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11. SPEECH PERCEPTION 

A. SOME STUDIES CONCERNING PERCEPTION O F  ISOLATED VOWELS 

R. Carlson, B. Granstrom, and G. Fant  

Abstract 

Thc purpose of thcse studics has  bccn to examinc thc possibil i t ics of 

describing the main phonetic quality of vowels in two dimensions, especially 

in t e r m s  of two frequencies. A mapping of the Swedish vowcl space on this 

two-dimensional planc has  bcen established. As  mcans  of investigation both 

a matching procedure and identification t e s t s  have bcen used. 

The nature of the above projection has  becn studied, considering impli- 

cations both to phonetic categorization and functional models. The 

feasibility of some technical solutions, including analysis by a cochlea 

model followed by zero- c ros  s counting, will be discussed. 

Introduction 

A basic  but yct not solved problem in acoustic phonetics i s  to cxprcss  

vowel quality in simplc t e r m s ,  preserving a unique relation to vowel iden- 

tity. Normally, thc vowcl spacc i s  reduced to a planc showing the position 

of the f i r s t  ttiro formants,  but this information i s  not sufficient to cxprcss  

vowel identity. Thc higher formants havc considerable influence on the 

idcntity, cspccially for  the closc front vowels. 

In thc ear ly  fifties experiments performcd a t  Bcll Telephone Laborator ies  ( 1) 

and Haskins ~ n b o r a t o r ~ ( ~ )  showed that a vowcl can bc synthesized using just 

two formants.  Thc sccond formant,  hcre  called F2 '  , should in that case 

substitute both the second formant and higher formants of a natural vowel, 

but i s  i t  possible to formalize this relation? 

One specific formula,  taking into account the f i r s t  thrcc formant f r e -  
(3) quencies, has  been proposed by Fant  : 

This formula,  which was constructcd to take into account F when F is 
3 2 

f a r  apar t  f rom F was found to bc uscful for  a two-dimensional mapping of 
1' 

Swedish vocvcls, improving t l ~ c  separation between unrounded and roundcd 
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front vowels. It i s ,  however, an ad hoc construction and is not claimed to 

represent  a theory of perception. Fant  and ~ i s b e r ~ ( ~ )  performed a two- 

formant matchirig experiment involving the subject' s own prerecorded  vowcl 

a s  reference. F r o m  this study and the ea r l i e r  American work i t  can be ex- 

pected that a two-formant approximation will be m o r e  effective for  back 

vowels than for  front vowels and that F' matches F of back vowels and is 
2 2 

to be found in the region of Fg of high unrounded front vowels. I 
Onc may  argue whether formant frequencies i s  the best  acoustic co r re -  

la te  to perceived vowcl t imbre and identity. It i s  well lcnown that formant 

bandwidths and thus the exact formant amplitudes a r e  not cr i t ical  pa ramete r s  

whereas the overall  spectrum shapc a s  conditioned by the pattern of formant 

frequencies i s  an important stimulus aspect,  Fant  (5)(6). Accordingly, the 

location of F F 2 ,  and F call be translated to the equivalent s p e c t r u ~ l  
I' 3 

shapc parameters .  (These can be qualitatively studied in Fig.  11-A- I. ) 

Thus, F affects the overall  spcctrum lcvel, the main  spectral  balance is 
1 

determinccl by F2 which boosts the F -region and accounts for  low level of 
I 

F3 and higher formants when closc to F This is thc grave/acute dimcn- 
I' 

sion. TThen F is close to F there is a dominance of the upper p a r t  of the 2 3 
spectrum and wc can establish a spectrum shape factor  within the F F F 2 3 4- 
region by noting the location of F closcr  to F 2  (plain) o r  to F4 (sharp).  A 3 
movement of F alone has  several  cor re la tes ,  one is a shift of the center 3 

I 
of gravity within the upper pa r t  of the spectrum, another i s  a change in 

spectral  shape. The la t te r  aspect would be perceived a s  a f iner  gradation 

than a two-formant perception model accounts fo r  whereas the center of 
9 

gravity would be a possible direct  correlate  of F The importance of the 2 ' 

I 
spectral  shapc aspcct has  been s t r e s sed  by ~ u ~ i m u r a ( ~ )  who rejected an 

equivalent two-formant interpretation of his  three-formant vowcl identifica- 

tion test .  Experimental techniques for  a s  se  ssing such measures  by means 

of a cochlea model ancl waveform zero- counting techniques have been attempted 

in our work. 

The pos siblc significance of various pat tcrns  within an F2F3F4F5 - 
formant group has recently been discussed by Fant ,  Hcnningson, 2nd Stdl- 

(8 hammar  . 
The main object of our study i s  to lcz-rn m o r c  about vowcl perception and 

the experiments with two-formant synthetic st imuli  i s  mere ly  a method to 

approach the m o r c  general problen-&. Tfic following questions could be 

propased. 
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The appropriate position of the "second formant" was found to be situated 

between the second and tlzc third formant of the rcference vowel for  /#/ 
and somewhat higher than the third formant for  /y/, /c/, and /i/. The 

"second formant" value of /i/ was ra ther  extreme (female 4.4 kHz and male  

3.5 kHz). It should, however, be noted that the variance was quite low in- 

dicating that the subjects easi ly  could makc a decision. The stimulus quali- 

ty was deter iorated by technical insufficiencies causing a decrease  in s im-  

i lar i ty  to the natural reference. Par t ia l ly  due to this the judgments tcndcd 

to be made in a non speech mode. A need was thus felt  to c rea te  a t e s t  

situation m o r e  favorable to speech modc in which the tes t  var iables  were  

m o r e  easi ly  and accurately controlled. 

Synthc s,i..i.s program for  stimulus production 

A computer program fo r  vowel synthesis has becn developed. To min-  

imize the number of i r relevant  var iables  both the "natural" reference vawcl 

and the simplified vowel werc generated by the conzputcr, sec  Fig. 11-A-2. 

This was done with the formant  circui ts  a r ranged in para l le l  to facilitate 

the control of formant  level parameters:' Two pa rametc r s  of interest  

chosen among the formant frequencies, levels,  and bandwidths, could be 

controlled with knobs connected to the coriiputer. 

To a s su re  a reasonable degree of naturalness  some pains werc  taken with 

generating a good intonation contour by varying the intcnsity, AO, and the 

fundamental frequcnc y, FO, in an appropriate \-~ay. 
I 

Before the rcgular  matching experiments could take place, mc had to 

decide what kind of simplified vowel we should use ,  which pa ramete r s  should 

be varied, and a t  which valucs the constant pa ramete r s  should be fixed. 

In o rde r  to settle this we ca r r i ed  out some prel iminary investigations, 

the resul t  of which might be 3f gcneral interest .  

As the second spectral  peak we t r ied  four alternatives,  viz. a single 

resonance circui t  (conjugate poles) with 50 Hz bandwidth, two cascaded r e s -  

onancc circui ts  the bandwidths of which were 50 Hz and 375 Hz, respectively, 

and two band-pass f i l ters ;  one narrow (50 Hz) and the other broad (250 Hz). 

* 
The initial levcl of each formant could be computed automatically by using 
distances in the complex planc according to a se r i a l  synthesis model. The 
contribution f rom highcr formants was kept constant however, implying a 
constant vocal t r ac t  length (cf. in r ea l  spccch thcre is T, small  difference 
in vocal t r ac t  length of rounded and unroundcd articulation). 



Fig. 11-A-2. Spectra of synti--ntic reference vowels. Pre-emphasis t6 d ~ / o c t .  
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lvlatchings were carr ied  out using a l l  thcse types. However, we could 

not find any significant difference in the results,  a s  to mcan matching f re -  

quency. There still sccmed to be a difference in the spread of the resul ts  

favoring the single resonance circuit a s  being the one with the least  spread. 

We decided to use this circuit  in the main cxperimcnts, especially a s  i t  i s  of 

the same kind a s  the ones generating the other formants. 

The bandwidths appeared to be of minor importance. Hoping to add to 

the naturalness, we assigned frequency-dependent bandwidth values accord- 

ing to moasurcd data, Fujimura and L,indqvist(13), taking into account that 

these measurements were made with closed glottis, giving too low values, 

especially for  the low frequency region. 

The formant level has often been claimed to be of importance in such a 

way that an increasc in formant levcl has the same effect a s  an increase in 

formant frcqucncy, e. g. Lindqvist and ~Pauli( 14). To get an estimate of the 

relative importance of this effect we se t  up a matching experiment with the 

frequency and the amplitude of the second peak, F2,  a s  indepcndcnt variables. 

The result  i s  displayed in Fig. 11-A-3. Evcry subject car r ied  out two match- 

ings for  each vowel without time limitation. These pai rs  a r e  connected in the 

graph. Out of these 24 lines (six subjects and four vowels) only 13 have a 

slope supporting the above-mentioned theory, i. e. a ncgative derivative. It 

i s  remarkable that al l  thc /y/-pairs show a contradictory tendency. On thc 

vhole, the effcct must  bc very weak and possible vowel dependent (cf. the 

relation between subjective pitch and loudness). This point, however, needs 

further invc stigation. 

Thus, in our rcsults we find justification for  a rather  crude rule of a s -  

signing formant levels to the two-formant vowel: in the "vocal tract" t rans-  

mission function both peaks a r e  equal in height to the f i r s t  formant peak of 

the reference vowel, i. e .  there will be a - 6  d ~ / o c t a v e  slope in the sound 

wavc spectrum. 

The main matching experiment 

After having decidcd on the frequency position of the second peak in the 

two -formant synthesis a s  the sole manually controlled variablc, we set up 

a matching experiment including all  ninc Swedish long vowels. The formant 

frequencies were taken from Fant' s older measured data, Font (3), a s  shown 



Fig. 11-A-3. 

L : . . 
A 

o= - 
r y= .. 

e= - 
I =  - 

- 

- 

i F: 
1,5 2,O 2 5  3.0 

Result of a matching experiment. Reference vowels are presented in Table 11-A-1 and 
Fig. 11-A-2. The frequency and amplitude of F2 were chosen a s  independent variables. 



S T L - Q P S R  2-3/1970 24. 

in Table 11-A- 1. As representative of the "alt-vowel we have chosen to use  

the p r e - r  allcp hone [z:] being the onc used when pronouncicg the l z t t e r  "a" 

in isolation. The vowel sequence was randomized and controlled by the ex- 

per imenter .  Thc subjccts were asked to make thc two sounds a s  s imilar  

a s  possible, usin,? the vovicl quality a s  matching cr i ter ia .  No time l imit  

was put on the matchings. However, even though a l l  the subjects approved 

of the quality of the synthesis a lmost  cvcryone reported of 2 fatigue effect, 

i. c. they had difficultics in pcrceivin J thc sounds a s  vowels af tcr  very  long 

matching attempts a t  one single vowcl. 

TABLE 11-A-!. 

Onc typical tcs t  s e r i e s  included two subjects malcing five thorough match- 

i n g ~  on each voi-xl. Thcsc matching a-tteixpts were spread during severa l  

days. The resu l t s  fro1l-i this tcs t  a r c  shown in Tablc  11-A- 1 and F ig .  11-A-4. 

The ixpl icat ion of t l ~ e s c  resul ts  will bc discussed la tcr .  Howcvcr, thc 

spread of tile resu l t s  sccrr~ to be quite ,?rest, cspecially for  the vowels having 

no neighboring phoneme with equal Fl but llighcr F 2 ,  i. e.  [i], [el ,  and [z]. 

It should, howevcr, bc noted that som-c subjects pcrformcd considerzbly 

m o r e  consistently, cspecizlly if the matchings werc ca r r i ed  out on one 

single occasion involving only one vowel. In the se  favorable case s variation 

widths of about 3 70 were observed, i. c. approximately equal to the D L  for  

fo rmar t  frequcncy. 

F 2 '  
ax 

-F2 '  
min  

F 2 '  
f 

0 .31  

0 .21  

0 . 1 2  

0 .23  

0. 14  

0. 14  

0. 17 

0. 1 4  

0. 1 4  

vowel 

IPA 

i 

c 

Y 

a: 

b 
8 

a 

o 

rcfcrencc vowel 

F 1 F 2  F 3  F 4  

255 2065 2960 3400 

375 2060 2560 3400 

255 1930 2420 3300 

605 1550 2150 3400 

360 1690 2200 3390 

280 1630 2140 3310 

580 940 2480 3290 

400 710 2460 3150 

310 730 2250 3300 

matched 
mean 

F 2 '  

32 10 

2370 

20 10 

1960 

1720 

1730 

960 

720 

730 



kHz 

4 

- FORMANT OF REFERENCE VOWEL 
0 MEAN MATCHED ~ 2 '  

Fig. 11-A-4. Result of a matching test. 



In the matching situation the temporal and interindividual variations a r e  

quite grea t  probably most  due to varying matching cr i te r ia  and unstable 

internalized references.  These effects a r e  interesting pe r  se  but i t  is not 

in the scope of this paper  to dig any fur ther  into these problems. 

Identification test .  Background and realization 

An important question always a r i s e s  when dealing with a matching ex- 

periment. I s  the resu l t  of the experiment representative of speech percep-  

tion o r  i s  i t  just due to acoustic phenomena in a broader sense?  In o rde r  to 

get some idea about that, i t  is logical to follow up wit11 an identification t e s t  

using the same type of st imuli  a s  in the matching experiment. 

Some prel iminary identification tes t s  were ca r r i ed  out and the experi-  

ence gained was then used for the main t e s t  which was built up a s  follows. 

Two-formant stimuli  were produced by the computer and recorded in four 

sequences. As we did not know where the t rue phoneme boundaries between 

the vowels were  situated, we wanted the stimuli  to be spread out in the plane 

so that every  stimulus had the same perceptual distance to al l  neighbors. 

There is no doubt that the me1 scale would serve  this purpose better than 
0 

the l inear  scale. V e  choose to rotate the F I -F2'  -plane 45 in o rde r  to r e -  
(15) la te  the tes t  to the "spreadt '  versus  "flat" pa ramete r s  adopted by Fant  . 

After this operation was done we obtained two new me1 scale parameters ,  

here  called m and n, substituting the formant locations. These can be 

derived a s  follows: 

M i  and M2 a r e  Fl and F 2  expressed in thc technical me1 scale,  e. g . ,  

Each stimulus in the tes t  could be identified by m and n, he re  defined a s  

integers.  A se r i e s  consisted of 96 stimuli  in s ix  groups arranged in a 

special sequencc, which will be discusced la te r .  Two s e r i e s  had the same 

sequencc but different p i t ch  and running the sequence backwards gave the 

two others.  The se r i e s  using the same pitch contour wcre played one af ter  

anothe r . 
The test  group consisted of 27 electrical engineering students f rom dif- 

ferent  p a r t s  of Sweden speaking various dialects. 
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The tes t  was run in an audito ciu---A wkerz the subjects werc placed in dif- 

fe rent  pa r t s  of the room. 3cfore  the f i ~ s t  znci the third se r i e s  s ta r ted  the 

tes t  group listened to a randqm ceq.icnce or two-formant stimuli  in o rde r  

to get used to the spccific quality. 

The subjects wcrc  instructed to respend in the normal  orthography of 

the ninc long Swedis21 vov~els.  It should be notcd that the vowel signs of the 

Swedish orthography have fa i r ly  siablc pronunciations, though somctimes 

distinct f rom the pronunciation of t'le sixil:.r P A - c h a r a c t e r s .  To avoid 

confusion the response alternative F will henceforth be denoted by majusculcs.  

In Table 11-A-2 these a r e  shown along with the approxinate  P A - t r a n s c r i p t  

of the l e t t e r s  pronounced in isolat.'.on. Jt i s  possible to introduce a greater  

number of natural response categories.  (This will be touched upon in the 

discussion. ) However, the gain c-ras j~rlgcd. to bc l e s s  than the 10s s, since 

probably have increased considerably. 

I 
the subjects wcrc unfamiliar with this kind of tes t  and the confusion would 

TABLE 11-4-2 

There a r c  some observations on the rcsul t ,  discussed below, that might 

throw some light on the subjects'  behavior and, :onsequently, ?.is0 011 the valid- 

ity of thc conclusions drawn, F i r s t  of all no rorrelat ion could be found be- 

tween a subject' s location in the room and his  answers .  Only 0. 15 OJo of 

thc r c  sponsc s wcrc labeled " n ~  opinion", -vvE_icl~ indicr?tc s that the subjects 

had no difficulties in following the tcst .  

- 

The stimulus sequence was k i l t  UD by t r iads ,  consisting of one long jump 

in the plane (about 600 mel) and one s l ~ o r i  (about 200 mel )  in the opposite 

direction, i. e.  when running the scquence in one direction thc contrast  be- 

tween the second stimulus in the t r iad an? t ! ~  f i r s t  i s  great,  and when run- 

ning the tcs t  scquencc backwards the first: stcp i s  s n a l l .  Tke t r iads  were 

ovcrlapping so that the l a s t  stimulv r, lil on? tr'zd was th- f i r s t  in the follow- 

ing. By this method thc sequential cffect on thc r c sa l t  could be studied. 

However, no significant influenrc was found. The relatively long interval 

betwcen thc stirnuli (2 .  5 scc)  inigilt account fo r  this result .  

TEST CATEGORY 
- 

I Y U O E X A  

PHONETIC VALUE a: a IN ISOLATION IPP! L--- 
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An altcrnative explanation would be that both the long and the short  jump 

tend to move thc responsc in the same direction. In the case  of a short  

jump the two stimuli  could be perceived a s  different sounds due to the prox- 

imity in tirnc, impelling the subject to label them differently even if they 

in anothcr context should be given the same identity. The long jump might  

on the other hand, be perceived a s  intended longer in the same way a s  in  

natural  speech, whcrc an extreme change in articulation seldom resul t s  in 

the intendcd target  values. 

A second aspect  tc bc considered is the relation between the subject' s 

classificatory reference and his  production. 

In o rde r  to study this relation, formant frequencies of the l is teners '  

spoken vowels were extracted and the mean frequencies for  different vowels 

were calculated. It was now possible to examine i f  a subject had a lowcr o r  

a higher position of a formant than the mean. The tes t  resul t  was examined 

in the same way and no correlation between this resul t  and the subject' s own 

production could be found, discouraging any belief in extreme motor  theory. 

It should be noted that the average vowcl position in the tes t  was calculated 

a s  means of the positions of the stimuli, which had been given the same 

judgment by the subject. This point has  significance only in relation to the 

total mean,  and i s  not to be regarded a s  an ideal vowcl position. 

Discussion of the identification t e s t  

Comparing the resul ts  of the matching cxpcriment ,  Fig. 11-A-4, and the 

identification t c s t  with low Fo ,  Fig. 11-A-5, it can be seen that the matched 

F 2  fal ls  within the right phoneme a rea ,  o r  a t  leas t  on the bordcr ,  obtained 

in thc identification test .  This conforms well with the phonetic categoriza- 

tion a s  an important p a r t  of the matching procedure which will be discussed 
(8) la ter .  The reference formant  data have been revised recently, Fant  e t  a1 . 

Thc border-line cases  had possibly disappcared if  these new data had been 

used. It i s  obvious, however, that the old data evck3d the appropriate 

response a s  to vowel identity. 

The responsc a r e a s  in Figs.  11-A-5 and 11-A-6 for  thc maximally closed 

vowels [i], [y],  [a] , and [u], especially [u], a r e  ra ther  small ,  considering 

thc spread of formant  data in natural speech. This i s  certainly due to the 

commonly diphthongized realization of thcsc phonemcs in Swedish. Thus, 

[il and [y] a r e  often palatalized and [a] and [u] labialized towards the end, 



M2-MI =m135 met. 

Fig. 11-A-5. Response a r e a s  including points where 7 5  O/o of the responses 
in the identification tes t  a r e  equal. Low pitch (100- 120 Hz). 



F i g .  11-A-6. Response a r e a s  including points where  75  % of the r e s p o n s e s  
in the identification t e s t  a r e  equal. High pitch (200-240 Hz). 
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approximately corresponding to a move in the "fm" and " -n" direction, 

respectively (see Fig. 11-A-5). This diphthongization was not present  in 

the test  stimuli, but an informal listening test  car r ied  out with accordingly 

diphthongized stimuli shows an expected broadening of the response a r e a s  

in addition to increased naturalness hinting that these specific diphthongiza- 

tions a r e  important secondary cues for the identification of [i], [y], [MI, 
and [u] in Swedish. I 

All the vowels, except the back vowels [u], Lo], and [a], have an F2' 

more  o r  l e s s  distinct from F2. This observation seems to be important 

for the discussion of invariance since the front vowels have a considerably 

greater  male/female F2 difference than thc group [u], [o], [a], Fant (3)(  16) 

In other words, when F2 dominates perceptually over higher formants there 

i s  a demand on spealrers to maintain a similarity in F2, whilst othcr param- 

e te r s  mainly serve a s  cues for differences in vocal t rac t  length and the 

sociologically e stablished distinction between male and female voices. 

In spite of the fact that the stimuli were deprived of sex qualities other 

than Fo ,  a comparison of the result  with high and low F O  exposes a marked 

shift in phoneme location, a s  shown in Fig. 11-A-7. This shift, 75 me1 a s  

an average, follows approximately the "tn", i. e. the "flatness" direction. 
(1) Both facts a r e  in accordance with ear l ier  findings,   ant and Miller . 

In this case, however, the cffcct i s  induced by F O  alone. The quantitative 

data must be adopted with some precaution since the result  may partially 

be due to the quantized stimulus locations and the specific stimulus en- 

semble used in the test. 

How do our data conform with the theory of maximal contrast, i. e. 

equal spacing of categories in a perceptual plane, NB if  such a place exists, 
(15) Fant  . 

As mentioned ear l ier ,  it i s  p o s ~ i b l c  to split some of the response cate- 

gories that a r e  phonetically relevant in Swcdish. The cri ter ia  must be that 

the splittings rely on distinctions in timbre felt by normal language users .  

The long/short distinction rel ies  primari ly on the temporal pattern of 

speech, but in the case of /A/, /A/, and /u/ a clear t imbre difference 

exists. /A/ and /O/  contain the p re - r  allophoncs Lze] and [ce], respectively. 

Thus, we find justifications in splitting /A/ into [a] and [a], /A/ into [o] 

and [ 3  1, /u/ into [a] and [ a], /A/ into [ E 3 and [ z ] ,  and finally, /a/ into 

[jd] and [E]. An attempt has  been madc to map these additional categories 



Fig. 11-A-7. Mean of the r e spo l~ses  in  the identification test .  
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in Fig. 11-A-0, where the nearest  IPA-symbols have been used. In the 

(m, n) plot, the division appears to be more  uniform than in the orthogonal 

( F i ,  F2) plot. The boundaries tend to follow the "m" oi. "nll directions, 

i. e. the spread and flat dimensions hint the perceptual significance of these 

parameters .  The relations between vowels can be discussed in t e rms  of 

quanta1 steps of thc order  of 250 mcl,  see Fant( 15). The two-formant 

stimulus corresponding to the /a/ and /a/ a r ea s  a r e  quite extreme and 

these locations should be movcd in the It-n" direction. An identification 

test  with an expanded number of response alternatives has becn planned. 

Further  experiments on parameter  reduction 

To gain insight into the mechanisms of reduction of the full vowel to a 

two-formant sound, we carr ied out some additional expcriments. ?7c r e -  

garded the [y]-[i] region as suitable for investigation, since the F2' i s  

clearly distinct from F2 and furthermore the Ly]-[i] distinction i s  some- 

times signaled by one single formant, namely F3. It has been proposed 

that the perceptually defined F2 could be related to the acoustic signal as 

some sor t  of weighted mean of the upper formants. Vith F 3  varying be- 

tween the typical [y] and [i] position and all  other formants fixed a number 

of matchings were carr ied out, the result  of which can be seen in Fig. 11-A-9. 

Two rcpresentativc spectra of the synthetic reference vowel has been added 

in Fig. 11-A-9, however, they should not be regarded a s  ideal vowel syn- 

thesis of /y/ and /i/, cf. Fig. 11-A-1 and Fig. 11-A-2. 

The distribution of points seems to be bimodal and the slope i s  remark- 

ably large. A slsift of F from 2500 Hz to 2800 Hz requires a shift of F' 
3 2 

from 2400 to 3300, i. e. A F '  /AF = 3 .  Can this shift be predicted from 2 3 
some weighted mcan of F F and F ? Any attempt to formulize a percep- 

2 3 4 
tual mcan F would have to rely on rather arbi t rary  assumptions since we 2e 
lack knowledge of the relevant auditory weighting mechanisms a t  the cortical 

level. F rom an impressionistic point of view the "center of gravityt1 
F2c 

of the F2 = 2000, F3 = 2500, F = 3350 region would not be too fa r  from 4 
the matched Fi = 2400 Hz whereas i t  seenls l e s s  likely that F of the 2e 
F3 = 2800 sample would fa11 a s  high a s  3300 Hz, i. e. close to F4 vrhich 

i s  a t  the extreme high end of the vowel spectrum. The linear models we 

have tr ied provide a A F ~ ~ / A F ~  of the order  of 1 but could be expanded by 

squaring the wcighting function. More sophisticated models retaining the 

general notion of F2  being enhanced a t  low F and F 4  being enhanced a t  
3 

high F could of course be tried. 3 



F i g .  11-A-8. A hypothetical phonetic display explained in the text. 



Fig .  11-A-9. Resul t  of a matching e x  e r imen t .  F 3  of the r e fe rence  
vowel varying f r o m  an  P y] to an [i] position. 
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It does not seem likely that F; of the two-formant stimulus is matched 

to one single formant of the complete vowel. 

A m o r e  probable explanation appears  to be that the subjects categorical 

identification of the F3 = 2600 Hz reference a s  an [i]-vowel requires  a 

match to an internal ized vowel of higher F thnn that of the F3 = 2800 Hz 
2e 

sample. Also any Fi above 3000 Hz would be identified a s  an [i]-vowel. 

We accordingly have to assume that the F; -matching process  involves both 

continuous and discrete  evaluations. 

In o rde r  to follow up these resu l t s  \vc arranged an identification tes t  

with the same type of four-formant stimuli, though with systematically 

varied farmant  levels,  see Fig.  11-A- 10. The paral le l  synthesis i s  not the 

ideal technique if just a change of a formant level i s  wanted, since the 

level is changed in the domain between the formant peaks,  too, and follow- 

ingly the total envelope will be influenced. 

The only conclusion that could be drawn concerning level dependency 

i s  that the uncertainty increases  with extreme formant levels. However, 

the 50 $I point fi ts  ra ther  well a s  delimiter between the two c lus te rs  in the 
I 

matching r e  sult. 

Considering the above-mentioned resu l t s  i t  appears  difficult to extract  

f rom the four-formant vowel a frequency equal to the matched F 2 ' ,  by any 

formalism, before the vowel has  been identified. But is i t  st i l l  possible to 

compute a mean frequency F close to F2' o r  a t  leas t  within the right 
2c 

phoneme a r e a  defined by the identification t e s t ?  

?-.Te have t r icd two experimental methods to attaclc this problem. One 

i s  to use some so r t  of t ime analysis, e.  g. zero-cross  counting, the f r e -  

quency domain equivalence of which is a center of gravity (exact relation 

holds for band-pass fi l tered random noise only). Another method i s  to build 

up a filterbank and study the energy in different bands o r  some so r t  of en- 

velope. S"e s tar ted with a ra ther  simple one: high-passing (0.970 lcHz 

36  d ~ / o c t )  the signal and counting the number of zero-crossings during a 

cer tain t i n e  (100 mscc) .  This n u m b c ~  was used to derive a representative 

frequency, which was compared with the mean of the matchings, see 

Table 11-A-3. The 100-mscc integration t ime was selected in accordance 

with the worlc of Zwicker and ~ e l d t l c e l l e r ( ~ ~ ) ,  who demonstrate changes in 

psychoacoustical behavior for  stimuli shorter  than 100 msec .  The Fi  i s  



Fig.  11-A- 10. Resul ts  of identification t e s t s  with varying fo rmant  levels.  
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separated f rom higher formants  by the fi l ter.  The sampling ra te  used cor -  

responds to a low-pass l imit  a t  5 kHz. The correspondence between the 

four-formant stimulus and the two-formant stimulus (the mean of the match- 

ings) i s  fa i r ly  good, but the separation between the four-formant synthesis 

of [y]  and [ i ]  i s  not satisfactory. 

TABLE 11-A-3 

F o r  fur ther  analysis a model of the basi lar  membrane was constructed. 

The design of this model was based on the work of Flanagan("). The output 

gave the amplitude distribution along the membrane a t  120 points. The 

maximum amplitude during every 100 m s e c  and in every channel was s tored 

and the envelope of the relative movements of the basi lar  membrane could 

be examined, see Fig. 11-A- 11 aad Table 11-A-3, In this table the localiza- 

tion of the f i r s t  two o r  three peaks in the envelope of the four-formant syn- 

thesis  i s  shown. The resul t  seems promising in relation to the matching 

but there a r e  a t  l eas t  five discouraging problems: 



NUMBER OF CHANELS ZERO CROSSINGS AMPLITUDE 
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Comments on pararnetcr reduction 

Our experinients suggest that the frequency value of F2 '  in the m ~ t c h i n g  

experiment i s  related both to the perceived identity of the refcrencc vowel 

and to i ts  t imbre,  and fur thermore the formant frcquencies of a natural 

vowel have much grea ter  influence than the formant levels on the identity. 

Thus, a prediction of F2 '  presumes  identification of the reference vowel. 

Dialectal and language depcndcnt variability m a y  accordingly be expected. 

Our experiment with the formants  divided on the two e a r s  a l so  indicates 

that the t imbre is established a t  an auditory level above that of central  I 
summation. F r o m  a spcech perception point of view this level can s t i l l  be 

subordinatc to that of phonctic categorization. This mcans  that the position 

of the second formant in the two-formant synthesis mentioned above cannot 

be extracted by looking f o r  sonlc s c r t  of peak amplitude in the cochlea. In- 
I 

stead, information f rom both c a r s  must  be transmitted to a higher Icvcl, 

probably in many paral le l  lincs, before the pa ramete r s  used for  the deci- 

sion rules  could be derived. In our l a s t  model the rncchanical fi l tering in 
I 

the cochlea i s  followed by a t ime domain analysis. Is  this possible in the 

human nervous system a t  the frequencics we have used?  The t imc domain 

analysis m a y  provoke objections since the l imit  of synchronous excitation 

most ly i s  settled a t  1.5 kHz. This l imit ,  howcver, does not seem to be 

conclusively established. Thc many paral le l  l ines,  without essential  in- 

formation reduction, constitute no objection to adapt the model a s  a p a r t  

of the speech mode analysis.  In the auditory system this paral le l ism gives 

no additional cost contrary to the case in machine recognition. 

Summary and conclusions 

The objective of our work has been to study the feasibility of two-param- 

e te r  models of vowel pcrccption by cxpcrirnents involving the matching of 

two-formant synthetic vowels with four-formant vowcls, identification tests ,  

and various of signal transformation and rcduction. In a broader I 

sense thcsc studics a r c  intcndcd to provide some general insight in the p e r -  

ception of steady-state vowels. Our findings can bc sumrnarizcd a s  follows: 

(I) All Swedish vowcls may  be synthesizcd a t  a f i r s t  o rde r  of approxiria- 

tion by two forrrmnts only a s  2-cvcalcd by identification tcst .  Identi- 

fication resu l t s  a r c  not carrelated with the subjectJ s individual vowel 

production. 
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( 2 )  A m o r e  detailed representation of a vowel spectrum than by two 

formants i s  probably of grea ter  importance for  perceived t imbre 

than for  the identity. 

( 3 )  The matching of a two-formant synthetic vowel against a four- 

formant reference appears  to be mediated by the subject'  s in- 

te rr?-lizcd inventory of vowel prototype s, by external biasing and 

by other matching c r i t e r i a  which a r e  not always stable. 

(4) Since matchins involves both continuous and categorical c v d u a -  

tions which a r e  not fully known there can be only a l imited success  

in predicting matching resul ts  f rom the measurable  aspects  of the 

complete vowel. 

(5) Experiments with dichotic split of the vowel sound suggests that 

the continuous aspects  of the vowel a r c  ca r r i ed  to the cortical  

level above that of central  summation. 

(6) F; , the second formant of the two-formant stirnulus, matches F 2 
for  back vo\.rcls, a location intermediate between F and F3 for  2 
open front vowels, and a location close to F o r  higher for  3 
h igh unroundcd front vowels. These resu l t s  conform with 

ea r l i c r  investigations. 

(7)  The F' of front vowels conforms reasonably well with the ra te  of 
2 

zero-crossings of the four-formant reference vowel high-pass 

fi l tered above F o r  by measuring the second peak of the envelope 
1 

in s cochlea A coxbination of band-pass filtering and 

zcro- crossin,n counting appears  to offer an interesting alternative 

with even better f i t  to F' Although such methods may  be useful 
2 ' 

in identification they cannot be acceptcd a s  rrrethods of the pcrcep-  

tual process .  The scnsitivity of such measures  to formant level 

changes does not conforni wit11 perception. Fur the r  r c sca rch  i s  

needed to i n v c s t i ~ a t c  alternative means of pararxctcr reduction 

of norrnai vowels. The normal  rclation between formant frequencies 

and spectrum envelope shape factors  offers a guiding principle for  

this search .  

(8) The trading relation bctwecn Fo and F 2nd F; requires  on the 
i 

average a shift of the -flatness parameter  M +My by 75 me1 for  
1 2  

a change in F f rom 110 to 220 Hz. This i s  of the o rde r  of 1/4 0 
of a minin-la1 phonetic step. 




