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SinceLieberman & Crelin postulated in 1971the theory that Neandertals were aspeediless pedes, the
potential speed cgpability of Neandertals has been the subjed of hot debate. Lieberman and Crelin
claimed that the development of alow larynged pasition was a necessary conditi on for the redi zation of
a sufficient number of vocdic contrasts, sincethe potential vowel spacewas enlarged due to an enlarged
pharynged cavity. Like newborn infants, Neandertals did not passessthis "anatomicd basis of speed",
and therefore cmuld not speak. Lieberman and Crelin further claimed that this fad may have caused the,
otherwise mysterious, extinction of the Neandertal. In this study, we refute the aticulatory and acoustic
arguments developed by Lieberman and Crelin in their theory. Using a new anthropomorphic articul atory
model, we infer that the vowel spaceof the Neandertal male was no small er than that of a modern human,
and we present vowel simulations to corrobarate this hypaothesis. Our study is grictly limited to the
morphologicd and amustic aspeds of the vocd trad, and we cannot therefore offer any definitive answer
to the question of whether Neandertals gpoke or not. However, we do fed safe in claiming that
Neandertals were not morphologicdly handicapped for speed. A low larynx (and large pharynx) cannot
be monsidered to be the "anatomicd prerequisites for producing the full range of human speech”. Thereis
therefore no reason to believe that the lowering of the larynx and a concomitant increase in pharynx size
are necessry evolutionary pre-adaptations for speed.

1. Alargely controversial and widespread theory

Lieberman & Crelin (1971), henceforth L& C, followed upby Lieberman (1972, 1973, 1984,
1991, 1994 shocked paleontologists and anthropdogists, as well as the speech science
community, when they reconstructed the shape of the vocd tract from the fossli zed skull of
the Neanderta man from La Chapelle-aux-Sants, and estimated the ectent of his vowe
gpace The vowel space turned ou to be highly reduced with respect to that of a modern
human male. They concluded that Neandertals could na have possessed speech, as modern
humans do, and that this was probably the caise of their mysterious extinction abou 30,000

yeas ago.
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Acoording to L&C, in order for speech production to beame passble during the @urse of
evolution, it was necessary that the skull base be sufficiently flexible, and that the larynx
descend to enlarge the pharyngeal cavity for the vowel spaceto be large enough to redli ze the
contrasts observed in current human vowel systems (Laitman, 1983 Laitman, Heimbuch &
Crelin, 1979.

Vowel spaces are normally delimited by the three extreme vowels, [i], [a and [u], which
are the most common, and are present in a large magjority of world’s languages (Maddieson,
1986 Vallée 1994 Schwartz, Boég, Vallée & Abry, 1997). The development of a proper
vocd-tract morphdogy is a necessary condtion for our ancestors to have aticulated sounds
of speed, with of course, the mncomitant developments of appropriate motor control and
cognitive functions. L& C advanced the hypaothesis that Neandertals did na possss this
necessry “anatomicd basis’, and therefore could na spe&k. In an acoustic simulation study,
they demonstrated that the mntrast between the three extreme vowels was highly reduced
(resulting in a small vowel space) for a male Neandertal vocal trad as well as for the vocal
trads of amodern newborn human and of a chimpanzee.

In their revolutionary propasal, L& C grouped together a Neandertal, a chimpanzee and a
human infant in the same dass all having a short pharynged cavity relative to the oral cavity
and thus being incapable of articulate speech. The lowering of the larynx and the increased
size of the pharynx have been guided by evolution towards geech.

The way in which L& C reconstructed the vocal trad of Neandertal man, based mainly on
anatomicd considerations (in particular the position and the arangement of the hyoid-larynx
complex) has been criticized as unredistic by a number of authors (Falk, 1975 Trinkaus &
Shipman, 1993 Schepartz, 1993 Houghton, 1993 McCarthy & D. Lieberman, 1997.
Moreover L& C employed a cast of the skull of the man from La Chapell e-aux-Sants that was
reconstructed by Boule (1913, 192) with certain errors, naably in the region d the skull
base, which becane evident after its recent reconstruction by Heim (1986, 1989, 199).

In spite of numerous criticisms, the thesis proposed by Lieberman and Crelin is
systematically presented as fact in numerous pubicaions, encyclopedias, and works of
reference. In this paper, we refute the aticulatory and acoustic aguments developed by L& C
in their theory by:

» Quantifying the vocd tract geometry by a Larynged Height Index (LHI) correspondng
to the length ratio of the pharynged cavity to the ora cavity. Using new biometric data,
wetry to estimate the laryngeal positionfor two Neandertals.

» Using a new anthropamorphic aticulatory model, we introduce variations of the LHI
correspondng to that of a vocd trad of a newborn infant, a dild, afemale ault and a
male alult. We quantify the potential maximum vowel space orrespondng to these
LHI variations and we mmpare the results using length normali zation.

2. Estimation of thelarynx position of fossils
2.1 Qualitative method

The dharaderistics of the skull base, of the mandible and d the mastoid and styloid processes

(on which the muscles suspending the hyoid-larynx complex insert) allow paleontologists to

estimate the pasition d the larynx and hence the dimension d the pharynx (Laitman et al.,

1979 Laitman, 1983 Arensburg, Bar-Yosef, Goldberg, Laville, Meignen, Rak, Tchernov.,

Tillier & Vandermeersch, 1985 Arensburg, Tilli er, Vandermeesch, Duday, Schepartz, &

Rak, 1989 Heim, 1986, 1989and 1990 MacCarthy & D. Lieberman, 1997 D. Lieberman &
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MadCarthy, 1999. Errors can occur in the rewnstruction hovever, espedaly when
comparative models are absent. For example, we now understand that Boule made various
mistakes in the recnstruction d the skull of the Neandertal man from La Chapell e-aux-
Sants, since d that time Neandertals were hardly known and Boule used a chimpanzee & a
model for the reconstruction. Sincel984,Heim (1989 has undertaken the new reconstitution
of the skull of the man from La Chapelle-aux-Sants. He has shown in the new reconstruction
that the position d the head and the skull base does not fundamentally differ from that of a
modern human as far as the angulation d the basicranium is concerned (Heim, 1989 and
concludes that, in all li kelihood,the larynx of the Neandertal was locaed at the same pasition
as that of modern human popuations (Heim, 1986, 1989, 1990 Moreover, after the
discovery of a 60,000year-old Neandertal with the cmplete hyoid bore intad in a sepulture
a the site of Kebrain Israel, Arensburg et al. (1989 stated that "There has been littl e or no
change in the visceral skeleton (including the hyoid and inferentially the larynx) during the
past 60,000years of human evolution”, which agrees with Heim's conclusion.

2.2.Quartitative method

Recently, Honda & Tiede (1998, henceforth H& T, have shown using magnetic resonance
imaging (MRI) on modern human subjeds that the verticd larynx position can be predicted
from biometric measures of the cranio-mandibular geometry. Their basic ideais that the fadal
geometry of humans, and more generally that of primates, is related to the position d the
larynx. To quantify a global fadal morphdogy, H& T propase the foll owing three distances,
palatal distance (PD), laryngea height (LH) and aa cavity height (OCH). PD is the distance
between the anterior nasa spine (ANS) and the posterior nasal wall (PNW). PNW is defined
as the intersedion pant of a standard palatal line (specified by ANP and the posterior nasal
spine) and the posterior nasopharynged wall. LH is the distance from the aytenoid apex to
the palatal line. LH, therefore, represents the pharynged cavity length and the vertica
position d the larynx. OCH is defined as the distance from the gnathion to the palatal line.
Figure 1 ill ustrates these landmarks and dstances which are superimpaosed on ou modified
landmarks described later.

Figure 1. The three landmarks: (1)
basion, (2) nasion and (3) gnathion are
used in this gudy to infer the origina
landmarks (4) the posterior nasal wall,
(5) the aterior nasal spine proposed
by Honda ad Tiede (1998 to
characterize a global morphdogy of
the aanium and mandible, which can
be used predict (6) the arytenoid apex,
i.e, larynged position (Xerography
courtesy of Denis Autesrre).




H&T have measured these distances on MR images of adult subjeds with an age span
of 23to 48years. Their subjeds consisted of 12 Japanese speakers (2 females and 10males)
and 12 nonnative North Americans (3 females and 9 males). The results indicae that when
LH and OCH are normali zed by PD, using a laryngea height index (LHI = LH/PD) and aal
cavity index (OCI=OCH/PD), the two indices exhibit a high degree of correlation
(r =0.869. Using this correlation, we can predict the value of LH from OCI and PD, and thus
the position d the aytenoid apex, which is often missng in the fossl records of Neandertals
andin anthropdogicd records.

To compare the laryngeal position d Neandertals with that of modern humans, we must
have some idea dou the variability exhibited by modern popudations. This motivates us to
examine the faaa geometry of alarge number of modern humans, of different races, different
gender, and dfferent age groups, to estimate the larynged pasition and its variability (Heim,
Boé & Maeda, 200Q. For this purpose, we use abiometric database describing the cranio-
mandibular geometry of modern human popdations developed a the Anthropdogy
Laboratory of Musée de I'Homme, Paris. The database @nsists of measurements taken from
midsagittal X-ray pictures of the heads of the wntemporary modern human subjeds
mentioned just abowve, from dried crania of mummies from Egypt (again, male aad femae
adults and children) and from the skulls of South American mummies, al of which allow for
a omparison d popuations from distinctly different aress. The method described was aso
applied to the skulls of two male adult Neandertals: La Chapell e-aux-Sants and La Ferrasse
1 (Heim, 1976 dated abou 45,000to 50,000yeas. Both the cranium base and the mandible
were preserved in these two fosdls.

Some dhanges in the dhoice of landmarks were necessary, because the original landmarks,
such as PNW (locaed on the soft tissues visible on the MRI data) are asent in ou
anthropdogica data (dried craniums of Egyptian mummies and d South American buied
corpses). Consequently, we could ony use landmarks on the bore structures. Moreover, the
reconstructed skull s of Neandertal s often ladk the anterior nasal spine. We therefore atempted
to determine OCH and PD from landmarks on the cranio-mandibular bore structures, namely,
from the nasion-basion-gnathion triangle, asill ustrated in Figure 1, with the help o corredion
fadors to acoourt for the difference in the landmarks. The crrection fadors are determined
onthe X-ray pictures of the head of contemporary human subjects (European male and female
adults and children). Once values of OCH and PD are determined, we can calculate OHI,
which is equal to OCH/PD by definition. Assuming the LHI-OHI relationship defined by the
regresson line of H&T is applicable to ou data, LHI can be estimated drectly from the
determined OHI values.

Theresults are presented in Table I.



TABLE |. Range and mean values of Larynx Height Index estimated using the method proposed by
Heim, derived from Honda & Tiede (with the number of subjects).

Men Women Children
Modern (range) 0.54 -1.00 0.60 -0.85 0.60-0.74
Egyptian mummies 0.76 (10 0.70(5) 0.65(6)
South Amerindian mummies 0.80(24) 0.73(16) 0.68(4)
LaFerrassel 0.71
La Chapelle-aux-Sdnts 0.60

Although we amit that our adaptation to the original H& T method could be improved, the
estimated LHI values aready exhibit a @herent trend. For the three distinctly different
popuations (modern, Egyptian, and South American) the average LHI value varies as largest
for male aluts (correspondng to the lowest laryngeal position), intermediate for female
adults, and then smallest for children (the highest larynged pasition). These differences,
linked to age and sex, have been extensively documented by Goldstein (1980). The estimated
LHI values of Egyptian and South American groups exhibit fairly large dispersions, which
appea to make the inter-group dfferencesirrelevant. As far as the two male Neandertals are
concerned, their LHI value is within the limits of the variation olserved in modern
popuations. In detail, however, their LHI value is lower than the average values of individual
male ault groups. In fad, the LHI value of the Neandertal man from La Ferrassel
corresponcs to the average value of female alults. The value for the man from La Chapelle-
aux-Sdnts corresponds to the lower limit for the modern female aults and close to the
average LHI of children. The particularly small LHI value of the man from La Chapell e-aux-
Santsisdueto hisexceptionally large PD value.

LHI is therefore an important articulatory parameter, since it reflects growth dfferences
from birth to adulthoodand gender differences, as well as diff erences between hano sapiens
and Neandertal. However, we shall demonstrate that this parameter has a minor influence on
the redization d maximal vowel contrasts such as[i au]; indeed, articulatory gestures of the
tongue and li ps al ow compensation for these relative differencesin vocd tract dimensions.

3. A growth model to smulate acoustical consequences
of Larynx Height Index variations

We caried ou articulatory and aoustic vocd tract simulations, with the following
objedives: (i) prediction d the aoustic space orrespondng to dfferent values of LHI; (ii)
inference of the maxima amustic space potentially used by Neandertal men. The use of a
vocd-tract model designed to study human growth seemed appropriate, since the differencein
LHI between the newborn and the alult male is quite large, and the model therefore shoud
acourt for agood cea of variability.
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Systematic measurements of the vocd tract from birth to adulthood do nbexist at present.
However, it is possble to take advantage of cranio-facial measures established at diff erent
ages, which have been pubished in anatomy, radiology, and pediatry journas. The evolution
of the dimensions of the head (osteologica structure) and the hyoid bore paosition (associated,
to a cetain extent, with the pasition d the larynx) permit the inference of broad tendencies in
the development of the vocd tract. Goldstein (1980 provides a veritable mine of information:
an inventory of data correspondng to 14 dstances and 3 angular measurements, establi shed
in relation to anatomicd reference points and lines, is provided for ages ranging from a few
months to 20 yeas. All of these data can be dosdly fitted by (doude) sigmoidal curves,
which charaderize the general patterns of skeletal and muscular growth. Here we summarize
and daw attention to the paoints that are esential in understanding the phenomenon of vocd
trad growth.

At birth, the heads of infants are gpproximately hemisphericd in shape. Increases in the
volume and shape of the skull and d the size of the inferior maxilla modify the relative
propartions of horizontal and verticd dimensions. The process does nat therefore involve a
smple uniform scding, bu rather an anamorphasis in which the verticd dimension is
emphasized. For the vocd tract, this phenomenon is further accentuated by lowering of the
larynx (inferred, in X-rays, from the position d the hyoid bore). The growth of the pharynx is
therefore goproximately twice a large & that of the front cavity. If we again turn to the data
gathered by Goldstein, it is possble to recver an estimation o LHI and its evolution duing
growth (Figure 2) using the following landmarks and dmensions:

« the anterior Bjork’s articulare (intersedion d the posterior ouitline of the neck of the head
of the mandibular condyle with the outline of the inferior surfaceof the occipital bore),
the anterior nasal spine and the glottis.

* the horizontal distance from the anterior nasal spine to the articulare, and the vertical
distance between the glottis and the reference line traced from the anterior nasal spine to
the posterior nasal spine.
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Figure 2. Variations of Larynx Height as function d Palatal distance. Points correspond to
agesof 0, 1, 2, 3, 4,5, 6, 8 10, 12, 14, 16, a8d 20years (from Goldstein, 1980. The
straight line would correspondto alinear growth of the vocal trad.

To represent the vocal trad growth, the aticulatory model of Goldstein describes the
evolution d the horizontal and verticd dimensions from a newborn to afemale or male alult.
Here we have used the Variable Linear Articulatory Modd (VLAM), developed by Maeda
(cf. Bo&, Maeda, 19®B) on the basis of Maeda (1989). As proposed by Goldstein, the growth
processis introduced by modifying the longitudina dimension d the vocd trad according to
two scding fadors: one for the anterior part of the vocd tract, the other for the pharynx, with
interpolation d the zone in-between.

The vocd-trad model does nat al ow the recovery of exadly the same landmarks as those
used by Honda & Tiede, resulting in slightly higher values for LHI of the model, compared to
LHI measured by Honda & Tiede. For the palatal distance PD and larynx height, we retained
the incisors, the pharyngeal wall and the glottis position (Figure 3). For Neandertals, the value
of PD has been estimated as the distance between the dental arch and the foramen magnum
taken from a cat of the skull of the man from La Chapelle-aux-Sants rebuilt by Heim,
hypathesizing that the larynx of the latter was in the same pasition as the one of the Homo

Sapiens Sapiens (Table ).

incisor pharyngeal

wall

Palatal
Distance

Larynx
Height

glottis

Figure 3. Reference points sleded onthe midsagittal curve generated by the model.



TABLE Il. The value of the verticd larynx height (LH) and horizontal palatal distance (PD) dimensions
cdculated using the articulatory model (VLAM).

LH PD LHI (model)
Neandertal (adult male) 8.80 10.0 0.88
21-yea-old male 8.70 8.70 1.00
Adult female or 16-yea-old male 7.40 7.80 0.95
10-yea-old child 5.75 6.57 0.88
4-yea-old child 451 5.70 0.79
O-yea-old newborn 2.63 4.34 0.60

Furthermore, we ensured that length variation in the midsagittal dimension corresponds to
data. We retained Goldstein’s (1980 data, gathered from her model, as well as recait MRI
data of Fitch & Giedd (1999 (andaso Yang & Kasuya, 1994 for aboy of 11 yearsold, Story
et a., 1996for adults). It is worth nding that Goldstein's model, as well as VLAM, predict
vocd trad lengths, duing gowth, that lie within the (maximum and minimum) limits
presented by Fitch & Giedd (Figure 4). This assessnent is of grea importance, to the extent
that vocd trad length determines the asolute pasition (along the frequency axis) in the
maximal vowel space and hence of the vowel formants.

Not surprisingly, the model generates satisfadory vocd trad lengths for adult men and
women since it was established based on radiographic data for an adult woman, bu it is
important to verify the values for vocd trads correspondng to children of 11 years of age and
younger.
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Figure 4. Variations in vocd trad length as a function o age: (1) minimum, mean and

maximum values (Fitch & Giedd, 1999; (2) data proposed by Goldstein (1980); (3) data
delivered by the aticulatory model (VLAM).
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4, Maximal Vowel Space and point vowels[i a u]

4.1.The Maximal Vowel Spaceas a tod of prediction

The question now is: what is the range of formant frequencies that can be produced by all
paossble shapes that correspondto a given vocal tract (a given LHI)? We define Maximal
Vowel Space(MVS) as the n-dimensional space within which are situated the n first formants
of al posgble vocdic soundsthat can be redized by agiven vocal trad. For severa years, the
3D spaceF;-F,-F3; has been systematicdly measured (Peterson & Barney 1952 and modeled
(Fant 1960. Obvioudly, the use of aredistic articulatory model al ows a better evaluation d
the limits of that space(Boé et al. 1989.

The value of each parameter of the aticulatory model is constrained within a redistic
range, chasen to correspondto three standard deviations (o) ether side of its mean value. If
the entire input space of command parameters is explored while satisfying the @ndtions
necessary for vowel production, ore can simulate the maximal F;-F,-F3; acoustic space & the
output. All possble oral vowels are thus stuated within the limits of this region. By
systematically covarying al parameters in the model, compensatory effeds can be taken into
acourt.

This method alows for a predse description d al the posshilities for maximal
distinctivenessand permits an ogtimal choice of prototypicd realizations. Such an approach
can be shown to be more reliable than ore that consists of extrapaating the limits of the
vowel spacefor a particular voca trad (or model) from threeunique examples correspondng
to[i au], which are not guaranteed to be optimal (the flaw of L&C).

4.2. Smulations of the MVSfrom human brth to addthood
andthe Neandertal male vowel space

In our simulations we immediately encourtered the problem of the doice of the number of
simulations and the values of the set of parameters to oltain a patential Maximum Vowel
Space We aopt, for each articulatory parameter, a randam uniform distribution in the
interval — 30, + 30 (except for larynx height: — 1o, + 10 which is more redistic). Then we
imposed minimum thresholds 0.3 cm? (e.g., Fant, 196Q Catford, 1977 for constriction area
which is the standard value discussed above; for the lip threshold this was lowered to 0.1cm?,
a value observed duing speech production, especially for closed vowels auch as [u] and [y]
(Abry & Bog&, 1989. Moreover, we dso impaosed a maximum paosshble aosssedional area
(e.g. 8 cm? for adult men) to avoid atoo large lip opening. The minimum crosssediona area
requirement, therefore, constitutes the necessary condtion for a spedfied vocal-tract
configuration to be considered as that of avowel. It may be noted that this minimum vaue is
valid regardlessof the global tract size.

With a set of values pedfied for the seven parameters, vedors for the mrrespondng
articulation are cdculated. These vedors are projeded orto the mordinates system, modified
by the two scde fadors, resulting in a vocd tract profile & a particular growth stage. The
correspondng area function is then estimated by assuming that the crosssedional area, a a
given pant along the trad, is expressed as a power function d the midsagittal dimension at
that point (Heinz & Stevens, 1964 Perrier et al. 1992. As described above, if a aoss
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sedional areaof the aeafunction beames lessthan the minimum, or exceals the maximum
areavalue, the procedure stops at this point. If nat, the frequency of the first three formantsis
cdculated by solving acoustic equations governing the propagation d waves inside the trad
(Badin & Fant, 1984. With the minimum and maximum crosssedional area tests we
generated 10,000configurations for each vowel space. Average vocd tract lengths, standard
deviations and \variation coefficients, as a function d age ae presented in Table IIl.
Acoording to data from Goldstein (1980, the vocd trad length of an adult female can be
considered to correspondapproximately to that of a 16-year-old male.

TABLE lll. Average vocd trad lengths, standard deviations and variation coefficients, as a function of age.

Age (yeas) 0 4 10 Adult woman Adult male Neandertal
(16-yea-old man) (adult male)

Length (cm) 7.72 1083 1287 15.68 17.84 19.38

o 0.33 044 053 0.65 0.76 0.86

o /Length (%) 4.27 406 411 4.14 4.26 4.44

The doud d al data points on the F;-F, plane indicaes the potentially maximum vowel
spacefor a given morphdogy, spedfied by the two scde fadors of the front and bad cavity
lengths. The results are ill ustrated in Figure 5, where the patential Maximum Vowel Spaces
are shown for aNeandertal male, an adult male, an adult female achild and a newborn.
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Figures 5. Model-generated pdential Maximum Vowel Space for (1) a Neandertal, (2) an
adult male (21 years old), (3) an adult female (or a 16-year-old male), (4) a 10 yea-old-child,
(5) a4-yea-old child, and (6) a new-born infant (about one month dd), shown onthe Fx-F;
plane.
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4.3.Thelocation d [i a U] inside the Maximal Vowel Space
The flaw of Lieberman & Crelin

Examining the shape of this maximal space it is evident that constraints exist among the three
first formants. If one wnsiders, following Linddom & Liljencrants (1974) and Schwartz,
Bog, Valée & Abry (19991, that the vowels [i a u] are situated within the spaceso as to
maximize the distances between vowels, it is posgble to charaderize the threebasic vowelsin
the following way (Boé&, Abry, Beautemps, Schwartz, & Laboissére, 200Q. The vowd [i] is
characterized by a maximal F3, the vowel [a] corresponds to a maximal F;, and the vowel [u]
is produced with aminimal F,. Due to the shape of the maximal vowel spacein the 3D F;-F»-
F; spacethe following values are involved: the vowel [i] results in a minimum F;, the vowel
[a] resultsin close F, and F3 values, and the vowel [u] resultsin aminimal F;.

The following articulatory relations are well known:
[i] contains alarge pharynged cavity with anarrow oral constriction;
[a] contains anarrow pharynged constriction and alarge oral cavity;
[u] contains two large cavities of approximately equal size linked by a narrow constriction,
and a send constriction at the lips (two Helmhaltz resonators).

By using these acoustic aiteria for the three extreme vowels, and by seleding among the
10,000 vavel samples, we obtain the values for the vocd trad length and area functions for
F1 and F,. If we compare the lengths, areafunctions and correspondng formants propased by
L&C (figure 28 d the paper pulished in 197J), with these data (Figure 6 and Table 1V) it
can be seen that:

» The vocd trad length of Neandertal estimated by L& C, corresponds to that of a modern
woman. Sincethe palatal distance of Neandertal from La Chapell e-aux-Sants (estimated
from the skull), is by abou 2 cm greater than that of a modern man, this would mean that
Neandertal had a larynx locaed 4 cm higher than the larynx of a modern man.
Undouliedly, this very high larynx positionis unlikely;

* Congtriction lengths are too short and constriction values are insufficiently small, so that
L&C could ony obtain lowered vowels correspondng to ['€] and ['01], rather than the
extreme vowels[i] and[u];

* Finally the formants of the vowel [a] are not coherent with the Maximal Vowel Space of
an adult female speder (F, and F, aretoo high).
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TABLE IV. Lengths of the vocd trad and the values of F1-F; for [i au] proposed by L& C for the Neandertal
male and for the Neandertal male alult and female adults estimated in this study.

L (cm) F1 (H2) F2 (H2)

Neandertal male (Lieberman & Crelin)

i 144 524 2038
al 14.2 846 1650
Ul 16.0 462 807
Neandertal male
i 17.2 270 1995
al 18. 675 1095
U] 195 260 600
Human female
i 15.0 280 2200
al 14.8 780 1280
U] 16.0 280 655

5 Normalization of different Maximal Vowel Spaces

"Uniform normali zation by vocd trad length scaling” is a procedure enployed systematically
in the literature when F-patterns of a vowel from vocd trads of different sizes are cmpared
(e.g., Lieberman & Crelin, 1971 Goldstein, 1980. Formant frequencies are scded up or
down in inverse propationto the ratio of the total length of a given trad to that of a reference
vocd trad. The differencein the crrespondng formant frequencies after the normalizationis
considered to be due to the shape difference. Ultimately, the objedive of speech
communicaion is of course to "spe& to be heard in order to be understood” (Jakobson,
1976, and hence vowel spaces shoud be described in terms of perceptual contrasts and
auditory distances. It is well known that the perceptua frequency scde is more or less mi-
logarithmic, i.e. linear below abou 1 kHz and logarithmic eowve. A pure logarithmic scde
would provide atransformation equivalent to a uniform length scding, since avoca trad
derived from a reference shape by linear scaling would provide exadly the same auditory
distances. Perceptual semi-logarithmic scales such as Bark (Schroeder, Atal & Hall, 1979 or
erbs (Moore & Glasberg, 198) expand the low-frequency region somewhat. In this region
(typicaly, the F; region), smaller vocd trads produce larger formant values, and hence
increased perceptual contrasts. Indeed, we seefor vowel spaces expressd in Bark (Figure 7)
that only newborn infants display a vowel space that is dightly larger than that of adults in
terms of F; distances. It is obvious that the potential Maximum Vowel Spacedoes not vary
much as a function d the growth stage and d gender and is therefore not sensitive to the
relatively large differencesin LHI. Therelative dosenessacrossdifferent growth stages of the
F1 lower limit, correspondng the upper limit of the vowel space, regardiessof growth stage
shoud na be too surprising. The lower limit corresponds to F; for the vowels [i] and [ul].
Since F; of these vowels is associated with a Helmholtz resonance, the value can be lowered
to the limit by narrowing the nedk of the resonator by appropriate articulatory maneuvers. The
closenessof the F; upper limit, correspondng to the bottom of the vowel spaces occupied by
open vowels sich as [a], deserves explanation. Both F; and F, of an open vowe are

—-13—



asciated with the quarter-wavel ength resonance mode where the frequency is determined by
cavity length. It might be expeded then that F; and F, frequencies are directly influenced by
the morphdogical charaderistics of the tract. The dosenessof the F,-F; dispersion regardless
of growth stages suggests that the morphdogical differences are @mmpensated by an
articulatory maneuver. We speculate, as Goldstein (1980 has arealy suggested, that a
newborn having an extremely long front cavity relative to the badk cavity can produce the
extreme open vowel [a] by raising the bad of the tongue, resulting in a lengthening of the
pharynged cavity concomitant with a shortening of the oral cavity. Such a compensatory
maneuver must be possble, at least in theory, by adivating the styloglossus muscles. With the
model, asggning a higher value to the tongue-body shape parameter could simulate this
maneuver. In the case of a child, the length asymmetry is much less vere than that of the
newborn.

Adult male

o ~ o o EN w N =

[iN
I

10-year-old child

o ~ o o EN w N =

13 11 9 7 5 17 15 13 11 9 7

=
3]

Newborn

© o ~ [=2] o S

10

18 16 14 12 10 8 20 18 16 14 12 10
F2 (Bark) F2 (Bark)

Figure 7. Maximal Vowel Spaces normalized by a perceptual scae in Bark and the values of
F1-F, for [i a u] proposed by Lieberman & Crelin for the Neandertal male (*), and for the
Neandertal male, male alults and female alults estimated in this gudy (o).
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Considering that the estimated LHI of the Neandertal man from La Chapell e-aux-
Sants is close to that of a diild, it is not so urreasonable to state that the Neandertal could
have had a normalized vowel space mmparable in size to that of human adult speakers. Asin
the cae of the dild, arelatively long oral cavity relative to the pharyngeal cavity requires
some degree of articulatory compensation. On the basis of topdogicdly similar anatomicd
arrangements of the extrinsic tongue muscles of mammals and of primates including humans,
Neandertals probably had a muscular arrangement simil ar to that of modern humans. If thisis
the cae, the Neandertal male could have had a cmparable vowel space As far as the
Neandertal man from La Ferrasde 1 is concerned, his LHI is close to that of an adult female
spedker. Consequently, he did na, at least morphdogicdly, have any troulde producing any
human vowel.

6. Why equivalent Maximal Vowel Space with different Larynx Height Index?

Normali zation results tend to show that, no matter what the ratio between oral and pharyngeal
cavities, vowel spaces are gpproximately similar. What are the aoustic effeds of varying the
ratio of the back to the front cavity length? The dfects are dearest for vowels auch as [al,
because both Fiand F, frequencies are functions of the cavity length. F, and F, are dosest
when the two cavities have the same length, i.e. the ratio is equal to ore (see e.g. Maeda,
Carré, 1995. This configuration accurs between the average anfigurations for adult male
and adult female spe&kers. An adult male speder tends to have alonger badk than front
cavity, i.e. the ratio is greater than one. After normalizing the female and male vocal trad
lengths, we shoud olserve that F; and F, of the vowel [a] produced by the male and female
spedkers are of abou the same frequency. When the ratio beaomes snaller than that of the
adult female, correspondng to the trad configuration d a dild or of a Neandertal male, F;
asociated with the front cavity goes down in frequency and F,, associated with the badk
cavity, goes up, loosing somewhat its phoretic value & the vowd [a]. Indeed, for the extreme
configuration d the baby, the parameter values for the alult [a] can even result in an [ad-like
vowsel in the aticulatory model.

In the extreme, the ratio can fall below 0.5, i.e. such that the front cavity length is more
than twice the back cavity length, for the tract morphdogy for a newborn infant. In this case,
F1 and F, are so far apart that the vowel produced will nolonger be identified as the vowel [a]
but rather as omething like [E]. Indeed this smplified analysis appeas to suggest that the
newborn infant canna produce the important corner vowel [a]. In more general terms, the
normali zed acustic space of newborns could be smaller than that of children and adults, i.e.
the shape fador can influencethe size of normalized vowel spaces.

We implicitly assumed that an urderlying articulatory configuration for the vowel [a]
remains invariant, regardlessof tract morphdogy, and d course, of the total trad length. That
isto say, the articulated vocal trad shape is deformed in accordance with a dnange in the trad
morphdogy specified in terms of the length ratio. Contrary to the assumption, it isa @mmon
observation that the ways a vowe is uttered vary grealy depending on individual speakers.
This articulatory variability could be explained, in part, by the fact that the individua
spedkers adapt the articulation d the same vowels to compensate for morphdogical
differences of their vocal trad. For example, we mentioned aready that formant frequencies
esentialy determined by the Helmhadltz resonance (F, of [i], and F, and F, of [u]), can be
arbitrarily manipulated by adjusting the nstriction size. The @nsequence of the
manipulation can adually be observed when we compare the vowel system of a language,
plotted on the F,-F; plane, produced by female and male spe&ers (e.g., Koopmans-Van
Beinum, 1980 54; Calliope 1989 85; Lee, Potamianos & Narayanan, 1999. Non-normali zed
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F-patterns of vowels often indicate that data points for female and male [i] overlap each ather
along the F; axis, bu not along the F, axis. For the vowel [u], as expeded, the female and
male dispersions in F; and F, overlap with ead aher. It is therefore reasonable to state that
spedkers articulate the same vowels differently, presumably to med perceptual requirements
(Nordstrom, 1977. This then implies that, when we compare the articulated vocal trad shapes
of different spedkers, we must take into acourt not only the eff ects of the neutral vocd trad
morphdogy, bu aso the posdgble articulatory compensations. This is the primary reason for
our cdculations of the potential maximum vowel spaces using an articulatory model to
compare the vowel production capabili ty of speakers having different trad morphdogies.

Recent simulations have confirmed the cmmpensation d the tongue body parameter in the
model for the newborn realization d [a] (Ménard & Boé, 20M). For the two ather vowels [i]
and [u], the genera tendency for a shorter vocd tract correspondng to a newborn infant and a
child would consist in an advanced tongue position as well as closing of the lips (for [i]) and
opening of the lips (for [u]). Note that these results were obtained by an inversion procedure
and by chocsing the parameter values which involved minimal articulatory perturbation
compared to the alult speakers. Our results can be predicted by formant-cavity affili ations for
ead vowel.

7. Conclusions

Modeing the growth of the vocal trad enables a better understanding of the phenomena
governing anatomicd differences between neonates, babies, adoescents, and male and female
adults quantified by the Larynx Height Index. It allows discusson d the consequences of
variation in vocd tract dimensions during evolution with the am of establishing distinctive
sounds for speech. It opens up new operational perspectives for normali zation procedures.

For the time being, considering the data gathered, and ou modeling results, it is reasonable
to consider that the base of the skull, the hyoid bore, the position d the larynx, and the
dimension d the pharynx of Neandertals were the same & thase of modern humans; due to a
larger Palatal Distancetheir Larynx Height Index was lower than that of modern humans.

However these important anatomicd considerations have limited consequences for the
ability for Neandertals to contrast [i au]. Our simulations ow that the Maxima Vowel
Spaceof a given vocd tract does nat depend onthe Larynx Height Index: gestures of the
tongue body (and lips and jaw) allow compensation for differences in the ratio between the
dimensions of the oral cavity and pharynx.

These results confirm the conclusions of Goldstein, and are cmmpletely consistent with the
existing data that have been coll ected: as far as we know, nobaly to date has claimed that
adolescents and women —who have shorter pharynges than men — have difficulty in
redizing vowel contrasts!

The descent of larynx is generaly attributed to the upright posture of mankind (Wind
1983. But a low larynx (and large pharynx) can na be considered to be the "anaomical
prerequisites for producing the full range of human speed”, and there is no reason to believe
that lowering of the larynx and an increase in pharynx size ae necessary evolutionary pre-
adaptations for speedh. Endowved with a small pharyngeal cavity, monkeys exhibit the same
vocd trad configuration as newly-born infants, bu if they do nd produce vowels, it is nat
due to this resemblance According to present evidence, monkeys can na talk dueto alad of
appropriate corticd equipment (perhaps through lad of differentiation d control between the
larynx and articulators), and a ladk of sufficient cognitive capabiliti es. The brain is entirely
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cgpable of controlling a vocal instrument with a somewhat longer or shorter pharynx: these
differences do nd actually change the capadty for maximally contrasting vowels.

If Neandertals could na talk, it is unlikely to have been for the articulatory acoustic
reasons advocaed by L& C. Neandertals were no more vocdly handicapped than children at
birth are (Figure 8).

log F1

Figure 8. Maxima Vowel Spaces (schematized and namalized) for newborn and adult
Homo Sapiens Sapiens, and a hypothetical Maximal Vowel Spacefor a Neandertal male.
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