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PERCEPTUAL EVALUATION OF SPECTRALLY 
CONFUSING STOPS AND NASALS 

Shigeyoshi Kitazawa 
Shizuoka University, Hamamatsu, JAPAN. 

_ ABSTRACT 
Spectral Similarity does not necessar- 
ily correlate to perceptual similarity. 
BayeSian classifier showed overlaps be- 
tween consonants in spectral represen- 
tation. The perceptual test of mis- 
class1fied_ consonants was 90 % correct. 
Concermng 10 % of low intelligible con- 
sonants, half of the misperceptions cor— 
responded to Spectral deviations. The 
remaining misperceptions showed a. sys- 
tematic tendency which can be inter- 
preted in terms of distinctive features. 

ill} INTROÂJUCTION 
_e_ inten e to c rtifi ' '- gibility ofdsEeech data (Œâdt o? ÈËËÈIË 

recognition y machine. Since observed 
recognition errors may be due to low in- 
telligible speech, we designed a percep- 
tion test of stop consonants misclassi— fied with a Bayesian classifier. This ex- ' 
periment unintentionally correlated to 
the hypothesis that speech sounds are 
perceptually decomposed into distinc- 
tive features. 

his is to study the difference be- 
tween machine and human being with 
respect to the recognition constituents. 
The reason why a machine does not dis- 
tinguish speech sounds which a human 
can easily hear is discussed through the 
perception test of natural speech. 
2. PROCtElgURE} h 

e con ex we av ' - ple syllables consistinegcofpsiialédiiisorsildgt 
and a vowel following. The langua e is 
Î‘äench. The pho/nemes tested inc ude 

consonants ?,p,t,k,b,d, mn, n 
followed by 11 of 16 Firencgli vovéelé 
/a,o,eu,e,ai,ou,u,i,an,in,on/. We as- 
sumed a phoneme /?/ before the iso- 
lated vowel syllables. All of the sylla- 
bles. came from 40 male speakers liv- 
ing in Paris. The test sample consists 
of 4200 independent phonation of sylla- 
bles. Most speakers are native French. 
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In order to qualify articulation of the 
speech data base, 200 syllables selected 
randomly from 5 speakers’ speech were 
presented to 11 listeners in a quiet lis- 
tening room. French speaking listen- 
ers could identify consonants with more 
than 97 % of accuracy. 
3. STATISTICS 

As a certificate of the speech quality, 
syllables were classified according to the 
initial consonant[1]. The acoustic pa- 
rameters were 28 LPC cepstrum coeffi- 
crents using a 256 point Hamming win- 
dow (effectively about 15 ms width un— 
der 16 kHz sampling frequency) shifted 
every 5 ms. Along these windows, the 
cepstrum coefficients are averaged over 
3 consecutive frames resulting a set of 
I_O frames of smoothed cepstrum coeffi- 
cients at every 10 ms. 

The burst point of stop consonants 
and the release point (Opening of the 
oral passage) of nasal consonants are 
determined as precisely as possible 
through visual inspection of waveforms. 
For initial vowels, initiation of vibra- 
tion was inSpected. The third analy- 
SIS frame is at this critical point deter- 
mined. With these procedure, conso- 
nant specific features are extracted. 

The classification is b ed on the 
multi-dimensional statistical analysis of 
the above shown 290 scalars foneach 
sample. The stepWise discriminant 
analysis selected around 50 to 70 ele- 
ments of the vector. Then, Bayesian 
1gllassjfier determined the correct classi— 

cation rates . In the separate anaJySis, 
87 % for stops and 85 % for nasals were 
the scores. 

Syllables tested were 4200 from 40 
male speakers and 425 misclassifica— 
tiions were observed as shown in Table 

4. SPEECH PERCEPTION 
Inspection of previous reports and 

our own experience show that syl- 

lables are highly intelligible if heard 
under low noise and wide frequency 
band condition. In our experimental 
paradigm, those syllables in which con- 
sonants are correctly classified are re- 
garded to be intelligible, and those mis- 
classified are subjects for perceptual ex- 
periments. Our preliminary experiment 
showed that most of the syllables were 
highly identifiable (97 % in average). 

Syllables used for perceptual tests 
were 425 which were misclassified in the 
closed discriminant analysis[2]. This 
list contains all the possible syllables 
except /ou/, /teu/, /kon/. Each syl- 
lable were recorded _on an audio cas- 
sette tape at a samphng rate of 16 kHz. 
The listeners heard the stimuli through 
headset, one syllable each 4 sec, and 
identified the syllables by writing. 

All the 11 listening subjects are na- 
tive French speakers. Records were 
kept of all responses. 

5. RESULTS 
Effective responses were 4620, among 

which 655 misPerception were ob- 
served, therefore 86 % was correctly 
perceived. Half of the correct answers 
were unanimous among all listeners. 
The first finding means imperfection of 
recognizer, that is we missed some im- 
portant features of consonants but puz- 
zled with phantom features. 

Among misperceptions, 462 are con- 
cerned with consonants(Table 2.), 237 
of them coincide with machine errors, 
and the rest 225 were different per- 
ception from machine errors(Table 3.). 
Misperceptions concerning vowels was 
231, which consists of 193 vowel errors 
and 38 consonant and vowel errors. Ta- 
ble 2. and Table 3. show in percent of 
each consonant presentation. Subtrac- 
tion of Table 3 from Table 2 gives coin- 
ciding errors. 

About half of consonant mispercep- 
tions coincided with isclassificat'ons. 

s_ means acoustic eatures use _ or 
clasSification reflect perce tual Similar- 
ities. Amongst all, 7 syl ables are co— 
incidentally misperceived by 10 of 11 
hearers. Inspection of the waveforms 
showed that 3 errors from /b/ to /p/ 
and one /d/ to / t / were not proceeded 
by prevoicing. In /bu/ to /u/ case, 
both prevoicing and burst were not ob- 
servable. In / t /  to /p/ transition, very 
fast rising of amplitude at the onset 
without fricative noise was clearly ob- 
served. 

The average correct response rate 
was 90 % which is 7 % lower than av- 
erage. As usual, errors tended to ac- 
company specific vowels or to concen- 
trate to specific speakers and listeners. 
The score deviated from 87 % to 95 % 
between listeners. Five of the speakers 
also participated in the listenin test. 
They can hear their own voice etter 
than others. 

Observing confusion matrices, we can 
find characteristic. distributions. The 
perceptual conqions, Table , dis- 
tributed along the diagonal and dencer 
in the up er triangular matrix. On 
the other hand, the matrix of machine 
recognition, Table 1, distributed differ- 
ently. This is shown more clearly in Ta- 
ble 2 as the machine specific error dis- 
tribution. Deviation to. the lower tri- 
angu ar matrix is very Sigm cant com— 
paring to the almost equal distribu- 
tion in machine error (Table 1.). An- 
other comparison with Bayesian classi- 
fier is in Table 4 as human specific er- 
ceptions. The distributions are a litte 
sparse to draw definite knowledge, how- 
ever, rather frequent in the upper trian- 
gular matrix. 

In these asymmetry of matrices, 
there is some specific characteristics 
of human perception. Confusions ob- 
served in Tgble 3 were sorted i terms of 
distinctive eatures as in Tab e 5. The 
table indicated meanin ul tendency of 
perceptual transition. e will discuss 
in the following section. 

6. DISCUSSION 
Perception test of misclassified con- 

sonants is a unique experiment where 
several factors are combined; insuffi— 
ciency of the features used by a clas- 
sifier, difference of the perceptual space 
of s eaker and hearer etc.. Since speak— 
ers ear their own voice, speaker reco - 
nize their speech to be correct. Defi 
nitely most of speeches convey sufficient 
acoustic information. Normally, the er- 
ror rates of these speeches are very low, 
so it would take a long time to obtain 
accurate estimates of the error proba— 
bilities. However, misclassified conso— 
nants are low intelligible syllables or 
low intelli ibility items which cause sig- 
nificantly iigher error rates. 

The importance of distinctive fea- 
tures in perception of consonants was 
demonstrated. For each feature, one 
feature specification (+ or —) tended to 
dominate over the other. As demon- 
strated in Tables 2, 4 and 5, there was 
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for each feature an asymmetry in the 
frequency of + and- feature specifica— 
tions in error responses. With the ex- 
ception of anterior, the dominant fea- 
ture s ecifications are all’ ’unmarked”, 
accor ing to traditional phonological 
theory. One plausible explanation for 
the dominance of unmarked feature 
specifications 13 that the low intelligibil- 
ity of selected syllables leads to a sim- 
plification of the percept (i. e., a loss of 
information). In some of the percep- 
tual shifts, acoustic features such as loss 
of prevoicing and weakened burst noise 
were observable. 

The results from the present experi- 
ment are highly compatible with those 
from previous studies. 

Previous paradigms include prox- 
imity estimates[3], identification of 
masked or distorted speech[4], dichotic 
presentation[5], recall test with the 
short term memory[6], and natives vs. 
non- -natives[7]. However, much of this 
research dealt with listening conditions 
acoustically de raded or loaded stresses 
on listeners. €Such researche has pro- 
vided ample evidence that the number 
of distinctive features play an important 
role in perception of consonants and 
that the phonemes are not a perceptual 
unit. On the other hand, phonemes are 
a unit of classification. 

The proximity estimates assume 
symmetry of the distance matrix. The 
analysises of MN test data also assumes 
s mmetry of the confusion matrix. On 
t ie  other hand, dichotic listening and 
short term recall tests are substantially 
asymmetric. Wickelgren did not men- 
tion about asymmetry of confusions or 
tendencies observed 1n distinctive fea- 
ture system. ay en explicitly indi- 
cated the feature specification domi- 
nance and suggested the perceptual sys- 
tem to favor the simpler (unmarked) 
feature _specification in the presence of 
competmg cues. 

7. CONCLUSIONS 
The purpose of this study was to re- 

veal that the simple acoustic compar- 
ison is insufficient to explain percep- 
tual differences of consonants. uman 

steners can show essentially gher 
performance than machines but have 
different characteristics. The Speaker 
independent acoustic analysis showed 
more than 90 % correct discrimination 
between consonant place of articula- 
tions. Those syllables misclassified by 

Bayesian recognizer are further exam- 
ined. These OLitlierS are an interest- 
ing set of examp es providing an insight 
into human perception and production 
of speech. Most of them are phonet- 
ically perfect but uncovered by recog- 
nizers and a few of them are imperfect 
productions. 

Perceptual experiments, using native 
listeners, exhibited a high intelligibil- 
ity except for some acoustically confus- 
ing syllables. We found listeners made 
confusions under natural hearing condi- 
tion. Half of the incorrect answers coin- 
cided with the hmisc lissificati ns of the 
recognizer, perhaps t rough t e similar 
evaluation of the features. Asymmet- 
ric distribution of the confusion matrix 
suggested that there are differences 1n 
strategy between human and machine. 

The last point is important in re— 
lation to the hypothesis that speech 
sounds are perceptually decomposed 
into distinctive features. Analysis 
showed the tendency that perceptual 
system favors the simpler (unmarked) 
features in the presence of low intel- 
ligible cues. O_n the other hand, rec- 
ognizers minimize the total errors by 
distributing errors among possible so- 
lutions. 

The findings suggest that distinctive 
features play an important role for hu- 
man perception of phonemes. 
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Table l . Egghine Recognition Rate for Unknown Speakers 

. Actual Consonant. 

Clamfied m [n] m [k] m [d] rg] [rn] [n1 rm 
[ ? ]  .81 .08 .0 .0 .0  . 0  . 0  
[ p ]  11 .84 .05  .02 .02 .0  . 0  
[ t ]  .03  .04 .85  .08 .0  .2  .0  

[ k ]  ‚04 .04 .09 .90 .0 .0 .03 Not Examined 
[ b ]  . 0  0 0 0 . 8 6  .03  . 0 3  

[ d ]  . 0  0 0 0 .06 .92 . 0 4  

[p.] .o o o o .05 .03 .90 
[rn] .86 .10 .05 
[n] NotExamined .09 .83 .08 
in] .05 .07 .86 

Table 2. Intelligible Bazesian errors. Table 4. Percejfims off the Bayesian errors. 
obs. real consonants obs. real consonants 

% ‘2 p t !: b d g m n Ji % 2 p t k b d g m “ _ E  
7 7 2 3 6 ? 3 2 2 .6 .3 _.2 
p 34 3 6 p .2 4 4 4 l .2 
t 12 13 40 4 3 t 1 3 4 
k 17 5 40 2 9 k .2 .5 
b 15 3 b .8 .2 .4 2 .2 
d 32 14 d l .4 .8 
g 30 27 g .2 3 l 1 
m 26 35 m 4 .3 
n 43 26 n l 
y} 14 28 P _ .3 .8 l 

Table 3. Perceptual Confusions etc. 1 '3 '6 '4 A '4 
obs. real consonants 

% ’2 p t k b d g m n r 
') 99 10 2 2 2 .3 .2 
p .3 86 l l  5 6 l .2 

t 3 84 2 7 
k 1 1 88 ‘ 1 
b .8 .2 83 l 7 .2 
d l 4 88 4 
g .2 3 l 3 86 
m 4 98 5 
n 1 93 3 

I‘ .3 .8 .4 2 97 
etc. l 3 6 .4 .4 l 

Table 5. Percentages of feature specification 
for perceptual errors. 
features %+specification Ê—spccification 
Coronal 8.52 17.72 
Anterior 16.16 5.06 
Voiced 5.01 13.76 
Conson antal 0.32 15.76 
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