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Abstract 
In previous work [1] we investigated the vowel structures of 
Japanese in both articulatory space and auditory perceptual 
space using Laplacian eigenmaps, and examined relations 
between speech production and perception. The results showed 
that the inherent structures of Japanese vowels were consistent 
in the two spaces. To verify whether such a property 
generalizes to other languages, we use the same approach to 
investigate the more crowded English vowel space. Results 
show that the vowel structure reflects the articulatory features 
for both languages. The degree of tongue-palate approximation 
is the most important feature for vowels, followed by the open 
ratio of the mouth to oral cavity. The topological relations of 
the vowel structures are consistent with both the articulatory 
and auditory perceptual spaces; in particular the lip-protruded 
vowel /UW/ of English was distinct from the unrounded 
Japanese /�/. The rhotic vowel /ER/ was located apart from the 
surface constructed by the other vowels, where the same 
phenomena appeared in both spaces. 
Index Terms: vowels, speech production, speech perception 

1. Introduction 
Human beings are capable of producing and perceiving speech 
even under highly adverse conditions, and speech researchers 
attempt to answer why and how humans can accomplish this [2-
5]. Although it is generally believed that the “speech chain” [3] 
linking speech production and perception in the human brain 
provides a considerable contribution, there is as yet no 
consensus about its details. Since vowels constitute the central 
part of speech, systematic studies on vowels should lead to 
better understanding of this issue. Accordingly, this study 
attempts to reveal inherent relations between speech production 
and perception by investigating inherent vowel structure. 

In articulatory phonetic domain, the vowel system is 
commonly described as a distribution in a coordinate-structured 
space with a few dimensions such as tongue height and 
front/backness. In auditory perceptual space, vowels are 
described by a few formants. The topological compatibility can 
be seen in articulatory and auditory spaces for isolated vowels. 
However, if we adopt the same parameters to the vowels 
extracted from continuous speech, distinctive topology no 
longer appears in either articulatory or auditory space. In 
previous studies [1], we proposed a nonlinear analysis method 
(Laplacian eigenmap) to extract inherent vowel structures from 
an articulatory database of read speech for Japanese [6]. A 
consistent topological relation was found in the vowel structures 
for both the articulatory and auditory perceptual spaces.  

Here, a question arises as to whether or not such 
topological compatibility exists in other languages. In this study, 
we choose English to test this question, because English has 

more vowels than Japanese, including the lip-protruded vowel 
/UW/ and rhotic vowel /ER/ that do not exist in Japanese. In 
this paper, we apply the same approach to these two languages, 
and compare the resulting vowel structures between the 
languages and between the articulatory space and auditory 
space within each language. 

2. Method for exploring vowel structures 
In past studies [7-9], a variance based method (PARAFAC) was 
used to find a few principal components to represent the data 
variance. However, variance based methods cannot 
appropriately characterize a dataset with nonlinear 
characteristics [10]. In contrast, a characterization method based 
on inherent similarity is a possible approach, since identifying 
similarity of objects is a basic criterion in human cognition. 

Based on the similarity principle, articulations belonging 
to the same category should have similar properties and be 
located in a neighboring region of the articulatory space. 
Therefore, our objective is to find a method that is able to 
describe the similarity of vowels in articulatory and auditory 
spaces. For a general description, a vocal tract shape for a 
vowel is represented as a vector in articulatory space. Thus, all 
vectors for vowels form a set X, � �nR , 1,2,...iX i N� � �X , 

where N is the data number.  The similarity of the vocal tract 
vectors is described by a non-linear distance between one 
another, as in (1),   

� �2
expij i jw X X �� 	 	  (1) 

where wij is the distance between the vocal tracts Xi and Xj. � is 
the heat kernel of the data. A vocal tract shape is regarded as a 
point in the articulatory space. A similarity graph is constructed 
by connecting the point (vertex) to its neighbors in the given 
space, where two neighboring vertices are connected by an edge 
with a weighting coefficient of the distance. Thus, a distance 
matrix W can be obtained from such a graph as follows, 
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where i(k) is the k-th nearest neighbor of the vertex i. Based on 
the vertices and edges, we construct a Laplacian graph to 
simulate the Laplace-Beltrami operator of the manifold [11, 12]. 
A “neighborhood keeping” map can be obtained from the 
discrete graph by minimizing the objective function,  
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where dij is the element of matrix D. f� is a mapping function 
of the vector vertices, which can be obtained by solving the 
generalized eigenvalue as 

ˆˆ( ) 0L D f�	 �                         (5) 
The i - th  vector can be described in a dimensional reduced 
space as in (6),  

� � � � � � � �ˆ ˆ ˆ ˆ, ,..., ,...
T

i 1 i 2 i j i n iX f X f X f X f X
 �� � 
        (6) 

where � �ˆ
j if X  is the projection on the space, and n is 

dimensions of the reduced space. The embedded manifold 
reflects the most important degrees of freedom of the system 
derived from the data. In this mapping, the topological 
relationship of the data can be retained even if using just a few 
of the principal dimensions.

3. Vowel structures in articulatory and 
auditory space 

To explore vowel structures, the proposed method is applied to 
articulatory and auditory domains.  Measurements of the speech 
organs during speech are employed in the articulatory case, 
while acoustic parameters of speech signals are used in the 
perceptual domain. 

3.1. Vowel structure for Japanese 

3.1.1.Data set of Japanese 
The articulatory data of Japanese used in this study were 
recorded using the Electromagnetic Midsagittal Articulographic 
(EMA) system for read speech, and the acoustic signals were 
recorded simultaneously. The data were collected by a group at 
NTT communication science laboratories [6]. The sampling 
frequency was 16 kHz for acoustic signals, and 250Hz for 
articulatory data.  Three Japanese male subjects served as the 
speakers in the this record. 

Measurement points of the articulatory data are: the upper 
lip, lower lip, lower jaw, and four points on the tongue surface 
from the tongue tip to tongue rear. Each point is recorded by an 
x-y coordinate, where x corresponds to the posterior/anterior 
dimension and y to the inferior/superior dimension. Thus, a 
vowel articulation is represented by a vector with 14 
dimensions. Five Japanese vowels were automatically 
segmented from stable periods in read speech and extracted 
from 360 sentences. As a result, the number of extracted vowels 
is 1,600 for /a/, 1,200 for /i/, 900 for /u/, 800 for /e/ and 1,200 
for /o/. Altogether, the articulatory data set has about 5,700 
vowels for each subject, which contains most of the phonemic 
environments of Japanese. 

3.1.2. Vowel structure in articulatory space
To extract the vowel structure, we first construct a discrete 
graph based on the collected articulatory data of the vowels. 
The weighting matrix is derived from the graph. In constructing 
the weighting matrix W using Eq. (2),  six nearest vertices were 
chosen for each output vertex, which is compatible with the 
number of vowel categories of Japanese. A mapping function is 
obtained by decomposing the weighting matrix using (5) and 
(6). Finally, a vowel structure with low dimensions is derived 
from the high dimensional data, while topological relationships 
are preserved. The vowel structure is shown in Fig. 1 for one 
speaker, where each point represents one vowel. The distinctive 
symbols and colors were used for five different vowels.  From 
this figure, one can see that five Japanese vowels are well 
clustered into five categories.

In Fig. 1, the left panel shows the relation in the plane of 
the first and second dimensions. In the first dimension, vowel /i/ 
is located on the top, vowels /a/ and /o/ are in the bottom, and 
vowels /e/ and /u/ (/�/) in the middle. With reference to 
articulation, the first dimension can explain the degree of 
tongue-palate approximation, i.e., high-front vs. low-back 
variation. This is consistent with traditional descriptions. In the 
horizontal direction, vowel /a/ and /e/ have a positive weighting 
coefficient, and /o/ and /u/ have a negative coefficient. With 
reference to articulatory configurations, the former has a larger 
opening ratio of the mouth to the oral cavity, while the latter 
has a smaller ratio.  This implies that the second dimension 
associates with the opening ratio of the mouth to the oral cavity.  

The right panel of Fig. 1 shows a three dimensional (3D) 
relation for the first three components. Vowel distribution is not 
monotonic in the third dimension, which scatters on a curved 
surface. 3D projections with different orientations show that the 
vowels distribute on the curved surface regularly. The location 
of the vowels along the surface is similar to that of vowel 
constrictions along the vocal tract, while the two wings reflect 
the mouth opening ratio. This structure provides a reasonable 
structure to describe the essential articulatory characteristics of 
the vowels. 

Figure 1: 3D vowel structure in articulatory space for five 
Japanese vowels from one speaker. 

3.1.3. Vowel structure in auditory space
To clarify the relation between speech production and 
perception, we investigate the vowel structure in auditory space 
as well as in articulatory space. Wang et al. [13] suggested that 
the auditory image can be represented by an affine transform of 
a logarithmic spectrum. Following this suggestion, we adopted 
the Mel Frequency Cepstral Coefficient (MFCC) as the 
preliminary parameter in extracting vowel structure in auditory 
space. Speech signals of the vowels were extracted from the 
identical period with that used in articulatory data. To keep the 
uniformity of the algorithm, the number of dimensions for 
MFCC is also chosen to be 14, which is the same as that of the 
articulatory data. The same processing approach used for 
articulatory data is used to explore the inherent vowel structure 
in auditory space. 

Fig. 2 shows the explored vowel structure in the auditory 
space. The topological relation of the vowel structures is 
consistent with each other in these two spaces, where the 
distribution in the auditory space is not distinguished clearly as 
that in the articulatory space. From 3D projections, we found 
that the surface consisting of vowel distribution is twisted in the 
auditory space. As clarified in [1], each vowel is distributed on 
one plane regularly. However, the whole vowel structure in the 
auditory space takes on a spiral shape, like a twisted sheet. That 
is why we cannot find a clear view from any projection in the 
auditory space. 
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Figure 2: 3D vowel structure in auditory space for five 
Japanese vowels for the same speaker as shown in Figure 1.

3.2. Vowel structure for American English 

3.2.1.Data set of English 
The articulatory and acoustic data of English used in this study 
were selected from the X-ray Microbeam Speech Production 
Database of Waisman Center at University of Wisconsin, USA 
[14]. The articulatory and acoustic data were recorded 
simultaneously. The sampling frequency was 21739Hz for 
acoustic signals, and 146Hz for articulatory data.  Speech 
materials are read speech.  The alignment of the phonemes in 
the read sentence is carried out using a forced alignment 
algorithm� [15].  12 American English vowels were 
automatically segmented based on the forced alignment in read 
speech for 21 speakers. As a result, the extracted samples were 
from 150 to 180 for the vowels. 

Measurement points of the articulatory data were: the 
upper lip, lower lip, lower jaw, and four points on the 
midsagittal tongue surface from the tongue tip to tongue rear. 
Each pellet is recorded by an x-y coordinate, where x 
corresponds to the posterior/anterior dimension and y to the 
inferior/superior dimension. Thus, a vowel articulation is 
represented by a vector with 14 dimensions.  

3.2.2.Vowel structures in articulatory and auditory 
spaces

To extract the vowel structures of English vowels, we applied 
the same approach to the data selected from the U.W. X-ray 
Microbeam Database.  In constructing the weighting matrix W
using Eq. (2),  12 nearest vertices were chosen for each output 
vertex, which is compatible with the number of vowel 
categories of English. Figure 3 shows the vowel structure 
obtained from one speaker.  In the left panel of Fig. 3, the 
topological relation shows that the high vowels are located in 
the upper region of the structure and the lower vowels in the 
bottom region. The vowels with a larger open ratio of the mouth 
to the oral cavity are located on the right side of the distribution 
region, while the vowels with a smaller ratio are located on the 
left side.  The right panel shows that most vowels are located on 
a curved surface, while the rhotic vowel /ER/ is located apart 
from the other vowels.  In the articulatory space, one can see 
that except for the rhotic vowel, the structure for the other 11 
English vowels has the same topological relation as the 
Japanese vowels. That is, the first dimension can explain the 
degree of tongue-palate approximation, i.e., high-front vs. low-
back variation. In the second dimension, the vowels with a 
larger open ratio of the mouth to the oral cavity are located on 
one side, and the smaller ratio on the opposite side.
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Figure 3: 3D vowel structure in articulatory space for 12 
English vowels from one speaker. 

We extract the vowel structure of English in auditory space 
using the same methods as in 3.1.3, where 12 nearest vertices 
were chosen for each output vertex. Figure 4 shows the vowel 
structure in auditory space.  The topological relation in auditory 
space is consistent with that in articulatory space for the other 
vowels.  The surface of the vowels is somewhat spiral but is not 
clear as that seen in Japanese vowels. The topological relation 
of the vowels is consistent with the result of Miller [5], in which 
the vowel /ER/ is located out of the surface constructed by the 
other vowels. This implies that the rhotic vowel may have some 
special characteristics differing from the other vowels.  
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Figure 4: 3D vowel structure in auditory space for 12 English 
vowels from the same speaker as that shown in Figure 3. 

4. Comparison and Discussion 
In the above results, one can see that the vowel structures are 
basically consistent with articulatory and auditory spaces for 
both Japanese and English. The topological relation of the 
vowel structures is similar between two languages.  Since the 
vowel systems are different between the two languages, some 
results need to be investigated further.

4.1.1.Effects of the articulatory features 
For about half of the 21 AE speakers,  vowel /UW/ is located 
anterior to the /IY/ in the apex of the structure in the 
articulatory space, as shown in the left panel of Fig. 5.  The 
causes may be related to the articulatory features of the lips. For 
testing, we constructed a new vowel structure by removing the 
components of the lips from the articulatory data, where the 
other components are exactly same.  Figure 5 shows the vowel 
structures in articulatory space using full data (left) and without 
lip features (right).  One can see that after the lip components 
were removed vowel /UW/ moved downward and backward, 
while almost no effect was seen on the other parts of the 
structure.  The topological relation for /UW/ is close to the 
structure as shown in Figure 3.  For the data used in Figure 3, 
we also investigated the effects of the lips by removing the lip 
components.  There is no change in the topological relation 
while the distribution of /UW/ and /AO/ widened somewhat. 
These results show that the locations of /UW/ in the vowel 
structure in articulatory space depends on the lip features.  

2817



-0.1

0

0.1

-0.1 -0.05 0 0.05

-0.02

0

0.02

0.04

0.06

AH

IH

IY

AE

AO

EH

AA

EY

UW

OW

AY

Data of MNI, LL,UL,T1, T2, T3, T4

-0.1
0

0.1
-0.0500.050.1

-0.02

0

0.02

0.04

0.06

Data of MNI, T1, T2, T3, T4, 

AH

IH

IY

AE

AO

EH

AA

EY

UW

OW

AY

Figure 5: Vowel structures in articulatory space using the full 
data (left) and without the lip features (right) for one speaker. 

4.1.2.Effects of the rhotic vowel 
As shown in the articulatory and auditory spaces, vowel /ER/ is 
distinct from the other vowels in the vowel structures.  To 
investigate the effects of the rhotic vowel on the structure, a 
comparison is made between the vowel structures with and 
without the rhotic vowel.  Figure 6 shows the vowel structures 
without /ER/ in articulatory space (upper) and auditory space 
(lower); left for front view and right for lateral view.  For the 
front view in the articulatory space, there is no difference 
between the structures with /ER/ in Fig. 3 and without /ER/ in 
upper panels of Fig. 6.  For the lateral view, one can see that 
/ER/ is clearly apart from the other vowels, while it did not 
affect the topology so much by its inclusion.   For the auditory 
space, one can see that /ER/ did not affect the distribution of the 
other vowels by comparing the vowel structure in Fig. 6 and the 
one in Fig 4.  The results suggest that the explored vowel 
structures are intrinsic ones that are less dependent on the 
particular data set.  In a small number of structures, however, 
the /ER/ was not so outstanding from the other vowels.  It may 
be concerned with the articulation approach of particular 
speakers.  
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Figure 6: Vowel structures without /ER/ in articulatory space 
(upper) and auditory space (lower); left for front view and right 
for lateral view from the same speaker as that shown in Figure 
3.

5. Summary
In this study, the vowel structures of Japanese and English were 
extracted and compared with respect to both articulatory and 
auditory structure.  Although Japanese and English have 
different vowel systems, their vowel structures essentially have 
common characteristics. Vowel location in the structures 
basically reflects the articulatory features for both languages. 
The first dimension represents the degree of tongue-palate 
approximation. The second dimension reflects the open ratio of 
mouth to oral cavity by manipulating the articulatory features. 
The topological relations of the vowel structures are consistent 
with both the articulatory and auditory perceptual spaces. 

The major difference between two languages is that 
English has more number of vowels than Japanese; in particular 
lip-protruded /UW/ and rhotic /ER/.  When the lip features are 
removed from articulatory data of English, the vowel structure 
became similar to that of Japanese.  Miller [5] indicated that 
rhotic vowel /ER/ was distinct from the surface constructed by 
the other vowels in auditory space. This study shows that the 
same phenomenon also exists in articulatory space.  The rhotic 
vowel is located apart from the other vowels but its inclusion 
did not affect the structure of the other vowels.  This implies 
that the structure reflects the intrinsic properties of vowels but 
less depends on the data set. However, the lip-protruded vowel 
/UW/ showed different topologies in the articulatory and 
auditory spaces. This inconsistency remains an issue for future 
study.  
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