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Abstract. An experiment has been performed where various two-formant models reported in the literature were assessed as to 
their ability to predict the formant frequencies obtained in a vowel identification task. An alternative model is proposed in 
which the auditory processing of vowel sounds is assumed to take place in two stages: a peripheral processing stage and a 
central processing stage. In the peripheral stage the speech spectrum is transformed to its auditory equivalent and the formant 
frequencies are extracted from this spectrum using a peak-picking mechanism. The central stage performs a two-formant 
approximation on the results of the first stage operation, and it is this formant pair that vowel identification is taken to operate 
on during vowel perception. The first and second formant frequencies of this two-formant model are taken to be equal to the 
first and second formant frequencies extracted at the first stage plus a perturbation term which accounts for the interaction 
effects of the neighbouring formants. The perturbation caused by each of these neighbouring formants is inversely proportional 
to its separation from the main formants. This model compares favourably with previous models in its prediction of the 
formant frequencies obtained from the vowel identification task. 

Zusammenfassung. In einem Experiment geht es zun~ichst um die Leistung verschiedener aus der Literatur bekannter 
Zwei-Formanten-Modelle, in einem ldentif;kationstest mit Vokalen erhaltene Formantfrequenzen voraussagen zu k6nnen. 
Danach wird ein zweistufiges Aiternativmodeli der auditiven Verarbeitung yon Vokalen mit periph~er und zentraler Stufe 
entwickelt. Auf der periph~en Stufe, wo das Spektrum des Sprachschalls in seinen entsprechenden Geh6rseindruck 0berftihrt 
wird, erfolgt die Formantfrequenzextraktion aus den Spektren nach dem Prinzip des "peak-picking". Die ERgebnisse dieser 
Operation liefern der zentralen Stufe die Grundlage einer Zwei-Formanten-Approximation. Auf dieses Formantenpaar diirfte 
sich die Vokalidentifikation w~ihrend der Vokalperzeption stiitzen. Die Frequenzen des 1. und 2. Formanten unseres 
Zwei-Formanten-Modells ergeben sich aus den entsprechenden Formantfrequenzen der ersten Stufe unter zusiitzlicher 
Beriicksichtingung eines Korrekturausdrucks, der den Einfluss tier Nachbarformanten einf~ingt. Der Einfluss jedes der 
Nachbarformanten ist seinem Abstand zu den Hauptformanten umgekehrt proportional. Gegentiber friiheren Vorschlagen hat 
unser Modell den Vorzug, dass sich mit ibm die Formantfrequenzen aus dem Identifikationsexperiment besser voraussagen 

lassen. 

R6sum6. Une exp6rience a 6t6 r6alis6e dans laquelle divers mod61es/l deux formants, proposb, s dans la litt6rature, sont 6valu6s 
en fonction de leur capacit6 de pr6dire les fr6quences formantiques obtenues Iors d'ane t~che d'identification de voyelles. Un 
mod61e concurrent est propos6 darts lequel le traitement auditif des voyeiles est suppos6 intervenir en deux 6tapes. A r6tape 
p6riph6rique, le spectre de parole est transform6 en son correspondant auditif et les fr6quences formantiques sont extraites par 
une proc6dure de d6tection de pics. L'6tape centrale effectue une approximation/L deux formants sur la sortie fournie par ie 
traitement pr6c6dent; l'identification de la voyeile s'appuie sur la paire de formants ainsi extraite. Les premi6res et secondes 
fr6quences formantiques de ce mod61e sont obtenues en additionnant un terme correctif aux fr6quences des deux premiers 
formants extraits lots de la premi6re phase. Ce terme correctif est invers6ment proportionnel /~ la distance s6parant ies 
formants principaux des formants voisins. Confront6 aux mod61es ant6rieurs, ie n6tre se comporte avantage usement quant/l  la 
pr6diction des fr6quences formantiques obtenues darts une t~che d'identification de voyelles. 

Keywords. Vowel identification, two-formant vowel models, auditory proc,:'~.~ing 
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1. Introduction these vowels made by the same subjects. 
An earlier vowel identification experiment by 

It has often been suggested that the frequencies Ainsworth [9] showed relatively lower second per- 
of the first two formants are the most important ceptual formant frequency values for the vowel 
factors in the recognition of vowel sounds [1-3]. / i / t h a n  those predicted by the models of Carlson 
Moreover, some perceptual studies have been re- et al. [6] and Bladon and Fant [7]. Carlson et al. [6] 
ported in the literature [4-7] which suggest that a tried to explain these relatively lower values for 
two-formant model of a vowel is a valid represen- the vowel / i /  using two arguments. Firstly, in 
tation at some level of auditory processing. These Ainsworth's experiment [9] the upper limit of the 
studies have proposed different methods of con- stimulus second formant frequent;, available to 
structing the two-formant model from the speech the subjects in the identification task was 2440 Hz; 
spectrum. Plomp [4], for example, computed the this may have led to low second perceptual for- 
first two principal components (suggesting an mant frequency values f o r / i / .  Secondly, the rela- 
equivalence to the first two formants) from the tive 'crowdedness' of the vowel system in the 
entire speech spectrum measured in one-third oc- identification task might have biased the second 
tave bands. Karnickaya et al. [5] converted the formant frequency measures. In the vowel identifi- 
speech spectrum into an auditory equivalent by a cation experiment reported in the present paper, 
transformation which involved critical-band filter- the first point is answered by increasing the upper 
ing and a spectral sharpening process; the values limit of the second formant frequency values avail- 
of the model's two formants were obtained by able to the subjects to 2560 Hz. Also, to increase 
picking the two largest peaks from the equivalent the confidence in the first and second perceptual 
auditory spectrum. Carlson et al. [6] reported an formant frequency values obtained from the vowel 
empirical relation using a spectral prominence identification experiment, the quantisationstep size 
model to compute the second formant, F2', of the along the F1 and F2 dimensions was reduced, and 
two-formant model from the frequencies, F1, F2, the number of subjects and repetitions was in- 
F3 and F4, of the first four formants of the speech creased. Details of the vowel identification experi- 
spectrum, leaving the first perceptual formant, FI', ment are given in the following Section. 
to be equal to F1. They showed the validity of The perceptual data with which to test the 
F2'-formulae for nine Swedish vowels by conduct- adequacy of two-formant models was obtained by 
ing an experiment where two-formant synthetic an identification experiment. This experimental 
vowel stimuli were matched against the standard paradigm differs from the matching experiment 
four-formant stimuli for minimal difference in used in most previous work. In matching the sub- 
vowel colour. Bladon and Fant [7] repeated this jects are presented with both a full vowel and a 
matching experiment for a full set of 18 IPA two-formant construct; the second formant of the 
cardinal vowels and found the performance of the two-formant vowel is varied until the subject is 
F2'  model given by Carlson et al. [6] to be un- satisfied with the match in quality. It has been 
satisfactory. Using the spectral prominence model, reported [7] that subjects quickly atune to the 
they derived a new formula for F2' calculation experimental task and produce consistent results; 
based on the acoustic theory of speech production Bladon and Fant give a measure of the subjects' 
[8]. This formula could explain the results of a performance. In the present experiments, the sub- 
matching experiment for 17 of the 18 cardinal jects heard a single two-formant vowel-like sound, 
vowels, and were required to identify the intended vowel. 

In the present paper our aim is to study the 
various two-formant models of vowel perception 
reported in the literature. To do this the perceptual 2. Experiment 
formant frequencies of different vowels were 
estimated for a group of subjects through a vowel A two-formant model transforms the formants 
identification experiment. As well as this, acoustic of a vowe! spectrum into a pair of frequencies of a 
measurements were made on utterances containing phonologically similar two-formant vowel. In order 
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to assess the performance of such a model we need ployed, at 80 and 100 Hz, respectively. The ampli- 
two sets of data: the formant frequencies F1-F4 tude of F2 was attenuated 6dB with respect to F1. 
measured from the speech spectrum, and the In each experimental session a set of 192 stimuli 
equivalent perceptual values F1 p andF2 p derived were generated corresponding to a 12 x 16 matrix 
from the results of a two-formant synthetic vowel in the above ranges. The steady-state part of the 
identification experiment. The procedures used to vowel was fixed in duration to 240 ms. This value 
obtain these data are described below. The fre- was chosen as previous experiments by Ainsworth 
quencies of the first four formants present in the [12] had shown it to lie approximately midway 
speech spectrum were measured from the utter- between the duration most appropriate for lcng 
ances of ten subjects for eleven English vowels, and short vowels in i so la ted/hVd/syl lables .  
The frequency values of the perceived formant The set of 192 stimuli was produced in pseudo- 
pairs were measured by presenting a set of syn- random order by the computer and were pr~,~sented 
thetic vowel stimuli covering the entire FI-F2  to all of the ten subjects via Sennheiser HD414 
plane to the same subjects for identification. The headphones. The subjects were asked to identify 
ten subjects were all unpaid volunteers: nine post- the stimulus heard as one of the words in the 
graduate students at the University of Keele study- group: heard, hud, who'd, hood, hoar~, hod, hard, 
ing topics unrelated to speech research and one of had, head, hid, heed; and to press the ap- 
the authors (WAA). propriately labelled switch in front of them. An 

extra switch was provided in case the sound they 
2.1. Measurement of the vowel formants from the heard did not correspond to any of the vowels in 
identification experiment the response set of words. The computer did not 

generate the next stimulus until the responses from 
The stimulus sounds were generated by a paral- all the subjects participating in the session had 

lel-formant, terminal analogue speech synthesiser been recorded; in this way each listener could take 
similar to that described by Mattingly, Holmes as long as he liked over the identification of the 
and Shearme [10], controlled by a synthesis-by-rule vowels. Each set of 192 synthetic stimuli was pre- 
program described by Ainsworth [11] running on a sented to the ten subjects in five repetitions; each 
small digital computer. Two steps were taken in time the order of presentation was changed. For a 
order to increase the consistency of the subjects' given subject and for a given repetition of the 
responses. Firstly, an / h V d / c o n t e x t  was chosen stimulus set, the responses of that subject defined 
for the generation and presentation of the vowel different areas in the F1 - F2 plane for the eleven 
stimuli on the grounds that the stimuli would be vowels. The centroid of each area gave the values 
made more speech-like. Of the eleven syllables of the perceptual formants F1 p and F2 p of the 
generated in this way, ten are familiar words of corresponding vowels. These perceptual formant 
conversational English. The co-articulation effects pairs were obtained for each of the five repetitions 
within the generated syllable are relatively simple, for all the ten subjects and all eleven vowels. 
especially with regard to t h e / h / - v o w e l  assimila- 
tion. Secondly, a linear, falling intonation contour 2.2. Acoustic measurement of the vowel formants 
was produced through the syllable, with the funda- 
mental frequency determined by the initial and The same ten subjects who participated in the 
final values of 169 Hz and 109 Hz, respectively, identification experiment were used for the acous- 
This made the stimulus sound like spoken sylla- tic measurement of the vowel formants. The sub- 
bles, but may have introduced slight diphthongisa- jects were asked to read from a list of / h V d /  
tion. words: heard, hud, who'd, hood, hoard, hod, hard, 

The stimuli generated had two formants: F1 had, head, hid, heed. Five repetitions were recorded 
spanned the range 220-880 Hz in 12 steps of 60 in an ordinary office on a Revox A77 tape recorder 
Hz and F2 the range 760-2560 Hz in 16 steps of and microphone. The utterances of these syllables 
120 Hz. The formant bandwidths were fixed, be- were digitised at a sampling rate of 10 kHz by a 
cause of the limitations of the synthesiser em- Computer Automation Alpha computer. A semi- 
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automatic analysis program was used for the spec- tion of synthetic stimuli (denoted by [FN P(j, k); 
tral analysis. The selection of a 26.5 ms segment of N = 1, 2; j = 1, 11; k = 1, 10]). We have shown in 
the portion of maximum energy of the vowel was an earlier paper [14] that subject-to-subject dif- 
performed manually with the help of a CRT dis- ferences in formant frequencies measured from the 
play cursor; then the log-power spectrum was ob- vowel spectra do not show any correlation with 
tained from a 256-point Fourier transform of the differences in the corresponding formant frequen- 
vowel segment, and this was smoothed using cies derived from the identification of synthetic 
Cepstral smoothing [13]. The first four peaks in stimuli. So, for the purpose of exploring various 
the spectrum were selected manually using a CRT two-formant models, we can reduce this data by 
display cursor and then the peak location was averaging the formant frequencies over the ten 
calculated by a 3-point parabolic interpolation, speakers; i.e., 
The measurements on each of the five repetitions 10 
of each vowel were obtained without reference to FN.dv(j) = 1/10 Y'. FN(j ,k )  
the intended vowel target. For each vowel a set of k = 1 
four formant frequencies was derived for all ten for N = 1, 4 and j = 1, 11 (1) 

subjects, and 
10 

FN~(j)= 1/10 E FNO(J, k) 
3. A comparison of two-formant models k = l 

for N = 1, 2 and j =  1, 11. (2) 
The data obtained from t h e  experiment de- 

These speaker-averaged formant frequencies are scribed in the preceding Section consist of the 
shown in Fig. 1 for all the eleven vowels. 

frequencies of the first four formants measured 
from the vowel spectrum for 11 different vowels 3.1. Comparison procedure 
and 10 different subjects (denoted by (FN( j ,  k); 
N -  1, 4 ; j -  1, 11; k = 1, 10)), and the frequencies In order to measure the performance of differ- 
of the two formants measured from the identifica- ent two-formant models, we use the root-mean- 
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Fig. 1. Formant frequencies of elevent English vowels; solid bars showing FI,  F2, F3 and F4 measured from speech spectra, circles 
showing FI  p and F2 p measured from the identification of synthetic vowel stimuli. 
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square (RMS) errors made by the model in predic- 3.2. The Corlson model 
ting the first and second formant perceptual fre- 
quencies. We denote these errors by E1 and E2 The two-formant model of Carls.gn et al. [6] 
and compute them using the relations takes the first formant frequency, FI', of the model 

to be the same as that extracted from the speech 
ll ]1 /2  s p e c t r u m ;  i.e., F l ' = F 1 .  The second formant 

E1 = ~ ( F l P v ( j ) - t l a v ( J ) )  2 /11,  (3) frequency, t2 ' ,  of the two-formant model is de- 
j= 1 ] rived from the second, third and fourth formants 

and (F2, F3 and F4) without taking into account their 
associated amplitudes by employing the spectral 

E 2 ~ ( F2,° ( j )  F2av (J))2 prominence model. The empirical relation for F2' 
= - ' /11,  (4) in their model is given by 

j = l  

F 2 ' =  ( F2 + C( F3F4)I/2)/(I + C), (5) 

where FI,',~(j) and F2 '~( j )  are the speaker-aver- where 
aged frequencies of the first and second formants, 
respectively, predicted by the two-formant model C = (F1/500)2((F2 - F 1 ) / ( F 4 -  F3)) 4 
for the j th vowel. 

All the models described in the first Section, × (( F3 - F 2 ) / (  F3 - F1))2. 
except the one given by Plomp [4], were investi- The RMS errors E1 and E2 are computed from 
gated. Plomp's model uses the entire speech spec- Eqs. (3) and (4) by using the values F I '  and F2' 
trum measured in one-third octave Oands and given by this model. These errors were found to be 
computes the first two principal components as a 53.3 and 199.2 Hz. 
weighted linear combination of the spectral 
amplitutes in all the one-third active bands. Two 3.3. The Bladon and Fant model 
experiments reported in the literature [15-16] indi- 

cate that such a process is not likely to take place The two-formant model of Bladon and Fant [7] 
in the auditory system. Ainsworth and Millar [15] uses the formant frequencies of F2, F3 and F4 
explored the perceptual effects as the second for- together with their associated amplitudes to locate 
mant amplitude of synthetic stimuli was systemati- the position of spectral dominance. The first and 
cally reduced. They observed that the identity of second formant frequencies F I '  and F2', are given 
each stimulus remained constant until the second by 
formant amplitude was reduced to the level of 
noise, then changed abruptly to that of the corre- F I ' - -  F1 (6) 
sponding back vowel. They concluded that the 

and 
formants are not being calculated as the weighted 
linear sum of spectral amplitudes, but are more F 2 ' =  F2 + C2(F3F4)1/2/(1 + C2), (7) 
likely derived by a peak-picking mechanism. 
Sapozhkov [15] reported high intelligibility for where 
clipped speech in spite of broad-band spectral C = [ K( f )67F2(1 - F12/FE E )(1 - FE2/F32 ) 
distortions whilst the peaks corresponding to the 
original formant structure are retained. These ex- × (1 - F22/F42)] 
periments strongly suggest that the model given by 
alomp is not always an appropriate model of the × [ ( F 4 -  F3)2( FaF4/F22- 1)]-i  
auditory processing of vowel sounds, and, hence, 
has not been included in the comparison study in and 
the present paper. We now investigate the three K ( f )  = 12F2/1400. 
models given by Carlson et al., Bladon and Fant, 
and Karnickaya et al. The RMS errors E1 and E2 computed for this 
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model are 53.5 Hz and 287.4 Hz, respectively. The models when we compare the RMS errors E2. 
RMS error E2 for this model is larger than that However, even with this model, the error E2 is 
for the Carlson model, though for a matching approximately 200 Hz which is large in ~.empari- 
experiment this model resulted in a better perfor- son with the error resulting from the vowel alatch- 
mance, ing experiment reported by Carlson et ai. Also, 

these models consider the frequency F I '  to be the 
3.4. The Karnickaya model same as F1. However, it can be seen from Fig. 1 

that the first formant frequency obtained from the 
In the two-formant model of Karnickaya et al. vowel identification experiment is higher than F1 

[5], the locations of the first two peaks in the for vowels having the first two formants close to 
equivalent auditory spectrum are considered as the each other. This strongly suggests the need for an 
frequencies of FI' and F2' of the two-formant alternative two-formant model which can better 
model. The equivalent auditory spectrum is con- explain the results of vowel identification experi- 
structed by applying four levels of physiologically- ments. In the following section we present such a 
motivated transformations on the vowel wave- model. 
form: filter bank analysis, auditory threshold logic, 
a mapping into a loudness density function and a 
process of lateral inhibition. As an approximation 4. A two-stage model 
to auditory spectral processing, we calculated the 
locations of the peaks in the auditory equivalent The two-formant model we propose to develop 
spectrum from the first four formant frequencies, in this paper is broadly based on the results of 
F1, F2, F3 and F4, as follows. If the formants perception experiments with split-formant vowel 
were separated from each other by more than the sounds [6,18,19]. In these perception experiments, 
critical bandwidth, then they remained as peaks in one or more formants of the vowel sound were 
the auditory equivalent spectrum. However, if these presented to one ear and the remaining formants 
formants, say F2 and F3, were close to each other in the other ear. Results of these experiments have 
so that their separation, F3 - F2, was less than the shown that subjects could identify the vowel sound 
critical bandwidth, 0.10(F2 + F3)/2, then these in this split mode of presentation, indicating the 
two formants were considered to be merged into a integration of timbre at a central level of the 
single peak at location (F2 + F3)/2. Evans [ 1 7 ]  auditory system [6,18]. This suggests that vowel 
has reported that critical-bandwidths are of the identification is two-stage process. 
order of 10% of the frequency for the range of the The present model handles the auditory 
first four formants of speech spectra. (It may be processing of vowel sounds in two stages: a pe- 
noted here that for the formant data obtained in ripheral processing stage and a central processing 
this experiment, the formants F1 - F4 were found stage. In the first stage, the speech spectrum of the 
to be separated from each other by more than the vowel sound is transformed to its auditory equiva- 
critical bandwidth for all the vowels and for all the lent as proposed by Karnickaya et al. [5]. The 
subjects. Effectively, then, for the data used here formant frequencies are extracted from the audi- 
there would be no peak-merging.) tory equivalent spectrum (in which formants within 

The locations of peaks in the auditory equiva- a critical band have been combined into a single 
lent spectrum were obtained from F1, F2, F3 and peak) by a peak-picking mechanism. The peJks 
F4 using this procedure. Taking the locations of obtained are labelled P1-P4. In the second stage, 
the first two peaks as the frequencies F I '  and F2' the two-formant approximation is performed: this 
of the two-formant model, RMS errors E1 and E2 stage combines the effects of all the P1-P4 to 
were determined using (3) and (4). The errors E1 obtain the frequencies F I '  and F2' of the model. 
and E2 for this model were found to be 53.5 Hz It can be observed from Fig. 1 that the dif- 
and 275.8 Hz, respectively, ference between the first formant frequency values 

The Carlson model gives a better performance obtained through the vowel identification experi- 
than either the Bladon and Fant or the Karnickaya ment and from the vowel spectrum depends on the 
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separation of other formants from the first for- calculated by using (3) and (4). The errors E1 and 
mant, the dependence being inversely proportional E2 for the present model were found to be 37.8 
to this separation. A similar observation can be Hz and 125.2 Hz, respectively. 
made from Fig. 1 for the second formant. Thus, It has been mentioned already that the interac- 
the frequency of F I '  in the present model is ob- tion of other formants with the main formant is 
tained as a sum of P1 and a perturbation term inversely proportional to their separation from the 
accounting for the interaction with the other for- main formant. From this we expect the interaction 
mants P2-P4;  each interaction being inversely of non-neighbouring formants to be small. In order 
proportional to the separation between this for- to ascertain that this interaction is negligible, we 
mant and P1. We can write F I '  as a function of excluded this interaction term from Eqs. (8) and 
P 1 - P 4  as follows: (9) and rewrote them as follows: 

F I '  = P1 + C 1 P 2 / (  P2  - P1) + C 2 P 3 / (  P3 - P1 ) t l '  = f l  + C 1 F 2 / (  F2 - t l )  (10) 

+ C 3 P 4 / (  P4 - P1 ), (8) and 

where C1, C2 and C3 are constants determined F2'  = F2 + D 1 F 1 / ( F 2  - F1) 
from the experimental data by the method of least 

+ D 2 F 3 / (  F3 - F2). (11) 
squares fitting. Similarly, the frequency F2' is ob- 
tained from the relation: The RMS errors E1 and E2 were calculated for 

F2'  = P2 + D I P 1 / (  P2  - P1) + D 2 P 3 / (  P3 - P2) the model given by (10) and (11) using the proce- 
dure described above. These errors were found to 

+ D 3 P 4 / ( P 4 -  P2),  (9) be 38.3 Hz and 126.1 Hz. It.can be seen that the 

where D1, D2 and D3 are constants determined RMS errors resulting from the model by (10) and 
from the experimental data by the method of (11) are comparable with the corresponding errors 
least-squares fitting, resulting from the model given by (8) and (9). 

In order to study the effectiveness of the pre- Thus, we can assume the interactions due to non- 
sent model described by (8) and (9), were require neighbouring formants to be negligible and, hence, 
the formant frequencies P1-P4. These are obtained take (10) and (11) to define the present two-for- 
in the present model from the auditory equivalent mant model. The constants C1, D1, D2, of the 
spectrum using a peak-picking mechanism. The current model are 16.7, 164.9 and 33.3, respec- 

procedure of obtaining the locations of the peaks tively. 
In order to compare the performance of this 

in the auditory equivalent spectrum from the fre- 
model with those mentioned in Sections 3.1 to 3.3 

quencies F 1 - F 4  has already been described in the 
above, the RMS errors E1 and E2 are listed in 

preceding Section. Furthermore, if we use the ex- 
Table I. Data taken before averaging over speakers 

perimental data obtained in Section 2 to determine 
is used here to enable comparison with the break- 

the constants C1, C2, C3, D1, D2, and D3 using 
down for individual vowels given in Table II. The 

the least-squares fitting method and then use the 
same experimental data for evaluating the perfor- 
mance of our model, we may get an (optimisti- 
cally) biased estimate. In order to achieve an unbi- Table 1 
ased performance estimate, we used the data from Summed RMS errors E1 and E2 for different two-formant 
nine subjects to calculate E l '  and F2'  for the models on data before averaging over speakers using Hertz. mel 

and Bark frequency scales 
remaining tenth subject. This procedure was re- 
peated ten times, each time calculating F I '  and Hertz Mel Bark 

F2' for a new subject by using the constants C1, Model E1 E2 E1 E2 El E2 
C2, CL D1, D2 and D3 determined from the data Carlson 95 343 90 183 0.83 1.40 

from the remaining nine subjects. The values of Bladon 95 359 90 198 0.83 1.49 
E l '  and F2' so obtained were averaged over the Karnickaya 95 352 90 202 0.83 1.53 

Two-stage 90 244 85 133 0.78 1.02 
ten subjects and the RMS errors E1 and E2 were 
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Table 2 It is interesting to examine the performance of 
Comparison between the Bladon and Fant model and t~e the models with the individual vowels. Table II 
two-stage model. RMS errors E1 and E2 for individual vowels shows E1 and E2 (in mels) for each of the eleven 
using data before averaging over speakers calculated for a mei 
frequency scale vowels on non-averaged data. The results obtained 

with the two-stage model are compared with those 
Vowel E1 E2 from the Bladon and Fant model. It will be seen 

Bladon and Two-stage Biadon and Two-stage 
Fant Fant that the values of E1 obtained with the present 

model are less for six vowels (and equal for one) 
3 112 104 199 126 
A 107 119 187 122 than the values obtained with the Bladon and Fant 
u 56 49 150 127 model. The values of E2 are less for all the eleven 

ar 56 71 151 87 vowels. 
o 97 70 264 143 In particular it will be seen that the value of E2 
,3 85 87 175 170 f o r / i / u s i n g  the two-stage model is about equal 
a 113 81 244 150 
ae 81 74 269 165 to the average of E2 for all vowels. This suggests 
e 100 109 121 120 that the value of F2 p obtained f o r / i / w a s  not an 
I 90 90 130 100 artefact of the experimental technique employed. 
i 75 59 232 126 

5. Conclusion 

error summation for individual vowels requires to In the present paper we have compared various 
be calculated on data averaged only over repeti- two-formant models reported in the literature in 
tions, not speakers, to increase the error value their prediction of vowel formant frequencies ob- 
significance. It can be seen that the two-stage tained from a vowel identification task. Formant 
model results in smaller errors than the other frequencies for eleven English vowels were mea- 
models. The present model performs better in sured for a group of subjects in two ways: firstly 
predicting the formant frequency values obtained from the utterances of the vowels spoken in a 
from the identification experiment. / h V d / c o n t e x t  by these subjects and, secondly, by 

The frequency values obtained in the two ex- presenting a set of syn the t ic /hVd/s t imul i  span- 
periments were measured in the usual physical ning the entire , r l - F 2  plane for natural vowels to 
units of Hertz. It is likely, however, that some the same subjects for identification. It was found 
psychophysical unit of frequency, such as mel or that existing models could be improved in their 
Bark, is more appropriate for the perceptual mea- prediction of vowel identification results. We pro- 
surements. Accordingly all the measurements were pose an alternative two-formant model which per- 
transformed into mels and Barks, and the calcula- forms the auditory processing of vowel sounds in 
tion of E1 and E2 were repeated. The transforma- two stages: a peripheral and a central processing 
tion from Hertz to mel was calculated using the stage. In the first, peripheral, stage the vowel spec- 
equation given by Fant [20] trum is transformed to its auditory equivalent and 

m =  1000 log2(1 +f /1000)  (12) the formant frequencies are extracted from this 
spectrum using a peak-picking mechanism. In the 

where f is the frequency in Hz and m in mels. The second, central, stage a two-formant approxima- 
transformation from Hertz to Bark was calculated tion is performed in which the first and second 
using the equation given by Schroeder et al. [21] formant frequencies of the model are taken to be 

f=650sinh(x/7) (13) equal to the valus obtained from the peripheral 
processing together with a perturbation term which 

where f is the frequency in Hz and x in Barks. depends on neighbouring formants. The perturba- 
These results are also shown in Table 1. The same tion caused by each of these neighbours is propor- 
pattern of results emerged with each of the tional to its separation from the main formant. 
frequency units. The model gives a more satisfactory account of the 
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experimental results than the other models we [8] G. Fant, Acoustic Theory of Speech Production, Mouton, 
have discussed. The Hague, 1960. 

[9] W.A. Ainsworth, "Perception of synthesised vowels and 
h-d vowels as a function of fundamental frequency", J. 
Acoust. Soc. Amer. Vol. 49, 1971, pp. 1323-1324. 
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