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1. Introduction

The behavior of speech sounds involves a large pumib‘natural”, panchronic processes that takeela
different points in time and space, in unrelatawisages. More or less subtle synchronic, dialestglistic,

or allophonic variations may progressively becomleffedged sound changes. An overview of thesendou
changes brings out preferences for “natural” soutidg are easier to perceive or produce, or modébke

in noisy environments. These preferences are teflegynchronically in typologically preferred syste of
contrasts, including cross-linguistic patterns iopotactic restrictions. Additional evidence foesk general
tendencies comes from various sources, includirdesygread speech errors by children, hearing-ingbaire
subjects or language learners, in ambient noisi @pectrogram reading (about panchronic phonology:
Haudricourt 1969; on language universals, Greenf#36§6] 2005; on sound systems: Maddieson 1984; on
the phonetics of sound changes: Ohala 1993, Bl&0Ag; on universals in syllable structure: Clersearid
Keyser 1983, Vennemann 1988).

Phonetic sciences are concerned with explainingpémehronic behavior of speech sounds by contriguti
the widest possible range of plausible phonetidamqgiions of sound change. The constraints on sound
patterns come from (i) the physiology of the speg@duction organs and the perception apparatiyishéi
laws of aerodynamics and acoustics, and (iii) negroal-psychological facts. The constraints eXertes
that are gradient; they interact in a nonlinear mearand may trade against each other. Thanks gprgs®in

the understanding of the fundamentals of the spgechess, and to technical advances in exploratory
techniques, there now exists the potential for desamodelling which would incorporate all the diéat
types of constraints, and which would improve gedljuas new experimental evidence comes in. Earlier
models that were developed in this spirit are thred-parameter model by Stevens and House (1958), a
Fant's model (1960). Both approximate the vocattttay three articulatory variables: place of atation,
degree of constriction and amount of lip roundiMgeda’s (1989) articulatory model continues in shene
vein, but with more parameters. It is based oratistical analysis of X-ray data, and allows foe gtudy of
compensatory phenomena in a more realistic way ti@fiormer three-parameter models. Other prominent
models include Ohala’s aerodynamic model of spd@imla 1997), the Task Dynamic model of inter-
articulator coordination in speech (Saltzman anchivili 1989), and vowel inventory simulations (Lihatin
1986, Schwartz et al. 1997).

This paper aims to propose a notation system basdlde combination of acoustic and perceptual ptise

of sounds. The proposal is mainly based on Stesdi989), Fant's (1960) and Maeda'’s (1989) work and
our own experience in spectrogram reading in diffedanguages. The use of an articulatory model was
instrumental in exploring the full potential of avgn vocal tract in a more realistic manner thanhevious
models and in hearing the resulting percept (VaiesR008, in press). After the introduction, Sect
provides a short summary of the articulatory, agnadhic, acoustic and perceptual properties of setmak
have previously been put forward as explaining Urat phonetic changes. Some relevant aspectseof th
acoustic theory of speech production (Fant 196@yests [1998] 2000) will be recalled for the non
specialists in acoustic phonetics in Section 3ti&ed will present a method originally based otncafatory
modelling for placing five vowels in the maximaliretched three-dimensional vowel space: these five
vowels are proposed as references for language arisop or to transcribe detailed variations in the
realisation of the phonemes (for a similar apprpaebk Lindblom and Sundberg 1969). The determinatio
the five vowels is intimately related to the Quataeory proposed by Stevens (1989). Since theseigo
are meant to serve as references, they are compattedaniel Jones’ (1918) cardinal vowels and tthei
rendition by Peter Ladefoged (the sounds corredpgntb the cardinal vowels as uttered by Jones and
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Ladefoged are available on UCLA internet web site:
http://www.phonetics.ucla.edu/course/chapter9/caddiardinal.html). Section 5 describes possibles usf
the same type of notation for enhancing the siitigsr between vowels and consonants and descrihiang
effect of coarticulation.

2. The explanations of natural processes

This section provides a short review on the nabdfigroposed explanations for “natural” processesooind
change.

2.1. Articulatory-based explanations

Since Panini, in the 5th century BC, most of thensbchanges in historical phonetics and naturatgsses
have mainly been interpreted in terms of naturtw@atory processes. Thistinctive featuresire defined
by the position of the articulators (Chomsky andl#14968), e.g. high, back, anterior, nasal, etee T
International Phonetic AlphabdlPA) labels refer to articulation, such as heightd backness of tongue
body and lip position for the vowels. Finally, thasiccardinal vowelgJones 1918) are also mainly defined
in articulatory terms, at least according to ttaithor.

The explanations based on articulation have prdgdoe very powerful. Minimum articulatory effort én
economy of gestures (Lindblom 1983) lead to a de@én the articulatory distance between the phesem
in a sequence. The overlapping of the gesturehéydifferent organs required for the productionthe
successive phonemes (Hardcastle and Hewlett 1888)tb a further reduction of the articulatory alste
between the successive phonenigse reduction of effort is not uniform and it is deténed according to
the prosodic status of each phoneme, mainly itstippsrelative to word stress and to word boundarie
Sounds in word-initial and in syllable-initial pten or in pre-stressed position are less likelypéolenited,
i.e. reduced or suppressed. Being in a strongipondiéads to stronger constriction for the constsmamd
more opening for the vowels, resulting in a largdiculatory contrast between the onset consonaohtlze
following vowel and to less coarticulatory phenomerfor a review on experimental studies on thecefbf
prosodic status on the speech organs, see Fout@é8n

A number of models emphasize the primacy of awitoh over other aspects of speech: the listenawdis
speech by identifying the underlying vocal tracstgees intended by the speaker (the Motor thebgpeech
production: Liberman and Mattingly 1985); the basnits of phonological contrast are articulatorgtgees
(Articulatory phonology: Browman and Goldstein 1992sk-dynamic modeBaltzman and Munhall 1989).

2.2. Acoustic-based explanation

In their groundbreakingreliminaries to Speech Analysizakobson, Fant and Halle ([1952] 1967) viewed
features as acoustic entities and defined themlyni@inhe acoustic domain. The criteria are therghass of
the formant structure, the level of total intensityd the way the energy is concentrated in a desntea of
the spectrum, the range of frequencies where theggns concentrated (e.g. the energy is conceutriat
the low frequencies for grave sounds), the levehage intensity, the presence of periodic low tiextpy
excitation, the existence of additional formantsl dess intensity in existing formants (nasal/orafy.
Reference to the acoustic properties of the soatols's for the explanation of sound behaviours #ratnot
explainable in articulatory terms. For example,féegure [grave] sheds light on the change ofiiiig {f] (as
in the final consonant of the English waraligh), which are both [+grave] While there is no arkidary
connection between the back of the tongue andigbeloth collaborate in lowering the energy. Fants
later views on distinctive features proposed inRhaliminaries see Fant 1973.

Stevens has developed a number of enlighteningridlsetbased on the acoustic properties of sounds.
According to the Invariance theory, each distiretigature has an invariant acoustic property. kample,
the gross shape of the spectrum sampled at themrantl release shows a distinctive shape for pkde

of articulation: a prominent mid-frequency specfrabk for velars, a diffuse-rising spectrum forealars,
and a diffuse-falling spectrum for labials (Stevansl Blumstein 1978). The Quantal theory prediuas the
languages of the world show a preference for reggioh acoustic stability in the acoustic signal for
phonemes. These regions correspond to quantas sthiere there are minimal acoustic consequencie to
small perturbations resulting from the positiontié articulators (Stevens 1989). According to Steve
Enhancement theory, the distinctive features atenaiccompanied by ‘redundant’ features that sthemg
the acoustic realization of distinctive features! @ontribute additional properties which help treeher
perceive the distinction. For example, lip protamsienhances distinctive [back] by lowering furtllee
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second formant and therefore enhancing the coriedsteen [+back] and [-back] sounds; lip protrusatso
serves to make post-alveoldr] [more distinct from [s], by lowering the resonasi@kie to the front cavity
(Keyser and Stevens 2006).

2.3. Aerodynamic constraints

John Ohala has documented the aerodynamic lawslyimdea number of sound changes related to voicing
Intra-oral air pressure build-up in non-sonoramsamants inhibits voicing. Non-sonorants in the ldisr
languages tend to be uttered without vocal fol@isation (i.e. as voiceless). The phonologicallyceoi non-
sonorants tend to devoice when they are long. &ladel high vowels have a greater tendency to devoic
than comparable lower vowels because of a highezdral pressure. Tense vocal tract walls and ipéaute

of articulation inhibit longer voicing of the phdogically voiced stops by preventing expansionhaf vocal
tract volume necessary for the maintenance of ficeift transglottal pressure; voiced velar conswaiare
accordingly missing more often than labial consémamthe inventory of the world languages. Theciw

of a voiced fricative is gained at the expensehef énergy of its frication: fricatives favor voiesbness
(more than the corresponding stops), etc. (Ohadd ,1€ee also Passy 1890:161-162). The coupliregside
cavity, such as the nasal cavity, the trachealtgathe sub-lingual cavity or a lateral cavity tretback
cavity in the case of fricatives is responsible foe presence of zeroes in the speech signalsispasa
fricatives, affricates, laterals, nasalized andhting vowels share the presence of zeroes, whidsdigit on
some sound changes in which they pattern togethigout the spontaneous nasalization of vowels in
fricative context, see Ohala 1996.

2.4 Auditory-based explanation

Perception is known to play a role in preferredngbpatterns. Vowel systems in the world’s languaged
to maximize the perceptual space between voweldr(dater versions of the theory, to ensursufficient
space) independently of the ease or difficulty hafirt production (the Dispersion theory: Liljencrarand
Lindblom 1972). The speaker adapts his/her wayroflycing speech to his/her estimation of the dewpdi
capacities of the listener: the speaker will insesar decrease his/her articulatory effort dependim the
context (the Hypo- and Hyperarticulation theoryndlbilom 1990). A large nhumber of substitutions betve
sounds are explainable in simple auditory termsiatetpreted as misparsing of the acoustic sigoal
perceptual limitations in rapid speech (the Theargnisperception: Ohala 1984ee also Durand 1955). For
example, Chang, Plauché and Ohala (2001) providataresting account of asymmetries in sound change
based on asymmetries in perception. For a recdlgction of papers on the importance of percepiion
shaping phonology, see Hume and Johnson 2001uélitoay based features, see Flemming 2002.

3. Acoustic theory of speech production

The acoustic theory of speech production offersefl-established method to relate a given articujato
configuration to the physical characteristics af ffroduced sounds. As mentioned in the introductios

three basic components of the models simulatingelaionship between articulation and acousties @y

the location of the constriction formed by the toagr the lips; (ii) the magnitude of the constoict and

(iif) the lip configuration (Stevens and House 19568nt 1960). More sophisticated models includestiape

of the tongue, larynx height, length and shapehefdonstriction, more details on lip configuratiovith a
distinction between protrusion and rounding), atescavities such as the nasal passage and secondary
constriction(s) (Maeda 1996; Fant aBélvegard 1997).

For the sake of simplicity, the complex reality me@aximally simplified in the present paper. A single
nomogram (Figure 1, adapted from Fant, 1960: 8Rpexl to exemplify the principles underlying thieef

of the speech organs’ movements on the acoustitedpeech signal. A nomogram gives a rough byt ve
useful indication of the behaviour of the firstdiformants when the narrowest passage in the walis
moved from the lips (left in Figure 1) to the gistfright), and when the lips are more or less dauah It has
been verified that such simplified modelling pragda useful approximation of the behavior of forman
frequencies (for a comparison between Fant's noamogMaeda’s model and the rendition of the nomogram
by phoneticians, see Badin, Perrier and Boé 1980¥igure 1, only the effect of strong rounding is
represented. The third parameter, the degree dtrection, is fixed at 0.65 cm? in Figure 1. Fivarhants
are visible under 5 kHz: the average spacing ofdhmants is 1 kHz for a male speaker; the spaisingider
for female (and child) speakers, because of tHarter vocal tracts. The five formants represeant sh-
calledF-pattern(F1 to F5).



The five formants are not always visible on spaptnms because some of them may not be excited by a
sound source or not sufficiently excited, or thietensity may be reduced because of the presenaatibf
formants. For vowels, the (voice) source is atglodtis, and the whole F-pattern is excited. Fostakents, a
noise source is created close to the narrowest pbigonstriction: this noise source excites maittig
resonances of the cavity between the constrictimhtlae lips. One of the differences between vowgides

and consonants is the size of the narrowest pasthgesize of the constriction varies from large¢oo, for
vowels, glides, fricatives and stops. The F-pattigpends mainly on the tongue and lip configuraéiod
remains approximately the same, independent osittee of the constriction and location of the so(ste
The F-pattern is always calculable, for any vocatttconfiguration, once the shape of the sagittafile is
known (see Fant 1960, for calculations based omyXeata, for the complete set of Russian vowels and
consonants). The place of articulation from the lip the glottis determines an almost continuoualying
aspect of segment patterns, reflecting the contisunovements of the speech articulators. Someedéscr
breaks in the F-pattern are due to change in tfgewce, or to sudden coupling of a side caviighsas the
nasal cavity, the tracheal cavity or a lateral gaffrant 1960; Stevens [1998] 2000).

The four circles in Figure 1 approximate some @f ploints where one of the first three formants meaa
local maximum (circle 1 for F3) or a local minimyuircle 1 for F4, circle 2 for F3, circles 3 andot F2).
The figure will be described in more detail furtielow.
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Figure 1: Top: Nomogram adapted from Fant using ttiree-parameter vocal tract model. The tongue
constriction size is fixed at 0.65 énfPlain lines and dashed lines correspond resgdygti no lip rounding
and to a 0.16 chlip area. Glottis at the right and lips at the [after Fant 1960: 82]. See text for discussion
of the circles. Bottom: spectrograms of the comesiing four cardinal vowels, as spoken by a femalese
speaker of French, plus the intermediate back vl and 3/ and their notation. See text for further
discussion. The notation used below the spectragramiscussed in Section 4.

The following remarks concern the points where fammant reaches a local maximum or a local minimum.
First, when a formant is maximally high or lowténds to converge with another formant. The paifits
converging formants are called focal points andespond to quantal regions, as described by Stevens
(Stevens 1989): relatively large changes in pasitib the constriction around the focal points veiluse
little change in the acoustic signal (at leasttfur frequency of the two formants concerned). Wivem
formants converge, there is also an increase im #mplitude of 6 dB per halving their distance ifFa
1960:58). Furthermore, the closeness of the twdnits and their increased amplitude create a sharp
spectral salience in a well-defined frequency rafigeo close formants are perceived as a single datm
(Chistovich and Lublinskaya 1979). As is well kngwrowel quality can be obtained by two-formant
synthesis, F1 and'E F2 is obtained by matching the quality of the volglone single formant, F1 being
fixed. F2 therefore gives an indication of the perceptwaiticbution of upper formants and represents an
integrated value of F2, F3 and F42 Beems to be attracted by clustered formantsStedish listeners,’E

is the highest for /i/ (close to the cluster F3€ldser to F4) and the lowest for /u/ (close toc¢hester F1F2

and closer to F1). It is close to the cluster (B2#€8 /y/ and to (F1F2) ford/ (but closer to F2 than F1)
(Carlson, Granstrém, and Fant 1970). (Swedishdgschot correspond to cardinal /y/, as will be ulised
further below.) When there are no converging fort®aR2 is not attracted by a single formant. We may
conclude then that the clustering of two formantshits the perceptual contribution of the uppemnfants

and of F2 in the case of /i/ (observe the weakesliude of F2 than the cluster (F3F4) in FigureS8cond,
when two formants are converging, one of the cagimgrformants may be extremely sensitive to bath li
configuration and degree of constriction. They séerbe good points of departure to create new aetsr
Cardinal /i/ is characterized by converging (F3F)e sensitivity of F3 to lip rounding for the vefrpnt
constriction is employed to contrast /i/ and /y/lbwering F3 (note that /i/ and /y/ have about shene F1

and F2, they differ by F3). The sensitivity of degrof constriction is employed to create glideshsas /j/,

at e&gggy point where formants converge (see later).
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Figure 2: Spectrograms corresponding to six ofcdreinal vowels as pronounced by Daniel Jones) @eid
Peter Ladefoged (right) (The sounds can be found t a

http://www.phonetics.ucla.edu/course/chapter9/caui¢tardinal.html. The two converging formants often
form a single peak visible in the spectrogram: @3er Jones’s /i/, (F2F3) for Ladefoged’s /y/, B2} for
Jones’s /u/ and Ladefoged’s, /o, u/.

Figure 2 illustrates the spectrograms of the catdiowels/iy a 2 o u/ as produced by Daniel Jones and
imitated by Peter Ladefoged (the sounds are availab UCLA internet site). The vowels have
converging formants as a common characteristicarkt F3 for /i/, F2 and F3 for /y/, and F1 and F2 fo
the back vowels. The vowels are very close to treesponding six French vowels, except for Jongs's

which does not sound French and which does not ltawvererging formants, F2 and F3, unlike



Ladefoged's /y/. /i ya u/ correspond to the four encircled turning pointthe homogram represented in
Figure 1.

4. Description of the cardinal vowels based on theacoustico-perceptual quality

The vowels are now described using our notationthtn expressionfiEn: Fn+1)"?, the parentheses
(FnFn+1) indicate that the two formants Fn and Feefverge;l (() in the expression Fh(UFn)
indicates that the formant Fn is maximally highw(aoin frequency for that formant} in the
expressior! (1Fn: Fn+1)" indicates that the whole cluster formed by Fn Bnéll is made as high as
possible (and where neither Fn nor Fn+1 represemgsning point).’x Hz" indicates the approximate
location of the spectral concentration (its exacttion depending on characteristics of the speaier
particular his/her sex and vocal tract length);aertided_Fnindicates that the formant is a resonance of the
front cavity (and therefore especially sensitivdipgoconfiguration). Fris also excited by the supraglottic
noise during fricatives and in the frication pafrstops). The downward arrowin | Fn indicates that the
formant is low.

Table 1: Correspondence between the focal voweldaur of the cardinal vowels

Place of constriction Spread lips Rounded lips
Back I (TF11 F2)°°"**C5]a]

Mid (1 F1UF2y*%%HzCglu]

Front Prepalatal (NE31 F4)FZ20H2C 1 [i] (TE21 F3)12Cgly]

Cardinal vowel No. 1: C1[i] = prepalatal (NE3F4)**%°"

(TF3F4)%%"2is a point where F3 and F4 converge (circle 1igufe 1) at about 3200 Hz (for a male
speaker, higher for the female or a child speakem), where F3 represents a local maximum. F3 lfa h
wave resonance (no close end) of the front cawtjich is made as short as possible to obtain thbesi
possible F3 value. In that position, neither FH&@mMholtz resonance) nor F2 (a half-wavelengthmasoe

of the back cavity) is independently controllable2 and F3 correspond to twiaalf-wavelength
resonances, the type of resonances that produceshighest resonance frequencyhe
(NE3L F4)F3"2yowel corresponds to the cardinal /i/ produced bydhes and P. Ladefoged (see bottom of
Figure 2), to French /i/ (Schwartz et al 1997, ¥, 2007), and to Swedish /i/ (Fant 1973:96 A2Z).

As Jones stated, cardinal /i/ is the sound in wkhehraising of the tongue is as far forward assiids and

as high as possible, and the lips are spreadek dot correspond to midpalatal /i/, often obsemegnglish
(see Delattre 1965 for an X-ray study comparingh€ineand English; Gendrot, Adda-Decker and Vaissiere
2008 for comparison on statistical data concertiinign a large number of languages; Willerman anchK
1996 for a perception study showing differencesdentification of /i/-like stimuli between Englisand
Swedish listeners). Prepalatal /i/ has a higheaf8lower F2 than mid-palatal /i/. A vowel with thighest

F2 will be represented in our notation &52)*°°" This (non cardinal) /i/-like sound could be talaa
reference, with an F2 maximally high (around 25®), ldorresponding to a constriction at about 1lmf
the glottis, but where F2 is clustered neither vi@gnor with F4. When F3 and F4 are clustered, el 2
amplitude is minimal (as pointed out above conegyrFigure 2), again enhancing the acuteness of the
vowel: the lower F3 in midpalatal /i/ leads to aufldr’ quality than in prepalatal /i/. In languagesing
prepalatal /i/, /il does not necessarily have figadst F2 as compared to the other vowels (segampde in
Swedish, Fant 1973: 96, where /e/ has higher A2 fifjaRaising the larynx favors a high F2, by gkoing

the back cavity, but does not favor a low F1 (anktalltz resonance), because it reduces the voluntigeof
back cavity. It is thus preferable to widen thegiom root to increase the volume of the back catityower
F1), while keeping the back cavity short (for ahhi€).

Cardinal C9[y]= (tE21 F3) %"

(1F2. F3)"*®"also corresponds to the narrowest passage inr¢palptal region, where F3 is most sensitive
to rounding. For the production of /y/, the lipg aounded, but moderately protruded when compardiet
rounding necessary to create the cardinal vowelThg lengthening of the front cavity allows for alorupt
decrease in F3 frequency. F3 becomes clusteredRRitlcreating a spectral peak around 1900 Hz, &Rer
has become a resonance of the front cavity. Fupitegrusion of the lips would lower F2 and thereudobe

no clustering with F3, resulting in a vowel qualityat would not sound like /y/. FrontH2|F3)***°"“does
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not correspond to Jones’s /y/, nor to Swedishuiylefe F3 is equidistant from F2 and F4, Fant 1983:
However, it clearly corresponds to the renditiorcafdinal vowel /y/ by Peter Ladefoged and to Fnetyt.
Note that languages contrasting /i/ and /y/ seepréter a prepalatal position for both (Wood 19&&i, this
is not true of Swedish (as described by Fant 19439); there is lip protrusion in French and Gerniaut
not in the Scandinavian languages (Malmberg 19B}:18s far as | have observed on spectrograms,
German /y/ does not correspond t&2|F3)'**?either: F2 is separated from F3. The notation feedsh

Iyl is given in Vaissiére 2007.

Cardinal C8[u]: ( |F1UF2)*°H=

(JF1UF2)"°"2 corresponds to the narrowest passage in the mafdiee vocal tract (at about 6.5
cm, Fant andavegard1997). The use of Maeda’s model shows that C&uheé vowel with the
lowest possible concentration of energy that a hhuwaal tract is capable of producing: F1 and F2
correspond to two Helmholtz resonances, the typesminances that produces the lowest resonance
frequency. It could be represented by|F1|F2)*®" A strong rounding of the lips allows for a
decrease in F2, which reaches its minimum. F2 ofaly be considered mainly as a resonance of
the front cavity (Fant 1960: 211). Strictly speakithe narrowest passage for /u/ is much fronter
than for 4/, in the velar region(|F1UF2)*°®* corresponds to Jones’s cardinal vowel /u/, to its
rendition by Ladefoged, to the French and Swedel /u/, but not to the English /u/, which
usually has a higher F2rench /u/ does not have the same spectral qaali§panish /u/, which is close to
French /o/.

Cardinal C5 [a]: I (tF14 F2)'%%?

M(TFLLF2)"°*is a sound where F1 is very high and still clusdewith F2, creating a sharp peak around
1000 Hz. F1 is not exactly maximal, and F2 could rbade lower. The location of the constriction
corresponds to the highest clustering (F1F2). Nlo&t a constriction at the root of the tongue letadan
even higher F1 (see Figure 1), but to a separaifoRl and F2, since it raises the frequency of &2.
constriction at the root creates an /ae/-like soiaht andBavegard1997). C5[a], [a] and [ae] share a high
F1, but strictly speaking, only G& is a quantal vowel. In the two other vowels, fist two formants are
separated and do not sound like a “back” vowel.

Mid vowel [an]= (F2uF3)"%"

Another vowel, which is not considered cardinalpnetbeless represents an extreme in terms of F3hwhic
gets as low as 1500 Hz. Three constrictions aressacy for the production of such a low F3 sinegdlare
three points along the vocal tract where the volwelecity nodes of F3 are located (Chiba and Kajigia
1941). The production of (BE3)"°*"is achieved by a constriction in the pharyngeglam, lip rounding
and a bunching of the tongue toward a node correipg to the third resonance.

Creating the back (F1F2) series /u @ a/

The whole back series, /u?oa/, is characterized by the clustering of the firgd formants, and by weak
intensity of the upper formants. The series carsyghesized using a single formant at equal interiva
frequency between /u/ and//(Delattre et al. 1952). To keep the first twonfiants close together, the tongue
constriction has to move back from /u/ @ synchronously with the delabialization gesturera) data
show that the continuum /ufoa/ corresponds to a backing of the constriction aoidto an increase in the
area of the constriction (Wood 1979). When the tart®n is in the back region of the vocal trajetw
opening has much less effect on the formants thaemwit is in the front. Strictly speaking, the vbtract is
as “closed” for d/ as for /u/, but the highest point of the tonguadtually higher for /u/ than foal.

Creating the series /C2/e/, C&/ and C4/a/

Unlike for the vowels described above, no formaarts regrouped for these vowels. The constrictetlipar
less narrow (Fant and Bavegard 1997) than for dualfvowels. Since they are not focal, and do not
correspond to turning points, these vowels are rdiffieult to define in acoustic terms.



5. From vowels to glides and to consonants: Coartitation processes
5.1 From vowels with a strong constriction to gtide

Table 2 illustrates the specification of the glides cop@sding to the point vowels described
earlier:/j/, 1y/, 14/, Igl, Iwl have F-patterns similar to /i/, ly&/[ la/ and /u/, with clustered formants. The
formant frequencies of glides are more extremahasonstriction is made tighter in the front regaf the
vocal tract, F2 gets higher than for the correspungdowel; when the constriction is closer to thettis (as
for /g/ and /w/), it gets lower (on the effect of redrim constriction, see Fant 1960: 81). When exdhct
from the sequences /iji/, yy/, f>d24, lasa/, luwu/, the portions corresponding to /id/,//4l, I8/, Iw/ are
respectively identified as the vowels /i/, /g#{,/la/ and /ul.

The palatal approximant /j/, palatal fricatives|apalized liquid A/, and palatalized allophones of /I/ or /g/
share a low F1 and high F2, and (F3F4) are oftesteted. Their acoustic similarity is generally not
perceived. However, if the consonantal portionlidif is extracted and presented to naive listendrss
perceived as having a vowel quality close to 8imilarly, if some portion of the glide /j/ is lefftefore /i/,
the stimulus is perceived as [gi] (Vaissiere, 2008 will be discussed below, all phonemes shagng
similar F-pattern will have the same effect ongbherounding phonemes.

Table 2: F-pattern of the glides in relation to tleeresponding point vowels.

vowel | Corresponding Type of clustering Main effect on the surrounding phonemes
lide

[ ] : High (F3F4) F1Nn F27 F37

y y High (F2F3) F1Nn F27 F3N

. J Low (F2F3) F3x

a ¥ High (F1F2) F17” F2~

U w Low (F1F2) FIN F2\

5.2. Stops and fricatives consonants

The same type of F-pattern as illustrated for vewahd glides applies to more constricted vocal
configurations, such as for fricatives and stopse parameters used to describe the vocal tractlijpnd
configurations for vowels and glides pertain alsdhte description of the tongue and lip configumagi for
fricatives and stops. Other parameters pertairorthe length and shape of the constriction may avpthe
modelling (Maeda 1996; Fant aBdvegard 1997) but such details are not relevanbtio present purpose.
As for vowels and glides, the F-pattern for stopd ficatives contains about 5 resonances up tds(kee
for example Fant 1973:100-139 for calculationshef E-pattern of stops in CV syllables).

In contrast to oral vowels, the entire F-patternos excited in fricatives and stops. Simplifyirgglstly, we
can consider that only the resonances due to thty ¢eetween the constriction and the lips are extiThe
effective length of that cavity depends on lip rdmmg and protrusion, on the front-back positiontloé
tongue and on the shape of the constriction. Dapgnah the shape of the constriction, for examfite,
type of resonance may be a half-wavelength typéofa/) or a quarter-wavelength type (as for /IiEyr the
same length of the cavity, half-wavelength typeonesices are twice as high as quarter-wavelength typ
resonances. Large compensation manoeuvers aréotigepessible, which are easy to understatigure 3
(top) represents the resonances due to the frositycan the nomogram illustrated in Figure 1. A€ th
constriction moves from the lips (no formants esdjtto the pharyngeal region, the cavity in frohtte
constriction tends to become longer, and as a qoesee of this, lower and lower formants are egciténe
lower formants up to F5 are not excited during lti®als, because there is no front cavity. The forta
above F5 are excited for the anterior consonargatéll and alveolar). F3 is excited in the case a#t{p
alveolar constriction and F2 in the case of a phgegl constriction; again, F3 is excited when the
constriction is close to the root, e.g. for./

Figure 3 (bottom) illustrates the spectrograms esponding to /ki/, /ke/, /ka/, dk and /ku/, where the
constriction location of /k/ adjusts from anterior posterior due to perceptual requirements. Losaret
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lower formants are excited as the constriction redvem very front to velar. Note that the loweraeance
in the case of /ku/ as compared ta//lkwhich has a more backed constriction, is méstyi due to rounding:
the length of the front cavity is longer in the e&d /ku/ than in the case ofak

5000 -

ki ke ka ka Kku

Figure 3:Top: nomogram with the representations of the rasoes due to the front cavity extracted from
the complete nomogram shown in Figure 1. Bottoraggpgrams corresponding to /ki/, /ke/, /kaf//end
/ku/. See text.

Depending on the relative size of the constricéoea and the glottis opening, approximants may rbeco
fricatives and vice versa. For example, the retdisdj/ may be accompanied by noise if the constm is
made tighter: the higher formants are excited leyrtbise and the lower formants by the glottal seutice
creation of noise is not favourable to the maimteeaof voicing; it may be devoiced and become
acoustically a fricative (only the formants in ftasf the constriction are excited). Uvular and phgeal
fricatives, when voiced, have the characteristicapproximants (Yeou and Maeda 1995), etc. Theeroyl
for the constriction of a consonant to be tightetess tight than expected, and the opening ofgtb#is
depends on the prosodic status of the phoneme. dfldisé variations make excellent sense from anst
point of view and the gradient changes can be ntextiel

5.3 Coarticulatory processes

The F-pattern for a phoneme is the result of thertcmlation of the tongue and lip configuratiorfstioe
surrounding phonemes and those required for thegehe (Ohman 1966). The direction and extent of
coarticulatory overlapping are language-specifiafvel 1990) and depend on a number of factors, asich
the duration of the phoneme and the prosodic stafushe phoneme. Coarticulation leads to the
neutralisation of certain contrasts in given cotgeand possible sound changes.

The effect of coarticulation, and well describe@gpbmena such as palatalization, or pharyngealizadm

be accounted for by similar principles. The F-pattef consonants with a secondary articulationhsas
palatalized or pharyngealized consonants, showstHrae influences relative to the F-pattern for the
consonants with a single place of constriction.aRdikzation, labialisation and retroflexion modifize
effective length of the front cavity, and thereftie frication part of stops and fricatives. Phaealization,

on the contrary, causes a minor change to the aeserpatterns in front of the main constrictionsuse the
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secondary place of articulation is at the laryng dnes not have much influence on the shape offrtime
cavity (Fant 1960: 219). Table 3 summarizes thdferts. A fronted position of the tongue due to the
phonological palatalization of consonants (sucmaussian, see Fant 1960: 220-221; Fant 1973:069)%
surrounding front phonemes, always has the effetdbwering F1 (such as in /tat/, where /a/ tend$¢o
perceived ase/ if extracted), and to raise the formants duéheoftont cavity (generally F2) (such as in /tut/,
where /u/ is centralized). Similarly, a backed posiof the tongue due to phonological pharyngealn
(as in Arabic) or to surrounding back phonemes gdwzas the effect of raising F1 (as wug/, where /u/
tends to be perceived as /o/ if extracted) andwet the formants due to the back cavity.

Table 3: The columns group together the phenomédriehvihave the same raising or lowering effectshen t
first four formants, due to a similar tongue ordignfiguration, the influences of phonetic contextd the
effects of secondary constrictions.

/il-ness /a/-ness /ul-ness others
F1Nn F27F37 F17 F2x F1Nn F2N F3™ or F4n
closing of open opening of closed
phonemes and phonemes and
fronting of back backing of front
phonemes phonemes
Tongue or lip fronted retracted tongue mid retroflexed
configuration (+ labialisation)
1) Contextual front consonant or| back consonant or] round consonant | retroflex
influences vowel vowel or vowel consonant or
vowel
palatal pharyngeal labio-velar retroflex
2) Secondary palatalized pharyngealized labio-velarized retroflexed
constriction
Processes palatalization pharyngealization | labialization and | F3\ : palatal

velarization

retroflexion

F4N: alveolar
retroflexion

To conclude, Table 4 summarizes the commonaligdwéen vowels and consonants, and the gestures for
achieving extreme (low or high) values for thetfitgee formants. In short, there is one main gedior
lowering F1 (fronting of the constriction), two faranipulating F2 (backing and rounding) and thie f

F3 (backing, rounding and retroflexion).

Table 4: Combined gestures causing one of thetfiree formants to be maximally high or low. Théues
in Hz are approximate.

Lowest possible formant Highest possible formant

UF1 | Narrowest constriction at the anterior part, adeanaF1
tongue root, lowered larynx, raised velum (larger
pharyngeal velum) + small lip opening
(4F1)/i/ (=300 Hz)

All stop consonants

F1 = Helmholtz resonance

Narrow constriction at the far back part, constdit
tongue root + large lip opening

(tF1): R/ (=700 Hz)
Uvular and pharyngeal consonand (/)
F1= Quarter wave, back cavity resonance

4F2 | Narrow constriction at the middle (velar) regionig-| 1F2
rounding and protrusion
(4F2): Jul €700 Hz)
Labio-velar consonants
F2 = Helmholtz resonance

Narrow constriction at the mid-palatal region + |li
spreading + glottal constriction

(1F2) Mid-palatal /i/ £2300 Hz)
Mid-palatal consonants

F2 = half wave, back cavity resonance

p

4F3 | Narrow constriction at the back (pharyngeal) regiomF3
bunching of the tongue, retroflexion
+ lip rounding and lip protrusion
(4F3): b/ (<1500 Hz)

Retroflex consonants

Front cavity resonance

Narrow constriction at the front (apical and preypeal)
regions + lip spreading + (larynx lowering)

(1F3): prepalatal /i/ /j/ I¢/~3000 Hz)
Pre-palatal consonants
F3 = half wave, front resonance cavity
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Conclusion

The articulatory description of the phonemes igesrely useful, but sometimes difficult to achieve i
sufficient detail. Vowels defy articulatory desdigm because they do not have a precise place of
constriction. For consonants, the shape of theuemgay play a role; an acoustic contrast sugblada vs.

flat may be produced by a set of articulatory manoeud®m different parts of the vocal tract, which
conspire to produce a certain percept for the auanrsts.

Phonetic transcription using IPA has proven usddut,in practice, transcription raises fundamergsiies
since the choice of IPA symbols depends in no spail on the transcribers’ native language andhen t
instructions that they received during their trai In addition to the set of symbols for vowelsdan
consonants, the IPA proposes diacritics to trabhecsbme differences between similar sounds; howaver
order to describe fine differences such as thatdxst the vowels transcribed as /u/ in French, BEhgind
Spanish, there is a clear need of well-establisaftences for comparison. The cardinal vowelssalby
Daniel Jones can be used as references but therdisturbing discrepancies between Daniel Jones’s
production, and the rendering of the same vowelsPbter Ladefoged. | have shown that some of the
cardinal vowels have a clear acoustic definitionl aorrespond to quantal regions as described by Ken
Stevens. They are good candidates to be definedused as reference vowels. The quantal vowels as
described in Stevens’s Quantal the@mth converging formantshay not correspond precisely to the most
frequent vowels in the world’s languages, but thaes not detract from their usefulness as refeseimcthe
description of vowel systems.

The specification of the phoneme in terms of dddiue features does not always reflect the acoustic
perceptual similarity between the sounds: the (joback consonant in French is actually acousticelthge

to the back voweld/; /Il and /g/ in /il context share acoustic ché&edstics with /i/ and /j/ (such as a
clustering of (F3F4), visible during /g/ when tHesure is not complete): their short acousticattise is not
reflected in their definition (see examples in \é#ge 2007), but it is reflected in sound changes.

Acoustic description, based on observations ofdéite on modelling is a welcome addition to a desom

in terms of articulation and in terms of distinetifeatures. Acoustic description is sometimes dortbe
literature, but it is often incomplete. The halfitusing only the two first formants to representvets still
persists, but it is not entirely justified, at le&ésr front vowels: the notion of'# has been well established
and F3 plays a very large role in languages su@waglish and French. The correlation between tvank
constriction and F2, on the one hand, and highdad/ F1, on the other is overestimated, whereasotbaf
the lips (in determining F2 of the back vowels) dmel relative amplitude of the formants (which glayrole
for contrasting oral and nasal vowels) is oftenleeigd. The lack of information on F3 and F4 maites
difficult to determine the position of a vowel ril@ to the cardinal vowels.

The point vowels as defined here may go beyondetteeme vowels produced by the speaker in his/her
native language, even when its vocalic triangleneximally stretched. The real time visualisationtloé
formants when he/she tries to utter the point vevas defined in the present article is very uséfhk
vowels in his/her own language may be locatediveldb these point vowels. The point vowels maythe
used for speaker normalisation. The use of a comdascriptive apparatus for all sounds brings oat th
continuity between vowels, glides, fricatives amaps. A solid grounding in the laws of acousticalso a
promising basis for studies of coarticulation. @Ggahese constitute challenges for future redearc
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