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Abstract

The task of forensic voice comparison (FVC) often involves the comparison of a voice in
an offender recording with that in a suspect recording, with the aim to assist the
investigating authority or the court in determining the identity of the speaker. One of the
main goals in FVC research is to identify speech variables that are useful for
differentiating speakers. While French and Stevens (2013) stated that connected speech
processes (CSPs) vary across speakers and thus CSPs may be included in the ‘toolbox’
for forensic voice comparison casework, little empirical research has been done to test
how effective various CSPs are in speaker discrimination. This paper reports an
exploratory study comparing the speaker-discriminatory power of lexical tones in their
citation forms and coarticulated tones. 20 Cantonese and 20 Mandarin speakers were
instructed to produce tones under different speech rates and tonal contexts. Results based
on discriminant analysis show that the combination of normal speech rate and compatible
tonal context appears to have yielded the best speaker discrimination. On the other hand,
the combination of fast speech and a conflicting tonal context, which in principle led to
the greatest tonal coarticulatory effects, yielded the worst speaker discrimination. The
addition of duration on top of tonal f0 significantly improved the classification rates in
both languages. Furthermore, for the same tone categories, the Mandarin ones generally
discriminate speakers better than the Cantonese counterparts, suggesting that tone
inventory density affects the speaker-discriminatory power of tones. Implications of the

findings for forensic speaker comparison are discussed.
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1. Introduction

Forensic voice comparison (FVC) typically concerns the comparison of a voice in an
offender recording with that in a suspect recording, with the aim to assist the investigating
authority or the court in determining the identity of the speaker. The task of FVC by
phoneticians often includes auditory and/or acoustic analysis (Gold and French, 2011),
which involves decomposing the speech signal into separate variables for analysis and
comparison (French and Stevens, 2013). However, for any variable (e.g. vowel formant,
speaking rate), different speakers’ range will inevitably overlap. In principle, the more
variables included, the more likely individual speakers can be discriminated. Therefore,
although individual research papers on FVC often focused on only one or a few variables
in the speech signal, the maximal speaker-discriminatory power should lie in a
combination of variables. An ultimate research goal in the field of FVC is to identify a
combination of speaker-specific variables that will enable forensic phoneticians to best

discriminate voice samples.

French and Stevens (2013) noted that connected speech processes (CSPs) such as
assimilation and elision vary across speakers and thus CSPs may be included in the
‘toolbox’ for forensic voice comparison casework, but so far there has been very little
empirical research on the speaker-specificity of different CSPs and how such specificity
may inform decisions in the forensic analysis of voice recordings. This paper reports an
exploratory study comparing the speaker-discriminatory power of citation tones and
coarticulated tones in Cantonese and Mandarin, and discusses how the findings may be

of potential relevance to the task of forensic voice comparison.
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1.1 What is lexical tone?

Lexical tones are often defined as distinctive pitch patterns used for contrasting word
meaning in a tone language (Bauer and Benedict, 1997). 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 fundamental frequency (f0), which is mainly determined by the rate of vibration
of the vocal folds (Bauer and Benedict, 1997). Other acoustic correlates of tone include
amplitude envelope (fluctuation in the overall amplitude of a sound) (Fu et al., 1998, Zhou
and Martin, 2012), voice quality (e.g. creaky voice for low tones in Mandarin (Belotel-
Greni¢ and Grenié, 2004) and Cantonese (Yu and Lam, 2014)), and duration (Howie,

1976, Yu, 2010).

The tone systems of Hong Kong Cantonese and Standard Mandarin as spoken in

Beijing, China, which are the focus of this paper, are illustrated below.

1.2 Cantonese and Mandarin Tone Systems

Hong Kong Cantonese has a relatively complex tone system in which tones are
distinguished by both pitch height and pitch direction. Cantonese contrasts six lexical
tones: three level tones (high, middle and low), two rising tones (high and low) and a low
falling tone (Bauer and Benedict, 1997). Table 1.1 illustrates how the syllable /ji:/ exploits
the six tones for lexical contrast. On top of these six tones which occurs in open syllables
or nasal-final syllables, the three level tones T1[55], T3[33], and T6[22] also have three
allotones— T7[5], T8[3], and T9[2] (often called ‘entering tones’)—which are shorter in

duration and occur only in syllables ending with an unreleased stop /p/, /t/, or /k/.
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By contrast, Mandarin has a relatively simple tone system in which tones are
mainly distinguished by pitch direction. Mandarin contrasts four phonemic tones* on full
syllables: T1[55] high tone, T2[25] rising tone, T3[214] dipping/low tone, and T4[51]
falling tone (Li and Thompson, 1989, Norman, 1988). Table 1.2 illustrates how the
syllable /da/ exploits the four tones for lexical contrast. However, T3 is often realised as
[21] (i.e. without the rise) except on a monosyllable or when the syllable is emphasised

(Duanmu, 2007). The paper will focus only on the phonemic tones in both languages.

Tone Example in Cantonese| Gloss |Phonemic Transcription?
T1 High level ix clothing fjiz 55/
T2 High rising Fa chair iz 25/
T3 Mid level = idea fji: 33/
T4 Low falling RE suspicious fjiz 21/
TS5 Low rising B ear iz 23/
T6 Low level — two /jiz 22/

Table 1.1: Illustration of the six Cantonese tones.

Tone Example in English Phonemic
Mandarin Translation Transcription
T1 High Level % to answer /da 55/
T2 Rising = to arrive /da 25/
T3 Dipping/Low 1 to hit /da 214/
T4 Falling X large /da 51/

Table 1.2: Illustration of the four Mandarin tones.

! Apart from these phonemic tones, Mandarin also has a ‘neutral tone’ (T0) which can be found on weak
syllables and never appears in the initial position of a word. TO has a mid-pitch target and its acoustic
realisation is affected by the preceding tone (Chen & Xu, 2006). The paper will focus on the speaker-
discriminating power of the four phonemic tones only.

2 Tones in Chinese languages are often transcribed using Chao letters (Chao, 1930), in which 1 represents
the lowest pitch and 5 the highest in the speaker’s normal pitch range. In most cases each tone is

numerically represented by two to three digits: the first digit indicates its starting pitch, the final one its
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In terms of tonal fundamental frequency (f0), Cantonese has a relatively crowded
tonal space: while T1[55] is well separated from other tones, the other five tones cluster
in the mid and low tonal f0 range and they can be confusable even for native speakers
(Mok et al., 2013). On the other hand, Mandarin has a relatively less dense tone system
in which the four tones are well separated from one another (Duanmu, 2007). See Figures

1 and 2 of Francis et al. (2008) for illustrations.

1.3 What is tonal coarticulation?

Like vowels and consonants, the f0 realisation of tones shows gradient variation under
the influence of the neighbouring tones in connected speech. This phenomenon is called
tonal coarticulation. While segmental coarticulation is essentially assimilatory (e.g. the
English phoneme /k/ is fronted (i.e. [k]) when followed by a front vowel, and is articulated
further back (i.e. [k] when followed by a back vowel) (Kiihnert & Nolan, 1999), both
assimilatory and dissimilatory tonal contextual effects have been reported, and the term
‘tonal coarticulation’ has been used in the literature to refer to general contextual effects
and include both types of contextual effects. Dissimilatory effects have been observed in
both progressive and regressive tone coarticulation in Cantonese and Mandarin. An
example of progressive dissimilation concerns post-low bouncing, which involves raising
fO after is a low pitch target (Gu & Lee, 2009; Prom-on et al., 2012). An example of
regressive dissimilation concerns pre-low raising, where the fO of a high tone is raised
when preceding a low pitch target (Gu & Lee, 2007; Xu, 1999). These two dissimilatory
effects have been attributed to the activities of both the intrinsic laryngeal muscles
(mainly the cricothyroids) and extrinsic laryngeal muscles (mainly the sternohyoids and
the thyrohyoids) (Gu & Lee, 2007; Prom-on et al., 2012). In addition, whilst

coarticulation has long been assumed to be biomechanical in nature (i.e. due to

final pitch, and the middle one its mid pitch which is optional. For instance, [33] represents a midlevel
tone and [214] a low dipping tone. Whilst Chao letters will be used throughout this paper to represent
tonal pitch patterns, it should be noted that Chao letters were designed in perceptual terms with reference
to a speaker’s tonal pitch range. One should not expect the letters to translate readily into {0 differences or
phonological features.

Page 6 of 38



physiological constraints on articulators when executing a motor plan and reaching
production targets), recent studies have shown that at least some degree of planning is
involved in both segmental coarticulation (Solé, 2007; Whalen, 1990) and tonal
coarticulation (Franich, 2015). Thus, both the mind and the vocal folds (and related
muscle activities) may contribute to any observed speaker-related variation in tone

realisation.

Conceptually, tonal coarticulation should be distinguished from a closely related
process—tone sandhi (see Chen (2000) for an overview). Both processes involve
contextual effects on tonal variation; tone coarticulation concerns gradient, non-
neutralising effects which vary across speech styles and speaking rates, whereas tone
sandhi concerns categorical, neutralising effects which are stable across speech styles and
speaking rates (Zhang & Liu, 2011). A classic example of tone sandhi is the T3 sandhi in
Mandarin: a T3 changes to a T2 when followed by another T3 in Mandarin.

1.4 Tonal coarticulation and forensic voice comparison

The task of FVC often involves auditory and/or acoustic phonetic analysis, which exploits
the componentiality of the speech signal. Specifically, the speech signal is often
conceptualised as consisting of different components (e.g. vowel, consonants, intonation)
for separate analysis and comparison (French & Stevens, 2013). However, it should be
noted that the maximal speaker-discriminatory power should lie in a combination of
variables in the speech signal, even though individual research in FVC often focused on
only one or a few variables. Most existing FVC research has focused on English and some
other European languages, and the usefulness of tonal variables for FVC remains under-
researched. The study of tonal variables for FVC will be beneficial to forensic casework
in places where tone languages are used. An important feature of lexical tone is that tones
are defined not in absolute terms by the language, but in relative terms mainly with
reference to the realisation of other tones and the speaker’s pitch range (Bauer & Benedict,
1997). A few early studies provided a description on the between- and within-speaker
variability of tones of different languages in their citation forms (e.g. Gandour et al., 1991;
Rose, 1996). Studies on perceptual normalisation of lexical tones (e.g. Morre and

Jongman, 1997; Leather, 1983; Wong and Diehl, 2003) provide indirect evidence for
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speaker-specific realisation of lexical tones and that listeners may use tonal f0 information
as a cue to speaker identity. Recently, there has been a few experimental studies
investigating the speaker-discriminatory power of lexical tones mainly in their citation
forms (Chan, 2016; Li & Rose, 2012; Thaitechawat & Foulkes, 2011; Wang & Rose, 2012)
and the potential implications for forensic voice comparison, but so far no study has
focused on tones undergoing coarticulation. The study of speaker discriminatory power
of coarticulated tones are of particular relevance to forensic casework in that forensic
recordings mostly consist of spontaneous speech where lexical tones are likely to
coarticulate with one another. At a broader level, while French and Stevens (2013) noted
that connected speech processes (CSPs) such as assimilation and elision vary across
speakers and thus CPSs may be included in the ‘toolbox’ for FVC casework, they made
no prediction as to whether features undergoing CSPs are better speaker-discriminants
than features in their citation forms. Also, there is little empirical research on the speaker-
specificity of different CSPs and how such specificity may be relevant to the forensic
analysis of voice recordings, let alone comparing the speaker-specificity of speech

variables undergoing CSPs with those in their canonical forms.

1.5 Research question

The primary goal of this paper is to compare the speaker-discriminatory power of citation
tones and coarticulated tone, and draw potential implications for forensic voice
comparison. Xu (1997) noted that when tones are produced in isolation (i.e in their
citation forms), their f0 contours appear well-defined and relatively stable. When tones
are produced in context, their f0 contours may exhibit a range of possible realisations
depending on adjacent tones (see Xu, 2001 for a detailed discussion). It is thus
hypothesised that, tones undergoing coarticulation should have greater speaker-
discriminatory power since speakers have more freedom to vary in their articulatory
‘pathways’ and achieve their production targets when producing coarticulated tones than

citation tones.

2. Materials and Method
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2.1 Participants

Cantonese: 20 native male speakers of Hong Kong Cantonese (aged from 19 to 25, mean
= 22.7) were recruited. All of them were undergraduates at University of Cambridge or

University of Hong Kong, and had lived in Hong Kong for more than 15 years.

Mandarin: 20 native male speakers of Standard Mandarin (aged from 19 to 25, mean =
21.9) were recruited. All of them were undergraduates at the Communication University

of China or Beijing Normal University, and had lived in Beijing for more than 15 years.

2.2 Materials

Trisyllabic meaningful words whose second syllable carries the target tone were used in
the experiment. The neighbouring tones served as the tonal context (i.e. xXx). Six words
were used for each target tone in each language (i.e. 6 tones x 6 = 36 Cantonese words
and 4 tones x 6 = 24 Mandarin words; see Table 2.1 and 2.2 for the words used). To control
for segmental content, the syllables carrying the target tones contained either /a:/ preceded
by different consonants (the use of minimal contrast with /a:/ was not possible when only
meaningful words were used), /si:/ or /fu:/. As only real words were used, it is
acknowledged that the segmental content of the neighbouring syllables could not be

controlled for.

To elicit citation tones and coarticulated tones, the tonal contexts (i.e. the
neighbouring tones) either formed a ‘compatible context’ (i.e. adjacent tones have f0
values identical or similar to the target tone) or a ‘conflicting context’ (i.e. adjacent tones
have f0 values different from the target tone) (Xu, 1994). For example, a compatible
context for the Cantonese high level tone /55/ could be /55/-/55/-/55/, and a conflicting
context could be /21/-/55/-/21/. Half of the words had a compatible tonal context, and the
other half had a conflicting tonal context. When there were more than one possible
compatible/conflicting context for the target tone, the tones with the closest pitch value
with the target tone was selected for the compatible condition, and the ones with the
farthest pitch value from the target tone for the conflicting context. For instance, for the
high level tone /55/ in Cantonese, a conflicting context could have been /33/ /33/ or

/22/ /22/, but only /22/ /22/ was used. One exception was that juxtaposition of two fall-
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rise tones in Mandarin was avoided owing to the tone sandhi which would change the
first fall-rise tone into a rising tone. The same compatible/conflicting tonal contexts were
used across both languages whenever possible to facilitate comparison (e.g. the
conflicting contexts for T1[55] and T2[25] in both languages). Table 2.3 summarises the

tone patterns carried by the trisyllabic words in Cantonese and Mandarin.

2.3 Recordings

Recordings were made in a sound-treated room with a Zoom H6 portable recorder at a
sampling rate of 44.1kHz/16 bits. To minimize potential lexical and frequency effects on
tone production, participants were asked to practise the target words until they felt ready
for the actual recordings. The speakers first recorded the whole list of words four times,

with each word embedded in a carrier sentence 15K xxx JE 85775 (Cantonese)/ 1
JX 5% 18 xxx 15 1 55 52 (Mandarin) ‘He/She has never heard of the word _ ’. Then they

read the whole list of words in isolation four more times. The target words were presented
in a random order for each repetition. To control for the speaking rate of the speakers,
regular beats were played through a virtual metronome at an interval of 2 seconds and
participants were instructed to produce each word/sentence between two beats. In other
words, for each trial, participants had to produce, within two seconds, 11 syllables when
the target word is embedded in a carrier sentence (fast speech), and 3 syllables when the
target word was in isolation (normal speech). The combination of normal speech and a
compatible tonal context encouraged the realisation of tones in their citation forms,
whereas the combination of fast speech and a conflicting tonal context were supposed to

encourage the highest degree of tonal coarticulation.

Items were randomized and presented one by one on a computer to avoid list
effects. In total, there were 5760 tokens for Cantonese (36 words x 2 conditions x 4
repetitions x 20 speakers) and 3840 tokens for Mandarin (24 words x 2 conditions x 4

repetitions x 20 speakers).
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Cantonese Stimuli

Compatible Conflicting
Tone i ful lal il lul lal
T1 EERH B KAERE EECE N R FCIp{aviif
[55] Fighting spider Cheering sound Stewed fish maw Male poet Skin cancer Lotus pondA
/kemb5 si55 maub5/ | /fun55 fub5 sm55/ /men55 fab5 kaub5/ /nam21 si55 jen21/ Iphei21 fus5 nam21/ /ho21 fabb tshi21/
T2 HH5L 5 YN rlE Z Ak HER 1EREEH
[25] Miso soup Rotten bitter gourd Playing area Cheese lover Bitter tea R Showerhead
/min22 si25 thon55/ /lan22 fu25 kwab5/ Iwun22 sa25 key55/ / 15155 si25 mei22/ /kem55 fu25 tsha21/ /fa55 sa25 theu21/
T3 (20§53 A ESG R PN HENFI
[33] Weird hobbies Apportioned tax VegetarEln sox bean sauce | Angel light Highly gifted Bomber R
/kwai33 si33 how33/ | /p"ui33 fu33 sey33/ /sow33 tsa33 tscen33 / /thin55 si33 kwon55/ | /tinb5 fu33 kow55/ /kwen55 tsa33 kei55/
T4 EEs Bt g et e
[21] Long period Yellow hibiscus Blurred Hyperspace Yinfu Jing (Book) Ginseng tea bag
ftshoen21 si21 k"ei21/ | /won21 fu2l jon21 / /mon21 tsha21 tsha21/ [tshiw55 si21 hon55/ | /jem55 fu2l kin55/ /sem55 tsha21 paw55/
T5 Eilise Zfi iR KIEEX #i A PN it DL
[23] Old town R Photo of a pﬁagnant woman | Circus City dweller Tempura Zebra (brand)
/kew22 si23 tsen33/ | /jen22 fu23 tsiw33/ /toi22 ma23 hei33/ /toub5 si23 jen21 / /thin55 fu23 1021/ /pan55 ma23 phai21/
T6 TR IR HE®X NEE AUEAR PN
[22] Soy bean rice Bean curd rice I\ﬁid—summer night Briefcase l:Iied bean curd sheet AAmong the world
/tew22 si22 fan22/ /tew22 fu22 fan22/ /tson22 ha22 je22/ /kon55 si22 paus5/ /tsin55 fu22 jis5/ /tsin55 ha22 kab55/

Table 2.1: Cantonese words (with gloss and phonemic transcriptions) used in experiment.
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Mandarin Stimuli

Compatible Conflicting
Tone i ful lal il lul lal
T1 HpEE RZ ot il INRE LK FEH
[55] Black suit Skin dryer Wholesaler Little straw Firming lotion Shivering hands
/ xei55 ¢ib5 tsuan55/ /gan55 fu55 tei55/ /pi55 fabb sans5/ leiau21 ¢i55 kuan21/ tein21 fub5 suei2l/ [sou21 fab5 tou21/
T2 EIE ENiE= REK R i ES R EIK
[25] Not accustomed to Recalcitrant Raft war Attendance list Server list Paying fine
/pu51 ¢i25 kuan51/ /pub1 fu25 tehi51/ /mub1 fa25 tsan51/ [tshu55 ¢i25 piau2l/ /khais55 fu25 piau2l/ lteiau55 fa25 khuan21/
T3 A b ah AR Rz BB A
[21] Not wash one’s hair Anti-corrosion Legislator Dry-cleaning machine Bean curd slices Calligraphy class
/publ i21 thou25/ /khan51 fu21 si25/ /1i51 fa21 yyen25/ /kan55 ¢i21 tei55/ leian55 fu2l sis5/ /sub5 fa2l pan55/
Y B sz Bt a4 s
[51] New system Parents Hair-curling comb Brain cell Rich old man Barber shop
/ein55 ¢iS1 thun21/ [tehin55 fus1 mu2l / /te"y55 fab1 teuan21/ /nau2l ¢i51 paub5/ /lau21 fu51 wugp55/ /1i21 fa51 thin55/

Table 2.2: Mandarin words (with gloss and phonemic transcriptions) used in experiment.
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Cantonese

Mandarin

Compatible

Conflicting

Compatible

Conflicting

/55/ - T1[55] - /55/

121/ - T1[55] - 21/

/55/ - T1[55] - /55/

121/ - T1[55] - 121/

122/ - T2[25] - /55/

/55/ - T2[25] - [21/

/51/ - T2[25] - 51/

/55/ - T2[25] - 121/

/33/ - T3[33] - /33/

/55/ - T3[33] - /55/

/51/ - T3[21] - /25/

/55/ - T3[21] - /55/

121/ - TA[21] - 121/

/55/ - TA[21] - /55/

/55/ - TA[51] - 121/

/21/ - T4[51] - /55/

122/ - T5[23] - 133/

/55/ - T5[23] - /21/

122/ - T6[22] - 122/

/55/ - T6[22] - /55

Table 2.3: Tone patterns of the trisyllabic words used. The second syllable (bold) carries
the target tone and the first and third syllables form either a compatible or conflicting

context.

2.4 Data Extraction

Data were segmented (as illustrated in Figure 2.1) and annotated in Praat (Boersma and
Weenink, 2014). fO(Hz) values were estimated using the STRAIGHT software package
(Kawahara et al. 1998) in VoiceSauce (Shue et al., 2011). 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 low tones) were so creaky that fO values could not be

extracted and were excluded from the analysis.

FERRETRRRRPET R CLa O

e
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Figure 2.1: illustration of the segmentation of the target vowel in Praat. For each
trisyllabic word, two vertical markers were inserted manually from the beginning to the

end of the vocalic portion in the second syllable.

3. Results and discussion

3.1 Descriptive statistics

Figures 3.1 and 3.2 show the tonal durational data of the Cantonese and Mandarin
speakers respectively, under different speech rates and tonal contexts. Tones appear to be
generally longer in fast speech than in normal speech, but tonal context does not seem to
have a considerable effect on tone duration. Duration of individual tones alone does not
seem to be highly speaker-specific as considerable overlap among speakers can be

observed for all the tones.

Figures 3.3 and 3.4 show the boxplots of the Cantonese and Mandarin speakers’
f0 data based on their production of all the target tones. While most Cantonese speakers’
f0 median values fall in the range of 100-125 Hz, they appear to have considerably
different tonal fO range and distribution. Mandarin speakers, on the other hand, appear to
exhibit greater between-speaker differences in the f0 median, range and distribution.
While a few speakers’ f0 statistics appear to be idiosyncratic (e.g. CC, HF, and KM for
Cantonese and CX and LM for Mandarin), f0 statistics does not appear to be highly

speaker-specific in general as considerable overlapping in tonal fO can be observed.

Figures 3.5 and 3.6, which show the distributions of their f0 data, echo the above
observations: both Cantonese and Mandarin speakers exhibited considerable differences
in terms of overall tonal fO distribution and range. Still, in general most Cantonese
speakers show a right-skewed distribution and some of them also have another smaller
peak in the high fO region. This can be attributed to the fact that most of the Cantonese
tones occupy the low-mid, mid and high pitch regions (2, 3 and 5 in terms of Chao letters;
see Table 1.1). Similarly, most Mandarin speakers display a bimodal distribution as the
four Mandarin tones mostly occupy the low-mid and the high pitch regions (see Table

1.2).
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Figure 3.1: duration (ms) of the six Cantonese tones by 20 speakers under different speech rates and tonal contexts.
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Figure 3.2: duration (ms) of the four Mandarin tones by 20 speakers under different

speech rates and tonal contexts.
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Figure 3.4: Box and whisker plots of the 20 Mandarin speakers’f0 data.
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It is by no means surprising that speakers differ in their f0 statistics (mean, range,
standard deviation, etc.); what is theoretically more interesting lies in whether speakers
exhibit idiosyncratic differences in the trajectory of their tone contours. To highlight the
between-speaker differences in fO contours visually, all raw f0 data were normalised on a
z-score scale (Chan, 2016; Rose, 1987), which involve expressing an observed f0 value

in a standard score based on the following formula:
fOnorm = (fol - 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 in each language.

Figure 3.7 shows the realisations of the six Cantonese tones under different
conditions and tonal contexts, which have observable effects on the shape of the tone
contours. Even tones of the same types display different patterns. For the level tones,
T1[55] shows a modest fall in a compatible context but rises gradually to the peak in a
conflicting context. T3[33] and T6[22] exhibit a small fO declination in a compatible
context but a greater fO drop in a conflicting context. Speech rate does not appear to affect
the general shape of level tones. For the rising tones, T2[25] resembles its canonical
citation forms (i.e. shows a small dip and then rises to the peak) in normal speech, but
shows a considerably smaller rise and a subtle fall at the end in fast speech. Tonal context
has little effects on the overall shape of T2[25]. T5[25], on the other hand, varies
drastically: it changes from a canonical low rising tone to a level tone and even a falling
tone in the order of normal speech + compatible context = normal speech + conflicting
context = fast speech + compatible context = fast speech + conflicting context,
revealing the influence of both speaking rate and tonal context. T4[21] displays a
consistent falling pattern in the first half of the tone, with a steeper fall in a conflicting

context.
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Figures 3.7 (left) and 3.8 (right): Mean f0 contours of the six Cantonese tones (left) and the four Mandarin tones (right) by 20 speakers under

different speech rates and tonal contexts.
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Figure 3.8 shows the Mandarin tones whose trajectories are also affected by tonal
context and speaking rate. Overall, T1[55], T2[35] and T3[21] in Mandarin exhibit
comparable patterns to Cantonese T1[55], T2[25] and T4[21] respectively. Similar to
Cantonese T1[55], the Mandarin T1[55] shows a small declination in a compatible
context but rises gradually to the peak in a conflicting context. T3[21] in Mandarin
exhibits similar patterns to T4[21] in Cantonese and has a consistent falling pattern in the
first half of the tone, with a steeper fall in a conflicting context. T2[25] in Mandarin, just
like the Cantonese T2[25], resembles its citation forms in normal speech. However, unlike
the Cantonese counterpart, it becomes more like a level tone and even shows a subtle fall
at the end in fast speech, especially in the conflicting context. A possible explanation lies
in the need to maintain perceptual contrast: Cantonese speakers have to maintain a rising
pattern for the T2[25] lest it should be perceived as a mid-level tone or a low rising tone;
by contrast, the Mandarin T2[25] is less likely to be confused as another tone in the
language even when it becomes more like a level tone due to contextual tonal effect.
T4[51] shows a sharp fall in most cases, but becomes more like a level tone in fast speech
and a conflicting context. The observations in T2[25] and T4[51] of Mandarin chime with

Xu’s (1994) findings that the contour of a rising/falling tone can be drastically ‘distorted’.

The deviations of the tones from their citation forms observed in Figures 3.5 and
3.6 can be largely attributed to the tonal coarticulatory effects. Progressive assimilation
plays an important role in shaping the first half of some of the tones. For instance, the
high level tones in both languages are preceded by a low falling tone in a conflicting
context, and it takes time for them to rise steadily to the peak (in the second half of the
vowel) (except for normal speech + conflicting context in Cantonese), showing
progressive assimilatory effects from the preceding low falling tone. Similarly, while the
rising tones in both Cantonese (T2[25] and T5[23]) and Mandarin (T2[35]) no longer
resemble a rising tone in fast speech, these tones have consistently higher f0 when in a

conflicting context, in which the rising tone is preceded by a high level tone T1[55].

Figure 3.9 show the mean f0 contours of each of the Cantonese tones produced in
speech rates and tonal contexts by the 20 speakers. Speakers did not respond uniformly
to the change in speaking rate and tonal context, and considerable variation across
speakers can be observed. For T1[55], most speakers have a steady falling contour and a

few speakers show a small rising contour in a compatible context. In a conflicting context,
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while a few speakers maintain similar patterns as in a compatible context, most speakers
exhibit a small rise-fall contour since it takes time for them to reach the fO peak. For
T2[25], in normal speech most speakers display similar dip-rise contours in a compatible
context, but a few speakers already show a much smaller rise when the tonal context
becomes conflicting. Speakers exhibit diverse realisation of the rising tone in fast speech
and a compatible context: rising, level, and even falling. Most speakers no longer have a
clear dip-rise patterns in fast speech and a conflicting context. For T5[25], speakers have
similar tone contours in a compatible context—rising in normal speech and level in fast
speech—with a few exceptions. But their realisation of the low rising tone varies
considerably in a conflicting context, with fewer speakers showing a rising contour in fast
speech than in normal speech. For T3[33], T4[21] and T6[22], speakers show similar

patterns across conditions and contexts and they differ mainly in the magnitude of fall.

Figures 3.10 shows the mean f0 contours of each of the Mandarin tones produced
in different speech rates and contexts by different speakers. Similar to the Cantonese
speakers, Mandarin speakers vary in their tone productions in response to different
speaking rates and tonal contexts. For T1[55], Mandarin speakers show similar patterns
to Cantonese speakers: in a conflicting context most speakers have a small rise-fall tone
contour whose peak is in the second half of the tone and a few speakers show a small fall;
in a compatible context mostly speakers have a roughly level contour. As for T2[25],
while almost all speakers exhibit a dip-rise contour in normal speech, in fast speech more
speakers exhibit a level or even small falling contour, increasing from a compatible
context to a conflicting context. For T3[21], speakers display consistent patterns across
conditions and contexts and they differ mainly in the magnitude of fall in the first half of
the tone, but differ considerably in the second half (with a fall, level or even rise). As for
T4[51], speakers have similar falling contours in a compatible context, and interestingly
in fast speech and a conflicting context (roughly level or even a small rise) as well. On
the other hand, their realisation of the tone differs considerably in a conflicting context
and normal speech, with speakers doing a steep fall, a small fall, a roughly level and a

small fall-rise contour.
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tonal contexts by 20 speakers.

There are cases in which a tone is so distorted that its tonal direction is changed
(e.g. Cantonese T5[23] and Mandarin T4[51] in fast speech and a conflicting context),
but their contours do not resemble any other tones in the language. One might imagine
that these cases can be regarded as examples of tone sandhi. Nonetheless, in spite of the
fact that the magnitude of the contextual tonal effects was so high than the changes
involved are far from gradient, such changes can only be observed in a conflicting tonal
context and fast speech. In addition, as discussed below, speakers differ considerably in

response to the change in tonal context and speaking rate, suggesting that the observed
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changes may not have been phonologised in the language yet. Therefore, these cases

should not be treated as cases of tone sandhi.

Discriminant analysis (DA) was used to explore the speaker-discriminatory power
of citation tones and coarticulated tones in both languages. As a multivariate statistical
technique, DA determines if a given set of predictors can be combined to predict group
membership (Tabachnick & Fidell, 2007), and were often used as a statistical tool to
evaluate the speaker-specificity of a given feature and its potential usefulness in forensic
casework (e.g. Eriksson & Sullivan, 2008; McDougall, 2004, 2006). In the present study,
raw (instead of normalised) tonal f0 data of each tone were used as predictors and each
speaker as a group. However, as the 9 raw measurement points of each tone were likely
to correlate with one another, especially for the adjacent ones, it may be undesirable to
use the 9 raw measurement points of each tone directly to serve as predictors. Therefore,
the raw tonal fO contours were modelled with quadratic and cubic polynomials, and the
resultant polynomial parameters (3 parameters for quadratic polynomials and 4
parameters for cubic polynomials) were taken as predictors for DA. Tone duration was
added as an additional predictor in a separate set of analysis to determine the effect of

tonal duration on the speaker-discriminatory power of lexical tones.

DA first constructed discriminant functions that could best separate different
groups (speakers) based on the predictors. The discriminant functions were then used to
assign the predictors of each tone token to one of the speakers and the accuracy of the
classification was computed (classification rate). Classification was cross-validated with
the ‘leave-one-out’ method, which involved leaving each case out in turn when the
classification equations are calculated (Tabachnick & Fidell, 2007). This allows testing
of the generalizability of the classification involved to new data. With 20 speakers in the

data set, the chance performance was 5%.

Separate DAs were run for each tone in different tonal contexts and speech rates.
As DA is sensitive to outliers, the data were scanned for univariate (z > 3.29, p <.001)
and multivariate outliers (y’>y’crir, p < .001) for each speaker (Tabachnick and Fidell,

2007). These outliers were removed from the analysis.

Figures 3.11 and 3.12 show the DA scores (% correct attribution) of the Cantonese

and Mandarin tones under different contexts and speech rates based on quadratic and
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cubic polynomials and tone duration. Based on tonal f0 alone, the classification rates
range from 23.2 to 42.9 for Cantonese tones (M=32.6; SD=4.81) and 17. 7 to 48.7 for
Mandarin tones (M=32.4, SD=8.47), which are much higher than chance level (5% for
20 speakers in each language). This indicates that although a single lexical tone is not
sufficient to discriminate 20 speakers from one another, lexical tones carry some degree
of speaker-specific information and appear to be good speaker-discriminants. With tone
duration as an additional predictor, the classification rates range from 23.7 to 51.7 for
Cantonese tones (M=37.8, SD=6.20) and 21.3 to 51.9 for Mandarin tones (M=36.8,
SD=8.59). Independent samples t-tests show that the inclusion of tone duration as an
additional predictor significantly improves the classification rate in both languages,
t(94)=4.65, p<0.0001, d=0.95 for Cantonese tones and t(62)=2.05, p=0.044, d=0.52 for

Mandarin tones.

As for the effects of speech rate and tonal context, there does not seem to be any
single combination of speech rate and tonal context that yielded the best speaker-
discriminatory power for all tones; the effects of speech rate and tonal context appear to
be tone-specific. Table 3.1 shows the average DA scores of Cantonese and Mandarin tones
under different speech rates and tonal contexts. On average there appears to be a trend in
terms of in the order of discriminability with both quadratic and cubic fitting and duration:
normal speech + compatible context > normal speech + conflicting context > fast speech
+ compatible context > fast speech + conflicting context. In other words, the combination
of normal speaking rate and a compatible tonal context, which are supposed to have
facilitated the realisation of tones, appears to yield the best speaker discrimination in both
languages. On the other hand, the combination of fast speech and a conflicting tonal context,
which are two major factors contributing to tonal coarticulation, appear to yield the worst
DA scores in both languages. This may seem surprising, as one might imagine that
speakers will have more freedom to vary in their articulatory ‘pathways’ and achieve their
production targets when producing coarticulated tones than citation tones. Still, the
speaker-discriminatory power of tones does not necessary increase with a greater degree
of coarticulation. This is partly because speakers may be forced to realise their tone
trajectories in a similar way under extreme coarticulation (as shown in Figures 3.9 and

3.10, fast speech + conflicting context). Also, it is speculated that there might also be
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greater within-speaker variation for coarticulated tones, potentially due to the difficulty

in maintaining consistent articulatory pathways and targets.

Normal + Normal + Fast + Fast +
compatible  conflicting compatible  conflicting
Cantonese
Cubic 36.6 34.3 31.1 29.7
Cubic + duration 45.9 40.5 35.0 33.0
Quadratic 34.1 33.6 30.9 30.2
Quadratic + duration 42.6 39.2 34.5 32.3
Mandarin
Cubic 37.9 38.5 30.3 27.4
Cubic + duration 45.1 41.3 32.4 31.5
Quadratic 36.7 37.5 26.8 24.4
Quadratic + duration 43.6 40.4 30.6 28.8

Table 3.1: average DA scores (% correct attribution) of Cantonese and Mandarin tones

under different speech rates (normal vs. fast speech) and tonal contexts (compatible vs.

conflicting)

Previous studies have shown that better results were achieved by fitting cubic
rather than quadratic polynomial curves to formant trajectories when duration is
normalised (McDougall, 2006; Morrison, 2008; Morrison & Kinoshita, 2008). As for the
DA results based on curve-fitting of lexical tones with different polynomials, while cubic
polynomial appears to have achieved roughly similar or slightly better speaker
discrimination than quadratic polynomial for duration-normalised tones, independent-
samples t-tests reveal no significant effect of different polynomials on the classification

rate, 1(94)=0.86, p=0.39 for Cantonese tones and t(62)=0.88, p=0.38 for Mandarin tones.

Finally, Cantonese and Mandarin share two schematically similar tone categories:
high level and high rising®. A comparison of average DA scores between these tone
categories in both languages based on tonal f0 data, as shown in Figure 3.13, reveals that
for the high level and the high rising tones, the Mandarin ones outperformed the

Cantonese counterparts. This is attributable to the difference in tone inventory density:

% The Mandarin low/dipping tone T3[214] has been reported to be realised as [21] in connected speech
which in schematically similar to the low falling tone T4[21] in Cantonese. However, as shown in Figures
3.7 and 3.8, the Mandarin low tone is realised by a number of speakers with a final rise when produced in
normal speech and in a compatible tonal context, where no final rise can be observed for the Cantonese

low falling tone. Given such realisational difference, these two tones are not compared here.
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Cantonese has a more crowded tone inventory with three level tones and two rising tones,
whereas Mandarin has a less dense tone inventory with only one level tone and one rising
tone. As such, there is potentially more freedom for speakers to stray in the realisation of
the Mandarin level and rising tones while maintaining perceptual contrast. On the other
hand, there is potentially less room for the Cantonese high level tone and high rising tone
to vary without being perceptually confusable with the mid level tone and low rising tone
respectively.

These findings are also in line with the output constraints hypothesis (which was
originally proposed by Manuel (1990) to explain cross-linguistic differences in the degree
of vowel-to-vowel coarticulation): the number of tonal contrasts in the language poses
constraints on the degree of tone coarticulation and thus the speaker-specificity in the
production of coarticulated tones. Still, it should be noted that f0 is the primary acoustic
cue for tonal contrast in Cantonese and Mandarin and other acoustic correlates only play
a secondary role. In languages where more than one articulatory or acoustic dimension is
involved for tonal contrast, speakers will have more than one dimension to maintain
phonological contrast. For example, Brunelle (2009) studied how the magnitude of tone
coarticulation is limited by phonological contrast in northern and southern Vietnamese.
Northern Vietnamese uses both pitch and voice quality for tonal contrasts but southern
Vietnamese relies exclusively on pitch. Brunelle (2009) found that northern Vietnamese
displays greater tonal pitch variation across speakers than southern Vietnamese,
suggesting that the number of dimensions for phonological contrasts should be taken into
account when testing the output constraints hypothesis. Further research may test the
output constraint hypothesis for tone coarticulation with languages that employ more than

one primary acoustic parameter for tonal contrast.
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Figure 3.13: comparison of the average DA scores of the high level tone and the high

rising tones in Cantonese and Mandarin (based on tonal f0 data).

4. Conclusions

The present study sought to compare the speaker-discriminatory power of lexical tones
in their citation forms with those undergoing coarticulation. Two major factors which
contribute to tonal coarticulation—speech rate and tonal context—were manipulated to
elicit citation tones and coarticulated tones from Cantonese and Mandarin speakers.
Contrary to our hypothesis, results show that the combination of normal speech rate and
compatible tonal context seems to have yielded the best speaker discrimination. On the
other hand, while a faster speech rate or a conflicting tonal context triggered a greater
amount of tonal coarticulation, the combination of both fast speech and a conflicting tonal
context yielded the worst speaker discrimination. More coarticulation does not
necessarily lead to greater speaker-specificity in tone realisation. Moreover, the inclusion
of duration as an additional parameter significantly improved the classification rates in
both languages. This suggests that both duration and fO contour should be taken into

account in the analysis of tones for speaker discrimination. Finally, the high level tone
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and high rising tone in Mandarin outperformed the Cantonese counterparts, potentially

attributable to the difference in tone inventory density in the two languages.

The present study modelled tone contours with polynomials, which have been
frequently used for fitting dynamic features in the speech signal in the forensic phonetics
literature (e.g. McDougall, 2006; Hughes & Foulkes, 2015; Morrison, 2008; Rose, 2017;
Rose & Wang, 2016). However, it should be noted that for (tonal) fO contours, there are
a range of computational models available for f0 modelling (e.g. the superposition of
functional contours (SFC) model (Bailly and Holm, 2005), the tone transformation model
(N1 et al., 2006), the tilt model (Taylor, 2000), the linear alignment model (van Santen
and Mobius, 2000), and the quadratic spline model (Hirst & Espesser, 1993)), some of
which have functions that represent underlying articulatory mechanisms of tone
production (e.g. the quantitative target approximation (qTA) model (Prom-on, Xu &
Thipakorn, 2008), the command response (CR) model (Fujisaki, 1983; Fujisaki et al.,
2005), and the soft-template model (Kochanski & Shih, 2003)). Future research may
explore these models and identify the one(s) that may best serve the purpose of speaker

discrimination/voice comparison.

The present study assessed the speaker-discriminatory power of lexical tones
using discriminant analysis (DA). Although DA is a useful statistical tool for evaluating
the speaker-specificity of a (set of) feature(s) within a group of known speakers, it is not
a proper method for assessing the strength of speech evidence in forensic casework. In
order for the results to have direct relevance to forensic casework, ideally the likelihood-
ratio (LR) framework should be used to provide a gradient assessment of the strength of
evidence for the tonal fO data (see Gold, 2014; Morrison, 2009; Rose and Morrison, 2009
for a detailed discussion). However, while it is possible to carry out LR analysis with the
data set in the present study (20 speakers for each language), the sample size may be too
small and the results may be misleading. This is supported by Kinoshita & Ishihara (2014)
who found that LR analyses of fO data with a small data set (i.e. N<30) may be unreliable.
Therefore, the DA results presented above are exploratory in nature; further large-scale
studies should compare the strength of evidence between citation tones and coarticulated

tones based on the LR framework.
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