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ABSTRACT
In this article we describe an experiment based on the
concatenation of voice samples uttered by different speakers. A
total of 20 non-mixed and 380 mixed utterances were used.
Listeners rated the utterances according to their hearing one
speaker or a mixture. A perceptual score resulted for voice
substituability. 23% of the mixed sounds were accepted (51%
when considering only female-female mixes and 34% for male-
male mixtures). Results show that the substituability depends
on the perceptual distance between the mixed voices, and are
specially related to pitch and gender. A discussion on voice
individuality and global timbre as an ensemble of segmental
timbres is proposed.

1. INTRODUCTION
When dealing with the issue of voice quality, most perceptual
studies use as sound material voice samples from different
speakers. This samples may be sustained vowels ([3], [11],
[12]), a read word or sentence ([1], [2], [4], [5]), or natural
speech. Most often these utterances are produced Òat a
comfortable speaking levelÓ. The target of these studies is to
discover and explain the axes of the perceptual space for the
voice. Jody Kreiman et ([9], [10]) made a brilliant study on the
limitations of this kind of studies, specially the reduced set of
samples used, which results in insufficient quantities for
statistical reliability when forming axes, and also, not enough
variety of material for studying all the voice perceptual space.
We should point out that in most cases the sound material is
only concerned with inter-speaker variability (each sample
comes from a different speaker) and not at all with intra-
speaker variability (for example, different pitches, loudness,
intention or prosody produced by the same speaker). This is
certainly a sufficient variety of sound materials for studying the
whole voice perceptual space.

1.1. A previous perceptual study
In a previous experiment ([7]), we asked people to classify
voice samples according to their global similarity. The subjects
were free to decide their classification strategy.

1.1.1. The sound material. One part of the experiment
consisted in classifying a set of 20 utterances (10 male and 10
female speakers). The sentence uttered was the Italian word
Òseicento cinquantottoÓ (meaning Òsix-hundred and fifty-
eightÓ), read by 20 Italian speakers. The recordings came from
the italian version of the EUROM european project. All the
recordings have been performed in a silent environment, with
the same position from the speaker to the microphone, using
the same recording (high quality) material and sampling
frequency (20kHz).

The speakers were all native Italians and had no voice
pathologies. Their ages ranged from 20 to 50 years, and

according to the authors of the soundbase, they had been
chosen to represent vocal timbre diversity.

Figure 1. From the whole utterance, the two last ÒtoÓ syllables
were extracted

Another part of the experiment consisted in classifying a
set of 30 syllables coming from the previous utterances. The
syllables were the last two ÒtoÓ syllables of the ÒcinquantottoÓ
as shown in Figure 1. Thus, for most of the 20 speakers we had
two samples: the final and the penultimate syllable of the
utterance.

1.1.2. Results. From the answers of the subjects we deduced
that the syllables and the sentences were not completely
classified according to the same criteria. One important result
was that the syllables were not classified according to the
speaker, but instead according to their position in the sentence:
no syllable in final position was classified with syllables in
penultimate position.

We deduced from this that the changes in voice quality
(pitch, loudness, tensionÉ) caused by the prosody for two
contiguous syllables are perceptually more relevant than some
inter-speaker voice quality difference.

We wanted to explore further the fact that syllables
coming from different utterances were grouped together: they
were perceptually closer than syllables from the same
utterance. Were they close enough to be substitutable one by
another?

2. THE CONCATENATION EXPERIENCE
2.1. The hypothesis
This experience originated from the results of the previous one.
It has been built to study the following hypothesis: ÒGiven two
utterances from two different speakers with the same speech
material, syllables from one utterance can be replaced by
syllables of the other utterance, and the resulting compound
utterance is heard as having been uttered by a single speaker.Ó

2.2. The sound material
For comparison sake, we wanted to use the same material as in
the previous experience: the 20 same utterances were chosen.

2.2.1. Mixing voices. As shown in Figure 2, we replaced
systematically the penultimate tonic ÒtoÓ syllable in each
utterance by another equivalent syllable from an utterance of
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another speaker. The reason for choosing this syllable was
manifold:
·  We had a perceptive distance for each tonic syllable

resulting from the previous experience.
· The tonic syllable is fully voiced and is not shortened or

misarticulated.
·  This ÒtoÓ syllable consists of a vowel preceded and

followed by the /t/ unvoiced stop consonant. This ensures
that no coarticulation factor hinders a proper mix; if e.g.
we had cut the utterances in the middle of a vowel or a
sonorous fricative this would have led to a discontinuity in
the pitch and formant contours.

· We insist on the fact that the different segments are purely
concatenated, no crossfade or pitch change was
performed.

·  The syllable is replaced by another syllable that has the
same position in the utterance, which avoids incoherence
in the prosodic contour (rhythm and pitch patterns of the
sentence).

Figure 2. The penultimate ÒtoÓ syllable from one utterance
replaces the equivalent syllable in another utterance.

The original sound material ensures that we do not violate
rules for stream integration as described by the Auditory Scene
Analysis theory ([6]). There will not be discontinuities in the
position of speaker, the environment sound ambiance (ambient
noise, reverberation), or the sampling frequency when
performing the concatenation of different utterances, as every
original recording respected the same strict conditions.

2.3. The experiment presentation and subjectsÕ task
The sounds were grouped by pages: each page contained 40
sounds. The proportion of mixed and original utterances was
balanced: 20 mixed and non-mixed utterances per page, and as
there were only 20 original utterances for 380 mixed
utterances, the original utterances were repeated in each page.
Each mixed utterance was present in only one page (chosen
randomly for each subject), and the order of mixed and non-
mixed utterances was randomized for each page. We should
note that repeating the original utterances in each page and
having a half mixed-half non-mixed proportion led to a higher
discrimination and rejection of the mixed utterances.

The subjects had to listen to each sound and answer the
question ÒHas this sentence been pronounced by one speaker or
is there a mixture of different speakers?Ó. The answer was
binary, and the subjects could hear as many times as wished the
sounds. The listening was done in a sound-isolated cabin with a
high quality loud speaker, or with high quality headphones.
The experiment was written in HTML and the web was used
for the listening task (you will find the experience on [8])

3. RESULTS
3.1. Selection of the subjectsÕ answers
We had a total of 424 pages of answers, which represents a
mean of 22 answers per mixed utterance and 424 answers per
original utterance. The mean value for hit (answering Òone
speakerÓ when there was one speaker) was 0.92; the value of
correct rejection (answering Òseveral speakerÓ when the
utterance was a concatenation of different segments) was 0.77.

From these answers, we rejected the pages where the hit
value was lower than 0.80: some subjects rejected even the
original utterances, even though these utterances have been
correctly pronounced with a very ÒnormalÓ prosody and
articulation. At the end, we used 333 pages of answers, which
gives a mean of 18 answers per mixed utterance and 333
answers per original one.

3.2. The substituability distance
From the answers of the subjects we derive a substituability
distance: it measures, for a given utterance, the ratio of the
answers Òit is a mixed utteranceÓ over the total number of
answers. If this distance is high (close to 1) it means that the
utterance is perceived as mixed, if the distance is low (close to
0) then the utterance is perceived as coming from a single
speaker: this means that the substitution of the syllable is
highly acceptable.

Inserted syllables
utter S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10
U 1 0.00 0.71 0.29 0.53 0.38 0.31 0.31 0.69 0.40 0.89
U 2 0.81 0.01 0.22 0.75 0.53 0.69 0.79 0.43 0.19 0.60
U 3 0.30 0.41 0.00 0.62 0.44 0.44 0.62 0.27 0.27 0.31
U 4 0.07 0.92 0.31 0.03 0.47 0.42 0.06 0.75 0.63 0.95
U 5 0.39 0.54 0.26 0.54 0.00 0.36 0.31 0.58 0.38 0.53
U 6 0.27 0.25 0.00 0.45 0.36 0.00 0.65 0.21 0.23 0.57
U 7 0.10 0.75 0.75 0.42 0.33 0.47 0.02 0.94 0.89 0.86
U 8 0.95 0.56 0.33 0.95 0.65 0.48 1.00 0.01 0.76 0.72
U 9 0.64 0.41 0.24 0.95 0.43 0.08 0.78 0.58 0.05 0.60
U 10 0.67 0.50 0.23 0.92 0.62 0.25 0.75 0.50 0.62 0.09

Table 1. Substitution distance values. Female speaker syllables
(s1 to s10) were inserted into female speaker utterances (u1 to
u10). The diagonal values correspond to the original utterances

(syllable i for utterance i)

Inserted syllables
utter S 11 S 12 S 13 S 14 S 15 S 16 S 17 S 18 S 19 S 20
U 11 0.01 0.69 0.77 1.00 1.00 0.87 0.33 0.56 0.82 0.86
U 12 0.00 0.01 0.95 0.80 0.91 1.00 0.07 0.31 0.89 0.38
U 13 0.89 1.00 0.04 0.71 0.54 0.33 0.67 0.62 0.62 0.86
U 14 0.73 0.85 0.19 0.04 0.69 0.06 0.75 0.75 0.53 0.93
U 15 0.83 0.94 0.62 0.33 0.01 0.19 1.00 0.73 0.84 0.96
U 16 0.86 0.92 0.25 0.36 0.38 0.02 0.59 0.82 0.50 0.87
U 17 0.21 0.40 0.36 0.77 0.90 0.58 0.00 0.35 0.53 0.44
U 18 0.53 0.56 0.35 0.63 0.72 0.36 0.29 0.02 0.71 0.58
U 19 0.57 0.78 0.19 0.33 0.40 0.06 0.52 0.35 0.08 0.81
U 20 0.45 0.47 0.95 0.85 1.00 0.53 0.44 0.11 0.73 0.01

Table 2. Substitution distance values. Male speaker syllables
(s11 to s20) were inserted into female speaker utterances (u11

to u20). The diagonal values correspond to the original
utterances.
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Inserted syllables
utter S 11 S 12 S 13 S 14 S 15 S 16 S 17 S 18 S 19 S 20
U 1 1.00 1.00 1.00 0.92 0.89 0.90 1.00 1.00 1.00 1.00
U 2 0.94 1.00 0.88 0.50 0.19 0.81 1.00 1.00 0.90 1.00
U 3 1.00 1.00 0.91 0.54 0.68 0.79 1.00 0.95 1.00 1.00
U 4 0.93 1.00 0.91 0.93 0.90 0.80 1.00 1.00 0.85 1.00
U 5 1.00 1.00 0.89 0.59 0.53 0.75 1.00 1.00 0.93 1.00
U 6 1.00 1.00 0.91 0.80 0.77 0.71 1.00 1.00 0.64 1.00
U 7 1.00 0.96 1.00 0.85 1.00 0.92 1.00 1.00 1.00 1.00
U 8 0.95 1.00 0.82 0.53 0.61 0.42 1.00 0.94 0.91 1.00
U 9 1.00 1.00 0.97 0.80 0.86 0.86 1.00 1.00 0.96 1.00
U 10 1.00 1.00 1.00 0.63 0.86 0.78 1.00 1.00 0.87 0.94

Table 3. Table for the substitution distance values. Here, male
speaker syllables (s11 to s20) were inserted into male speaker

utterances (u1 to u10).

Inserted syllables
utter S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10
U 11 0.93 0.94 1.00 0.94 1.00 1.00 0.92 0.92 0.96 1.00
U 12 0.95 0.79 0.88 1.00 1.00 1.00 0.95 1.00 1.00 1.00
U 13 0.88 0.69 0.79 0.94 0.95 0.71 0.96 0.67 0.96 0.67
U 14 1.00 0.43 0.87 0.92 0.60 0.93 0.94 0.39 0.95 0.86
U 15 0.83 0.23 0.65 0.94 0.47 0.86 0.93 0.42 0.88 0.86
U 16 0.93 0.45 0.78 1.00 0.86 0.85 0.94 0.33 0.90 0.88
U 17 0.93 0.88 0.94 0.95 1.00 0.87 0.95 0.80 0.90 0.87
U 18 1.00 0.57 0.90 1.00 0.95 0.86 0.90 1.00 0.88 0.94
U 19 0.93 0.82 0.93 0.89 0.86 1.00 1.00 0.67 1.00 0.81
U 20 0.94 0.92 0.88 0.88 0.96 0.95 0.96 0.90 0.96 0.94

Table 4. Table for the substitution distance values. Here,
female speaker syllables (s1 to s10) were inserted into male

speaker utterances (u11 to u20).

The values of this distance are divided for presentation
sake in four tables (tables 1, 2, 3 and 4).

3. ANALYSIS
We will consider that an utterance is accepted if the
substituability distance is lower than 0.50 (the majority of the
listeners rated it as one-speaker utterance). Table 5 shows the
results of accepted mixed utterances: we can conclude that a
condition for substituability is that the different segments be
from same gender speakers.

Utterance Syllable Accepted mixes
all all 23%
Male Male 34%
Female Female 51%
Male Female 7%
Female Male 3%

Table 5. Percentage of accepted mixes (substituability distance
lower than 0.50) listed according to the gender of the speaker

of the utterance and the speaker of the inserted syllable.

The fact that the substituability is higher for female than
for male voices is due to our sound material: male voices
seemed to have a greater timbral diversity, and specially two

male utterances were ambiguous in perceived gender (often
rated as female voices).

3.1. Symmetry of the substituability
If we compute the correlation between the substituability
distance for syllable j and utterance i, and the reverse
combination (between the substituability distance for syllable i
and utterance j), we get a value of 0.79. This correlation is
lower than 0.70 if we restrict to same gender speakers.

This result is relatively low, and means that if a syllable
from one utterance can be inserted in a second utterance, the
opposite may not be true. For some couple of utterances this
difference was very important. There is no straightforward
explanation for this asymmetry, but one reason could be vocal
tension: the replaced syllable is in a stressed position, if we
replace it by the syllable of an utterance which uses a less
tensed phonation mode, we will obtain an incoherent prosody.

The asymmetry of the substituability implies that not only
the replaced syllables have to be perceptually close, but also
that the syllable must be coherent with its new context.

3.2. Multi-scale analysis
We used the praat program for performing an INDSCAL
analysis. The two first dimensions accounted for 67% of the
variance. The remaining dimensions had low variance values.
We have computed the correlation between the INDSCAL
dimensions and other axes as shown in Table 6

Dim 1 Dim 2 Dim 3 Dim 4
Utterance dim 1 0.93 0.21 0.15 0.05
Utterance dim 2 -0.16 0.46 0.47 0.07
Utterance dim 3 -0.10 -0.30 0.67 -0.07
Utterance pitch -0.85 -0.27 -0.34 -0.02
Utterance length 0.19 -0.09 -0.01 0.31
Speaker Gender -0.91 -0.24 0.11 0.05
Speaker Age 0.23 0.05 0.25 0.07
Syllable dim 1 -0.13 0.06 -0.13 0.25
Syllable dim 2 0.83 -0.23 0.33 -0.18
Syllable dim 3 -0.11 -0.90 -0.05 -0.26
Syllable voicing 0.79 -0.27 0.01 -0.10
Syll ln(pitch) -0.90 -0.21 -0.33 0.07
Syll periodicity/
Aperiodicity

0.20 0.04 0.05 -0.12

Syllable pitch -0.88 -0.31 -0.34 0.05
Syllable duration 0.60 -0.16 0.05 0.03

Table 6. The correlations between four INDSCAL dimensions
computed from the substituability distance, and different axes.

The most obvious result from Table 6 is the correlation
between the first (and most important dimension) and the pitch-
gender axis (0.85 to 0.92). This dimension is also correlated
with the INDSCAL dimension calculated from the perceptual
distance for the utterances (utterance dim1) and from the
perceptual distance for the syllables (syllable dim 2): this
means that the pitch-gender axis was of great importance in the
perceptual similarity, as well as in the substituability. It means
as well that for a syllable to substitute another syllable, it is
necessary that they have near pitch values and that the speakers
they originate from have also near mean pitch values. (It should
be interesting to investigate this latter point doing an
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experiment with utterances pronounced at a different pitch than
the speakerÕs neutral pitch value.)

The second INDSCAL dimension correlated highly with
the third INDSCAL dimension from the perceptual distance for
the syllables: this dimension is so far unexplained by an
acoustic axis.

4. CONCLUSION
The most important fact from this experience is that several
segments from different speakers can be concatenated and form
a coherent utterance, heard as coming form a unique source.
Voice timbre or voice quality as an individual attribute has
often been taken for granted in perceptual or acoustic
experiences. The results from this experience weaken the
notion of voice individuality as samples from different speakers
can be concatenated into an acceptable utterance.
From our point of view, two levels of analysis are needed to
understand voice timbre:
· ÒSegmental timbreÓ, which is associated with an atomic

segment of speech (in our case one clear-cut syllable, but
it is most often difficult to separate neat fragments of
speech)

· ÒGlobal timbreÓ, which is associated with a given speaker
using a given phonation mode. Global timbre is a
succession of segmental timbres that evolve following the
prosodic patterns and the linguistic context. Prosody
should then be described as the evolution of segmental
timbre.

Figure 3. The overlapping of two speakers in the hypothetical
segmental timbre space for voice.

As summarized in Figure 3, two different speakers using
two given phonatory modes may share some common values of
segmental timbre. Indeed, global timbre for one speaker and
one phonation mode, may be thought of as a set of possible
values for segmental timbre. The fact that a given segmental
timbre can or cannot be substituted by another segmental
timbre within a given utterance allows to discover the
boundaries of the set of segmental timbres that define a speaker
and a phonation mode.

The present study had a relatively reduced set of voice
samples, and to study the voice space the study should use
more diverse voices and phonatory modes, and skip the gender
axis by focusing on same-gender axes.
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