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PERCEPTION OF VOICE INDIVIDUALITY AND PHYSICAL CORRELATES
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1. INTRODUCTILON

Speech waves convey linguistic (phonetic) information, speaker-dependent
(personal) information, and many other kinds of information. Among these,
personal information plays the most important role next to the linguistic one.
Personal information takes the form of voice quality, voice height, loudness,
speed, tempo, intonation, accent, vocabulary, and so on. Various kinds of
physical features having complicated interactions producé these voice
characteristics. Voice quality and height, which are the most important of the
auditory types of personal information, can.be related mainly to the spectral
envelope and fundamental frequency (pitch).

Itoh et al.[1] evaluated the contribution of the spectral envelope, pitch,

“and dynamic characteristics of these features on the perception -of voice

individuality, using short sentences and five sustained vowels which were
processed in various ways by a PARCOR analysis-synthesis system. They found
that the spectral envelope is most influential, the pitch is second, and the
dynamic characteristics are third. Interactions were also found between the
spectral envelope and pitch and between the spectral envelope and the dynamic
characteristics.

Matsumoto et al.[2] calculated the auditory inter-speaker similarity matrix
based on the stimulus-stimulus confusion rates in the speaker descrimination
test. 1In such a test, vowels spoken by different speakers were presented in
pairs. They applied multi-dimensional scaling (MDS) to the similarity matrix,
-~ and investigated the relationship between this solution and three kinds of
" physical features, that is, (1) from the first to the third formant frequencies
(F1-F3) . (2) inclination of the estimated vocal-cord spectrum, and (3) the mean
value and fluctuation of the pitch frequency. Among these features, all of
which are relevant to voice-individuality, they concluded that the mean pitch
frequency has the largest effect.

Kuwabara et al.[3] also calculated the psychological inter-speaker
distances based on the results of the seven-step psychological similarity rating
for the paired word stimuli wuttered by the different speakers. In this
experiment, the word, /aoiue/, which consists of only vowels, was used. They
examined the correlation coefficients between the psychological inter-speaker
distances and the physical distances obtained by (1) the time function of pitch,
(2) the mean pitch frequency, (3) the time function of F1 through F5, and (4)
the spectral envelope at the vowel centers. Their results indicate that the
pitch-related features of (1) and (2) exhibit relatively large correlation
coefficients, whereas the spectrum-related features of (3) and (4) exhibit small
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values.

Kuwabara et al.[4] have also analyzed the acoustic features of the speech
of several announcers and found that their speech can be characterized by the
dynamic characteristics of pitch and formant time functioms. They also found
that the voices of the announcers have a higher spectral level at the frequency
band between 3 and 4 kHz, compared to people of other occupations. They assumed
that the high spectral level gives a penetrating quality to the voices . of
announcers in the same way as that the "singing formant" does to the voices of
singers.

As stated above, most results of research on the relationship between
psychological voice individuality and physical characteristics indicate that the
pitch has a larger correlation with the psychological characteristics than the
spectral envelope. However, the spectral envelope is thought to be making the
same or an even greater contribution to the perceptual voice individuality. In
automatic speaker recognition, the techniques based on the spectral envelope are
usually more effective than those based on the pitch([6,7]).

With the idea that. the importance of the spectral envelope has . been
underestimated due to inappropriate envelope estimation techniques in the
previous research, we have evaluated several kinds of spectral representation
(estimation) techniques from the viewpoint of correlation with perceptual voice
individuality. The results have also been compared with the pitch information.
Although the dynamic features of speech also convey large amounts of wvoice
individuality[8,9], only the text-independent time-averaged (static) features
are investigated in this paper, since the time-averaged information has been
regarded as conveying the basic individuality[10,11].

11. PSYCHOLOG
2.1. ACQUISITION OF DISSIMILARITY DATA ' ‘

A psychological experiment was performed using word utterances by male
speakers to obtain the psychological inter-speaker distance (dissimilarity) data
which indicate the psychological differences of voice quality. The rating
method, a kind of direct judgment method was used in the experiment. In this
method, word utterances by two speakers were sequentially presented and
listeners were asked to evaluate the similarity of the two utterances by using
one of the five categories: "similar", '"slightly similar", "difficult to
decide", "slightly dissimilar", and "dissimilar". .

There are several other methods for acquiring the psychological distances,
of which we will discuss three. The first is a paired . comparison (method of
triads or method of tetrads), in which a "pair having a smaller or larger
dissimilarity is required to be selected. The second is a ranking method, 1in
which each stimulus in turn represents a standard, while the rehaining stimuli
are to be placed in the order of rank with respect to their degree of similarity
to the standard. Finally, is a method based on the confusion rate when
listeners are required to identify the speaker of an utterance, or to choose
whether the speakers of two utterances are the same or not.

There are several reasons for using the rating method in this paper. First,
since natural speech samples were used in the experiment, there were a
considerable number of pairs which were too different to be confused. Second,
it is desirable that the number of pairs presented to listeners be reduced as
much as possible to decrease the burden on the 1listeners. Third, since the
stimuli can be presented only sequentially in the hearing experiment, it is
undesirable for a set of utterances presented to the listeners to have so many
stimuli that the utterances to be compared are separated in time. Fourth, 'it is
desirable that a considerable amount of data be obtained in a short time and
that the data be processed efficiently.

' 2.2. STIMULI AND METHOD OF EXPERIMENTS

Two kinds of Japanese word utterances, /namae/ and /baNgo:/, which were
uttered naturally by nine male speakers in an unechoic room, were used in the
experiment. A single utterance by each speaker was recorded for each word .
The nine speakers in their mid-twentiés™ to mid-fifties, were selected
arbitrarily. The utterances, passed through a low-pass filter having a 3.4 kHz
cut-off frequency, were initially stored in a computer storage, and then
presented to the listeners.

Seventy-two pairs of stimuli for each word were presented four times for
each listener. There were 16 listeners, consisting of 12 male and four female
listeners. The stimuli were presented to one ear through a receiver (DR-305) in
an unechoic room at a comfortable speech level (roughly 0 dB-0OTR). 'The
listeners were instructed to evaluate the voice quality while ignoring the
difference in loudness and accent. The inter-stimulus interval (ISI) and the
inter-test-interval (ITI) were 0.3 sec anq 2 sec, respectively.
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2.3.EXPERIMENTAL RESULTS
The dissimilarity matrix for the voice quality of the nine male speakers
was obtained by averaging the rating scores for all listeners for each pair of
stimuli. The rating scale was assigned as follows; O0:"similar"™, 1:"slightly
similar"”, 2:"difficult to decide", 3:"slightly dissimilar', and 4:"dissimilar".
The relationship between the elements of dissimilarity matrices for /namae/
and /baNgo:/ 1is presented 1in Fig.1.
The correlation coefficient for this
relation is 0.76. The correlation
coefficient between the rating scores
for /namae/ and /baNgo:/ is distrib-
-uted among the listeners between 0.44
and 0.97, whose mean value is 0.61.
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The spectral envelope and pitch frequency averaged over the speéch period

of each word were extracted as physical correlates having perceptual voice
individuality. The relationship between the inter-speaker distance calculated
using the physical features and the psychological distance obtained through the
hearing experiment was investigated. Since it has already been made clear that
the physical features of individual voice fluctuate over a long duration such as
several months[10-13]), those averaged over eight sessions of three-month
intervals (averaged over a period of nearly two years) were used in this paper.
The principal operations for the physical distance calculations are
indicated in Fig.2. The speech wave is passed through a low-pass filter having

a 3.4 kHz cut-off frequency in the same way. as in the psychological experiment.

It is then processed by A/D conversion at the sampling frequency of 8 kHz. - A 32
msec frame period is extracted every 16 msec by applying the Hamming window.
.Additionally, the beginning and end of the actual utterance are determined
through the mean power for each frame. In the left path of Fig.2, Fourier,
logarithmic and inverse Fourier transformations are applied to each frame of
the detected actual utterance period to extract the O0th through the 1i1th
cepstrum coefficients (cy). Pitch frequency (f3) is extracted wusing higher

order cepstrum coefficients. In the right path of Fig.2, the Oth through the
12th order auto-correlation functions (Vi) are calculated.

Cepstrum and auto-correlation coefficients and pitch frequency are then
averaged over the eight sessions after being averaged over the speech period of
each utterance. Each speaker is then represented by the physical features,

c;.v; and YO’ The inter-speaker distance matrix is calculated using either of

these features.
The averaged auto-correlation functions are normalized by the O0th order
function (power), and converted into auto-correlation coefficients ().
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Linear predictive coding (LPC) analysis is appiied.ﬂtb the auto—corgelatiog
coefficients. Inter-speaker distances using the log area ratios (LARs, gi) an

-
the weighted likelihood ratio (WLR) distance using the LPC-cepstrum (Tt ) and

— % ’ . .
modified correlation coefficients (ri ) are based on the LPC analysis technique.

The LPC-cepstrum, that is, the cepstrum obtained through LPC analysis (LPC
model), as well as correlation coefficients used in the WLR distance calculation
are extracted after spectral equalization. This equalization is performed by
the first-order inverse filtering (fixed to all speakers) using the first-order
correlation coefficient averaged over all of the speakers.

3.2. INTER-SPEAKER DISTANCE MEASURES e = . . . |
The five inter-speaker distance measures evaluated 1in this paper -are
defined as

B
(1) cepstrum distance, D](j.k)=‘kz;(zij—33k)2 ,
I=

P2
(2) correlation coefficient distance, Dz(j,k)=‘/2(?ij-?ik)2 ,

3
(3) log area ratio (LAR) distance, DB(j’k)'SJZ(Eij'Eik)z i
- iz _

(4) wcighted likelihood ratio (WLR) distance, Da(j.k)

‘/" % _ % _ x _ %
= Z‘(rlj -rik ) (clj -cik ) )

(5) and pitch frequency distance, Ds(j.k)- EOj'Ebk s

where, j and k are the indices of the speakers. The number of parameters,
pl-p4, were set to 11 or 12 based on the previous results of research on speech
analysis-synthesis systems. In these 2'8ystems, synthesized . speech which

maintains voice individuality can be realized using not more than 10 correlation
coefficients when the speech is bandlimited under 3.4 kHz.

1V. RELATIONSHIP BETWEEN PSYCHOLOGICAL AND PHYSICAL DISTANCES
4.1, CORRELATION WITH SPECTRAL ENVELOPE D
Correlation coefficients between the inter-speaker distance matrices which
are calculated by the distance measures defined in the previous chapter and the
psychological distance matrix (dissimilarity) are presented in Table 1. This

table shows that the cepstrum distance
exhibits the maximum correlation with Table 1-Correlation coefficients between

.the psychological distance, whose cor- -+~ psychological and physical distances
relation coefficient is 0.70 for a two- ‘

word average. Since 95% confidential Word
intervals of the correlation coeffi- Distance /namae/ /baNgo:/
cient are between 0.63 and 0.83 for

/namae/ and between 0.50 and 0.77 for Cepstrum (D1) 0.74 0.66
/baNgo:/, the cepstrum and psychologi- Correlation (D2) 0.47 0.27
cal distances are considered to be cor- LAR (D3) 0.57 0.37
relative. The relationship between the WLR (D4) 0.58 0.42
cepstrum and psychological distances g

.for 72 pairs of speakers is presented in Fig.3. The WLR and LAR distances
exhibit smaller correlations with the-spsychological distance, and the

correlation coefficient distance has a much smaller correlation value as well.

4.2 N H H

The relationship between the inter-speaker distance using pitch frequency
and the psychological distance is presented in Fig.4. The correlation
coefficients are 0.71 for /namae/ and 0.76 for /baNgo:/, which are nearly equal
to the correlation coefficient between the cepstrum and psychological distances.

Correlation coefficients between the two physical distances, that 1is, the
pitch frequency and cepstrum distances, are 0.38 for /namae/ and 0.59 for
/baNgo:/. This indicates that the two physical distances exhibit some
correlation in the word /baNgo:/, whereas..no correlation can be observed in the
word /namae/. It can therefore be said that pitch frequency is as important as
the spectral envelope in representing the perceptual voice individuality.
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Fig. 5. Spectral envelopes derived from the overaged cepstrum coefficients
for the voices of nine speakers.
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4.3. SPECTRAL E P P NIED
Since the cepstrum is defined by the inverse Fourier transformation of the

logarithmic spectrum, a smoothed logarithmic spectral envelope can be obtained
by the Fourier transformation of the lower order 10 cepstrum coefficients or so.
Hence, the cepstrum distance corresponds to the distance of the smoothed
spectral envelopes. The spectral envelopes for the nine speakers derived f{rom
the cepstrum are shown in Fig.5. This figure indicates that the individuality
of the spectral envelopes derived from the cepstrum mainly exists in the
difference of the spectral levels of the frequency band roughly between 2.5 and
3.5 kHz.

Based on this result, the mean level of the spectral envelope between these
values was calculated for each speaker as the main "spectral feature" of voice

individuality. On the other hand, each speaker was projected onto a
two-dimensional plane which was .obtained by the MDS (Kruskal's -non-metric
method) applied to the cepstrum distance matrix. Multiple-regression analysis

was then attempted between the projection and the "spectral feature".

The projection of each speaker is shown in Fig.6, and the 'spectrum" in
this figure indicates the axis which maximizes the correlation between the
“spectral feature" and the regression of each speaker. The correlation
coefficients are 0.99 for both /namae/ and /baNgo:/. Kruskal's stresses for
these two-dimensional planes are 2.8 ¥ and 0.8 % for /namae/ and /baNgo:/
respectively. It can be concluded that the individuality of the spectral
envelope derived from the cepstrum is almost completely represented by the
difference of spectral levels between 2.5 and 3.5 kHz.

The MDS is then applied to the psychological distance matrix to obtain a

two-dimensional plane on which the nine speakers were projected. The
multiple-regression analysis is applied between the projection and the two kinds
of physical features, the pitch frequency and the "spectral feature". The

results are presented in Fig.7, which indicate the large correlation (0.91-0.95)
between the physical and psychological features. Kruskal's stresses for these
planes are 6.6 % and 8.3 % for /namae/ and /baNgo:/ respectively. This figure
also implies a correlation between the '"spectral feature"” and the pitch
frequency in /baNgo:/. Several other physical features remain to be
investigated to explain the component on the plane of Fig.7 that can not be
explained by either the "spectral feature" or the pitch frequency. .

4 ] oW \\L.’ W f
 HagU "> . , . . L, ~Ss s M
. .
K T M F\
1 sK Spectrum (r=0.99)

1 Spectrum (r=0.99)

/namae/ /baNgo:/

Fig. 6. Projections of the nine speakers onto the plane produced by MDS applied to the inter-speaker
cepstrum distance matrix. "spectrum" indicates the direction which maximizes the correlation
between the regression of each speaker to the vector and the mean spectral level of the 2.5 to
3.5 kHz frequency band.

Pitch (r=0.95)

-
[ ]
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. ., 'f' . LIS
M ! + — + +
. T M Pitch (r=0.94)
L oF
1 Spectrum (r=0.92)
/namae/ /baNgo:/

Fig.7. Projection of the nine speakers onto the MDS plane for psychological distances. "spectrum"
and "pitch" indicate the directions which maximize the correlation between the regression of each
speaker to the vector and the physical properties. Spectrum: mean spectral level of frequency
band between 2.5 and 3.5 kHz; pitch: pitch frequency. ‘
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4.4. COMPARISON WITH LPC SPECTRAL ENVELOPE

The cepstrum distance and other spectral envelope distances evaluated in
this paper have the two differences indicated in Table 2. In order to separate

the effects of the two items, a ‘Table 2-Differences between cepstrum

supplementary experiment  was distance and other distances
attempted using distances other

than the cepstrum distance. In Cepstrum distance Other distances
this experiment, the correla-

tion functions were gveraged Parameter | Averaging after Power-weighted
after power normalization. gyeraging | power normalization | averaging

However, the modification of

the averaging procedure caused g .. . oy di
: ; pectral Equally weighted to | Sensitive to dips

only a SllghF dlfferenge and represen- | peaks and dips, (corr.coef.) or

produced mno increase in the tation and smoothed peaks (LAR & WLR)

correlation between the physi- ,
cal and psychological distances. This means that the difference between the
cepstrum and other distances can be attributed to the characteristics of
spectral representation.

The spectral envelopes derived through the LPC analysis which are the basis
of the LAR and WLR distances were then plotted for each speaker as shown in
Fig.8. In comparison with Fig.5, Fig.8 indicates that the spectral peaks in the
low frequency region, which are mainly related to the phonetic information,
still remain in the LPC spectral envelopes following the time averaging process.
The spectral peaks obscure the individuality of the spectral envelopes. On the
other hand, only the global spectral features remain in the spectral envelopes
derived from the time-averaged cepstrum, in which formant effects are reduced by
smoothing.

The above results are consistent with the automatic speaker recognition
results[6,9,14] in which smoothed spectral envelopes derived from the cepstrum
are much more effective than those obtained through LPC analysis.
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Fig. 8. Spectral envelopes derived through the LPC analysis for the voices of nine speakers.

V. SUPPLEMENTARY EXPERIMENT BY COMPLETE METHOD OF TRIADS[15]

A supplementary experiment was performed based on Torgerson's complete
method of triads using the same word /namae/ uttered by the nine male speakers.
The purpose was to confirm the reliability of the results of the above
psychological experiments. In the complete method of triads, three stimuli are
successively presented to each listener with some inter-stimulus intervals.
The listeners are then required to select either one of the second or third
stimulus which is relatively similar to the first. The relative distances

‘between the stimuli are calculated based on these responses. Since
n(n-1)(n-2)/6 triads are generally made for n kinds of stimuli, 252 kinds of
triads were made for the nine speakers voices. The triad were presented to

eight male speakers, two of whom were the same listeners used in the previous
experiment.

The correlation coefficient between the psychological inter-speaker
distance (dissimilarity) obtained with this method and that with the previous
rating method was 0.79. "The relationship to the cepstrum distance is given in
Fig.9, whose correlation coefficient is 0.69. This result confirms that the
psychological distances which this paper is based on have high reliability.

Y% D
. This paper has revealed that the spectral envelope obtained through
time-averaging and frequency-smoothing using cepstrum coefficients, as well as
averaged pitch frequency, has a close connection with the psychological
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individuality of voice quality. It has
also been made clear that inter-speaker
distances using the spectral envelope
have almost the same correlation with
the psychological distances as those
using the pitch frequency. Individual-
ity of the spectral envelope mainly
exists in the mean level of the
frequency band between 2.5 and 3.5 kHz.
This corresponds highly with the
psychological characteristics. This
result 1is similar to the analysis
results for the voices of announcers
and singers, which means that the
spectral level around 3 kHz is relevant
to-a wide range of general voice indi-

viduality, and not restricted to
special professional voices.
Previous statistical analysis of

the individuality included in the cep-
strum of 1longtime-averaged spectra
extracted from short sentences[10]
indicated that relatively large amounts
of individual information are included

in the first, third and fourth cepstrum
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Fig. 9. Relationship between the psychological
distance obtained by the complete method of
triads and the cepstrum distance.

‘coefficients, when the sampling fre-

quency is 8kHz. The first-order cep- ‘
strum coefficient corresponds to the inclination of the spectral envelope,
wvhereas the third- and fourth-order coefficients correspond to the global

spectral pattern which repeats with a 2 to 2.7 kHz period.

The analysis results

for the longtime-averaged spectra thus highly correspond with the psychological

results reported in this paper.

As stated in the Introduction, many kinds of physical features appear to be

related to voice individuality.
time-averaged features of the

Although
spectral

the
are

been made clear that
and pitch frequency

it has
envelope

basically important, it is also clear that these features can not explain all of

the aspects of individuality. Further

investigation,

current and projected,

includes an analysis of dynamic spectral features and a detailed and large-scale
investigation based on a wide range of utterances.
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