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VOCAL TRACT SWEEPTONE DATA AND MODEL SIMULATIONS OF 

Mats Bdvegdrd, Gunnar Fant, Jan Gauffin, Johan ~i l jencrants** 

ABSTRACT 
Unpublished data from the Fujimura & Lindqvist (Gauffin) (1971) studies 
have been submitted to a frequency domain pole-zero matching. Data on 
formant frequencies and bandwidths of Swedish vowels from these studies 
are reviewed. They compare well with our recent matchings and earlier 
suggested empirical formula. Special studies of nasal consonants and 
nasalized vowels and of a few laterals have been carried out with the view 
of comparing sweeptone data with transfer functions derived from our vocal 
tract model (Lin, 1990). Our studies confirm the great variability of nasal 
resonance patterns and the importance of the lowest nasal sinus. Data on 
sinus dimensions are discussed. 

INTRODUCTION 
The purpose of this work has been to collect and process available data on sweeptone 
analysis of vowels and voiced consonants, in the first place nasals. These data, much of 
which has not been previously published, originate from studies undertaken in the 
period 1964- 197 1 (Fujimura and Lindqvist (Gauffin), 1964A,B, 1965, 197 1). 

The collection of data on vocal tract transfer functions and the processing of these 
data is motivated by the need to contribute detailed knowledge of vocal tract acoustics 
as a foundation for further studies. One object has been to collect data on formant 
bandwidths within the wide frame of male and female vowels available in the Swedish 
language. Another object has been to attain a deeper understanding of the nature of 
nasal sounds, nasal consonants as well as nasalized vowels and nasal consonants 
produced with incomplete oral closure. 

THE SWEEP FREQUENCY METHOD 
Our basic material consists of log-frequency vocal tract transfer functions traced on a 
Bruel and Kjaer sound level recorder. The sound source was a Goodman vibrator 
placed on the neck just above the larynx. Great care was taken to minimize direct 
radiation to the pick up condensor microphone which was placed just in front of the 
lips. This was achieved by placing the transducer in a sound insulating mold specially 
prepared for each subject (Fujimura and Lindqvist (Gauffin), 197 1). 

The subject had to sustain the intended sound for about 8.5 seconds during which 
the response was traced on a Bruel and Kjaer sound level recorder. This implied some 
degree of training. A gross correction for the inherent deviation from a theoretical 
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Normal values for males is F4,= 3400 Hz and for females F4,=3700 Hz. For females 
the first term in (1) is set to 20(500/Fl). 

As shown in Tables A1.a and Al.b, formant bandwidths predicted from these 
formula are in fair agreement with the sweeptone data. The difference is of the order of 
1-2 dB in equivalent formant peak height. These data are representative for closed 
glottal conditions. The additional broadening due to average energy losses through the 
glottis and due to the degree of subglottal coupling can be appreciable as exemplified 
in Fant (1993). General effects of subglottal coupling were illustrated in the Fujimura 
& Lindqvist (Gauffin) (1971) study, see also Fant et al. (1972). 

POLE-ZERO MATCHING 
Examples of sweeptone recordings of two male subjects (A) and (B) are shown in Fig. 
A2.1-A2.3 and in A3.1-A3.2. Results from pole-zero matchings of some of these and 
of a female subject (C) are documented in Fig. A4-A7. 

Prior to matching, the sweeptone graphs were transferred to the computer screen by 
an optical scanner and then traced by mouse for inputting the data for comparison with 
a frequency domain multi pole-zero synthesis. An iterative search for a best visual 
match was then attempted. This also included the use of one real pole and one real zero 
for modelling low frequency deviations from an allpole function for vowels. A total 
score of matching error was available for each setting, but this did not appreciably 
facilitate the matching which has to rely more on specific criteria within formant 
regions than on a total mean square deviation. 

The matching of pure vowels was successful and provided data consistent with 
earlier measurements. This is also true of the consonant [ I ] ,  see Fig. A.5 which reveals 
a zero at 2266 Hz just above F3 paired with an extra pole at 2394 which are typical [ l] -  
features associated with the mouth cavity acting as a shunt to the lateral pathway (Fant, 
1960). The situation is quite analogous to nasal consonants where the mouth cavity 
acts as a shunt with respect to the nasal pathway. 

The nasalized [a] vowel of Fig. A.4 also gave a reasonable match, but for some 
none-uniqueness ambiguities with respect to pole-zero pairs. Unrealistic bandwidths 
have to be avoided. This was also a problem in analysis of nasal consonants and is a 
well-known problem in LPC analysis. Some guidance was available from the separate 
experiments on articulatory modelling. The general structure of nasal consonants and 
nasalized vowels will be discussed in connection with the articulatory modelling. 

ARTICULATORY MODELLING AND INTERPRETATION 
The nasal cavity area function adopted for vocal tract simulations with the 
TRACTTALK program (Lin, 1990) was that of Fant (1960) which relies on anatomical 
data later published by Bjuggren and Fant (1964). It is based on the usual 
representation assuming symmetry between the left and right branches and with the 
lower, middle and upper compartments combined. The used approximation is 
described in Table 1. 

Most of the calculations were made with a modified version in which the area at the 
first four sections above, covering a length of 4 centimetres from the nostrils 
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termination, was reduced to one half of that 
of the original model, i.e. of the order of 1 
cm2. This is referred to as the narrow nose. 

Two nasal sinuses have been included, 
sinus 1 representing the sinus maxillaris at 
6 cm from the output end, and sinus 2 which 
could represent the sinus frontalis placed 
2 cm more posteriorly (Fant, 1985). These 
are modelled as simple Helmholtz 
resonators. Sinus 2 was assigned a resonance 
frequency of 1400 Hz and sinus 1 two 
alternative resonance frequencies, 350 Hz 
and 500 Hz. The coupling of the sinuses to 
the nasal tract is much dependent on their 
impedance as set by the particular 
combination of entrance length and area in 
relation to the resonator volume. Our 
standard values are Vs2=5.4 cm3 and 
Vs1=21.5 cm3 with Vs1=43 cm3 as an 
alternative. Fant ( 1985) suggested Fs 1 =400 

Tab1e The caviQ area function HZ and Vsl=43 cm3. Lin (1990) adopted adopted for the vocal tract simulations. 
Length-coordinate is from the nostrils. Fs1=500 Hz and Vs2 =43cm3. Our estimate 

-, 

of Vsl is close to that suggested by Maeda 
(1982). The order of magnitude seems reasonable in view of the anatomical data of 
Pernkopf ( 1963) (Fig A 18). 

The bandwidth of the sinus 1 uncoupled resonance was set to 50 Hz and that of 
sinus 2 to 100 Hz. The surface losses in the nasal system were calculated from a 
normalised circumference to cross-sectional area of SHF=3.5. (For a circular section 
SHF=l) 

A modelling of the velar nasal [ng] articulated with an expanded pharynx typical of 
an [i] coarticulation is shown in Fig A.8. It employs the original, more open nose, the 
lower Fs1=350 Hz, and the standard values of Vs1=21.5 cm3 and Vs2=5.4 cm3. Fig. 
A.9 pertains to the same conditions but for the more narrow nose. 

Two vocal wall conditions are illustrated: (1) normal lumped wall impedance 
inserted as a branch of Lw=0.015 glcm4 in series with a resistance Rw=7.1 g cm-4sec-1 
inserted 4 cm above the glottis and (2) a hard wall simulation. The effect of this load is 
to set the closed tract resonance frequency to Fw=200 Hz for a volume of 60 cm3 and 
141 Hz for a volume of 120 cm3. The RwILw ratio determines a closed tract 
bandwidth of 75 Hz. 

At a low frequency limit the hard wall simulation shows about 2 dB higher reponse 
than the lumped wall case. This is the consequence of the wall shunt consuming a part 
of the input flow. In practice, at a larger microphone distance, this would be 
compensated by the external radiation from the walls (Lin, 1990). 
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The overall pole patterns are typical of the [ng], With the narrow nose Fn1=264 Hz, 
Fn2=395 Hz, Fn3=993 Hz, Fn4=1496 Hz, Fn5=2256, Fn6=2953 Hz. Fn2 and Fn4 and 
their associated zeros at 347 Hz and 1394 Hz are mainly tuned by the two sinuses. In 
principle there should be no other zeros than those of the sinuses. However, in some of 
our simulations we have assumed finite but very small coupling areas to the mouth, 
A1 1, or to the nasal system, A1 8A, which accounts for some additional zeros bound to 
close lying poles. These indicate starting points of formants to appear after proper 
opening. 

Castelli et al. (1989) could not explain the low position of Fnl without assuming a 
very large shunting sinus volume greater than 800 cm3. As far as our simulations are 
concerned this does not seem to be necessary. One explanation is that in spite of the 
low Fnl a Helmholtz resonator modelling overestimates the resonance frequency. 
Thus, assuming a 16 cm long vocal tract of area 4.5 cm2 terminated by a short neck of 
lo/~o=5.8cm-1 the F1 will be 250 Hz with complete transmission line theory and 275 
Hz with the Helmholtz resonator approximation. 

Another, partially related but more apparent factor, is that assuming a lumped wall 
impedance and because of the relative large overall volume of the vocal and nasal tract 
including the sinuses, the closed tract resonance Fw being proportional to V-0.5, is 
particularly low for nasals and of the order of 150 Hz which is considerably lower than 
the 220 Hz adopted by Castelli et al. (1989). For the [ng] configuration of Fig. A.9 we 
would anticipate Fnl= (1432+2342)0.5 =275 Hz which is not to far off from the 
Fn1=264 Hz of the modelling. The particular choice of wall impedance, lumped versus 
distributed, affects Fnl.  Thus, with the narrow nose and the standard value of 
Vs1=21.5 cm3 and assuming a closed tract resonance frequency of Fw=190 Hz 
independent of total volume we noted Fn1=281 Hz compared to 264 Hz of the lumped 
wall impedance case, i.e. a difference of 6.5 % only. 

Fig. A.10 illustrates the effect of increasing the sinus 1 volume by a factor 2, from 
21.5 to 43 cm3. Now the first resonance, Fnl decreases from 264 Hz to 240 Hz and 
Fn2 increases, moving away from its zero at 348 Hz which becomes more apparent. 

As seen in Fig. A. 1 1, decreasing the volume of sinus 2 causes a smaller coupling to 
the nose and thus a less prominence of Fs2. In view of the sweeptone data, Fig. A3.2 
where the corresponding peak at 1500 Hz is more apparent, the volume Vs2 may have 
been underestimated. On the other hand, the association of this peak with sinus 2 is 
questionable. 

A minimal configurational distinction between an [m] and an [n] articulation is 
brought out in Fig. A.12 where a fairly large opening from the pharynx to the mouth 
cavity has been assumed. The main distinction lies in the labial versus alveolar place of 
narrowing. Here we have assumed Vs2=21.5 cm3 and Fsl=350 Hz. In Fig. A.13 the 
conditions are the same except for Fsl=500 Hz and Vsl= 42 cm3. In Fig. A.14 we 
have set Fs2=350 Hz as in Fig. A.12, but now the velum is close to touching the back 
of the tongue. The differential role for [m] of a narrow versus a more open passage to 
the mouth cavity as seen from the uvula is shown in Fig. A.15. 

The [m] and the [n] both display a cluster of two poles and one zero within a narrow 
region around 1000 Hz. In all the [n] cases the zero occurs at a higher frequency than 
in the [rn] which determines a pole-zero-pole or pole-pole-zero pattern of the [n] 
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versus a typical zero-pole-pole pattern of the [m]. The higher zero of the [n] could be 
expected from the smaller length of the mouth cavity as seen from the uvula. This is 
also a recurrent observation in the sweeptone data and has been explicitly noted by 
Fant (1960). (See also Nord, 1976). 

The effect of an incomplete alveolar closure with a constriction area of Ac=0.7 cm2, 
is exemplified by Fig. A.16. There is a shift up in the relative amplitudes of Fn2 and 
Fn3. In connected speech an incomplete articulatory closure is a very common finding 
and can extend to relatively large undershoots and, thus, a realisation of nasal 
consonants as nasalized vowels (typical of [n] before a fricative consonant). 

The rather complex patterns associated with nasalization of the vowel [a] are 
exemplified in Fig. A.17. The area at the inlet to the nasal cavity system is varied from 
0 to 0.5 cm over a coupling length of 0.8 cm. (Corresponding to 0 to 1 cm2 over a 
coupling length of 1.6 cm). Even a small velopharyngeal opening causes an 
appreciable effect. Besides the low frequency pole-zero pair around 300 Hz associated 
with sinus 1 there appears an extra peak and a valley in the F1 F2 range. These are in 
the first hand associated with the input impedance of the nasal tract which has a zero 
close to the observed zero in the combined oral and nasal output. The incidental 
positioning of this extra pole and zero causes overall peak-valley patterns that do not 
vary monotonically with increasing degree of nasalization. Thus, formant F1 appears 
split at a small degree of nasalization but is partially restored at a larger velo- 
pharyngeal opening. This was already mentioned in Fant (1960). 

Another observation, also consistent with Fant (1960) and the sweeptone tracing of 
the nasalized [a] from Fig. A2.2 matched in Fig. A.4, is the split of the third formant 
due to a zero and an extra pole. In other respects the sweeptone pattern of the nasalized 
[a] deviates somewhat from the simulation, e.g. by the greater prominence of F2 and 
also of the low frequency sinus peak. A common feature, however, is the appearance 
of the extra pole-zero pair in the F1 F2 region. Better matches should be available with 
a more detailed optimisation of nasal and sinuses dimensions and of the degree of 
coupling. 

An extension of nasalization modelling to other vowels will be taken up in later 
studies. However, it appears that the treatment of nasalization in close vowels like [i] 
and [u] will not provide any difficulties. Observe the similarity of the nasalized vowel 
[i] in Fig. A2.1 and nasal consonants, e.g. [(i)ng] in Fig. A2.2. and the appearance of 
the typical zero-pole at 450 Hz downhill from F l  of the nasalized [i] 

The great variability of the nasal sinuses as reported by Lindqvist (Gauffin) and 
Sundberg (1972) should be kept in mind. A view of the frontal section through the 
head from the anatomical atlas of Pernkopf (1963), Fig. A.18, shows the complicated 
configuration of the nasal passages where the sinus maxillaris (sinus 1) and the sinus 
frontalis (sinus 2) are apparent. Any asymmetry will give rise to additional pole-zero 
pairs and the tuning of any resonance will vary dependent on the degree of blockage of 
the narrow canals between the main nasal system and the sinuses. These connections 
are of the order of 3 mm in length and 0.05 cm2 in cross-sectional area. An occasional 
detuning, as encountered with swollen soft tissue accompanying a common cold, 
would effect both sinus resonances and the main resonances of the nasal tract. 
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An example of a complex pattern of sinus resonances is that of Fig. A.7. This 
subject, a female, showed a broader than usual region of low frequency peaks above 
Fnl in the [m] spectrum with Fn1=210 Hz and zeros at 268 and 376 Hz and poles at 
330 and 416 Hz. In other respects the spectrum outline was typical of an [m], e.g. in 
terms of the zero-pole-pole complex close to 1000 Hz. 

SUMMARY AND CONCLUSIONS 
Unpublished data from the Fujimura & Lindqvist (Gauffin) constitute a databank of 
vocal tract transfer functions of vowels and voiced consonants. A part of this material 
has been submitted to a frequency domain pole-zero matching. Data on formant 
frequencies and bandwidths of Swedish vowels from these studies have been 
assembled. They compare well with our recent matchings and earlier suggested 
empirical formula for predicting bandwidths from formant frequency patterns. 

A special study of nasal consonants and nasalized vowels has been carried out with 
the view of comparing sweeptone data with transfer functions derived from a vocal 
tract analog, the TRACTTALK program developed by Qiguang Lin (1990). Systematic 
trends observed in the modelling support extend present knowledge and provide a 
guidance for overcoming some of the ambiguities in spectrum matching with a large 
number of poles and zeros. 

One of the objectives of modelling nasal sounds has been to study the influence of 
the nasal sinuses. Our data confirm the great individual spread of sinus resonances 
reported by Lindqvist (Gauffin) and Sundberg, (1972), but they also indicate common 
trends with respect to the lowest sinus resonance which imposes itself on the downhill 
slope of the lowest formant of a nasal consonant, Fnl,  and contributes significantly to 
the tuning of Fn 1. 

It has been suggested by Castelli et al. (1989) that the volume of the sinuses are not 
sufficient for explaining the low frequency of Fnl which is found in the range 220-300 
Hz. These authors estimate an additional tuning from the cavities and structures in the 
head that would correspond to an air volume of more than 800 cm3. In our simulations, 
based on lower values of the closed tract resonance frequency Fw, lumped wall 
impedance and transmission line theory, we get representative values of Fnl and of 
local peak-valley spectral configurations with the moderate assumption about sinus 1 
(Maxillaris) total volume of 21 cm3 for the combined left and right parts. A number of 
perturbations of area functions including wider and more narrow nostrils and of 
varying sinus resonance frequencies and volumes have been performed. We have also 
studied the effects of incomplete articulatory (alveolar) closure in the nasal consonant 
[nl . 

Our studies of nasalization have been limited to the vowel [a]. Studies for other 
vowel types will be taken up after an optimisation of nasal tract dimensions has been 
carried out. One conclusion is that pattern details are much dependent of the degree of 
nasalization and of the assumptions about nasal cavity structures. General observations 
confirm those of Fant (1960). 

A pole-zero matching of a transfer function of the consonant [I] has confirmed the 
occurrence of a zero-pole pair adding to the F3-F4 region (Fant, 1960). It is associated 
with the mouth cavity shunting the lateral pathway in a manner analogous to the mouth 
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cavity shunting the nasal outlet in a nasal consonant. Because of the larger length and 
the usually larger length of the mouth cavity in [m] the main zero of [m] is of lower 
frequency than in [n]. The velar nasal [ng] differs from the [n] and [m] by a 
significantly higher amplitude of the second spectral peak. These observations are in 
substantial agreement with the sweeptone data Fig. A3.1. 

Further experiments including pole-zero matchings of connected speech are needed 
for studying nasals and nasalization and bandwidths of nasal formants. In the first 
place we intend to perform more systematic modelling experiments for interpreting 
analysis data from real speech to study the separate and combined effects of oral 
opening and closure and nasal port opening and closure in sequences of nasal 
consonants and vowels. Such experiments will be combined with perceptual 
evaluations of synthesised speech. 

In general, hyper- versus hypoarticulation causing target overshoot and undershoot 
(incomplete closure) is an important aspect of speech dynamics to be studied. These 
phenomena are related to individual articulatory habits as well as to normal variations 
of relative emphasis and deemphasis in connected speech. Nasal consonants is but one 
category of sounds affected by a more general set of coarticulation rules. 

On the whole, our studies within the present project have supported those of the 
Grenoble group and provides material to be integrated in coming phases of the 
SPEECHMAPS project. i 
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APPENDIX 

Table. A1.a. Formant frequencies and bandwidths of 16 Swedish vowels derived from 
sweeptone data. Average of two male subjects. 

I 

Tllhle. A1.h. Formant frequencies and bandwidths of 16 Swedish vowels derived from 
sweeptoile data. Average of two female subjects. 
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Fig. A1.b. Formant frequencies and bandwidths of 13 Swedish vowels derived,from sweeptone 
dcltcl. Averccge of two female subjects. 
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J'IP. AZ.2 S~leentorie graphs of [a] and of a somewhat neutralized [a] and nasalized versions. 
Mc7/e .vibjt>ct A. 
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.1 .2 - 5 1. 2. 5. 

big. A 2.3. S~i~eeytone graphs o f  nasal consonm dale subject A. 
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Fig. A3.2. Sweeptone graphs of nasal consonants. Male subject B. 
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1 Frequency 1 Bandwidth I 

Fig. A5. Pole-zero rnntching of [e l  and [I] produced by  subject B. 
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Fig. A6a. Pole-zero rtlcztchi~lg c$[n] and [m]. Subject B. 
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I Frequency I Bandwidth I 
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Fig. A6b. Pole-zero matching of [ng]. Subject B. 
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Fig. A 7. Pole-zero matching oj'a vowel [ae] und of [m]  produced by a female subject C. 
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area cm2 
10- 
8 .  
6 -  
4 .  
2 .  

10. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

300 35 347 46 
415 39 1393 94 
1021 39 
1497 86 
2221 41 
2872 55 
3519 80 
4025 86 
4957 149 

area cm2 
10 - 
8 .  
6 .  
4 .  
2 .  

10. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

283 26 351 48 
391 36 1396 93 
1010 38 3110 651 
1499 85 
2211 40 
2869 58 
3521 75 
4022 85 
4955 147 

I 
Fig. AH. Vocnl truct simulation of [ng] with the wider nostrils and the refkrence sinus 
co,rditio,rs of Fsl=350 Hz, Fs2=1400 Hz, Vs1=21.5 cm3, Vs2=5.4 cm3. (A) reference lumped 

I 1loc.trI truct wall load. ( B )  hnrd wall simulation. 
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area cm2 
10 - 
8 .  

2 -  

10 - 

Frequencies & Bandwidths in Hz 
Poles Zeros 

264 35 347 47 
395 45 1393 94 
993 37 
1496 87 
2256 36 
2953 47 
3632 72 
4078 98 
4915 121 

I 

area cm2 
10 - 
8 .  
6 .  
4 .  

10. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

234 22 351 48 
380 42 1397 93 
981 36 2908 427 
1498 86 
2245 35 
2950 46 
3632 72 
4077 97 
4914 121 

I 
Fig. A9. Vocal tract simulation of [ng] with the narrow nostrils. Reference sinus conditions as 
iri Fig. AH. ( A )  Lumped wall impedance. ( B )  Hard wall simulation. 
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area an2 
10- 
8 .  

10- 

Frequencies & Bandwidths in Hz 
Poles Zeros 

264 35 348 47 
396 45 1218 50 
994 37 1373 116 
1213 51 3025 389 
1488 96 4325 327 
2256 37 
2954 48 
3634 74 
4087 93 
4910 129 

area cm2 
10 - 
8 .  
6 .  
4 .  

10- 

Frequencies & Bandwidths in Hz 
Poles Zeros 

266 36 348 47 
397 45 1218 50 
1027 36 1373 115 
1213 51 3025 389 
1436 106 4325 327 
2255 37 
2948 48 
3625 74 
4086 92 
4902 131 

I 

Fig. A l l .  EfSct of decreasing the volume of the sinus 2 from (A)=5.4 cm3 to (B)=2.7 cm3. 
Rqf2rencr 11~inped w~lll impedance. Incomplete velar closure 

68 
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area cm2 
10 - 
8 .  

2 .  

8 .  
10 - 

10 
5 
0 
-5' 
-10 
-15 
-20 
-25 
-30 
-35 
-40 
-45 

Frequencies & Bandwidths in Hz 
Poles Zeros 

260 36 499 47 
520 43 887 33 
924 31 1388 104 
1023 45 2909 43 
1504 91 4424 52 
2084 40 
2928 31 
3527 66 
3974 98 
4311 72 
4976 138 

area cm2 
10 - 
8 .  

4 .  

8 .  
10. 

I 0 -dB 
kHz 

-30. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

264 36 498 47 
532 43 1202 29 
1033 43 1374 124 
1150 32 3556 194 
1511 93 4144 48 
2218 41 
2945 54 
3456 59 
3943 67 
4956 140 

Fig. A13. Same as Fig. A12 with the larger Fsl=500 Hz and the larger V,1=43 cm3. (A)=[m] 
I 

aild (B)=[n] 
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area an2 
10 - 
8 .  
6 .  

8 .  
10. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

269 38 348 47 
393 47 704 39 
745 35 1390 102 
972 36 2992 47 
1482 94 4689 63 
2111 40 
2975 43 
3503 69 
3967 104 
4539 80 
4978 132 

I 

area cm2 
10- 
8 .  

2 .  

8 .  
10- 

1 0 -dB 

kHz 

-20. 
-25 . 
-30. 
-35. B 
-40- 

Frequencies & Bandwidths in Hz 
Poles Zeros 

271 38 348 47 
400 47 988 36 
964 39 1387 105 
1001 32 3565 196 
1484 95 4021 53 
2186 41 
2944 53 
3496 57 
3952 62 
4913 146 

I 
Fig. A 1 4 ~ .  Slime crs Fig. A12 with the velum lowered closer to the back of the tongue. 

7 1 





STL-QPSR 41 1 993 

area cm2 
10 - 
8 .  

2 d d i v  

6 .  
8 .  
10 - 

Frequencies & Bandwidths in Hz 
Poles Zeros 

276 39 348 47 
410 48 699 40 
750 38 1389 102 
1048 39 2984 47 
1483 94 4864 61 
2176 44 
2985 48 
3101 58 
3634 87 
4185 105 
4801 68 
5007 168 

area cm2 
10 - 
8 .  

2cm/div 

6 .  
8 .  
10. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

278 40 175 325 
412 51 346 47 
945 40 952 37 
1074 36 1394 106 
1484 96 3065 45 
2131 42 4656 54 
3024 57 
3137 51 
3663 82 
4178 107 
4563 58 
5065 153 

Fig. A15. Simulation of [ m ]  with (A) velum lowered close to the back of the tongue, and (B)  
wit11 the velum lowered halfway. 
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area cm2 
10 - 
8 -  
6 .  
4 .  
2 .  

8 .  
10 - 

10 -dB 

-20 
-25 . 
-30. 

Frequencies & Bandwidths in Hz 
Poles Zeros 

271 38 348 47 
400 47 988 36 
964 39 1387 105 
1001 32 3565 196 
1484 95 4021 53 
2186 41 
2944 53 
3496 57 
3952 62 
4913 146 

area cm2 
10- 
8 .  
6 .  

8 .  
10 - 

I 

Frequencies & Bandwidths in Hz 
Poles Zeros 

290 38 342 48 
429 45 1051 43 
971 37 1436 97 
1109 37 3768 79 
1483 98 4457 189 
2189 41 
2944 54 
3488 70 
3865 74 
4585 168 
4921 155 

Fig. A16.  Siirlulatiorz of [n] with low position of the velum and two degrees of apico-alveolar 
c~or~.srrictio,~. (A) with Ac=O cm2 and ( B )  with Ac=O. 7 cm2. 
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area cm2 
10- 
8 -  
6 -  

2cmldiv 

8 .  
10- 

20 -dB 
15. 
10. 

-15. 
-20. 

area cm2 
10 * 
8 .  
6 .  

2 d d i v  

8 .  
10 - 

15 -dB 
10. 

-15. 
-20 . 

A,,, = 0.001 cm2 bp = 0.2 cm2 4, = 0.5 cm2 

Poles Zeros 
280 33 
512 42 
1464 97 
2432 55 
3919 140 

Poles 
299 40 
558 43 
721 46 
1106 41 
1459 104 
2399 52 
2499 67 
3283 68 
3850 91 
5062 137 

Zeros 
307 44 
597 55 
1466 98 
2509 60 
3939 140 

Poles 
308 40 
576 39 
793 46 
1110 42 
1464 104 
2379 53 
2624 67 
3289 70 
3848 96 
5057 138 

Zeros 
321 44 
695 51 
1470 98 
2618 57 
3973 135 

Fig. A17 Nasalization of the vowel [a] with three degrees of velopharyngeal opening A, 
(here simulated along a 9 mm long coupling section only): (A) Anp=O.OOl cm2 (solid line) 
and AHp=0.2 cm2 (dotted line), (B)  Anp=0.2 cm2 (solid line) and Anp=0.5 cm2 (dotted line). 
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hl. levclor polprbr. SL? , '4. recrus S J ? .  Al.  recfu5 ~ n r .  
I 

I 
M. cb1;cuus su9.. M. rec:ls -ed. I 

I 

I I M. d;$crf:;cus (Venler onf.), 
/ 

1 I Fcscic su5mondi5. (ce:vicolis) 
M. gen;o~lossus ,' M. el foscic rnylohyoid. 

Frontal sect ion of ~nuscular and slceletal structures in the  n ~ o u t h  and nosc region. 
The cut passes tllrougl~ the second ~nolar.  \-iewed fro111 behind. 

Black arrows: opening of ethmoidal cells 
Gray arrows: openings of Sinus frontalis a n d  

Sinus masillaris 

n = Meatus nasi sup. 0. = Orbita S = Laminn orbitalis 

11 = 31eatus nasi tned. S. f. = Sinus frontalis 9 = P a r s  orbit .  e t  processus zygomat. 

c = 3featus nasi inf. (Recessus orbit.) ossis front. 
n,, a:, a ,  = Cellulae ethmoid. post. S .  nl. = Sinus masillaris 10 = Facies orbit .  ossis zygomat.. 

b,, b, = Cellulae ethmoid. an t .  Sp. s1. = Spatium suhlinquale Foramen zygomatico-orbit. 

X - X = Lamina  orbitalis, Processus unrinatus,  Sp. sbm. = Spatium submandib. 11 = Zlasilla, Sulcus infraorbit,. 

Processus ~nas i l l a r i s  conchae inf., 1. 0. = Yestibulum oris 1 2  = Processus zygomat., Canaliculi 

Facies nasalis masil lae alveol. sup.  post. 

I .  b. = Rrcessus a l ~ e o l .  sinus masill.  1 = Concha nasalis sup. 13 = Processus a]\-eol. et palat. 

C. n. = Ca\.urn nasi 2 = Concha nasalis tned. n~axi l lae  

C. 0. = Cavum oris 3 = Concha nasalis inf. 14 = Corpus mandibulae 
C. o. p. = Covum oris propriunl 4 = Processus ~ ~ n r i n a t u s  15 = 0 s  hyoideum 
C. p. = Spatiumparal inguale 5 = Bulla erhmoi~lalis 16 = Proc. coronoidelts mantlib. 
F. = Fisrura~olfactoria G = \-omer 15 = .Arcus zygomaticus 
J. h. = Recessus zygonlat. sinus n~ns i l l .  7 = Lanlina perpendicularis I S  = Ala major  ossis sphenoid. 

Fig. A18. Frontal section through the head showing the sinus maxillaris, S.m. and the sinus 
,frontali.s, S.,f. From Pernkopf (1 963). 


