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ABSTRACT 

Perception and production of the short and long Finnish [i] 
by  17 Finnish-speaking subjects was studied.  First, 19 
vowels varying in F2 were categorized either as  [y] or [i].  
Four durations were used: 50 ms, 100 ms, 250 ms, and 500 
ms. The F2 value of the category boundary was 
independent of duration at group level, although large 
individual variation occurred. In the subsequent vowel 
rating experiment  the subjects scored the quality of their 
individual [i] category variants. All subjects were able to 
score the category best exemplar  (prototype), and the worst 
exemplar (non-prototype). Mean scores for prototypes 
were independent of duration.   In production experiment, 
the articulation of the Finnish words [tikki] and [tiili] was  
recorded and the duration and F2 of the short and long [i] 
vowel were analyzed. The F2 values of the individual 
auditory vowel prototypes did not correlate clearly  with the 
F2 values of the articulated [i] vowels.     

1. INTRODUCTION 

There is an increasing interest in studying the perception 
and production of speech in parallel in order to find out 
whether perception is based on the articulatory templates 
and  in which manner production is controlled by auditory 
templates [3, 8, 12, 13].  

Kuhl’s and her collaborators’ work [6, 10, 11] with 
perceptual prototypes diverted the emphasis of speech 
perception from the category boundaries to the centers of 
categories. According to Kuhl, the discrimination is 
affected not only by physical factors but also by stimulus 
typicality: the best category exemplars, or prototypes, are 
more difficult to discriminate from their neighbors than the 
less prototypical ones (non-prototypes). Kuhl further 
suggests that infants develop such prototypes through 
experience with spoken language.  

Since Kuhl’s finding the neural and theoretical bases of the 
perceptual magnet effect have been studied by several 
research  teams: Guenther et al. developed a self-organizing 
neural network model for the magnet effect [4, 5].  
Aaltonen et al. [2] found that the perceptual magnet effect 
was only manifested in the good categorizers, both by 
behavioral and psychophysiological discrimination data. 
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a and Dorman [14] were not able to reproduce Kuhl’s 
g of the magnet effect: firstly, the discrimination 
cy was not significantly different in the prototype 
non-prototype conditions, and secondly, the 
ophysiological data from mismatch negativity (MMN) 
ings seemed to reflect category acoustic differences 
 than stimulus typicality effects.  These two works left 
al verification of the perceptual magnet effect still 

 

ity of participants in several independent vowel 
 experiments carried our recently has been able to 

vowel prototypes,  the role of which in the 
mination process needs further research. Perceptual 
ypes are the natural candidates for the “auditory 
ates”, which many speech perception models assume 
the elementary representations used in the template 
ing, a key process in the recognition of speech 
ns.  

on, Ladefoged and Lindau [7] have shown that  
kers of the same language and dialect may use 
nt articulatory plans; that the universal articulatory 

hesis is wrong.” In their study they found striking 
dual differences in speaking rate, the production of 
nse/lax distinction of English, and in global pattern 
lation, although the speakers produced the words 
tently from one trial to another. These results indicate 
e speakers generate the same acoustic patterns with 
nt articulatory strategies,  i.e.,  the speech production 
trolled by the acoustic target templates stored in 
ry and adjusted via perceptual feedback during the 
nciation of  the sound patterns. Moreover, this  
l seems to perform rather well since, according to the 

s, the sound patterns generated by an individual  
er are reproducable.  

ll et al. [12] have presented a theory of the segmental 
nent of speech motor control. In this theory, auditory 

ack is used in forming and  maintaining an internal 
l model which maps the articulatory movements 
d to achieve the auditory goals, represented by 
ry templates. The articulation movements are 
ented as a sequence of “trajectory milestones” via 
 the actual production system drives  when speech is 
ced  in a fire-and-forget manner. “This makes it 
le to produce a sound output that has some relatively 



stable acoustic properties despite a somewhat variable 
motor input.” However, the real-time correction of 
movements between the trajectory milestones is hardly 
possible with auditory feedback, which confines  the role of 
immediate auditory feedback to the control of larger units 
than segmental components during the articulation.   

Jones and Munhall [8] have studied the effect of auditory 
feedback in compensating for  artificial modifications made 
to the vocal tract by a dental prosthesis. Their subjects were 
able to partially compensate for the vocal-tract 
modifications by  using auditory feedback information: 
“the distribution  of energy across the spectra moved 
toward that of normal, unperturbed  production with 
increased experience with the prosthesis. However, the 
acoustic analysis did not show any significant differences 
in learning dependent on auditory feedback.”  

The results of Johnson et al., Perkell et al. and Jones and 
Munhall  can be interpreted to suggest that the learnt 
auditory templates stored in the long-term memory play a 
key role as the higher level references in controlling the 
speech production. 

Frieda et al. [3] investigated the link between the perception 
and production of the English vowel [i] by adult native 
speakers of English. The subjects produced the vowel using 
both normal and hyperarticulated speech. In the subsequent 
perceptual task, 24 out of 35 subjects were able to label  
prototypes of [i]. All participants selected perceptual 
stimuli with F1 and  F2 values that were more extreme than 
those of their normal citation productions (hyperspace 
effect). However, only for the subjects with relatively 
clear-cut prototypes the hyperarticulated speech was closer 
to the perceptual data than the normal speech was. This 
result does not support the view that perceptual prototypes 
would directly control normal speech production, but rather, 
that of careful, hyperarticulated speech.      

This study of the perception and production of the short and 
long Finnish [i] vowel consists of three experiments:  vowel 
categorization experiment, vowel rating experiment, and 
vowel production experiment. The purpose of this study 
was to test the hypothesis that the acoustic feature (as 
implemented in F2) of an individual´s perceptual vowel 
prototype would correlate with the same  acoustic feature 
(F2) of the produced vowel. Further, since  vowel duration 
plays an important role in Finnish, the effect of duration to 
categorization, rating and production was investigated in 
this study, too. 

2. CATEGORIZATION EXPERIMENT 

Seventeen Finnish speaking adults with no reported hearing 
defects volunteered as subjects in the experiments. Nine of 
the subjects were male and eight  female. The age range 
was 19-44 years with a mean age of 28 years. The mother 
tongue of sixteen subjects was Finnish. One subject was 
bi-lingual with Finnish Swedish as mother tongue.   
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urations of 50 ms, 100 ms, 250 ms, and 500 ms, 

 as [y] or [i]. The F2 frequency of the vowels varied 
1520 Hz to 2968 Hz in steps of  30 mel. The other 
nts were fixed at the following frequencies: F1 = 250 
3 = 3010 Hz, F4 = 3300 Hz, F5 = 3850 Hz. At the 
r 250 ms and 500 ms durations a rise -  fall contour of 
as used for getting a more natural sounding synthesis 
. The synthesis parameters were selected on the basis 
 earlier work [1,2].  

stimuli were played with a NeuroStim stimulus 
tation device at 10 kHz playback rate. Each of the 19 
 variants was randomly repeated 15 times with a 
um interstimulus interval (ISI) of 2000 ms. The 
ts were to identify each variant as [y] or [i] by 
ng one of two buttons during the 2000 ms period after 
mulus. Reaction times from the stimulus onset to the 
se were recorded. 

beling responses and reaction times were first plotted 
 graph (percentage score and seconds versus F2 
ncy in Hz). Linear curve fitting technique was then 
d to the boundary area by first determining visually  
art of  the curve in which the percentage score 
ses from 100%…90%  to 10%..0%  or increases 
%…10% to 90%…100%. Based on these F2 and % 
, the slope and y-intercept for the line best fitting the 
oints were calculated by using the least squares 
d.  The boundary F2 value at the  50% / 50% 
ing point” and the boundary width (25% / 25% and 
/ 75% ) were calculated from these estimated line 
ons. The results of the categorization experiment are 
arized in Table 1. 

 1. The overall results (N=17) of the categorization 
iment using four different vowel durations (50 ms, 
s, 250 ms ja 500 ms) in the [y] / [i] continuum with 19 
riants. Boundary F2 values and the boundary width 
 are in Hz, reaction times (RT) in sec. # poor (# good) 
ber of visually scored poor (good) categorizers. 

50 ms 100 ms 250 ms 500 ms 
z     

ean 2069 2060 2068 2058 
std. 139 136 164 193 
ax. 2301 2297 2432 2532 
in. 1856 1853 1868 1808 

 Hz 319 340 349 390 
     
ean 0.66 0.68 0.66 0.73 
std. 0.17 0.18 0.12 0.13 
r 8 11 8 6 
d 9 6 9 11 

 individual variation was found both in the location of 
ategory boundaries and in the goodness of the 
rization.  At the group level the category boundary 

ot significantly depend on the vowel duration. It 
d between 2058-2069 Hz, which is well less than 30 
he F2 increment used in the experiment. The mean 



boundary width (∆F2) increased from 319 Hz at 50 ms to 
390 Hz at 500 ms. This difference (71 Hz) is of the order of 
30 mel at the F2 value of 2060 Hz. However, the  boundary 
width (mean=350 Hz) is more than two times the standard 
deviation of the boundary F2 (158 Hz). Overall reaction 
times did not reflect the increase in stimulus length, except 
at 500 ms, thus indicating that it is possible to respond even 
to the shortest vowel (50 ms) as quickly as to a five times 
longer one (250 ms).  Individual reaction times were 
significantly longer (p<0.05…p<0.001) at the boundary 
than within category. Interestingly, the number of good and 
poor categorizers was roughly half and half of the  
population, independently of duration. 

3. RATING EXPERIMENT 

The same set of Klatt synthesized stimuli with 30 mel 
differing F2 values was used, but only those vowels that a 
subject had consistently categorized as /i/ in more than 75% 
of the cases were played to him or her for vowel rating. 
Because there was large variation both in the individual 
location of the /y/-/i/ boundary and in the categorization 
goodness, the number of /i/ variants differed between the 
subjects and within a subject at different durations.  

The stimuli were played via the same stimulus presentation 
device as in the categorization experiment, but the stimulus 
presentation was self-paced, with the minimum ISI at  2000 
ms. The variants were presented in random order, 15 times 
each. The stimuli were rated using the scale 1 -7 (1 = poor 
category exemplar, 7 = good category exemplar) and the 
results were marked on a form sheet. The ratings were to be 
done with reference to a good pronunciation of [i:] in the 
Finnish word tiili [ti:li] 'brick'. The individual ratings were 
plotted against the F2 frequency. For each subject, the 
stimulus with the highest rating was called the prototype (P) 
and the one with the lowest the non-prototype (NP). The 
results of the rating experiment are shown in Table 2 and 
Table 3. 

Table 2. The overall ratings of the [i] category vowels on 
the scale 1-7 (7= best)  with the durations of 50 ms, 100 ms, 
250 ms, and 500 ms (number of subjects N=17). X=mean, 
σ = standard deviation, P = prototype, NP= non-prototype, 
all = all vowels at each duration, Total = grand average of 
all durations.    

 X P σ P X NP σ NP X all σ all 

50 ms 5.48 0.68 1.66 0.50 3.94 0.84 

100 ms 5.71 0.69 1.81 0.58 4.13 0.88 

250 ms 5.73 0.68 2.27 0.83 4.02 0.72 

500 ms 5.65 0.76 1.91 0.91 4.00 0.62 

Total 5.64 0.70 1.91 0.70 4.02 0.77 
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ignifigance of the difference in mean rating between 
and NP was t-tested for each subject. All participants 
able to give a consistent quality evaluation of the 
 variants. The individual prototype ratings were  
icantly (p<0.05...p<0.001) better than the ratings of 
n-prototypes.  At group level, the prototype scoring 
round 5.64, independently of the vowel duration, 
ting thus that the short and long Finnish [i] is 
ted as good on the quality scale 1-7. Large individual 

ion was found in the prototype  F2 values (2151 Hz – 
Hz), but at group level (N=17) no dependence of 
on was found. 

 3. The grand average statistics of the F2 values (Hz) 
 [i] prototype vowels with the durations of  50 ms, 100 
0 ms, and 500 ms (number of subjects N=17). Mean 

nd average, Std = standard deviation, F2 max = 
um F2 value, F2 min =  minimum F2 value.    

 50 ms 100 ms 250 ms 500 ms 
 2505 2545 2515 2565 

219 248 175 240 
x 2968 2968 2968 2968 
n 2231 2151 2231 2231 

4. PRODUCTION EXPERIMENT 

 vowel  production experiment, the subjects were 
cted to pronounce the Finnish words [ty:li] ‘style’, 
‘brick’, [tyk:i] ‘canon’, and  [tik:i] ‘stitch’, with  
ded long [y:],  [i:] and short [y], [i] vowels of the 
h language. Each word was digitally recorded five 
via dynamic high quality  microphone  from a 

ce of 30 cm. The data were acquired  with the 
Stim sound acquisition program and stored as a 
l file.  

ng and short [y] and [i] vowels were first separated 
he words by the sound edit feature of the NeuroStim 
m. This was done by cutting the typical  curve 

n of a steady-state vowel from the whole curve of the 
represented  in the time domain. Playback of the cut 
 patterns was used for ascertaining the proper vowel 
tion.  The digitized waveform files were then 

erred to the DADiSP analysis software. The  F0, F1, 
d F3 frequencies, as well as, the duration of the vowel 
nces were obtained by using the DADiSP functions. 

btained three comb spectrum peaks (fp i=1...3 ) were 
moothed by using the peak amplitudes (a i=1...3 ) in 
ting according to Formula (1), yielding the formant 
ncy values (fformant ).   

rmant = fp1*a1+fp2*a2+fp3*a3/(a1+a2+a3)  (1) 

sults of the vowel production experiment are shown 
le 4.  



Table 4. The mean F2 frequencies in Hz and vowel 
duration values (time in ms)  of the produced short and long 
Finnish [i] vowels (N=17).   

 F2[i] t[i:] F2[i] t[i:] 

Mean 2391 60 2499 210 
Std. 194 18 212 84 

Max. 2725 110 2880 447 
Min. 2015 23 2097 83 

The mean F2 value was 2391 Hz  for the produced [i] 
(duration=60 ms)  and 2499 Hz for  [i:] (duration=210 ms). 
The minimum F2 values in the production were close to the 
average category boundary measured in the categorization 
experiment. No clear correlation was  found when the 
individual F2 values of production were compared with the 
individual perceptual prototypes at 50 ms  and 250 ms 
(r=0.32 and r= 0.27, respectively). In short vowels, the F2 
of the average group prototype was 114 Hz higher than the 
average F2 in production. In long vowels, the difference 
was only 15 Hz.    

4. CONCLUSIONS 

The results do not support the view that individual auditory 
prototypes, defined and measured in terms of F2 in this 
experiment, would  directly control the individual 
production towards these individual F2 values. Rather, the 
results support the assumption that there are acquired 
“gross averaged” auditory neural templates that guide the 
articulation towards the target F2 value, succeeding better 
in long vowels than in short ones. These gross averaged 
templates may be learnt during the language acquisition as 
a result of the ambient voices. Duration seems to have a 
minimal role in the categorization and rating performance, 
suggesting that even  a short steady-state  vowel bears the 
essential  acoustic information needed in the vowel 
recognition. In production, the target F2 is achieved better 
in long vowels which lends support to the theory presented 
by Perkell et al. [12].  The question  remains whether the 
vowel duration is represented as a feature separate from the 
acoustic features in languages which make a difference 
between short and long vowels, i.e., is there one single 
prototypic [i] representation and a separate neural 
mechanism for decoding the vowel duration. 
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