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Abstract

The goal of this study is to uncover significant factors in the 
classification of English stop consonant place of articulation, 
and determine their relative importance to the classification. 
Factor analysis arranges a set of acoustic attributes used for 
the classification into factors that can be interpreted in terms 
of articulatory attributes. Each factor is found to be comprised 
of attributes explaining a particular aspect of the acoustic cues 
significant to place classification. For a stop in CV context, 
significant factors are: ‘normalized burst amplitude’, ‘burst
shape’, ‘formant frequency’, and ‘formant transition’. The 
first two always remain regardless of the vowel frontness. The 
two formant-related factors arrange differently depending on 
the frontness. Discriminant analysis is deployed to determine 
the contribution of each factor to the classification. Without 
vowel frontness information, the burst-related factors are 
found to contribute more than the formant-related factors do. 
However, with known frontness, the opposite is true. 

1. Introduction

One of the approaches to Automatic Speech Recognition 
(ASR) problem is the distinctive feature-based approach [1], 
which is being developed by the Speech Communication 
Group at MIT. In this approach, each of the underlying word 
segments is represented by a set of discrete phonological units 
called distinctive features. Certain combinations of such 
distinctive features, called feature bundles, can contrast all of 
the sounds in any human language. There are about 20 such 
distinctive features in English; each can be specified by a 
binary value [2, 3]. Uncovering these binary values correctly 
is a challenging task that requires extensive knowledge of 
human speech production mechanism. One of the most 
difficult distinctive features to be uncovered is the place of 
articulation of stop consonants. 

Cues that play a major role in determining the place of 
articulation for stops include the spectral shape of the release 
burst and the transition of the formant frequencies in adjacent 
vowel segments [4]. Various acoustic attributes have been 
proposed for capturing these two cues [5, 6, 7, 8] in order to 
classify stop consonants. Classification experiments based on 
these attributes have been conducted with varied success. 
However, it is not the classification accuracy percentages but 
the heuristic gained that help researchers in various speech-
related fields understand more about human speech production 
mechanism. 

An interesting aspect on the study of the roles of these 
cues in the place of articulation classification problem is the 
relative importance of each type of the cue to determination of 
the place of articulation. A study conducted in previous work 
[9] proposed a set of acoustic attributes, each of which 
captured either the information about the release bursts or the 

formant, and illustrates relative importance of each acoustic 
attribute in terms of its contribution to the classification result. 
In this work, we focus on learning the underlying structure of 
the same set of acoustic attributes, which was shown to be 
capable of separating the three places of articulation for 
English stops (labial, alveolar, and velar), reasonably well [9, 
10]. We seek to group these acoustic attributes into 
meaningful factors based on their relationship, and determine 
the relative importance of these factors to the classification of 
stop consonant place of articulation, instead of the relative 
importance of each individual acoustic attribute.  

2. Speech data and acoustic attributes 

The stop consonants included in this study were limited to the 
stop consonants with release bursts that had non-reduced 
vowel segments immediately to the right, i.e. each stop must 
be in the ‘CV’ context where C is the stop and V is its 
associated vowel, regardless of word or syllable boundaries.  
These stops were extracted from 440 utterances naturally read 
by 2 male speakers and 2 female speakers. Each utterance was 
digitized at 16kHz, and stored directly to a computer. The 
total number of stop consonants included was 2,530, with the 
three places and the two voicing properties fairly well 
balanced. The underlying segments were determined as 
appeared in the transcriptions of the sentences. Flaps and other 
stops that contained irregular behaviors due to high level of 
gestural overlap were omitted from the study. 

The stop consonants that satisfied the conditions 
mentioned in the last paragraph were arranged into 3 datasets 
called ‘ALL’, ‘F’, and ‘B’. Every stop consonant was included 
in the ‘ALL’ dataset. The ‘F’ and ‘B’ dataset contained the 
stop consonants whose associated adjacent vowels were front 
vowels and back vowels respectively. This resulted in 1,178 
stops and 1,352 stops in the ‘F’ and ‘B’ categories, 
respectively. Statistical analyses are run on these three 
datasets separately in order to observe the effects of the 
frontness of the vowels on the uncovered factors. 

The set of acoustic attributes used in this study were 
chosen from the ones used for the classification of stop 
consonant place of articulation in [9]. They can be categorized 
into two main categories including the acoustic attributes for 
capturing the spectral shape of the release bursts, and the 
acoustic attributes describing the formant structure of the 
vowel segments adjacent to each stop consonant, shown in 
Table 1. 

Table 1: Acoustic attributes used in this study 

Burst-related Formant-related
Av-Ahi, Ahi-A23, Ehi-E23, 

Av-Amax23, Avhi-Ahi, 
Av3-A3, cgF20a 

F2o, F3o, F2b, F3b, dF2, 
dF3, dF2b, dF3b 
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Most of the acoustic attributes describing the release burst are 
in dB and in the form of a relative amount between two 
measurements (e.g. X-Y is the value of X relative to Y). ‘Av’ 
is the amplitude of the first formant prominence measured at 
either the voicing onset or the voicing offset of the adjacent 
vowel. ‘Ahi’ and ‘Amax23’ are the amplitudes of the biggest 
peaks of the burst spectra in the range from 3.5kHz to 8kHz 
and from 1.25kHz to 3kHz respectively. ‘A23’ is the average 
peak amplitude of the burst spectrum in the range from 
1.25kHz to 3kHz. ‘Ehi’ is the total energy of the burst 
spectrum in the range from 3.5kHz to 8kHz. ‘E23’ is the total 
energy of the burst spectrum in the range from 1.25kHz to 
3kHz. ‘Avhi’ and ‘Av3’ are the amplitudes of the biggest 
peaks of the vowel spectra measured at either the voicing 
onset or the voicing offset of the adjacent vowels in the range 
from 3.5kHz to 8kHz, and from 1.5kHz to 3kHz respectively. 
‘A3’ is the amplitude of the biggest peak of the burst 
spectrum in the range from 1.5kHz to 3kHz. ‘F2o’, and ‘F3o’ 
are the second and third formant frequencies at the voicing 
onset of the adjacent vowel. ‘F2b’ and ‘F3b’ are the second 
and the third formant frequencies at the time of the release 
burst. ‘dF2’ is the difference between F2o and the second 
formant frequency at 20 ms after the voicing onset of the 
following vowel, while ‘dF3’ is similar to dF2 but for the 
third formant frequency. ‘dF2b’ is the difference between F2b 
and the second formant frequency at 20 ms after the release 
burst. ‘dF3b’ is similar to dF2b but for the third formant 
frequency. ‘cgF20a’ is the center of gravity in the frequency 
scale of the power spectrum obtained from the portion of the 
speech signal from the release burst to the voicing onset of 
the following vowel. 

More details about these acoustic attributes and 
additional studies on these attributes can be found in [9]. 

3. Statistical analyses 

3.1. Factor analysis 

Previous work suggested the relative importance of each of 
the acoustic attributes individually in the place classification 
of the collected data. In this study, we seek to understand and 
explain the relative importance of these acoustic attributes 
collectively. As such, principle component analysis was 
chosen as the factor analysis to help detect the structure in the 
relationships among attributes. The idea of reducing the 
number of attributes would unveil the framework of how 
these attributes relate in order to facilitate a more efficient 
way for future data collection in the field as well as to 
understand the nature of such attributes.

To observe the relationships amongst attributes, we first 
performed the principle component analysis in order to 
extract principle components associated with the fifteen 
acoustic attributes. Kaiser criterion was used to determine 
significant factors from the extracted components. The space 
spanned by the significant factors was rotated under varimax 
rotation strategy in order to obtain a clearer factor loading 
structure. The meaning of each significant factor was inferred 
from the acoustic attributes that had high factor loadings on 
that factor. We examined the effects of frontness of the 
vowels following the stop consonants of interest by 
performing the analyses on the stop consonants in ‘ALL’, ‘F’, 
and ‘B’ datasets separately.   

3.2. Discriminant analysis 

After we obtained factor loadings from the factor analyses, 
we went on to compute the contribution of those factors using 
linear discriminant analysis. During the process, two 
canonical discriminant functions, the space spanned by which 
maximized the separation among the three places of 
articulation, were constructed from linear combinations of the 
factors obtained from the factor analysis. The eigenvalue of 
each canonical discriminant function determines the 
percentage of the separation responsible by that function. The 
standardized coefficient associated with each factor in each 
canonical discriminant function determines the contribution 
of that factor to the separation responsible by that function. 
Thus, the overall contribution of each factor can be calculated 
by: 
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where Ck is the overall contribution of the kth factor, pi is the 
separation percentage explained by the ith canonical
discriminant function. cij is the standardized coefficient 
corresponding to the jth factor for the ith canonical discriminant 
function, and N is the total number of factor. 

The place classification accuracy was estimated by the 
Leave-one-out cross-validation (LOOCV) technique, based 
on both the fifteen original acoustic attributes and the factors 
obtained from the factor analysis. Again, all the analyses 
were performed on the three datasets separately to observe the 
effect of frontness information.

4. Results

Factor analysis was first performed on the ‘ALL’ dataset. 
From the 2,530 stops in this dataset, four principle 
components were extracted under Kaiser criterion, i.e. only 
the components whose eigenvalues were greater than unity 
were retained. The varimax rotated factor loading matrix is 
shown in Table 2. 

From the factor loading matrix, one can see that the factor 
loadings for the four factors are spread out over every 
acoustic attributes. However, each factor is marked by high 
loadings, which, in this case, are higher than 0.50, on 
different sets of acoustic attributes. The acoustic attributes 
that have high loadings on Factor_1 are ‘Av-Ahi’, Av-
Amax23’, ‘Avhi-Ahi’, and ‘Av3-A3’. The ones that have 
high loadings on Factor_2 are ‘F2o’, ‘F3o’, ‘F2b’, and ‘F3b’. 
For Factor_3, they are ‘dF2’, ‘dF3’, ‘dF2b’, and ‘dF3b’. And, 
for Factor_4, they are ‘Ahi-A23’, ‘Ehi-E23’, and ‘cgF20a’.  
From this factoring result, we can see that the acoustic 
attributes describing the spectral shape of the release burst 
load highly on Factor_1 and Factor_4, while the ones 
describing the formant transition load highly on Factor_2 and 
Factor_3. Since the acoustic attributes that load highly on 
Factor_1 are the burst spectral amplitudes measured in 
different frequency regions relative to the spectral amplitudes 
measured in the adjacent vowels, we can interpret this factor 
as ‘normalized burst amplitude’ factor. Factor_4 can be 
interpreted as ‘burst shape’ factor since all of the acoustic 
attributes that load highly on this factor describe the spectral 
shape of the release bursts without any amplitude 



normalization with adjacent vowels. Factor_2 and Factor_3 
are loaded with the acoustic attributes specifying the formant 
frequencies and the ones describing the formant transitions, 
respectively. Thus, Factor_2 can be interpreted as ‘formant 
frequency’ factor, while Factor_3 can be interpreted as 
‘formant transition’ factor. 

Table 2: Rotated factor loading matrix from ‘ALL’ 

Attributes Factor Loadings 
Factor_1 Factor_2 Factor_3 Factor_4 

Av-Ahi 0.72 -0.25 -0.31 -0.43 
Av-Amax23 0.86 -0.11 -0.19 0.27 
Avhi-Ahi 0.79 0.01 -0.16 -0.42 
Av3-A3 0.86 -0.02 -0.06 0.20 
Ahi-A23 -0.03 0.11 0.17 0.87
Ehi-E23 0.21 0.14 0.04 0.85
cgF20a -0.19 0.27 0.29 0.70
F2o -0.04 0.91 -0.05 0.05 
F3o -0.02 0.85 -0.05 0.16 
F2b -0.28 0.77 0.33 0.09 
F3b 0.06 0.69 0.38 0.36 
dF2 -0.31 0.01 0.79 -0.01
dF3 -0.04 0.27 0.70 0.22
dF2b -0.38 -0.02 0.73 0.03
dF3b 0.04 0.05 0.76 0.31

To observe the role of these four factors in the place of 
articulation classification, discriminant analysis was 
performed on the ‘ALL’ dataset. The first two canonical 
discriminant functions have the standardized canonical 
coefficients as shown in Table 3. The first canonical 
discriminant function, Cf_1, is responsible for 66.9% of the 
classification among the three places, while the second 
function, Cf_2, is responsible for the rest. From the 
coefficients and the contributions to the classification of the 
two canonical functions, we can compute the contribution to 
the classification of each factor by using equation (1). These 
contributions are also shown in Table 3. The LOOCV 
classification accuracy based on the four factors is 83.0%, 
while the one based on all of the fifteen acoustic attributes is 
89.7%.

Table 3: Standardized canonical coefficients of the factors in 
the ‘ALL’ set, and their contributions to the classification 

Canon. Func. Factor 
Cf_1 Cf_2 

%Contribution

Normalized burst 
amplitude -0.70 0.63 30.7% 
Burst shape 0.54 0.83 30.7% 
Formant frequency 0.45 -0.14 14.3% 
Formant transition 0.91 -0.05 24.3% 

In the same fashion, factor analysis was also performed on the 
‘F’ and ‘B’ datasets. It has been found that, in the ‘F’ case, 
four principle components were extracted. These four factors 
are the same as the four factors from the ‘ALL’ dataset, with 
the only exception that the loading of ‘F2b’ is rather high on 
the ‘formant transition’ factor. However, the loading of ‘F2b’ 
on this factor is still not so high as the ones of the four 

acoustic attributes actually describing the formant transition. 
Also, the biggest loading of ‘F2b’ is on the ‘formant 
frequency’ factor. Discriminant analysis based on the four 
factors in the ‘F’ case yielded the results as shown in Table 4. 
The first canonical discriminant function, Cf_1, is responsible 
for 73.1% of the classification among the three places, while 
the second function, Cf_2, is responsible for the rest. The 
contributions to the classification of the factors are also 
shown in Table 4. The LOOCV classification accuracy based 
on the four factors is 85.7%, while the one based on all of the 
fifteen acoustic attributes is 91.3%. 

On the ‘B’ dataset, five principle components were 
extracted. Two of the five factors are the ‘normalized burst 
amplitude’ and the ‘burst shape’ factors. High loaders of these 
two factors are the same as the ones in ‘ALL’ and ‘F’, which 
are the burst-related attributes. The formant-related attributes 
highly load the other three factors. ‘F2o’, ‘F2b’, ‘dF2’, and 
‘dF2b’ highly load one of the factors. We interpreted this 
factor as the ‘F2-related’ factor, since all the high loaders are 
the attributes related to the second formant. Another factor, to 
which we will refer as the ‘F3-related A’ factor, is highly 
loaded by ‘F3b’, ‘dF3’ and ‘dF3b’. The other factor, to which 
we will refer to as the ‘F3-related B’, is highly loaded by 
‘F3o’ and ‘F3b’. Note that the factor loading of ‘F3b’ are high 
on both factors relating to F3, but the loading is smaller in 
‘F3-related B’ than ‘F3-related A’. Table 5 shows the 
contributions of the five factors to the classification.

Table 4: Standardized canonical coefficients of the factors in 
the ‘F’ set, and their contributions to the classification 

Canon. Func. Factor 
Cf_1 Cf_2 

%Contribution

Normalized burst 
amplitude  -0.82 0.16 24.3% 
Burst shape 0.34 0.95 25.3% 
Formant frequency 0.62 -0.35 22.5% 
Formant transition  1.01 -0.09 28.0% 

    

Table 5: Standardized canonical coefficients of the factors in 
the ‘B’ set, and their contributions to the classification 

Canon. Func. Factor 
Cf_1 Cf_2 

%Contribution

Normalized burst 
amplitude  -0.49 0.63 17.1% 
Burst shape 0.83 0.73 25.5% 
F2-related 1.11 -0.45 29.2% 
F3-related A  0.77 0.57 22.7% 
F3-related B 0.01 0.54 5.5% 

The LOOCV classification accuracy based on the four factors 
is 93.6%, while the one based on all of the fifteen acoustic 
attributes is 95.6%. However, we can see that the contribution 
of the ‘F3-related B’ factor is small compared to the others. 
Thus, it is reasonable to say that we can safely use just the 
first four factors to describe the acoustic attributes used for 
the place classification. 



5. Discussion

From the results of the factor analyses performed on the three 
datasets, we have found that the factors obtained by the 
analyses can be explained in terms of the acoustic properties 
that each factor captures. The burst-related acoustic attributes 
and the formant-related acoustic attributes are always the 
main contributors to different factors. Regardless of the 
frontness of the vowel, the ‘Normalized burst amplitude’ and 
the ‘burst shape’ factors, which are the factors comprised of 
the burst-related acoustic attributes, are always presented. In 
contrary, the factors that are comprised of the formant-related 
acoustic attributes vary depending on the frontness of the 
associated vowels. This is not surprising due to the direct 
relationship between the frontness of the vowel and the 
location of formant frequencies. In the front vowel case, the 
formant-related acoustic attributes are grouped into factors 
depending on whether they determine the frequency of the 
formant frequencies at some time instances or capture the 
amount of transition of the formant frequencies in some time 
intervals. In the back vowel case, they are grouped into 
factors depending on whether they capture the information 
about the second formant frequency or the third formant 
frequency. 

The benefit of being able to factor the acoustic attributes 
used for the place classification into meaningful factors is that 
we can collectively explain the amount of contribution each 
factor has on the place classification instead of explaining the 
contribution of each acoustic attribute individually, as it was 
done in [9]. From the results of the discriminant analyses, we 
have found that, when there is no information about the 
adjacent vowel, the factors that contribute to the classification 
the most are the ‘normalized burst amplitude’ and the ‘burst 
shape’ factors. Both factors together are responsible for more 
than 60% of the classification result, while the ‘formant 
frequency’ and the ‘formant transition’ factors do not 
contribute as much. However, when the information about the 
frontness is known, the contribution percentages of the 
‘normalized burst amplitude’ and the ‘burst shape’ factors 
drop significantly, while the contribution percentages of the 
formant-related factors increase dramatically. In the front 
vowel case, the ‘formant transition’ factor was shown to have 
a bigger contribution than either of the burst-related factors. 
In the back vowel case, the ‘F2-related’ factor is the biggest 
contributor. In both cases when the frontness is known, the 
total contribution of the formant-related factor exceeds the 
one of the burst-related factor. This suggests that the common 
belief that the release burst is a better cue than the formant 
transition for the task of determining stop consonants does not 
always hold, at least when the frontness of the adjacent vowel 
is known. 

6. Conclusions

In this study, we uncovered the factors that described the 
acoustic properties significant to the place classification. The 
results show that there are four key sets of factors: 
‘normalized burst amplitude’ factor, ‘burst shape’ factor, 
‘formant frequency’ factor, and ‘formant transition’ factor.  
This allowed us to determine the relative importance of the 
burst information and the formant information without having 
to analyze the contribution of each acoustic attribute 
individually. 
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