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THE RELATIONS BETWEEN AREA FUNCTIONS AND THE ACOUSTICAL SIGNAL 

Gunnar Fant, Dept. o f  Speech Communication, Royal Institute o f  
Technology ( K T H ) ,  8-100 4 4  Stockholm 7 0 ,  Sweden 

Vocal—tract  modeling 

What progress have we had in vocal-tract modeling and asso- 

ciated acoustic theory o f  speech production during the last 20 

years? My impression is  that the large activity emanating from 

groups engaged in speech production theory and in signal processing 

has not been paralleled by a corresponding e f f o r t  at the articula— 

tory phonetics end. Very l i t t le original data on area functions 

have accumulated. The Fant (1960) Russian vowels have almost been 

overexploited. Our consonant models are s t i l l  rather primitive 

and we lack reliable data on details o f  the vocal t ract  as well as 

o f  essential d i f ferences between males and females and o f  the de- 

velopment o f  the vocal t ract  with age. 

The slow pace in articulatory studies is o f  course related to 

the hesitance in exposing subjects to  X—ray radiation. Much hope 

was directed to the transformational mathematics for deriving area 

functions from speech—wave data.  These techniques have as ye t  

fai led to provide us with a new reference material. The so-called 

inverse transform generates "pseudo-area functions" that can be 

translated back to high quality synthetic speech but which remain 

fictional in the sense that they do not necessari ly resemble natu— 

ral area functions. Their validity is restr ic ted to non-nasal, non- 

constricted articulations and even so ,  they at the bes t  retain some 

major aspects o f  the area function shape rather than i t s  exact di— 

mensions. However, some improvements could be made, even with re— 

spect to the possibility to track a side branch o f  the vocal tract.  

Once a vocal- tract model has been set  up i t  can be used, not 

only for studying articulation-to-speech wave transformations, but 

also for a reverse mapping of  articulations and area functions to 

f i t  specific speech-wave data. These analysis-by-synthesis remap- 

ping techniques as well as perturbation theory for the study o f  

the consequences o f  incremental changes in area functions or o f  the 

inverse process are useful for gaining insight in the functional 

aspect of a model. However, without access to  fresh articulatory 

data the investigator easily gets preoccupied with his basic model 

and the constraints he has chosen. 

The slow advance we have had in developing high quality syn- 

thesis from articulatory models is in part related to our lack of  
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156 SPECIAL LECTURE 

reliable physiological data, especially with respect to consonants, 
in part to the difficulty involved in modeling all relevant factors 

in the acoustic production process. The most successful attempt to 

construct a complete system is that o f  Flanagan e t  a l .  (1975) at 

Bell Laboratories. A variety of studies at KTH in Stockholm and 
at other places has contributed to our insight in special aspects 

of  the production process such as the influence of  cavity-wall im- 

pedance, glottal and subglottal impedance“ nasal cavity system, 

source-fi l ter interaction, and formant damping. These will be dean 

with in a separate paper. 

An example - 

The area functions o f  male and female articulations of the 
Swedish vowels [ i ]  and [ u ]  and corresponding computed resonance 
mode pattern in Fig. 1 may serve to illustrate some findings and 
problems. The data are derived from tomographic studies in Stock- 

holm many years ago in connection with the study o f  Fant (1965,  

1966) and were published by Fant ( 1 9 7 6 ) .  It is  seen that in spite 

of  the larger average spacing o f  formants in the female F-pattern 

related to the shorter overall vocal tract length, the female F 

and F2 of [ u ]  and the F3 of [ i ]  are close to those of  the male. 
This is an average trend earlier reported by Fant (1975a) .  Dif- 
ferences in perceptually important formants may thus be minimized 

by compensations in terms o f  place o f  articulation and in the ex- 

tent of the area function narrowing. Such compensations are not 
possible for all formants and cannot be achieved in more open ar- 

l W t  

||| (fo-nal.) m { . M (hm-Io) ; 

ÎË ‘J  7 ‚' M l 
0 2 3 S R H !  

l 

Figure 1 

Multicylinder representation of  VT area functions o f  male 
and female vowels [ i ]  and [ u ]  together with corresponding F-pattern. The shunting ef fect  of sinus piriformis and of  
caVity walls is  not included. 
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ticulations. The great difference in F2 of [ i ]  is in part condi- 

tioned by the relatively short female pharynx but can in part be 

ascribed to the retracted place o f  articulation. I t  i s  also dis— 

putable whether this particular female articulation serves to ensure 

an acceptable [ i ]  or whether there is  a dialectal trend towards 

[ L ] .  Also, it is to be noted that X-ray tomography may impede the 

naturalness o f  articulations because o f  the abnormal head position 

required. 

Perturbation theory and the inverse transform 

Perturbation theory describes how each resonance frequency, 

F1 F2 F 3 ,  e t c .  varies with an incremental change of  the area func- 

tion A ( x )  at a coordinate x and allows for a linear summation o f  

shi f ts from perturbations over the entire area function. The rela- 

tive frequency shift öF/F caused by a perturbation 6 A ( x ) / A ( x )  i s  

referred to as  a “sensitivity function". We may also define a per- 

turbation ôAx/Ax  o f  the minimal length unit Ax  o f  the area function 

which will produce local expansions and contractions o f  the reso— 

nator system. It  has been shown by Fant ( 1 9 7 5 b ) ,  Fant and Pauli 

( 1 9 7 4 ) ,  that the sensitivity function for area perturbations o f  

any A ( x )  is  equal to the distribution with respect to x o f  the d i f -  

kx-p 1 2 X=%L(X)U2(x )  and the 

potential energy p=§C(x)P ( x )  normalized by the totally stored 

ference E between the kinetic energy Ek 

energy in the system. 

The distribution o f  the sum of  the kinetic and potential ener- 

gies describes the sensitivity to length scale perturbations and 

provides furthermore a realistic quantitative measure o f  the de- 

pendency o f  the resonance mode on various parts o f  the area func- 

tion. Length perturbation has been applied to the problem of  

scaling the pharynx and the mouth dif ferently, comparing male and 

female articulations, Fant (1975b).  

If the perturbation function is  expressed as a function o f  as  

many parameters as there are formants, i t  is possible to calculate 

the change in area function from one F-pattern to another, Fant 

and Pauli ( 1 9 7 4 ) .  This technique has been used by Mrayati and 

Guérin (1976) for deriving plausible area functions for French 

vowels on the basis of  their deviation from my reference Russian 

vowels. This procedure must be administered in steps of  incremental 

size with a recalculation o f  the sensitivity function af ter each 

step. 
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I shal l  not go into deta i ls  o f  the mathematics o f  the inverse 

transform. The usual technique, e . g .  Waki ta ( 1 9 7 3 ) ,  i s  to  s tar t  

out with a linear prediction (LPC) analysis o f  the speech wave to 

derive the ref lect ion coef f ic ients which describe the analog com— 

plex resonator. The success o f  this method is  dependent on how 

well the losses in the vocal t rac t  are  taken into account. T i l l  

now the assumptions concerning losses have been either incomplete 

or unrealistic. Also the processing requires that the source func- 

t ion be eliminated in a preprocessing by a suitable deemphasis or 

by limiting the analysis to  the g lo t ta l  c losed per iod.  In spite o f  

these d i f f i cu l t ies  the area functions der ived by Wakita (1973 )  pre— 

serve gross features.  

In general, a set o f  formant frequencies can be produced from 

an infinite number o f  dif ferent resonators of  d i f fe rent  length. 

We know o f  many compensatory transformations, such a s  a symmetrical 

perturbation o f  the single—tube resonator .  However, i f  we measure 

the input impedance a t  the l ips ,  Schroeder ( 1 9 6 7 ) ,  or calculate for- 

mant bandwidths, we may avoid the ambiguities. A technique for han— 

dling tubes with side branches has been proposed by Ishizaki  ( 1 9 7 5 ) .  

The following very general d iscussion o f  the inverse transform 

is  based on a lossy transmission line representation o f  each sec— 

t ion of  the area function. The approach is  similar to  that o f  Atal 

et  a l .  (1978 ) .  

I t  can be shown that a number o f  m formants, specified by their 

frequencies and bandwidths potentially define a unique area function 

with 2 m degrees o f  freedom providing that the resist ive elements 

that determine the bandwidths are unique functions o f  frequency and 

o f  the resonator configuration. I t  fo l lows that given any total 

length o f  an area function, i t  can be quantizied in 2 m sections 

o f  equal length and there could ex is t  a unique solution for the 

2 m area values. The non—uniqueness o f  the overall length may be 

overcome by adding one more formant to  the specif icat ion. 

Another solution which is  unique with respect to vocal—tract 

length is a configuration o f  a cascade o f  m cylindrical tubes, each 

specif ied by area and length derived from the m formant frequencies 

and bandwidths. We can exemplify this model by the single-tube 

resonator. I ts  length determines the lowest resonance frequency 

and the area is determined from the bandwidth measure. An F-pat— 

tern with F1 = 2 6 0 ,  F2  = 1990,  and F3  = 3050  Hz  appropriate for the 

FANT 159 

vowel [ i ]  would be generated by a two-tube system in which the back 

tube has an area o f  8 cm2 and a length 8 . 7  cm, and the front tube 

an area o f  1 cm2 and e f fec t i ve  length 5 . 8  cm. The compensatory 

articulation with the same areas but exchange o f  lengths has exact— 

ly the same pattern o f  a l l  formant frequencies, Fant ( 1 9 6 0 ) ,  but a 

dif ferent bandwidth pattern.  A minimum of  two frequencies and two 

bandwidths would theoretically suf f ice for a unique derivation o f  

either configuration. In pract ice i t  may take a ventriloquist to  

produce both variants. Possibly, the variant with short back cavi ty 

would f i t  the shape o f  a ch i l d ' s  vocal t rac t .  Other aspects o f  

front-back compensations have been treated by Öhman and Zetterlund 
( 1 9 7 4 ) .  

On the whole, we are f ree to  choose 'any parametric specif ica- 

tion to f i t  a continuous area function providing the number o f  par- 

ameters i s  twice the number o f  formants specified in both frequency 

and bandwidth. Unless the total  length is a unique function o f  the 
parameters we need one more formant to be speci f ied.  We could thus 
construct a four-tube model with or without smoothing between sec- 
tions to be uniquely defined by four frequencies and four bandwidths. 
A combination o f  this technique with Speci f ic constraints,  such as 
a f ixed larynx tube, may be introduced to concentrate the predictive 
capacity to  other par ts  o f  the system. 

This simple reasoning has potentialities to be exploited more 
than has been done. In pract ice, however, as pointed out by Atal 

et  a1. ( 1 9 7 8 ) ,  we might find that bandwidths may come out the same 
in two alternative configurations or that their d i f ference may turn 
out to be smaller than what we can accurately measure. Some addi- 
tional redundancy could be introduced to overcome such di f f icul t ies. 

A lack o f  bandwidth measures can generally not be compensated 
for by introducing more formant frequencies. 0n the other hand, i f  
we resort to an articulatory model with natural constraints on pos- 
sible area functions we may base the prediction on formant frequen- 
cies alone, Lindblom and Sundberg ( 1 9 6 9 ) ,  Ladefoged e t  a l .  ( 1 9 7 8 ) .  
However, the same pattern o f ,  say, F1 F2 and F3 could generate some- 
what different area functions in other models with other constraints, 
e . g .  in terms o f  a d i f ferent  overall length. A combination o f  

formant frequencies, bandwidths and articulatory constraints should 
be Optimal. 




