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Abstract

This study attempts to model the perceptual similarity data of
natural English voiceless fricative syllables /fa 6a sa fa ha/ in
terms of the auditory distance metrics using
multidimensional scaling technique (MDS). First, it was
proved that the perceptual configuration of nonspeech sounds
is adequately modelled by Euclidean distance space. Next,
the three distance metrics were analysed to show which
metric is most efficient in modelling the perception of speech
sounds. Finally, it was shown that the perceptual and
physical configurations of five voiceless English fricatives
were highly correlated. This result seems to support a model
of speech perception based mainly on the general physical
characteristics of speech.

1. Introduction

One of the central problems in speech perception is how
listeners decode variable acoustic signals to units of
linguistic contrasts, such as phonemes or features. Many
studies have been concentrated on identifying perceptually
salient aspects of speech signals by studying spectrograms
and by the careful manipulation of synthetic speech. Results
of these studies are complex interacting acoustic cues that
correspond to each linguistic contrast.

A novel approach to this problem is the concept of
spatial representations of speech units. In this approach each
linguistic contrast is represented as a region in
multidimensional measurement space at various levels of
speech processing such as perceptual, physical and linguistic.
The measurements are based on distances between the
objects in respective spaces. This approach is consistent with
models of speech perception such as the prototype theory,
according to which the correct identification of speech
segments depend on the perceived distances between speech
stimuli and a prototype/region in perceptual space [1].

Early studies of this kind have been carried out on
Dutch vowels [2]. It was shown that the perceptual
dimensions obtained from multidimensional scaling studies
of perceptual similarity judgments were accurately predicted
from their physical configurations. The configurations on the
first few significant dimensions could be easily explained in
terms of traditional vowel properties like front/back, height,
and roundness, as well as their formant values.

The purpose of this study is to investigate whether a
similar relationship exists for consonants. A set of voiceless
fricatives were selected to address this issue because; 1) in
theory at least, they can be modelled in the same way as
vowels, in terms of the spectral poles and zeros; ii) they
occur in five different places of articulation in English, and

this will give a larger number of combinations of similarity
judgements and points on the perceptual space.

A pilot study (see [3]) showed that perceptual
configurations of fricatives might not be readily explained
from their physical configurations. This may be indicative of
something fairly exclusive about speech perception. If this is
correct, it is necessary to investigate the extent to which the
linguistic knowledge of a hearer would influence the
perception of speech signals, compared to the perception of
nonspeech sounds. First we will establish that the perception
of the nonspeech sound is entirely explainable by their
physical properties. Next, we will clarify which distance
metric, among Fuclidean, Slope and Negative second
differential (N2D), is most suitable to model the perception
of fricatives. Section 4 shows to what extent the perceptual
dimensions of fricatives can be matched to their physical
dimensions.

2. Shaped white noises
2.1. Perceptual space

The stimuli were drawn from two-formant filtering of white
noise so that the acoustic structure of the sounds can be
plotted in a two-dimensional space. Since there are five
fricatives in English, the number of stimuli was set to five.
Each stimulus was white noise filtered through two
resonators with fixed bandwidth of 1000Hz but with various
centre frequencies. To determine the centre frequency of
each resonator a two-dimensional grid was constructed, as
shown in Fig 1, so that no pair of resonator peaks could occur
at the same frequency and the noise ¢ is equidistant from the
others. In effect, each noise has two ‘formants’ F1 and F2.
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Fig 1. Two dimensional grid of F1 against F2.

The auditory intensity of each stimulus at the loud speaker
was normalized using a speech pressure level meter. The
duration of each stimulus was 0.5 seconds.

Listeners were asked to make triadic comparison
judgments on pairs AB AC type. 30 (=5x4x3/2) triads were
constructed from these noises and randomised. An interval of
0.1 seconds between the tokens and 2 seconds endpause



were used. The stimuli were generated and recorded onto a
DAT tape with a pause and a tone every block of five stimuli
for presentation to the listeners.

Ten students volunteered to listen to the stimuli. All of
them were native speakers of English, and had normal
hearing.

Data were accumulated over trials so that the pairs
selected as more similar were assigned a score of 1, and the
pairs which were not selected as a score of 0. An example of
the matrix for one subject is shown below.

a b c d e
a 0
b 4 0
c 5 30
d 21 40
e 1 3 2 5 0

Table 1. Symmetrised similarities matrix for a subject.

3-way interval level MDS analysis has been carried out. The
object of this technique is to obtain an optimal spatial
representation of the scaled objects on the basis of analysed
distances. In this way, we determine the minimal number of
perceptual dimensions required to model the similarity data
with maximal variance in the data accounted for. The two-
dimensional space was chosen as the solution. Badness-of-fit
for the one-dimensional solution was 0,28 and for the two-
dimensional solution, it was 0.12. A three-dimensional
analysis was not permitted.

2.2. Physical space

The physical spaces are obtained in four main stages:

1) a simple 1/3-oct rate auditory transform is applied to the
frequency axis of the acoustic spectrum. The 1/3-oct
transform roughly simulates the non-linear spacing and band
width of the auditory filters.

ii) the intensity axis is transformed into a logarithmic scale,
to reflect the non-linear loudness density pattern in the
auditory periphery. The outcome is an auditory excitation
pattern.

iii) spectral distances between these auditory excitation
patterns are calculated using Euclidean, Slope and N2D
metrics. The Euclidean metric takes the square root of the
squared differences in the outputs of each filter between any
two compared spectra. The Slope metric compares spectral
slopes given by the first difference, while the N2D takes the
absolute value of the negative part of the second differentials.
A detailed account of these metrics can be found in [3].
32-channel filters are used for the Euclidean metric analysis,
while 64-channel filters are used for the Slope and N2D
metrics.

iv) these distances are used as the input to 2-way MDS.

2.3. Canonical correlations between perceptual and
physical spaces

Perceptual and physical coordinates obtained in previous
sections were used as inputs to canonical correlation analysis.
The canonical coefficients and their significance are shown
in Table 2, for the three different distance metrics. The
correlations show that FEuclidean space can adequately
predict the perceptual organization of the noises.

Distance metrics Canonical correlations

Dimension 1 Dimension 2
Euclidean 972 934
Slope 994 794
N2D 987 710

Table 2. Can. corr. between the perceptual and Euclidean,
Slope and N2D physical spaces of noises.

For the other metrics, the correlations are high for dimension
1, but not for dimension 2. A graphic display of correlations
for the Euclidean metric is shown below.
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Fig 2. Canonical scores; noises with p are the perceptual
coordinates while ones without p are physical coordinates.

Fig 2 proves that for noises, the perceptual and
Euclidean spaces were highly correlated. If we reiterate this
result for nonspeech sounds in general, the perception is a
relatively simple one-to-one mapping between the acoustic
signals and the percepts.

3. Distance metrics

The comparison of the three different metrics in section 2
and the pilot study (in [3]) showed the Euclidean metric to be
the most accurate at predicting the perceptual results. That is,
the canonical correlations between the perceptual and
physical spaces were highest when the Euclidean metric was
implemented.

This fails to support the results obtained for the vowel
sounds in previous studies, where it was reported that the
metrics which emphasise peaks and shoulders of the spectra
predict the perceptual data more successfully [4].

Two possible reasons for this discrepancy may be put
forward: a) the metrics are only effective for the smooth
vowel spectra, and not for the white noises or fricatives, in
which the signal fluctuates rapidly, b) the previous results
were only true for the specific sets of stimuli used for their
experiments.

In order to investigate these two possible reasons, the
metrics were applied to a set of English vowels /11 e ar o1 uv/,
pronounced in the context /h d/. A male speaker’s
production was taken from a large data base. Procedures for
auditory analyses were the same as before (see section 2.2).
The physical maps based on Euclidean, Slope, and N2D
metrics are presented in Figs 3a-c.

Fig 3a shows the Euclidean space of the five vowels.
The configuration is comparable to the Euclidean space of 11
Dutch vowels in [2]. However, as in the case of the white



noises, the configurations from the Slope and N2D metrics
do not follow the expected pattern of compatibility with the
F1/F2 space. An increase in the number of filter channels to
64 and 128 did not improve the configurations of the Slope
and N2D metrics.

Table 3 lists the frequencies of the first and second
formants of the English vowels used. The formants were
determined from LPC modelled spectra.

Vowels fi:/ le/ fa:/ la:/ fu:/
F1 (Hz) 400 600 750 375 300
F2 (Hz) 2500 2250 1125 750 1600

Table 3. Formant frequencies of the vowels.

The formant values were plotted on a logarithmic scale, as
shown in Fig 4. The formant configurations closely resemble
the Euclidean map in Fig 3a. The canonical correlations in
Table 4 support this observation.

Distance metrics FEuclidean | Slope N2D
Canonical | Dim 1 .996 .980 998
Corr. Dim 2 .820 335 115

Table 4. Can. Corr. between F1/F2 plot and physical spaces.

Therefore, the results show that the metrics are also
ineffective in representing the physical space of the vowels
themselves, pointing to the reason given here as (b) for the
discrepancy with previous studies that the metrics are only

Euclidean Slope

useful for the specific sets of stimuli used in their
experiments, which may have been rather artificial.

Indeed, Klatt’s study [4] used 66 variations of the vowel
/a/ each differing subtly in terms of acoustic properties. Klatt
found that pairs of synthesised /a/ vowels which differed in
terms of their formant frequencies were given the highest
distance scores in a ’10-point scale’ of ‘phonetic distance’
judgements (as opposed to the ‘psychoacoustic distance’).
This means that he needed to devise a distance metric which
would emphasize the formant frequencies, whilst ignoring
other spectral variations. However, when the data involve
different vowels with clearly different formant positions in
the spectra, it is possible that the metric may be over-
emphasising the differences. Therefore, the metric may be
rather specific to the particular stimulus type used.

Also in the Assmann and Summerfield’s study [5], there
was concern over how well the pattern-matching procedure
based on different distance metrics predicted the vowel
identifications in the presence of competing voice
(simultaneous double vowels). This means that they may
have also needed to give extra emphasis to the spectral peaks,
in order to allow each vowel to stand out from the other in
the double vowels.

In the light of these evidences, it is thought that the
Slope and N2D metrics, which overly concentrate on peaks,
were better predictors of perceptual distances between two
very similar spectra, but for the natural speech spectra,
which are distinct from each other, the metrics may not give
accurate distances between the spectra.
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Fig 3a-c. Physical space of five vowels from three distance metrics.

4. Natural fricatives
4.1. Perception test

The stimuli were natural productions of voiceless fricatives,
[f 6 s [ h], followed by the vowel [a]. By natural fricatives
we mean the speech signals contain not only the fricative
section, but also the following transitions and vowels. A
female speaker recorded each consonant twice. The recording
was done in an anechoic chamber onto a Sony DTC-1000ES
digital audio tape recorder. They were digitised with 16-bit
quantisation and a sampling rate of 20 kHz. The vowel
sections were checked so that the peak intensity of each
stimulus was kept within 2~3dB difference across
consonants. 20 students, native speakers of English with
normal speech and hearing, were paid to listen to the stimuli.
Their perceptual task was the same as in section 2.1 (triadic
comparison)
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Fig 4. FI/F2 plot of five vowels.
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Fig 5. Perceptual space.

3-way Proc-ALSCAL interval level analysis has been
carried out. The changes in the badness-of-fit values (0.404,
0.214, 0.136) and interpretability of solutions suggested a 2-
dimensional solution to be optimal. The 2-dimensional
solution is presented in the Fig 5. Dimension 1 clearly
separates sibilants /f 6 h/ from nonsibilants /s [/. On



dimension 2, fricatives are ordered according to their place of
articulation.

4.2. Production test

Five male native speakers of English recorded the fricative
syllables /fa 6a sa fa ha/. They were asked to utter the
syllables twice, clearly and in a falling tone. The recordings
were made in an anechoic room onto a Sony DTC-1000ES
DAT recorder. They were digitised with a 16-bit quantisation
rate and a sampling rate of 20 kHz.

They were analysed as in section 2.2. But for the white
noises the distance analyses compared a particular spectral
section of each auditory excitation pattern. However this may
not be accurate since articulation of fricatives also changes in
time. To account for the dynamic fluctuation of the fricative
signal, and differences in the length between the different
fricatives and speakers, a non-linear time alignment
technique was used [6]. This technique is based on a simple
principle of optimisation; it relies on finding the shortest path
between two compared segments aligned on a graph.

The distances between the aligned auditory spectra were
calculated for each production of each speaker and used for
3-way, triangular matrices, interval level MDS analysis.
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Fig 6. Physical space.

The canonical correlation between the perceptual and
physical spaces was very high (0.995, 0.933). On the
Euclidean space (Fig 6) each fricative category occupies a
distinct region and each region is clearly positioned
according to the place of articulation and
sibilance/nonsibilance distinction.

5. Conclusions

The main results have shown that there is a close
relationship between perceptual and physical spaces for the
fricatives, as well as the white noises. The dimensions in Fig
6 correspond to ‘sibilance’ and ‘place’ in conventional
phonetic terms. A possible acoustic interpretation of these
dimensions is the frequency of the main spectral peak and
the ‘peakiness’ of spectra (see [3] for details). These results
are congruent to those found in vowels studies in that the
concept of spatial representations enables us to identify the
key factors involved in each domain of speech processing,
and demonstrate simple correlation across the different
domains. This result stands in sharp contrast to the
contemporary detailed cue studies in which many different

spectral characteristics seem to be intricately interwoven and
often interact in specifying the perception of any one fricative
category.

Another important finding was that the essential
peripheral auditory processing in the fricative data was
adequately modelled by the auditory transformations used in
the vowel data. A 1/3-octave bandpass filter bank analysis
and non-linear intensity scaling were used. In addition, a
non-linear time alignment procedure was employed in order
to account for the time-varying spectral properties in
fricatives. This was particularly important as this technique
provides a basis for wider application of the same auditory
analysis procedure in studying other consonants.

Simple Euclidean distance metric was most efficient in
modelling the perception of natural speech signals in
comparison to Slope and N2D metrics.

Note also that the materials used for perceptual and
physical tests in section 4 were from different speaker
groups; female and male speakers respectively. This means
that the spatial representations based on scaled distances
between speech sounds, can automatically account for
speaker normalisation effect in different processing domains.

Overall, these results imply that fricative perception
could be adequately modelled on the basis of their general
physical characteristics, which is consistent with perceptual
strategies used for vowels and nonspeech sounds. This seems
to suggest a unified experimental paradigm in which the
development of speech perception models may be
investigated in parallel for both vowels and consonants in
terms of spatial representations.
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