriction, the degree of
mouÈh-opening and the degree of lip-rounding.

An interesting phonological problem is how far and under what condi-
tions the phoneme boundaries just outl"ined may be transgressed. For
example, in Arabic and Eskimo rhere are spread-Lip Ii] or Iy]-fite
all(ìphones of /i/ with velar or pharyngeal constrictions carried over
from adjacent consonånt articulaÈions. Agaín, umlauting involves an

ínt.erchange of constricrion location betneen (i) low pharyngeal [a],
upper pharyngeal lol and velar [u] and (ii) palaral le, ó, yl
respectively. Similar interchanges of constriction locations are in-
volved in instances of vowel harmony.
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This approach to vowel articulation provides a new perspective to
these Èypes of phonological problem, whereas the established nodel
cannoÈ capture their Èrue nature in terms of the heighÈ and fronting
of the Èongue arch. The anbíguities in the latter nodel regarding
the relationships between paraneÈer values, physiological activity,
resonator configuration and spectral output means thåt it is power-

Less Èo explain cenÈrâ1 areas of speech production (Wood 1975a), The

explanatory power of phonological theory will be greatly enhanced if
the feaÈures of tongue articul,ation were instead derived from a com-

prehensive modeL based on the shaping of the entire vocal Èract in
a manner that dírecÈly relates physiology, articulation and acoustics

9 CONCLUSIONS

1. There are four different places where the vocal rract is narrowly
constricted by the tongue for vowels - along the hard palaLe, along
Èhe soft palate, in the upper pharynx and in the lower pharynx
(Figs. 1, 2). This finding confirms Stevensts hyporhesis thar we seek

to constrict the vocal trâct for vorrels at Lhose places where F, and

F2 are Least sensiÈive to variability of constriction location.

2. The vowels produced at these locations fa11 into distinct families;
Ii-e, y-d]-like, Iu-u, å1-rit", [o-c, y]-like and Io-a-æ]-1ike respec-
tively (Figs. L,2r 3,4, 5). fnis supports Stevensrs conclusíon re-.
garding the quanÈal naÈure of vor¿eLs.

3. The tongue assumes characteristic posÈures relative to the mandibLe
that correspond Èo the four consÈriction locaÈions (Figs. 6,7, g, g,

1O). Lingual novements to these postures can be unambiguously referred
to nuscuLâr acÈivity (Fig. 11).

4. There are docurnented examples of languages preferring either the
prepalatâ1 or midpalatal l-ocations for the palatal constriction. How-

ever, the sphincteral function of the palatoglossi and the pharyngeal
consËricrors leaves liÈtle opportunity Eo vary the locaÈions of the
other lhree consËricLions.

5. In a given consonant environment there is good precision of the
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constricÈíng movements. There ¡,ras no evidence that Èhè direction of
the constricting gesture is rnodified to compensaÈe for random verical
larynx movement. But the sÈructure of Èhe epiglottis and the thyroid
carÈi1age ensures thar the low pharyngeal constriction autonaÈically
remains at about. the same dis¡ance from the glotÈis.

6. Llhen vo¡¡els are rounded, there is an increase in the distance from
rhe glottis to each of the four regions where F, and F, are insensi_
tive Lo small shifts of the constriction location. This ís arlowed for
by depressing the larynx considerably for rounded vowels.

7. ArÈiculatory features for use in phonology should lefl.ect the
preference for four constriction locations and Èhe unique relation_
ship between consËricting tongue gestures, musele situation and the
degrees of sensirivity of vocaL tract resonances to area pertuïbations
at different parts of the vocal tract.
8' The approach ro longue articulaÈion outrined here faciliÈates rhe
building of a comprehensive description of speech production in which
each of the successive stages (neuromotor, articulation, cavity,
shaping' specÈra1 output) are unanbiuously related to each other. rn
contrast, the features of tongue arch height and fronting of Èhe
established model are arnbiguous in these reapects and constiÈuÈe a
capricious mediun for relating the different phases of speech produc_
tion.
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