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1. Introduction

Human beings are able to reliably identify familiar speakers
only by speech sounds. In the viewpoint of the speech chain, the
speaker emits various kinds of information conveyed by the
utterance, and the listeners perceive and recognise them in order
for a communication to be successful [1,2]. The information carried
by speech sounds includes not only the linguistic information, but
also the information about the speaker. The former is the contents
or the message of the utterances, and the latter covers the
physiological and behavioural traits of the speakers.

Understanding the production and perception of the speaker
individuality is important for speaker identification in forensic
fields. Specifically, perceptual speaker identification (PSI) is closely
related to the judgments of the adequacy of the earwitnesses’
testimonies. A research approach is proposed where PSI experi-
ments are conducted in order to investigate speaker individualities
[3], and this is often found in the studies for forensic and security
purposes. Some of them have tried to find out the factors that affect

PSI performances [4–8], and others have attempted to find the
acoustical correlates to those factors [9,10].

The factors such as speakers’ health states, the degree of
familiarity between the speakers and listeners, the quality of the
recordings, and non-contemporary speech materials are all known
to degrade the identification performances [4,11–14]. Voice
disguise is one of the most important issues in forensic speaker
recognition, although it is not an issue for wiretapping. Zhang and
Tan [15] examined the effects of the ten types of voice disguise,
including objects in mouth and pinched nostrils, and found that
masking on mouth and whisper were most effective types. Hirson
and Duckworth [16] reported the phonation type, creak in this
study, affected the perception, though the spectra of /s/ were
relatively stable and robust against creakiness within one speaker.

Limitations of the human memory, how long one can remember
the voice of a given speaker, and how many speakers one can
remember, and the cognitive processing for speaker identification
tasks, either for matching or naming, are also important factors in
PSI [14,17]. The duration of the speech data needed for accurate
speaker identification is not clarified yet [14,18]. Pollack et al. [19]
reported that PSI performances were improved with increasing
utterance duration but this occurs only for brief speech, up to
1200 ms length.

Other studies also suggested that phonemic variations are more
important for identification accuracy rather than the utterance
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A B S T R A C T

Investigation on human speaker identification enables us to know the indexical cues to speakers, and it

may consequently lead to the effective acoustical parameters that can be used for forensic speaker

recognition. It is known that speaker individuality interacts with the phonological or linguistic

information contained in speech signals. As proof, the accuracy of perceptual speaker identification (PSI)

performances depends on what types of sounds are presented to the listeners. In a series of our previous

experiments, we have been investigating the effective sounds for PSI, and the stimuli containing a nasal

were found to be the ones. In this present study, we conducted another PSI experiment in order to

examine the reproducibility of the nasal effectiveness, and to see the effects of the following vowels.

Coronal nasals were shown to be effective despite the different speaker set or the following vowels, and

the stimuli containing a nasal were significantly better than those without it. In the second part of this

paper, we introduce the results of the acoustical analysis of the stimuli. The contours of the energy

transitions showed variations in shape among speakers for all three types of the analysis targets; nasals,

stops, and fricatives, although the inter-speaker difference in the energy slopes for the consonant

articulation was significant especially in nasal sounds. We also examined the effects of the sampling

frequencies and the speech codecs, and found that the speaker-dependent shapes of these energy

contours were maintained as long as the speech materials were uncompressed. The contours of the

nasals appeared to be stable within a speaker, compared to other types of sounds.

� 2008 Elsevier Ireland Ltd. All rights reserved.

* Corresponding author at: 7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-8554, Japan.

Tel.: +81 3 3238 3417.

E-mail addresses: amino-k@sophia.ac.jp (K. Amino), arai@sophia.ac.jp (T. Arai).

Contents lists available at ScienceDirect

Forensic Science International

journa l homepage: www.e lsevier .com/ locate / forsc i in t

0379-0738/$ – see front matter � 2008 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.forsciint.2008.11.018



Author's personal copy

duration [4,5,17,20]. In addition, differential effects of the
phonemes in the availability for identifying speakers are pointed
out [19,20]. If we could find the sounds that indicate speaker
individuality more than other sounds do, we can use them in the
utterances for text-prompt speaker identification, or we can
efficiently identify speakers by focusing on those sounds.

It is known that listeners can identify speakers more accurately
when vowels and voiced consonants are presented to them [9,19–
22]. Specifically, the availability of liquids was reported in English
[23] and Chinese [24]. In a series of our previous experiments [25–
29], nasals were consistently effective for PSI, despite different sets
of speakers and listeners. Summary on test conditions of these
works are shown in Table 1. Correspondences between the spectral
properties of the stimuli and PSI accuracy were also observed [27].
Thirtieth-order FFT cepstra were used to calculate inter- and intra-
speaker spectral distances. The ratios of inter-speaker distances to
intra-speaker distances were greater in nasal sounds than in oral
sounds, and this means that nasals have greater inter-speaker
variations and smaller intra-speaker variations. Effectiveness of
nasals is also reported in automatic speaker recognition [30–32].

The fact that listeners can identify a speaker means that there
are acoustical correlates contained in speech sounds, and
investigating those acoustical cues can contribute to automatic
forensic speaker recognition, too. Moreover, the fact that the
differences exist among phonemes in the effectiveness for PSI
means that speaker-dependent characteristics interact with
phonological information of speech [33], thus acoustical properties
important for speaker individuality may, or may not, lie in those
acoustical cues that are crucial for phoneme distinctions. In this
present study, we conducted a PSI experiment and inspected the
acoustical properties of the stimuli on the basis of the experimental
results.

In the experiment, we focused on the effect of the consonants in
monosyllabic stimuli and the vowels which followed the
consonants (CV). In the previous experiments, we had only one
vowel /a/ in the stimuli in order to make the experiments simple
[25–29]. However, the syllable onset consonants inevitably go
under the process of co-articulation, which we must consider in
experimental conditions [34]. Another aim of this study was to see
whether the reproducibility of nasals appears again with a
different set of speakers. In the second part of this paper, we
conducted an acoustical analysis of the stimuli used in the

experiment in order to find a speaker-dependent feature. The
speech materials involved in forensics often suffer from a lack of
duration and a low quality of recording [14]. In this study we will
see the basic behaviours of the monosyllables as a first step. In the
acoustical analyses, we will also see the effects of the different
types of speech samples and codecs.

2. PSI experiment

2.1. Speech materials

Speech data of four male speakers were selected from JEIDA
(Japanese Electronic Industry Development Association) speech
corpus to be used in the experiment [35]. All the data were
digitised at the sampling frequency of 48 kHz with 16-bit
resolution. Among 110 entries of Japanese monosyllables, 48
syllables shown in Table 2 were selected in accordance with our
previous experiments [27–29]. Information on the four male
speakers is shown in Table 3. They were all native speakers of
Tokyo Japanese. Their recordings were held in a quiet room, thus
the speech data contained little background noise.

Three tokens for each speaker and for each syllable were used in
the experiment. Before the experiment two naive listeners who
have never had phonetic training and whose mother language is
Tokyo Japanese listened to all the stimulus monosyllables, and
confirmed that all of them sounded as the ones intended by the
speakers.

2.2. Participants and procedures

Fifteen (eight male and seven female) volunteers participated in
the listening experiment. Their mean age was 23.4 years at the

Table 3
Speaker ensemble of four male speakers; average fundamental frequencies for the

four speakers; average of all 144 monosyllables, analysed for the stable vowel parts,

manually.

Speakers Age Height [cm] Average F0 [Hz] S.D. of F0 [Hz]

Speaker #1 In 20s 181 148.87 6.69

Speaker #2 In 20s 171 126.97 3.91

Speaker #3 In 30s 169 164.70 6.47

Speaker #4 In 40s 164 121.48 3.86

Table 1
Summary of our previous research; experimental conditions.

Experiments No. of Speakersa No. of Listenersb Stimuli Effective syllables

Amino [25] 3 (F) 14 (familiar) CV syllables (in isolation)c Syllables containing nasals

Amino [26] 3 (M), 3 (F) 18 (familiar) CV syllables (excerpted) Syllables containing nasals

Amino et al. [27] 10 (M) 5 (familiar) CV syllables Syllables containing nasals

Amino et al. [28] 8 (M) 8 (familiar) Monosyllables of various structures Syllables containing nasals

Amino and Arai [29] 4 (M) 16 (unfamiliar) CV syllables Syllables containing nasals

a Speakers’ sex is shown in the brackets; M stands for male speakers, and F for female speakers.
b Familiarity to the speakers is shown in the brackets.
c CV stands for a consonant–vowel sequence.

Table 2
List of the stimulus monosyllables; three tokens uttered by four speakers were used.

Consonant /a/ /e/ /i/ /o/ /C/

None /a/ /e/ /i/ /o/ /C/

Stops /t/, /d/ /ta/, /da/ /te/, /de/ – /to/, /do/ –

Tap or flap /Q/ /Qa/ /Qe/ /Qi/ /Qo/ /QC/

Fricatives /s/, /z/, /R/ /sa/, /za/, /Ra/ /se/, /ze/ /Ri/ /so/, /zo/, /Ro/ /sC/, /RC/

Affricates – – –

Nasals /m/, /n/, /D/ /ma/, /na/, /Da/ /me/, /ne/ /mi/, /ni/ /mo/, /no/, /Do/ /mC/, /nC/, /DC/

Approximants /j/, /w/ /ja/, /wa/ – – /jo/ /jC/

K. Amino, T. Arai / Forensic Science International 185 (2009) 21–2822



Author's personal copy

time of the experiment, and none of them had known hearing
problems. No one had heard the speakers’ utterances before.

All the experiments were conducted in a sound-treated room
and all the speech data were played on a computer. The stimuli
were presented to the listeners through headphones (SONY MDR-Z
700). First, the participants listened to each speaker’s sample
words in order to get familiarised with them. They listened to the
words as many times as they wanted. The sample words were the
following three: ( , suspension), ( , creat-
ing a new line), and /heNkaN/ ( , conversion). These words were
selected from the JEIDA corpus again, on the basis that they do not
contain any of the stimulus syllables.

Next they practised the experimental task using the sample
words described above. The task was designed and conducted with
Praat MFC (Multiple Forced Choice) experiment programme [36].
Feedback was given after each trial in the practice phase. We
repeated familiarisation and practice until the listeners could tell
the speakers with more than 90% accuracy. This learning session
took them about 15 min on average.

Then we moved on to the test sessions, where no feedbacks
were given. The listeners were no longer allowed to listen to the
sample utterances, replay the stimuli, nor change their response
once answered. The total number of the stimuli was 576, and the
listeners took breaks after every 192 trials.

3. Results and discussion

The results of the experiment are evaluated by the percent
correct speaker identification. Fig. 1(a and b) indicates average PSI
results for vowels and consonants, respectively. All the consonants
and the vowels gained the identification scores higher than the
chance level, i.e. 25% correct.

When we focus on the effects of the vowels in Fig. 1(a), back
vowels /o/, /C/ and /a/ were more effective for PSI than the front
vowels /i/ and /e/. The difference was again significant in Mann–
Whitney U-test (p = 0.003).

Among the consonants, in Fig. 1(b), coronal nasals /n/ and /D/
gained relatively higher identification scores than others. Coronal
sounds are articulated with the front part of the tongue, and
include dental, alveolar and post-alveolar consonants. The voiced
coronal stop and fricative /d/ and /z/ also obtained higher scores.
Again, the asymmetry between coronal and labial nasals was
observed. These tendencies are consistent with those seen in our
previous experiments, despite the different sets of speakers and
listeners. The difference among consonants showed a significant
tendency in one-way ANOVA (F (11, 564) = 1.75, p = 0.059).
Specifically, the difference between the nasals and non-nasals
was significant in Mann–Whitney U-test (p = 0.045).

As Bricker and Pruzansky suggested, not only the selection of
the speakers but also that of the speaker ensembles are important
in PSI experiments, that is, the results would be influenced by the
speaker ensembles, besides the speakers themselves. This means
that it is also important to take into account to whom the speakers
are compared [17]. Table 4 shows the confusions among the
speakers. We can see that certain pairs of speakers, for example,
speakers #2 and #4, were more often confused than other pairs like
speakers #2 and #3. Different speaker sets may yield different PSI
performances. In this sense, the differences among the phonemes
and the effectiveness of the coronal nasals in PSI have been
repeatedly confirmed with different sets of speakers, and it is
worth analysing these effective sounds for seeking speaker-
specific acoustical features.

4. Acoustical analyses

4.1. Methodology

The targets of the acoustical analysis are the stimulus syllables
containing one of the following six consonants; /m/, /n/, /t/, /d/, /s/,
and /z/. We used the subset of the stimuli used in the PSI experiment.
As Table 2 shows, there were five syllables for the two nasals, four for
the two fricatives and three for the two stops, thus we had 24
syllables for the analysis. All three tokens for each were analysed.

The analysis parameter was the transitions of energy across the
time. This parameter was selected because it captures the abrupt
temporal changes well [37]. Also, this parameter is suitable for the
observation of the articulatory idiosyncrasies. First, all the target
syllables were down-sampled from 48 kHz to 16 kHz. In order to
see the effects of the sampling frequencies and the speech codecs,
we also down-sampled these uncompressed linear PCM materials
to 8 kHz as well as we created the materials of the ACELP codec
(ITU-T G.729), thus three types of speech materials were submitted
to the acoustical analyses.

Then we calculated the energy for each syllables by frames of
30 ms length with a shift of 10 ms. The energy contours for each
syllable were normalised by the maximal value, and the contours for
the stop consonants, fricatives and nasals are plotted across time.
The figures for the uncompressed speech data (linear PCM) with the

Fig. 1. Results of perceptual speaker identification according to (a) vowels and (b)

consonants.

Table 4
Confusion matrix among perceived and actual speakers.

% Response Perceived Speakers

Speaker #1 Speaker #2 Speaker #3 Speaker #4

Actual speakers Speaker #1 63.4 13.4 11.9 10.7

Speaker #2 25.3 46.5 6.9 32.3

Speaker #3 8.2 0.8 79.4 0.9

Speaker #4 3.1 39.3 1.8 56.1

K. Amino, T. Arai / Forensic Science International 185 (2009) 21–28 23
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16 kHz sampling frequency, 8 kHz sampling frequency, and the
compressed materials (G.729) are shown in Figs. 2–4, respectively.

In Fig. 2(a–c), we can see that the contours have speaker-
dependent shapes. The upper panels in Fig. 2(a and b) show the
contours for voiceless stop /t/ and voiceless fricative /s/, the lower
ones the voiced stop /d/ and voiced fricative /z/, respectively. We
find that the contours for voiceless sounds are more uniform than
voiced sounds. In Japanese, the sentence-initial or word-initial /z/
that follows a pause may be realised as an affricate /dz/, and the
timing of the consonant–vowel transitions in /d/ or /dz/ vary due to

the pre-voicing during the closure for /d/. As for the nasals in
Fig. 2(c), the durations of the nasal murmur may also vary among
utterances, and this is why the timing when the consonant–vowel
transition commences is not constant within a speaker. However,
in these figures we notice that the left slopes of the contours are
relatively consistent in a given speaker.

In comparison to Figs. 3 and 4, the contours in Fig. 2 seem to
have speaker-dependent shapes. Fig. 3 also shows that the shapes
of the energy contours are relatively stable within a speaker, and
differ among speakers. We can say that the effect of down-

Fig. 2. Energy contours for the syllables containing (a) a stop, (b) a fricative, and (c) a nasal consonant; the data are uncompressed linear PCM of 16 kHz sampling rate; upper

panels show the contours for voiceless consonants (bilabial for the nasal), and lower panels voiced (alveolar for the nasal); from left to right Speakers #1 to #4.

K. Amino, T. Arai / Forensic Science International 185 (2009) 21–2824
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sampling was not great. On the other hand, the effect of the codecs
is obvious, when we compare the contours in Figs. 2 and 3 and
those in Fig. 4. Speaker-dependency of the energy contours was
lost, when the speech materials got compressed.

In the three figures above, the left sides of the contours indicate
consonant articulations, and the slopes directly reflect the energy
transitions in consonant–vowel shifts. We calculated the linear
approximations for the left side slopes in linear PCM materials with
both 16 kHz and 8 kHz sampling frequencies. Slope calculations
were performed on the basis of the following two criteria;

calculation includes (1) the intervals where the normalised energy
values are greater than 0.1, and (2) the intervals of monotonous
increase. In the slope analyses, six more speakers were added to
our data, apart from the four speakers whose materials were used
in the perception test, in order to make the data more convincing.

The mean slope values are shown in Table 5. With the materials
of 16 kHz sampling frequency, one-way ANOVA (Analysis of
Variance) showed a significant difference among speakers in nasals
(F (9, 299) = 21.67, p < .0001). Inter-speaker differences were less
significant in stops (F (9, 179) = 2.07, p = 0.03) or in fricatives (F (9,

Fig. 3. Energy contours for the syllables containing (a) a stop, (b) a fricative, and (c) a nasal consonant; the data are uncompressed linear PCM of 8 kHz sampling rate; upper

panels show the contours for voiceless consonants (bilabial for the nasal), and lower panels voiced (alveolar for the nasal); from left to right Speakers #1 to #4.

K. Amino, T. Arai / Forensic Science International 185 (2009) 21–28 25
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239) = 2.74, p < 0.01). The results of ANOVA with the materials
sampled at 8 kHz showed significant differences among the
speakers in all types of sounds (p < 0.01), but Tukey’s post hoc
tests showed that the slope values of the nasals significantly
differentiated the most speaker-pairs.

5. General discussion

In this study, we conducted a PSI experiment where differential
effects of the stimuli were examined. The results showed that the

coronal nasals, /n/ and /D/, are effective for identifying the speakers.
This tendency has been consistently observed in our previous
experiments despite different speaker sets [25–29]. The nasal-oral
difference was significant, too. Also in previous works, nasals had
greater inter-speaker spectral distances [32] compared to non-
nasal sounds [27]. The nasal consonants have speaker-dependent
resonant properties, because the resonant cavities involved in their
articulation, nasal cavity, velopharyngeal cavity, and paranasal
sinuses, have morphological variations among individuals [38]. PSI
performances were significantly better when the back vowels, /o/,

Fig. 4. Energy contours for the syllables containing (a) a stop, (b) a fricative, and (c) a nasal consonant; the data are in ITU-T G.729 codec; upper panels show the contours for

voiceless consonants (bilabial for the nasal), and lower panels voiced (alveolar for the nasal); from left to right Speakers #1 to #4.

K. Amino, T. Arai / Forensic Science International 185 (2009) 21–2826
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/C/ and /a/, followed the consonants in the stimulus syllables,
compared to the syllables with the front vowels. The reason for this
was not examined in this study, but the back vowels have low F2
values and this may affect the perception.

In the acoustical analysis, we used a parameter of energy
transitions, and drew the energy contours for the stops, the
fricatives and the nasals, for three types of speech materials;
uncompressed linear PCM with 16 kHz and 8 kHz of sampling
frequencies, and compressed ACELP (G.729) data. The energy
contours showed speaker-dependent curve shapes. The left sides
of the contours, which reflect the consonant articulation, showed
significant inter-speaker variations, especially in nasal sounds. The
effect of the sampling frequencies was not great, and the shapes of
the energy contours showed a speaker-dependency as long as the
speech data were not compressed. However, in compressed
(G.729) data, these speaker-characteristics were no longer
observed, thus the parameters of the energy contours should be
used only for the uncompressed speech materials.

When produced at the sample place, the only difference
between the articulatory gesture of a stop and that of a nasal lies
in whether it involves the raising or lowering gesture of the
velum. By lowering the velum, nasals have another pathway, the
nasal tract. Any aspects of speech production are influenced by
speaker’s physiological idiosyncrasies and their habits in
articulation. The control of the velar movements is not easy,
especially in a brief interval, although the movement itself is
voluntary [39]. In this study, the analysis targets were
monosyllables, thus the velic action should be completed in
relatively short durations. We can see in Figs. 2 and 3 that the
energy transitions from the syllable onset to the nucleus peak
occurred in durations of 50–100 ms. It is known that the control
of the intentional movements may take 70–100 ms [40]. This
means that the velar movements may have occurred out of
control by the brain for some speakers.

Nasals show speaker-specific characteristics, because the timing
of the velic action in nasal articulation is consistent within a speaker,
and varies among speakers. The resonance properties of the nasals
also show speaker-dependency, as the shapes of the resonant
cavities have morphological individualities [27,38]. Moreover, these
two features, the velic control and the resonant cavities, cannot be
changed at the speaker’s will. Ideal features for forensic speaker
identification must have greater inter-speaker variations and small
intra-speaker variations, and should not be controlled by speakers
[23]. Nasals seem to satisfy all these three criteria, although the slope
value of the energy contours alone is not a strong parameter enough
to identify a single speaker out of a large speaker set, and has to be
used in combination with other parameters.

In our next step, we will find more elegant ways to discriminate
among speakers by using the information on the velic control in order
to incorporate this into the actual forensic speaker identification
system.The effectivenessofthebackvowelsshouldbe explained, too.
We will also investigate whether the speaker-dependent character-
istics are foundinintervocalic andpostvocalicpositions, inwords and
sentences, and whether they are language universal.
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