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Abstract

While previous studies on the speaker-discriminatory power of static fO parameters
abound, few have focused on the dynamic and linguistically-structured aspects of 0.
Lexical tone offers a case in point for this endeavour. This paper reports an
exploratory study on the speaker-discriminatory power of individual lexical tones and
of the height relationship of level tone pairs in Cantonese, and the effects of voice
level and linguistic condition on their realization. Twenty native Cantonese speakers
produced systematically controlled words either in isolation or in a carrier sentence
under two voice levels (normal and loud). Results show that fO height and fO
dynamics are separate dimensions of a tone and are affected voice level and linguistic
condition in different ways. Moreover, discriminant analyses reveal that the contours
of individual tones and the height differences of level tone pairs are useful parameters

for characterizing speakers.
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1.0 Introduction
The realization of the same phonological unit exhibits considerable variation across
speakers. Such between-speaker variation has been exploited in the task of forensic
speaker comparison (FSC), which typically involves the comparison of the speech
sample from a perpetrator and that from a suspect (French and Stevens, 2013; Nolan,
1983). A major goal in FSC research is to identify a set of parameters that can
potentially discriminate speakers. One of the most widely-used acoustical parameters
for FSC is fundamental frequency (fO) (Rose, 2002). Most previous studies in the fO
domain focused on static parameters such as average f0, range, standard deviation or
fO alignment (e.g. Boss, 1996; Braun, 1995; Jessen, Koster and Gfroerer, 2005;
Kiinzel, 2000; Nolan, 2002). A recent survey on international practices in FSC also
reveals that while all respondents measured fO in FSC, most of them used only static
fO parameters in their analysis (Gold and French, 2011). Relatively few studies have
investigated the dynamic and linguistically-structured aspects of fO, which are a
potentially rich source of speaker-specific information (see McDougall, 2004, 2006
for dynamic measures — of formants in her case). Lexical tone is a case in point.

Lexical tone mainly involves the use of dynamic pitch patterns to contrast
word meanings. Around 60-70% of the world languages are tone languages, which
are mostly found in Africa, East and South-East Asia and the Pacific, and the
Americas (Yip, 2002). The primary acoustic correlate of lexical tone is fO, which is
mainly determined by the rate of vibration of the vocal folds (Bauer and Benedict,
1997).

Previous studies on the use of tonal fO information for characterising speakers
have got mixed results. Thaitechawat and Foulkes (2011) studied the speaker-

specificity of lexical tones and formant dynamics in standard Thai. Five male



speakers of standard Thai were instructed to read aloud a word list that contained a
balanced number of the five tones in Thai. Discriminant analyses showed that tonal fO
data alone yielded 72-88% correct attribution, with the rising tone producing the best
discriminatory power. Still, the generalizability of their results is limited in that only a
small sample size and production of isolated words were involved. Wang and Rose
(2012) studied the speaker discriminatory power of the low level tone in Cantonese

carried by the vowel /i:/ in the word “ —.” (two). Speech samples of 26 male

Cantonese speakers were obtained from a database which contains two non-
contemporaneous recordings of responses to questions about the Hong Kong Mass
Transit Railway. They found that the log-likelihood ratio cost (Cyr) for the low level
tone were 0.68 with an equal error rate at 19%, suggesting that the tone is of potential
use in FSC casework. On the other hand, using similar methods, Li and Rose (2012)
focused on the high rising tone [25] in Cantonese carried by the diphthong /oy/
elicited from 15 young male speakers. They found that Cy, for the tone was 0.86
(close to 1) with the equal error rate (EER) at 40%, indicating that the rising tone is of
limited use in identifying speakers. These conflicting results point to the need of a
more comprehensive study on the role of speaker discriminating potential of lexical
tones. The present study investigates the speaker-discriminatory power of lexical
tones in Hong Kong Cantonese.

Hong Kong Cantonese contrasts six lexical tones: three level tones (high,
middle and low), two rising tones (high and low) and a falling tone (Bauer amd
Benedict, 1997). Table 1 illustrates how the syllable /ji:/ exploits the six tones for
lexical contrast. With such a rich tone inventory, Cantonese offers excellent scope for
comparing the speaker discriminatory powers of different types of tone. Moreover,

the two rising tones have recently been reported to be merging, especially among



young speakers (Bauer, K. H. Cheung and P. M. Cheung, 2003; Fung and C. Wong,
2011; Mok, Zuo and P. W. Wong, 2013). Three patterns of merging have been
identified: 1) merging T2[25] to T5[23]; 2) merging T5[23] to T2[25]; and 3)
realizing a new intermediate tone between the canonical forms of the two rising tones.
Studies have shown that diachronically-changing sounds are more likely to display
between-speaker variation than the relatively stable counterparts (DeJong, McDougall
and Nolan, 2007; Moosmiller, 1997), as some speaker may have more conservative
or more novel realisations. It is thus hypothesised that the merging tones will possess
higher speaker-discriminatory powers than the non-merging ones.

Table 1: Illustration of the six Cantonese tones. The numbers in the phonemic

transcriptions represent the pitch level of the tone with reference to a speaker’s tonal
pitch range (1=lowest; 5= highest) (Chao, 1947).

Tone Example in English Phone_mi_c
Cantonese Translation Transcription
1| High level X clothing /ji: 55/
2 | High rising Far chair lji: 25/
3| Mid level = idea lji: 33/
4 | Low falling 5 suspicious fji: 21/
5| Low rising H ear lji: 23/
6| Low level - two lji: 22/

An important feature of lexical tone is that tones are defined not in absolute
terms by the language but in relative terms with reference to the speaker’s pitch range
(Bauer and Benedict, 1997). In Cantonese, for example, the identity of the three level
tones is determined by taking into account the speaker’s pitch range and adjacent
tonal context (Wong and Diehl, 2003). Li (2006) postulates that while the absolute fO
level of different tokens of a tone may vary greatly in an utterance, the relative height
between two adjacent tones produced by the same speaker should be largely

consistent locally (i.e. between neighbouring tones) for maintaining communication
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accuracy. While this predicts restricted within-speaker variation in the relative height
of two adjacent tones, the degree of between-speaker variation remains unclear. Wong
and Diehl (2003) provide indirect evidence for speaker-specific realization of the
relative height of Cantonese level tones. In one of their experiments, native
Cantonese-speaking listeners were asked to identify isolated Cantonese level tones
produced by 7 different speakers. The presentation of the level tones was either
grouped by speaker or mixed across speakers. They found that identification accuracy
was significantly higher when items were blocked by speakers than when items were
mixed across speakers, suggesting that there were considerable between-speaker
differences and/or small within-speaker differences in the realisations of the level
tones for the listeners to exploit in the tone identification task. The second goal of the
present study is to explore speaker-specificity in the relative realization of tones. As a
start, the present study focuses on the relative height of two adjacent level tones.

In addition, to determine the potential value of a parameter for FSC, it is
necessary to assess how the parameter may be affected by changes in speaking
conditions, as in forensic casework there is often a mismatch in speaking styles
between the known and unknown speech samples. The present study focuses on the
effects of different speaking rates (normal vs. fast) and voice levels (normal vs. loud)
on the speaker discriminatory powers of tonal parameters. These two factors are
particularly relevant to lexical tone in that, in acoustic terms, change in voice levels
often lead to differences in tonal f0 mean and ranges, and change in speaking rates
may result in differences in tone duration and differences in tonal dynamics (e.g. the
timing of the turning point in dynamic tones, Sereno, Lee and Jongman, 2015).

In sum, this paper reports an exploratory study on the speaker-discriminatory
power of 1) the six tones in Cantonese; and 2) the relative height relationship of two
consecutive level tones in different speaking rates and voice levels, in a bid to identify

potentially useful tonal parameters for FSC casework.

2. Method

2.1 Participants

20 native male speakers of Hong Kong Cantonese (aged from 19 to 26, mean = 22.4)
were recruited for the experiment. All of them were born and brought up in Hong

Kong, and have resided in Hong Kong for more than 15 years.



2.2 Materials

Realisation of the six Cantonese tones. 6 disyllabic meaningful words were adopted to
elicit the production of the 6 Cantonese tones (see (a) in Table 2). The first syllable
carries T3 [33] which occupies the middle tonal space and serves as a constant tonal
context, and the second syllable carries the target tone.

Realisation of two level tones in sequence. To study the relativity of tone
realisation, we focused on the relative height relationship of the three level tones. 9
tone pairs were concatenated from the 3 level tones in Cantonese: high-high (HH),
high-mid (HM), high-low (HL), mid-high (MH), mid-mid (MM), mid-low (ML), low-
high (LH), low-mid (LM) and low-low (LL). Nine disyllabic words were used to elicit
the production of the above 9 tone pairs (see (b) in Table 2). Three of the 15
disyllabic words (in bold) overlapped, and thus a total of 12 disyllabic words were

used in the present study.

Table 2: Disyllabic words used in the experiment and their phonemic transcriptions.
H denotes the high level tone; M the mid level tone; and L the low level tone.

Tones | Disyllabic word Gloss

(a) 6 tones

T3-T1(M-H) | Z=4) /tsi- tsit/ to realize

T3-T2 JBHE [tshi: tsi:/ tissue paper
T3-T3(M-M) | &k /tshis tshiz/ every time

T3-T4 = [isic tshic/ to deliver a speech
T3-T5 BEAH /si: tshis/ to love persimmon
T3-T6 (M-L) | & /si: si:/ exam

(b) 9 level tone pairs

T1-T1 (H-H) EIET ftshi: tshi:/ to stick
TLT3(H-M) | 2 fisi: tsi/ very much

T1-T6 (H-L) FLZE /si: sit/ private matter
T3-T1 (M-H) =4 /tsi: tsic/ to realize
T3-T3(M-M) | &R [tshi: tshiz/ every time

T3-T6 (M-L) | gt /si: siz/ exam

T6-T1 (L-H) B 40 fisic tsi/ self-consciousness
T6-T3 (L-M) B85 [ti sit/ privately-owned
T6-T6 (L-L) == /si: sit/ everything

All the words share the same nucleus (the vowel /i:/ with no coda) and similar onsets:
either a voiceless fricative or a voiceless affricate. This served to control for potential

differences in fO perturbation effects and vowel intrinsic fO effects (Lehiste, 1970).
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2.3. Procedure

Recordings took place inside the sound-treated booth in the Phonetics Laboratory in
the Department of Linguistics, University of Cambridge. Subjects were recorded
through a Sennheiser MKH 40P48 condenser microphone set about 15 cm away from
the subject’s mouth, sampling at 44.1kHz/16 bits. All materials were presented on a
computer screen in a random order.

To explore how the acoustic realization of the lexical tones varies across
different speaking rates and voice levels, subjects were instructed to produce, in both
normal and loud voice, the 12 disyllabic words in 1) isolation (IS condition); and 2) in
a carrier sentence (CS condition):

HEFAIEA XX IE (T3 -
XXXXMXXHXXX
(Peter has never heard of the word “XX”.)
where XX stands for the target disyllabic word, M a syllable with a mid level tone, H
a syllable with a high level tone, and x other syllables in the sentence. It was expected
that the use of a carrier sentence would encourage a higher speaking rate.

Production data were obtained at two different voice levels: normal voice and
loud voice. To elicit a loud voice from the speakers, the experimenter sat far away
from the subject and the computer screen was moved further away as well. These
created a sense of “distance” for the subject. The subject was then told to imagine
speaking to a person far away from him and was instructed to “speak up”. A dummy
microphone was set far away from the subject, while the position of the microphone
used for recording remained unchanged.

To minimize potential lexical effects, participants were given enough time to
practise and familiarize themselves with the disyllabic words before the actual
recordings. In the actual recording, participants first read aloud the target words in the
carrier sentence, in normal voice and then loud voice. They then read aloud the words
in isolation, in normal voice and then loud voice. Each target word was produced 10
times in each condition and voice level, resulting in a total of 480 tokens from each

speaker (12 words x 2 conditions x 2 voice levels x 10 times).

2.4. Data Extraction



This study focuses on f0 since it is the primary acoustic correlate of Cantonese tones
(Vance, 1976; Khouw & Ciocca 2007). Data were analysed using Praat (Boersma
and Weenink, 2014). For each target word, two vertical markers were inserted
manually from the beginning to the end of periodicity (from the start of F1 to the end
of F2) of the /i:/ vowel (which carries the lexical tone) in the spectrogram. A Praat
script was then applied to extract fO values with the autocorrelation method in all
regions delimited by the vertical markers. As all tokens have different durations, the
fO contours were equalised by dividing the delimited regions into 10 equal intervals.
fO values were extracted at each 10% step of each delimited region (i.e. 0%, 10%,
20%, 30%...90%, 100%), giving 11 values in total. Values at onset (0%) and offset
(100%) have been excluded in the analysis as these values are unreliable and mostly
reflect perturbation by neighbouring consonants. Around 2% of the tokens (mostly
T4[21] and a few T6[22]) were so creaky that fO values could not be extracted and
were excluded from the analysis.

3.0 Results and Discussion

3.1 Realization of the six tones

3.1.1 Descriptive data

Figure 3.1 shows the average duration of the six tones in IS and CS conditions.
Overall speaking, duration of the six tones in descending orderis T2 >T6 >T1 >T5
>T3>T4.
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Figure 3.1.: Duration of the six tones produced in isolated words (IS condition) and
in a carrier sentence (CS condition).

Figure 3.2 shows the boxplot and figure 3.3 shows the distributions of the 20
speakers’ fO data based on their realization of the six tones in all voice levels and
linguistic conditions. Impressionistically, speakers show considerable variation in
their fO range and the distribution of the fO values. For instance, speakers HC and JW
had a relative small tonal fO range whereas speakers KT and PL had a relatively large
tonal fO range.
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Figure 3.2.: Box and whisker plots of the 20 speakers’ f0 data based on their
realization of the six tones (x-axis: Speaker; y-axis: fO (semitones re 100Hz)). The
bottom and top of the boxes represent the first and third quartiles respectively, and

the band inside the box the median. The ends of the whiskers represent the minimum
and maximum.
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Figure 3.3: Distribution of the 20 speakers’ f0 data (in semitones re 100 Hz) based on
their realization of the six tones.

Linear mixed-effects models (LMMs) were used to determine the effect of
Condition on tone duration and the effect of Voice level on speakers’ mean fO across
all measurement points of all the tones, with the R package Ime4 (Bates and
Maechler, 2012) in R (R Core Team, 2012). Condition, Tone and Voice Level are
treated as fixed factors, and Speaker and Token as random factors with by-Condition
random slopes. Table 3.1 summarize the levels of each the factor. Effects were tested
by likelihood ratio tests of a full model against a reduced model that excluded the
effect to be tested (i.e. Condition/Voice Level), using the R code “anova(full model,
reduced model)”. A p-value was obtained for each model comparison using standard
likelihood ratio tests. Results showed that in general tone duration is shorter in the
CS condition than in the IS condition by 122.04 + 9.04ms, ¥*(1) = 44.4, p << 0.001.
This is attributable to the faster speaking rate in CS condition. On the other hand, f0
of the speakers at loud voice is higher than that at normal voice by 2.17 + 0.258st,
¥?(1) = 30.6, p << 0.001. These suggest that our procedure of eliciting loud speech did

lead to a significantly higher fO in general.

Table 3.1: Summary of different levels for each factor
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Factor No. of Levels | Details

Condition 2 CSand IS

Voice Level 2 Normal and Loud Voices
Tone 6 The six tones

Speaker 20 20 speakers

Token 10 10 repetitions

By presenting the tone contours on a frequency scale (e.g. Hz or semitones),
between- speaker differences in both absolute frequency and the shape of the tone
contours will be revealed. To determine whether the speakers exhibit idiosyncratic
differences in the dynamic changes of their tone contours, all raw fO data were
normalised on a z-score scale (Rose, 1987), which involves expressing an observed fO
value in a standard score based on the following formula:

fOnorm = (fOi — fOmean)/s

where fOmean Stands for the mean of all sampled data for a given speaker and s one
standard deviation from the mean. The z-score then represents the degree of
dispersion by the number of standard deviations from the mean. Data were normalised
separately for each speaker and for normal and loud voices.

Figure 3.4 shows the average fO contours of the six Cantonese tones across all
conditions and voice levels by each speaker based on the normalised data. While
across speakers the fO contours of all tones generally show some degree of
resemblance, the density of their tone system seems to differ. For example, the low
falling tone [21] produced by speakers such as ChL, JC and TC are well separated
from their realisations of the other tones, but the same tone by speakers such as HC,
JW and NC is close to the other tones. The speakers also exhibit different patterns of
merging of the two rising tones. While some speakers (e.g. CY, HC, NC) seem to
distinguish the two rising tones, others show different patterns of merging, with
speakers such as AD, JW, and TC completely merging the two tones.

Figure 3.5 and 3.6 shows the mean fO contours of the six tones across
speakers. Figure 3.5 adopts the same y-axis limits with the aim of accurately
capturing the general fO height and shape of the six tones. The production of the six

tones is generally consistent with the canonical forms reported in the literature. Figure
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3.6 provides zoom-in views, each with a scale that best captures the individual
differences among the 20 speakers.

For the high level tone, most speakers had a stable rise to the peak with a
terminal fall, but they differ in the timing and magnitude of fO declination and the
terminal fall. The two other level tones display similar patterns: both resemble a
falling tone owing to fO declination, and speakers differ in the the gradient of their
drop in pitch and the onset of a levelling off. The two rising tones both depict a dip-
rise patterns in general, but speakers vary in terms of the timing and degree of the dip,
if present, and magnitude of rise in the second half of the tone. For the low falling
tone, while some have demonstrated a straight and constant lowering of f0, others
have terminated the fall half-way and level off.

LMMs were used to determine the effect of Condition, Voice Level, and their
interaction with Interval (the 9 measurement points which represents the dynamic
change) on f0. Condition, Voice Level, Tone, and Interval were treated as fixed
factors, and Token and Speaker as random factors with random slopes on the factor
under investigation. Effects for each individual factor were tested by likelihood ratio
tests of a full model against a reduced model that excluded the effect to be tested. For
instance, to test the effect of Condition, the R code for the full model is “full model <-
Imer(fO~Condition +Voice Level + Tone + Interval + (Condition|Speaker) +
(Condition|Token))”; the reduced model was coded as  “reducedmodel <-
Imer(f0O~Voice Level + Tone + Interval + (Condition|Speaker) +
(Condition|Token))”. Effects for interaction were tested by comparing models with
and without the interaction (e.g. R code: Condition * Interval vs. Condition +
Interval), with random slopes on the factor under investigation (i.e. Condition/Voice
Level) for each random factor. Whilst the factor Condition or Voice Level alone shows
how different levels in each factor account for baseline differences in fO, their
interaction with Interval reveals their effects on the dynamic changes of fO contours.

Table 3.2 summarizes the main results for the raw fO data and normalized data.
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Table 3.2: Summary of the statistics of the mixed model comparisons for Condition,
Voice Level, and their interaction with Interval.

Factor Result
Raw Normalized
Condition (1) = 2.73, p = 0.0983 (1) =250, p=0.114
Condition * Interval *(8) = 349.46, p << 0.001  y*(8) = 482.89, p << 0.001
Voice Level (1) =49.60, p<<0.001  44(1)=1.24, p=0.2651

Voice Level * Interval ~ 4%(8) = 8.06, p=0.4275  »A(8) =8.122, p = 0.4216

Analyses based on raw fO data reveal that although Condition does not have a
significant effect on fO, its interaction with Interval does, suggesting that different
speaking rates affect fO dynamics (e.g. more tone compression at a faster speech rate)
but not general fO height. On the contrary, while Voice level has a significant effect on
fO, its interaction with Interval does not, suggesting that different voice levels affect
general fO height but not fO dynamics. Similar results were obtained for normalized data
except that Voice level no longer has a significant effect on general fO height, indicating
that the degree of excursion of tones with reference to a speaker’s f0 range is largely
independent of the speaker’s voice level. Overall, these results show that speaking rate
and voice level affect fO height and fO dynamics of a tone in a different way, and the

two dimensions of tones should be considered separately in characterising speakers.

3.1.2 Speaker discrimination

To determine whether the observed speaker variations are of potential value for forensic
speaker comparison, the speaker-discriminating powers of the six Cantonese tones were
evaluated using discriminant analysis (DA). DA is a multivariate statistical technique
that determines if a given set of predictors can be combined to predict group
membership (Tabachnick & Fidell, 2007). DA requires that the number of tokens must
be greater than the number of predictors. For the present study, each speaker was treated
as a group with 10 tokens for each tone in each condition and voice level, and the 9 f0
measurement points of each tone as predictors. Taking into account both between- and
within-speaker variations, DA constructs discriminant functions that could best separate
different speakers based on the predictors, and the discriminant functions were used in
classification. The “leave-one-out” cross-validation method was adopted: one token in

each speaker’s data set was regarded as an unknown sample and the remaining tokens
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were used to build the speaker’s model. Every token in the data set was allocated to one
of the group (speaker). The percentage of correctly attributed tokens (or a classification
rate) is calculated and the best performance is reported as a DA score. With 20 speakers
in the data set, the chance performance is 5%.

Separate DAs were run for each tone in different voice levels and conditions,
and for both raw fO (semitones) data and z-score normalized data. DA scores based on
raw fO data reflect classification results based on both absolute fO height and the
dynamic changes of the fO contours, whereas those based on normalized data reflect
mainly the latter. As DA is sensitive to outliers, the data were scanned for univariate (z
> 3.29, p < .001) and multivariate outliers (y*>¢%rit, p < .001) for each speaker
(Tabachnick and Fidell, 2007). These outliers were removed from the analysis. The

results are presented in Table 3.3.

Table 3.3: DA scores (% correct attribution) of the 6 tones, with the chance level at 5%
(N: normal voice; L: loud voice; IS: words produced in isolation; CS: words produced
in a carrier sentence).

Tone Voice Condition Raw Normalized Overall
T1 [55] N CS 47.0 33.3
High IS 50.0 41.3
Level
L CS 46.0 27.5
IS 48.5 37.0 41.3
Mean 47.9 34.8
T2 [25] N CS 575 40.5
High IS 62.0 443
Rising
L CS 515 31.0
IS 72.0 53.3 51.5
Mean 60.8 42.3
T3 [33] N CS 475 34.0
Mid IS 47.0 36.0
Level
L CS 45.0 21.8
IS 59.0 34.8 40.6
Mean 49.6 31.7
T4 [21] N CS 34.0 31.0
Low IS 455 30.5
Falling
L CS 395 26.6
IS 435 33.0 355
Mean 40.6 30.3
T5 [23] N CS 435 345
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Low IS 45.5 36.5

Rising L cs 50.5 27.9
IS 62.0 44.0 43.1
Mean 50.4 35.7
T6 [22] N CS 445 34.8
Low IS 44.5 34.8
Level
L CcS 44.0 26.6
IS 49.0 33.5 39.0
Mean 45,5 32.4
Overall Mean 49.1 34.5

DA scores based on raw fO data and normalized data are both much higher than
chance (5%), and such high DA scores are generally preserved across different
conditions and voice levels. This demonstrates lexical tones are potentially useful for
separating speakers. DA scores based on raw frequency values were significantly higher
than those on normalized values, t(46) = 7.24, p << .001, d = 2.09, suggesting that z-
normalization has significantly reduced speaker-specificity in absolute frequency. Still,
in general around 70% (34.5/49.1) of the discriminatory power was preserved after
normalization; this shows that the dynamic changes of tonal fO make a substantial
contribution to the discrimination.

Of the six tones in Cantonese, the two rising tones yielded the highest DA scores
(51.5 for T2 and 43.1 for T5). This is consistent with previous findings that the rising
tone in Thai performed best in differentiating speakers. The dynamic nature of the rising
contours may have afforded more between-speaker differences in, for example,
magnitude of rise and speed and rate fO change. Furthermore, the two rising tones have
been reported to be merging (Bauer et al, 2003; Mok et al, 2013), and our data reveal
that the 20 speakers exhibit different degree of merging of these two tones. This is in
line with the idea that diachronically dynamic features may be more valuable in
separating speakers (DelJong et al., 2007; Moosmiiller, 1997). On the other hand, the
three level tones (T1 [55], T3 [33] and T6 [22]) scored slightly lower than the rising
tones and have similar DA scores. This may be attributable to the fact that when
producing a level tone, speakers have to maintain a relatively steady fO contour and the
main source of between-speaker difference is the degree of fO declination. T4 [21] ranks
last among all tones, indicating that it is produced with relatively high consistency
across speakers as the low end of a person’s speaking tessitura is more bound by
physiological limits on vocal cord vibration.
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3.2 Relative Height of Level Tone Pairs

3.2.1 Descriptive data

The fO height of each tone is defined as the mean value of the 9 measurement points
(based on raw fO values). The relative height relationship for a tone pair is therefore
defined as Tamean - Tbmean, Where Ta and Tb denote the first and second tones
correspondingly. Since fO data were expressed on a semitones scale, the same fO height
difference corresponds to a perceptually equivalent difference in pitch. The mean height
differences of the nine tone pairs across all tokens are summarized in Table 3.4.

Table 3.4: Mean height differences of the 9 level tone pairs (H: high[55]; M: mid[33];
L: low[22]; scale: semitones rel00Hz). Positive values denote that the first tone is
higher than the second tone, and vice versa for negative values.

Tone Pair Tamean - Tbmean
HH 0.39
HM 4.54
HL 6.05
MH -2.41
MM 0.54
ML 2.54
LH -4.38
LM -1.08
LL 0.65

According to Chao (1947), the high level tone is approximately three semitones
higher than the mid level tone, and the mid level tone is approximately two semitones
higher than the low level tone. The present data differ from the results reported in Chao
(1947), and this can be explained by general fO declination. When the two identical
tones (i.e. LL, MM and HH) are produced in a row, the second tone in general has lower
fO values. Besides, while Li (2006) asserted that the fO frequency spacing of two
consecutive tones should not be affected by their order (e.g. the frequency spacing
between HL should be approximately equal to that between LH), the present data do not
support the claim. The height difference is always larger than what Chao reported when
a tone pair starts with a tone with higher fO (e.g. HM > 3 semitones; ML > 2 semitones),
and vice verse when a tone pair starts with a tone with lower f0 (e.g. MH < 3 semitones;
LM < 2 semitones). This is not surprising, given the well-known phenomenon of fO

declination (Cohen, Collier and Hart, 1982) and the fact that upward pitch change tend
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to take longer than a downward pitch change for a given pitch interval (Ohala & Ewan,
1973). Thus, the order of tones should be taken into account when investigating the
height relationship between two tones.

LMMs were used to determine the effect of Condition and Voice Level on height
differences of the 9 tone pairs. Condition, Voice Level, and Tone Pair were treated as
fixed factors, and Token and Speaker as random factors with random slopes on the
factor under investigation. Effects for each individual factor were evaluated by
likelihood ratio tests of a full model against a reduced model that excluded the effect to
be tested. Results show that the fO height difference in the IS condition is higher than
that in the CS condition by 0.677 + 0.072 semitones in general, y*(1) = 33.32, p <<
0.001, but Voice Level does not have a significant effect, »(1) = 1.40, p = 0.236. This
shows that although “speaking up” may raise f0 mean and range, the height differences

of level tone pairs remain largely constant.

3.2.2 Speaker discrimination

DA was used to assess the speaker-specificity of the height differences of level tone
pairs. The fO difference within each tone pair was used as the sole predictor with
“speaker” as the dependent variable. DA was run separately for each condition and

voice level; the results are presented in Table 3.5.

Table 3.5.: DA scores (% correct attribution) of the height difference of the 9 tone pairs.

Tone Condition and Voice Level

Pair cs,N | IUssN | csL | isL Mean
HH 12.0 12.0 18.0 155 14.4
HM 13.5 14.0 17.0 115 14.0
HL 16.0 18.0 16.5 17.0 16.9
MH 15.0 14.0 17.5 135 15.0
MM 12.0 10.0 10.0 7.5 9.9
ML 17.5 18.0 14.5 15.0 16.3
LH 23.0 19.0 24.0 13.0 19.8
LM 12.0 11.0 10.5 14.5 12.0
LL 8.5 8.0 115 9.0 9.3

In general DA scores of all level tone pairs appear to be low (from 9.3 to 19.8);
this may be explained by the limits for the frequency spacing between two adjacent
level tones, and exceeding the limits may lead to misidentification of the tone (e.g. HM
may be perceived as HL if the height difference in HM is too large). However, it should

be noted that these DA scores are based on only 1 predictor and are higher than chance
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(5%), indicating between-speaker variation is considerably greater than within-speaker
variation. Variations for pairs of same level tones (i.e. HH, MM, LL) are attributable to
speaker variability in fO declination, potentially due to individual physiological
differences and intonational preferences. On the other hand, tone pairs which involve a
change of tone (e.g. ML, HM) in general show greater speaker-discriminatory powers
than pairs of the same level tone. A change in tone may have provided more freedom
for speakers to realize the frequency spacing of a tone pair. Noticeably, tone pairs HL
and LH display the greatest between-speaker differences among all the tone pairs. This
may be related to the fact that these tone pairs involve the biggest change in fO and may

have allowed for more space for variations.

4.0 Conclusions

This paper set out to explore the potential value of tonal parameters—individual tone
contours and height differences of level tone pairs—for characterising speakers, and
how different voice levels and linguistic conditions may affect their realization. Results
show speaker-specific realization of both individual tone contours and height
differences of level tone pairs; such specificity is preserved across different voice levels
and linguistic conditions. We conclude that lexical tones offer useful parameters for
discriminating speakers and may potentially be useful for FSC casework. Also,
speaking rate and voice level affect the fO height and fO contour of a tone in different
ways, thus the two dimensions of a tone may be treated as separate parameters for
characterising speakers. Future research should explore how the two dimensions of a
tone may be affected by various within-speaker factors such as health and emotional
states (Braun, 1995).

While speakers exhibit significant variation in various aspects of tone realization
such as fO slope (both rise and fall), timing of fO turning points, and density of the
whole tone system, the general shapes of all the tones appear to be consistent across
speakers. This suggests that the observed speaker variability may mainly be attributed to
articulatory factors. Since fO production involves the coordination of vocal folds and
various muscles, cartilages, tissues and bones, individual differences in the properties of
these articulatory components such as their size, mass, stiffness, compressibility and
stretchability will all contribute to between-speaker differences in fO production (Xu,
2001). Such individual differences also to some extent give rise to between-speaker

differences in speed of pitch change, speed of pitch direction shift, and preferred tonal
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pitch range (Xu, 2001), and future research should explore these individual differences
in detail.

Despite the promising results, further research is required to evaluate the
evidential value of the reported tonal parameters for two reasons. First, while the
present study used DA which is a useful statistical tool for evaluating the speaker-
specificity of a (set of) feature(s) within a group of known speakers, DA resembles a
closed-set identification test (i.e. assuming the offender is among a list of reference
speakers) which is not common in forensic casework. Furthermore, in FSC the job of
the forensic scientists is to assist the trier of fact with their decision-making by taking
into account both the prosecution hypothesis (the probability of the evidence assuming
that the suspect is the person who produced the incriminating speech sample) and the
defence hypothesis (the probability of the evidence assuming that the offender sample
coming from another speaker in the relevant population) (Aitken and Taroni, 2004).
One way to achieve this is to use the likelihood ratio, which provides a gradient
measure of the strength of evidence under a Bayesian framework (e.g. see Rose and
Morrison, 2009 for a detailed discussion). Still, assessing typicality for the defence
hypothesis in the likelihood ratio approach requires a large amount of reference data. By
demonstrating the speaker-specificity of tonal parameters, the present study serves as a
foundation for future study on tonal parameters with large-scale forensically-oriented
datasets.

Second, while the goal of the present study was to examine the speaker-
specificity of tonal parameters, the experiment was not designed to match real-life
forensic conditions. The present study used systematically constructed read speech to
test the effects of speaking rate and voice level while keeping other confounds (e.g.
segmental fO effects and intonation patterns) under control. Also, the data were of studio
quality and collected in a single session. However, forensic casework mostly involves
non- contemporaneous spontaneous speech samples and the quality analysis is often
affected by adverse factors such as noise, compressed file formats, short speech
samples, and reverberation. Further research should examine whether speaker-
discriminatory powers observed in the present study may also be found under more

forensically realistic conditions.
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