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few samples of voiced occlusions of /b/ in contact with [a] and ru . 
Frequencies of 189 and 204 Hz and bandwidths of 73 respectively 62 Hz 

were reported. 

Speech under hyperbaric conditions provide s an interesting technique 

for e stirnation of F We shall  f i r s t  derive an analytical expression of 
VJ ' 

this resonance 

where 

i s  the capacitance of the enclosed a i r  and 

i s  the lumped wall inductance. Herc 

V = vocal t rac t  volume 

p = density of a i r  

Pw = density of walls 

S = perimeter  of walls, average of the t rac t  

C, = vocai t rac t  length 

d = wall thickne s s  

c = velocity of sound in the g a s  

Thus, 

In compressed a i r  c i s  a lmost  independent of p res su re  whilst the density 

p i s  proportional to atmospheric p res su re ,  P. Thus, with FWO de- 

noting the t r ac t  resonance under normal  p res su re  conditions 
1 - 
9 

Breathing a different gas  than a i r  the sound velocity c and the density p 

will differ f rom that of reference conditions c and . Since for an 
0 Po 
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ideal gas  

where y i s  the rat io  of specific heats  a t  constant p res su re  and volume I 
we may combine Eq. (5) and Eq. (7) to provide a m o r e  general expres-  1 
sion than Eq. ( 6 )  

1 - 

At high concentrations of helium in the gas the factor ( Y / ~  )L i s  close 
0 

to 1. 1. It i s  interesting to note that F i s  a lmost  independent of gas  
W 

mixtures  and var ies  a s  a function of P only whilst other vocal t r ac t  

resonances a r e  transposed by the factor c/c which i s  of the o rde r  of 
0 

2 -3 in commonly used helium-oxygen gas mixtures  for deep-sea diving. 

The transposition of F with P increases  the accuracy in estimation 
W 

of FWO when FW can be measured from spectrograms and P i s  known. 

F r o m  the study of Fant and Sonesson (1964) and that of Fant  and Lind- 

qvist  (1968) values of F - 150-180 Hz and 180-200 Hz, respectively, w -  
were reported. These measures  were derived f rom voiced occlusions 

using Eq. (6) and Eq. (8) and f r o m  the observed F of front vowels with 1 
additional reference to Eq. (1). 

F r o m  several  independent studie s we may thus conclude that the 

vocal t r ac t  closed resonance of male subjects i s  of the order  of 150-200 

Hz. The associated bandwidth i s  of the order  of 75- 100 Hz, Fant  and 

Sonesson (1964), Fuj imura and Lindqvist ( 197 1). 

Divers  can operate down to a depth of 1200 feet o r  40 atmosphere 

p r e s s u r e s  which r a i ses  F by the factor  (40) = 6.3. Assuming 
W 

Fw = 175 Hz, Flv = 1100 Hz, and since F i i  L FW al l  vowels attain ap-  

proximately the same F equal to that of the voiced stop voice bar a s  
1 

implied by Eq. (1). The means of restor ing the natural range of F 
1 

values by electronic ~ 'unscramblers"  a r e  therefore much limited. A 

complete phoneme recognition and r e  - synthesis would be needed. Even 

a t  the moderate depth of 180 feet the contrast  in F between voiced stops,  1 
voiced fr icat ives ,  glides, and low F vowels i s  lost  and the speech sounds 

1 
I 

nasal  a s  a resu l t  of the average increase in F a t  fa ir ly  constant F 
1 2 
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2 .  Lumped element repre  sentation. Superposition effects 
I 
I 

Before treating the m o r e  general case of distributed m a s s  loading 1 
5 

we shall study some simplified networks. Fig. I-C- l a  would be a ! 

valid approximation for the F i  range of vowels produced wi th  a narrow- 

ing in the mouth, e.g. narrow front vowels. LM i s  the inductance of 

the mouth opening with end correction included iind Lw the lumped 

m a s s  load of the walls. An additional large capacitance in se r i e s  with 

Lw representing vocal wall elasticity could be added for the sub-audio 

frequency range. The mouth opening resis tance R and the wall r e  - 
M 

sistance R a r c  treated a s  small  compared to w L and w LW. Solving 
W M 

for the pole s o t j u)  of the t ransfer  of volume velocity f rom the glottis 1 - 
to the mouth opening I /I we find the frequency and bandwidth 

0 g 

Denoting 

2 2 
We find F . = F + Fi 1 W 

a s  in Eq. (1). The bandwidth of the closed t r ac t  resonance i s  

and the bandwidth due to the mouth opening resis tance when neglecting 

the RW LvJ branch i s  

1 R~ - - . -  
M - 29 LM ( 13) 

Accordingly 
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Shunting the capacitance C with a conductance G = l/R the bandwidth 
T T 

i s  increased by the t e r m  

A small  p a r t  of R i s  the radiation resistance 
M 

2 fel Ro = 4"c Ks(" ) ( 16) 

where the K (a) factor attains the limiting value 1 for zero  frequency 
S 

and 2 for an infinite baffle. K ~ ( ~ )  = 1.4 i s  a representative mean for 

speaking conditions, Fant  (1960). Except for  changes in K (m)  the radia-  
S 

tion resis tance i s  independent of the a r e a  of the radiating surface. This 

would a l so  be t rue  of the radiation f rom the walls of the vocal tract.  At 

low frequencies the radiation resis tance component of R i s  accordingly W 
equal to Ro. 

We a r e  now in a position to calculate the superposition of sound 

radiated f rom the mouth opening and f rom the walls. 

Assuming equal baffle effects  K ( c u  ) and equal distances I, and y, 
T '  M W 

f rom the two radiating surfaces. 

The combined output has  actually a simpler t ransform than each of 

the cur rents  I and s ince  these have a r e a l  pole a t  (R t R  )/(L tL ) 
M M W M W  

and zeros  a t  R ~ / L  re .  R ~ / L ~  which cancel in t h e  summation. Yi 

As an intermediate stage of sophistication we shall  now t r ea t  the vocal 

t r ac t  a s  a homogeneous tube and the wall impedance a s  a m a s s  element 

lumped a t  the input end a t  the throat,  a s  in Fig. I-C-1b. The actual 

distribution of the m a s s  loading i s  not known and probably var ies  with 

t h e  articulation a s  will be discussed l a t e r  on, but we have reasons  to 

assume,  f rom anatomical considerations and measurements  of vibra- 

tional amplitude on the surface of the head and throat,  that the poster ior  





Fig. I- C-2. Response correction when adding sound radiated 
f rom the walls near  the driving end of a neutral  
t r ac t  to the sound radiated f r o m  the mouthopening. 
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essent ial  feature of this correction i s  a low frequency boost of 2 . 4  dB. 

The minimum of 0.6 dB a t  1500 Hz i s  of no importance. However, a t  

a p res su re  of P = 15 ata  there would appear a 15 dB low frequency boost 

and a pronounced ze ro  a t  1500 Hz, which would affect the F 2  level. By 

solving for the zeros of the denominator of Eq. (19) we find an F - 560 Hz, 1 - 
i. e. a 12 OJo increase due to the m a s s  shunt a t  the driving end. 

3. Distributed 10s se s and wall impedance 

The generalized equivalent network of Fig. I-C- l c  contains the d is -  

tributed se r i e s  elements sL(x) + s(x) and paral le l  elements sC(x) + y(x), 

where 

pe r  unit length a t  a coordinate x along the t ract .  The radiation and ! 
glottal source terminations a r e  included in the figure. Lw(x) and Rw(x) 

a r e  the distributed inductance and se r i e s  resis tance of the cavity walls. 

R i s  the radiation resis tance,  Zq. ( 1 6 ) a n d L  i s  the radiationinduct- 
0 0 

ance which for simplicity of calculations may be included a s  an end 

correction adding approximateiy 

to the vocal t rac t  length a t  the lips. A s  long a s  9.0 i s  shor te r  than wave- 

lengths to be considered the e r r o r  in calculations of resonance frequen- 

c ies  i s  very small. The glottal termination i s  se t  to infinity load for 

calculation of the closed glottis response. 

The calculation of the response I /I may now proceed according to 
0 g 

the standard mat r ix  techniques. It would, however, bc s m a r t  to be able 

to s t a r t  out with the los s - l e s s  and infinite wall impedance case and de-  

rive both the wall effects and the damping of resonances by adding co r -  

rection te rms.  

The technique of indirect frequency transformations developed by 

Laurent (1964) offers one such possibility. Multiply a l l  impedances of 

the original net by a factor  4 such that inductdnce s L(x) become con- 

nected with se r i e s  elements z(s, x) and capaci tances ~ ( x )  become para l -  

leled by branches y(s ,  x) a s  implied by Eq. (24) .  A s  a resu l t  of the 

transformation: 
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Eliminating the impedance function $ Eq. (24b) i s  rewritten a s  

se2 = G s + ~ ( s ,  x)/c(x)![s+~(s, x)/L(x)] = [s+a 1)(s+02)1 (25) 

A property, e. g. a pole of a transfer function H.-(s') = 
1 

1 ~ 1 ,  in the 

original net i s  accordingly transposed to a frequency s in the t rans-  

formed net 

A similar  transformation was used by Sondhi and Gopinath (1971). 

Consider a pair of conjugate poles s'= + j (11 The associated - i' 
complex frequencies in the s domain of the transformed network 

shall  satisfy Eq. (25). Providing 

2 - - 1 - I - = (277 FW) 
*W Lw(x)C(x) LWCT 

I (d) 

I 
a r e  al l  independent of x and ~ ( x ) .  
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Eq. (29) i s  solved by assuming one real and one conjugate complex 

root. Identity with 1 i 

2 2 
(stCf1)(s + 2 a s  + w 0 )  = 0 (30) 

2 - 2 " l " o - " W w i + w  w 2  + "  a LY R W  W R G  

The last term of Eq. (3 i c )  can be neglected 

*o 

which i s  the real pole. From Eq. ( 3  la )  
3 

Furthermore Eq. (30b) i s  approximated by 

and we may write 
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The frequency and bandwidth of the resonance is thus 

These expressions have formal  identity with Eqs. ( I ) ,  (1 1) ,  and (14) 

but a r e  more  general,  being valid for  any resonance. Eq. (36)  r e -  

quires  

L. (x)C(x)  = const 
W 

as seen f rom Eq. (5). The per imeters  ~ ( x )  should accordingly be 

proportional to the product of the a r e a  A ( x )  and the thickness d(x) of 

the walls. 

It is not unreasonable to assume that the equivalent thickness of 

the walls increases  when the t r ac t  i s  narrowed which would compen- 

sate  f o r  the increasing per imeter  to a r e a  ratio. However, an a l te r -  

native hypothesis i s  that the total lumped wall m a s s  and the total 

enclosed air volume in the vocal t rac t  a r e  independent of articulation 

which would ensure a low-frequency validity of Eq. ( 3 6 ) .  The cu-terms 

of Eq. (27)  a r e  probably not independent of A(x)  which l imits  the va- 

lidity of the bandwidth derivation from Eq. (37).  
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An alternative approach to derive Eq. (36) under conditions of - 2 
uniform mass-loading and constant L* (x)C(x) = wW i s  to introduce 

a frequency dependent velocity of sound 

which follows from the substitution 

and the definitions 

Any resonance frequency must  be proportional to the velocity of 

sound a s  can be seen directly from the Webster' s wave equation in 

pressure  P(x) along the t rac t  

a s  In Eq. (36) and subject to the constraints of Eq. (38) a s  ea r l i e r  

discussed by Fant and Sonesson (1964). A derivation of wall effects 

via a correction in the velocity of sound has also been made by 

Flanagan (1965). but the numerical values of frequency shifts he 

reports  a r e  not representative. For  the open neutral tube with 

FW = 180 Hz we find Fl = 530 Hz or a 6 % increase which i s  one 

half that found when a l l  the mass-loading was lumped at the glottal 

end, Eq. (20). The effect on F2 is 11 Hz only. 





Formant frequency 

Fig.  I-C -3 .  Vocal tract resonance bandwidth versus frequency. After Fant (1961). 



Fig. I- C-4. Bandwidth ve r sus  frequency of vocal resonances in the F l  
domain f o r  ma le s  and females .  Fujimura-Lindqvist(197 1). 
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u o 3 a a = €  e I i y 
sack vowels / Front vowel r 

unrounded vowels rounded vowel 

Fig. I- G-5. Resonance frequencies and bandwidths of male vowels 
in a phonetic sequence to bring out systematic relations. 



2 females (BB,KE) 

b 

i i g .  I- - 6 .  Resonance frequencies and bandwidths of female vow- 
e l s  arranged in a phonetic sequence to bring out sys-  
tematic relations. The two subjects selected differ 
f rom the male  group l e s s  than the average for females. 
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Wall _ _ _ _ _ _ _ _ _ _ - _ _  and surface losses .  According to Eq. (37) and the Fuj imura and 

Lindqvist (1971) experimental data quoted in the previous section the 

wall 10s se s  account for 

where BWO i s  of the order  of 85-100 Hz when normalized to Fw=175 Hz. 1 
The internal surface los ses  have been t reated extensively by Fant  

(1960, pp. 32-33, 136, and 303-311). Fr ict ional  lo s ses  derive f rom ex-  

pressions of the type R / ~ L ,  see Eqs.( l3) ,  (35), and (37). With 

and 

where !, i s  the length, S(x) the per imeter ,  A(x) the a r e a ,  and u the 

viscosity coefficient of a unit section of the t r ac t ,  we obtain 

where 

i s  a shape factor which i s  unity for  a c ircular  a r e a  and 2 for  an elliptical 

cross-sect ional  a r e a  of width to height rat io  equal to 9 which could be 

representative for narrow constrictions in the vocal t ract .  Apart  f rom 

this shape factor it i s  probable that the friction i s  grea ter  than in hard  

walled ideal Structures.  A value of SA = 2 has  accordingly been adopted 

for a l l  calculations. 

It should be noted that Eq. (48) holds for the distributed case ,  Eq. (37), 

a s  well a s  for the Helmholtz resonator ,  Eq. (13). As  discussed by 

Fant  (1960,pp. 304-305) the frictional losses  in a resonator neck may 

alternatively be expressed by reference to  the volume of the resonator  

and the length of the neck in which case frequency i s  eliminated f r o m  the 

expression o r  by elimination of neck a r e a  A in which case  frequency 

en te r s  with negative exponent. Thus with numerical values inserted the 

following normalized expre ssions were derived. 
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The third expression draws attention to  the fact that if the resonance 

frequency i s  tuned by variations in neck a r e a  A alone, the bandwidth con- 

tribution will display an f -"' behavior. This i s  the typical case of n a r -  

rowing the l ips  or  raising the tongue against the palate. Accordingly, 

this negative exponent adds to the cavity wall induced bandwidth increase 

towards low frequencies,  Eq. (45). 

F o r  other modes of a tube than the fundamental and for  open tubes 

in general the f i l 2  dependency i s  more  representative.  In this case we 

should add the head conduction lo  s se s 

and the normalized numerical expression for the bandwidth contribution i s  

a s  shown by Fant (1960, p. 308). 
i 

To what extent do these simplified models apply to a rb i t r a ry  shaped 

vocal t r a c t s ?  We a r e  in a position to make such an evaluation by ref-  

erence to exact calculation f rom distributed element representations 

and complex mat r ix  calculation techniques, a s  outlined by Fant  (1960, ' 
1C 

pp. 37-41) and reported on p. 136 in this reference.  ' In Table I-C-I  

these a r e  comparcd with those which could be calculated a s  a mean of 

R ( x ) / ~ L ( x ) ,  Eq. (37) and regarding the a r e a  not a s  an a rb i t r a ry  constant 

of the same value for a l l  sounds but calculated to satisfy the condition 

i. e. spatial mean over the particular a r e a  function. This value i s  then 

inserted into Eq. (52) above for use in calculations of a l l  mode s. 

These calculations were made in 1954 with the f i r s t  Swedish 
electronic computer Be sk. 
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Table I-C-I. Exact  and approximate calculations of 
bandwidths B l  , B2, and B of vowels 3 

F i  F 2  F 3  *e A, 
u 231 615 2375 1.75 0. 65  

616 1072 2470 2 .1  5 

f rom Fant  (1960) 

T o t a l  b a n d w i d t h  

I 

Vowel 

u 

Cr 

F 

i 

3 

Vowel 

u 

a 

FJ 

i 

3 
> 

Radiation 

BO 
"Exact" Approx. 

0 0 1 0  0 9 

4 13 35 5 15 72  

3 28 85 3 40 8 1  

0 2 190 0 24  45  

5 3 9 1 1 0  5 3 9 1 1 0  

W a l l s  

B~ 
1 2 3 

57 8 0 

8 2 0 

15  0 0 

62 0 0 

Surfaces  

BR G 
"Exact" Approx. 

1 2 3 1 2 3 1 2 3 1 2 3  

1 5 1 6 4 0  9 2 0 4 3  

17 20 33 20  26 39 

l i  19 27 12 25  29 

14  22 36 9 28 33 

"Exact" 

72 24 41 

29 3 5  68 

29 47 112 

7 6  24 226 

27 57 132 

12.5 1 . 3  0 

Approx. 

1 2 3 1 2 3 1 2 3  

63  29 52 

34  44 112 

31  65 110 

67 53 78  

27 57 132 

10 17 22 10 17 22 

1 
Similar  vow - 
el ,  Fu j imura-  
Lindqvist 

63  43  42 

45 42 100 

41  58  l i 9  

72 3 5  105 

29 37 87  
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three-parameter  model is moved from the glottis to  the l ips  the radia- 

tion component of B shows great  undulations. 3 

Since the radiation damping of an open tube i s  inversely proportional 

to  i t s  length, see Eq. (54), an additional source of complication enters .  

Resonances of a short  front cavity become more  highly damped than a 

higher mode of a longer tube a t  the same frequency. 

With a l l  this variability in mind it may seem meaningless to attempt 

anything like a good estimate of the radiation damping without taking 

into account the specific shape of the vocal t ract .  However, for  the 

present  study we have adopted Eq. (54) with Q e  = 17.6 cm a s  in the 

standard neutral vowel. Furthermore we have chosen to define the 

radiation a r e a  A a s  the mean of the two smallest  a r e a s  in the three 0 
most  anter ior  sections of the a r e a  function quantized in A X  = 0. 5 cm 

steps. These and A conventions have contributed to underestimate 0 
front cavity damping but a r e  necessary in o rde r  to avoid excessive 

values of radiation damping of interior standing wave modes,  a s  F 2  

of r i l .  

A s  may be seen from the tabulation the main e r r o r  in the approxi- 

mate radiation 10s s calculation l ies  in B2 and B of r i 1 and in B3 of 3 
[u l  and [a1 . The approximation is good for the open front vowel [ e 1. 

When surface, wall, and radiation t e r m s  a r e  summed the calculated 

data and the experimental data f rom the Fujimura-Lindqvist study may 

be compared. With a few exceptions the overall  agreement is good and 

the approximate derivations provide just a s  good a match a s  the exact 

expressions.  On theaverage  the approximate B values come ou t too  
2 

high and the Itexacttt B values too low. The low calculated B2 of [u l  2 
indicates that either the frictional los ses  or the wall lo s ses  occasionally 

play a more  important role than anticipated. It must  be remembered 

however, that the spread in human data is ra ther  large and that the 

vowels of the two studies a r e  not quite the same. 

There a r e  good reasons to question the validity of Eq. (45) for cal-  

culating the cavity wall damping of the second formant of [ul. As  shown 

by Fant  (1  960, p. 11 6) a double Helmholtz r e  sonator model applied well 

to the articulatory configuration of ru l .  It was a lso  stated on p. 12 1 

that the second formant i s  to a large extent tuned by the back cavity 
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and tongue constriction. The back cavity volume of the Tul, i s  3 1 cm 
3 

3 
whereas the overall  t r ac t  volume i s  close to 100 c m  . Now under the 

assumption that the m a s s  load of the walls i s  largely confined to the 

lower p a r t  of the neck just above the glottis, a s  suggested by Fujimura 

and Lindqvist ( 197 l ) ,  and fur thermore that we approach a l imit  of com- 

pletely closed tongue hump passage the closed t r a c t  resonance of the 

back cavity becomes 175(100/3 1)1/2 = 3 15 Hz. The bandwidth of this 

resonance i s  entirely determined by the R (x)/L (x) a s  in the undiv- 
W W 

ided t ract .  i. e. 0 
= 100 Hz. With a finite coupling to the mouth 

through the tongue hump of 2 / ~ 2  = 4.2 the F i s  calculated to be 
2i  

495 Hz and when the m a s  s loading  i s  added F2 = (FZi + F<J)'/2 = 590 Hz. -. 
The bandwidth due to wall losses  i s  then B ~ ~ ( F ~ / F ~ ) '  = 28 Hz which 

i s  about three t imes  o r  more  precisely the rat io  of total volume to back 

cavity volume greater  than anticipated by the standard formula,  see  

Table I-C -I. An additional 28-8=20 Hz should be added to B2 of ru1 

which happens to be 19 Hz short  of the experimental value. This anal- 

y s i s  should be significant a t  leas t  qualitatively. 

As a general recommendation for gaining a substantial economy in 

bandwidth calculations I suggest that the surface los ses ,  i .e.  the f r i c -  

tion plus heat conduction component, be calculated f rom the approximate 

expressions whilst radiation los ses  if possible should be taken care  of 

by exact calculations. With a more  profound insight in the distribution 

of vocal t r ac t  mass-loading it will eventually be possible to gain more  

exact expressions for the B component. 
TTJ 

6 .  Prediction of bandwidths - - -. - -. -- - - from - . . r e  - - sonance frequencie s 

In the previous section vocal t r ac t  bandwidths were calculated f rom 

a knowledge of their  par t icular  frequencies and two vocal t r ac t  a r e a  

measures ,  one representing the mean of A(x)- I ,  the other the radiating 

a r e a  A a t  the front pa r t  of the mouth. In this section we shall attempt 
0 

to construct empir ical  formulas fo r  predicting bandwidths from the F - 
pattern, without reference to articulatory data. Each of B1, B2, and 

B is  to be expressed a s  a function of both F F 2 ,  F 3 ,  and F4. To 3 1' - 

what extent i s  this possible? The search  for suitable formulas was 

~ a r t i c l l y  aided by the theory of damping mechanisms outlined in the p r e -  

vious sections. The following expression was ar r ived  a t  for  B 
1 
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2 
B1 = 1 5 ( 5 0 0 / ~ ~ )  t 2 0 ( F ~ / 5 0 0 ) ~ ' ~  + 5 ( ~ ~ / 5 0 0 ) ~  (Hz) ( 56) 

The three t e r m s  can be identified with the effects of cavity wall l o s ses ,  

c lassical  surface los ses ,  and radiation los ses  respectively. The ex- ! 
pressions for  B2 and B3 a r e  l e s s  d i r ec t ly  interpretable. 

\ 

B has  a F proportional component which accounts f o r  the increase of 2 1 
radiation l o s s  a t  greater  degrees of articulatory opening. The third 

t e r m s  in B represents  radiation los s  of a constricted t r ac t  under the 
2 

condition of an F close to F which accounts for energy t ransfer  inspite 2 3 
of the narrowing. The relation of B to F i s  by no means  simple. 2 2 
When both F2 and F a r e  high and not close a s  in the vowel Ti1 B can 

3 2 
be a s  small  a s  30 Hz and lowcr than in the vowel Tul, where F is a t  2 
the extreme low end. 

The B formula contains an F proportional t e r m  representing the 
3 l 2 

degree of articulatory opening, an F component, and in addition a 2 
t e rm where the degree of proximity of F to the average F of the 

3 4 
speaker en ters .  Lip rounded sounds a s  [a1 and rb  1 have l a rge r  d i s -  

tances between F and F and on the same time slnail B 
4 3 3 ' 

Measured formant frequencies and bandwidths f rom the male and 

female groups and bandwidths predicted f rom Eqs. (56-58) a r e  con- 

tained in Table I -  C-2 and Table I - C - 3  respectively together with 

decibel values of prediction e r r o r s .  The only difference made in the 

female calculations i s  that the f i r s t  t e r m  of B has  been increased by 
1 

30 YO, i. e.  by a 14 7'0 higher equivalent F and that Fla i s  set  to 3700 W 
instead of 3400 Hz for the male group. 

The bandwidth e r r o r  represents  relative peak levels  in the spectrum 

envelope, 20 where B i s  measured and B predicted 
m P 

bandwidths. The average value of the e r r o r  i s  close to 1 dB except for 

B of the male group where the mean e r r o r  in est imates  i s  2 dB. This 3 
accuracy should be sufficient for  any pract ical  purpose and i s  r emark-  

ably high in view of the fact  that each measured value i s  the mean of 

two subjects only with one o r  two determinations p e r  sound. The 



Measurements Measurements Predictions Error 

Vowel F1 F2 F3 B1 B2 B3 Bi B2 B3 B1 B2 B3 

Hz Hz Hz Hz Hz Hz Hz Hz Hz dB  dB dB 

u 

o 

3 

a 

a 

e 

E 

e 

I 

i 

Y 

u 

~e 

8 

3 

315 6 0 5 2 4 5 0  

410 690 2600 

505 900 2950 

600 1030 2700 

710 1150 2700 

700 1430 2450 

450 1825 2425 

325 1900 2450 

290 2025 2875 

230 2000 3000 

245 1875 2075 

265 1480 2060 

400 1650 2250 

510 1150 2350 

420 to00 2250 

520 1500 2500 

63 43 42 

38 34 40 

50 44 75  

45 42 100 

43 58 100 

37 61 89 

41 58 119 

43 43 155 

63 40 145 

72 35 105 

87 75 80 

61 65 40 

37 57 61 

32 36 43 

38 36 34 

29 37 87 

57 35 39 

43 39 54 

40 43 71 

40 52 86  

42 62 104 

42 65 106 

42 73 96 

56 51 92 

63 41 120 

86 37 129 

84  86  78 

68 46 56 

45 52 77 

40 47 68 

36 42 52 

39 51 87 

t i  t 2  t 0 . 5  

-1 -1 -2.5 

t 2  0 +0.5 

t i  -2 t i  

0 -0.5 -0.5 

- 1  -0.5 -1.5 

0 -2 t 2  

-1.5 -0.5 t 4 . 5  

0 0 + i . 5  

-1.5 0 -2 

t 0 . 5  -1 0 

-1 t 3  -3 

-2 t i  -2 

-2 -2 -4  

t o ,  5 -1.5 -3.5 

-2.5 -2.5 0 
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Table  I- C-111. F e m a l e  bandwidths 

Error 

Bl B2 B3 

Hz Hz Hz  

t 4 . 5  +4.5 -0.5 

t 2  t i  0 

t 2  -0.5 0 

t 2 . 5  t i  0 

-0.5 0 -0.5 

t 0 . 5  0 t 2 . 5  

-0.5 t 2 . 5  t 3 . 5  

- 1 0 -2 

0 t i  -0.5 

t i  t 1 . 5  -2 

t O . 5 + 1  -0.5 

0 t o .  5 -1 

0 0 -2 

P red i c t i on s  

B1 B2 B3 

Hz Hz Hz 

56 36 75 

48 41 64 

43 53 87 

4.5 59 i l l  

46 64 130 

44 66 ,ii 1 

52 51 128 

61 42 132 

73 47 98 

70 48 77 

51 53 84  

44 51 87 

45 47 74  

Measu rem en t s  

B l  B2 B3 

Hz Hz Hz 

96 60 70 

60 48 67 

56 49 90 

60 66 114 

44 66 120 

48 67 150 

50 67 190 

55 41 105 

71 53 92 

77 59 62 

54 59 80 

44 54 75  

46 46 58 

Vowel 

u 

o 

3 

a 

a 

a 

e 

i 

Y 

I 

b 
Ce 

8 

M ea su r eme n t s  

F1 F2 F3 

Hz Hz Hz 

365 690 2700 

445 780 2850 

610 1100 2800 

700 1100 3000 

760 1360 3000 

730 1660 2850 

395 2200 2850 

345 2060 3100 

295 2000 2650 

305 1770 2380 

410 1740 2350 

525 1490 2600 

490 1240 2650 





element representation a t  the glottal end of the line might provide im- 

proved accuracy a t  a suitable level of calculation cost. 

(4) The superposition of sound from the external surface of the vocal 

t r ac t  walls and sound radiated f rom the mouth has been calculated for  a 

simple tube resonator m a s s  loaded a t  the glottal end. It i s  found that 

the wall output adds a low frequency level increase in the t ransfer  func- 

tion. In hyperbaric speech a t  p r e s s u r e s  of the order  of 15 ata  o r  more  

the superposition may give r ize  to pronounced spectral  ze ros  and a la rge  

low frequency boost. 
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