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Abstract

This thesis examines acoustic parameters of five consonants fn, n, | , s/
two dialects of British English: Standard Southern British English and Leeds
English. The research aims to explore population distributions of the acoustic
features, gauge croghalectal variation, and discover new parameters for
application in forensic speaker comparison casework. The five parameters

investigated for each segment are:

For [ m, n, 0, | / : Forl/sl:

¢ Normalised duration e Normalisal duration
e Centre of gravity e Centre of gravity

e Standard deviation e Standard deviation
e Frequency at peak amplitude e Skewness

e Frequency at minimum amplitude e Kurtosis

The work contributes firstly to the general phonetic literature by presenting
acoustic data for a number of parameters and consonant segments that have not
been previously studied in depth these dialects. Secondly, the research informs
the forensic phonetic literature by considering the intrand interspeaker
variability and gauging the relative speaksecificity of each acoustic feature.
Discriminant analysis and likelihood ratiestimation assess the discrimination
ability of each feature, and results highlight sevepbmising parameters with

potential for application in forensic speaker comparison casework.
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Chapter lintroduction

The research presented in this thesis explores a number of acoustic
parameters of five consonts /m, n,, |, s/ in two dialects of British English, with
the aim of assessing population distributions, crdgdect variation, and speaker
specificity of the parameters and segments. This chdpaenes the contribution of
the thesis within forensispeech science, providing a short overview of forensic
speaker comparison and reference to other relevant issues in the field. The central
aims of the research will then be detailed, and an overview of the following

chapters given.

1.1 Forensic speaker corapson background

Forensic speaker comparison (FSC) is the most common task performed by
forensic phoneticians (Foulkes & French, 2012:558). This involves analysis and
comparison of typically two recordings, a known sample and a disputed sample.
The known sample is usually a recording of a police interview with the suspet;
disputed sample israevidentialrecordingof an unknown speakeand might or
might not include a crime taking place The goal of the forensic analysis is to
provide the court wh an opinion regarding the probability of obtaining the
evidence (the set of similarities and differences between the two samples) under the
assumption that the samples were produced by the same speaker, versus the
probability of obtaining that same evidee under the assumption that two different
speakers produced the known and disputed samples. How this goal is achieved
may vary greatly between experts; however, a recent international survey of FSC

experts found that 24/34 used a combined aud#rgusic phoneticmethodology
33



(Gold & French, 2011). In this combined method, auditory judgments about
phonetic features of the speech are made in combination with acoustic analysis of
features such as fundamental frequency and vdwehants (French, 1994).The
parameters selected for analysis are determined on a-lpasase basis: ideal
features are typically those with low intgpeaker variability and high intespeaker
variability. Some commonly analysed features in forensic speaker comparison are
listed in French, Nolan, Foulkes, Harrison, and McDougall (2010:148).
Observations of the selected features are compared across the recordings, and the
total extent of similarities and differences between them are assessed, taking into

account that some viation can always be expected within an individual.

1.1.1Expression of forensic speaker comparisamclusions

The expression of conclusions also varies between experts, as shown in the
results of the international survey mentioned above. Gold and Frenctil(2562)
found experts employed a variety of conclusion frameworks in speaker comparison
casewor k. These included a binary deci si o
speakersdo), a classical probability scale |
betweenc r i mi nal and suspecto), l'i kel i hood rati
expressing the probabilspgabérdheervusieadef:
speakerd hypotheses), and the framework adv.
(French & Harrison, 200; a twop ar t deci sion assessing 6coa
0di stinctiveness® of the sampl es).

The findings of Gol d and Frenchos sur v
agreement within the field regarding the expression of conclusions in FSC

casework,in addition to the dversity of methodological approaches. Experts
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conduct analysis and express opinions in several different ways, and those
employing the same analysis methods do not always apply the same conclusion
frameworks (see Table 2 in Gold & French, 2011:752, fdsraakdown of methods
versus conclusion frameworks). This lack of consistency has recently become a
significant focus of discussion within the field of forensic speech science.
Although the classical probability scale and UK Position Statement were eiprt

used most often in the 2011 survey, recent research has seen a growing trend
towards the incorporation of likelihood ratios (LRS) into the evaluation of potential
speaker comparison parameters. Rose and Morrison in particular advocate the use
of LRs in a response to the UK Position Statement, describing LR estimation as the
ologically and |l egally correct frameworKk
At the 2012 meeting of the International Association for Forensic Phonetics and
Acoustics (IAFPA) approximately 20% of papers presented included calculation
and/or discussion of LRs, as did approximately 45% of papers presented at the
2011 meeting of the Forensic Acoustics subcommittee of the Acoustical Society of
America (ASA).

While the use of LRsin speaker comparison is explored from a research
standpoint, some concerns regarding their applicability to speech evidence have
been raised. In particular, in a rejoinder to Rose and Morrison (2009), Frehah
(2010) identify the absence of reliablgopulation statistics for many features of
speech as a major limitatioparticularly when considering the diversity of possible
speaker populations that may be relevant in different cases (2012446 The
authors provide a lengthy but inevitably mmplete list of acoustic, phonetic, and
other linguistic and noiinguistic features that are commonly analysed in FSC

cases. If a wholly quantitative LR approach were applied, only a very limited set
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of these features could be analysed as a result of liimited availability of
population statistics and the difficulty in collecting sufficient and timely data for
every feature in the relevant population. This sort of approach, as Frenheth.
observe, oruns the very r eadouldrldacstk a of produ
mi scarriage of justiced (2010:149), by ignor
if analysed,might otherwise have an effect on the conclusions drawn by the expert.
The motivation for exploring acoustic properties of consonants from a
forensic perspective stems precisely from this lack of population statistics for many
analysable features. The focus from an acoustic standpoint has largely been on
vowel formants/trajectories and fundamental frequency, perhaps as a result of the
perceivel ease of gathering such dathogkes, 2006:206 On the other hand,
analysis of consonant segments within speaker comparison casework tends to be
from an auditory perspective (Gold & French, 2011:753)heTpresent study takes
a step towards broadeninbgd literature by extendingcoustic analysis to consonant

segments in an effort to discover new parameters for FSC.

1.2 Research aims

The main aims of this study are, first, to expand the body of forensic speech
science literature relating to consonant acassby assessing the intrand inter
speaker variability in acoustic dafar a select set oparametergrom an explicitly
speakeispecific perspective However speakespecific the parameters are, a
current illustration of their distributions within & examined population can
nonetheless contribute to the forensic phonetic literature and inform speaker
comparison casework. In light of the argument put forward in Freechl. (2010),

this thesis takes a step towards compiling population statisticsafmumber of
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acoustic parameters of consonants. It begins with five relatively common
consonants in English, in an attemiat broaden the set of features that may be
analysed using a quantitative LR approach. Much additional work is required in
order toobtain a fuller picture of the distribution of these acougiarameters in the
English-speaking populatiorfor in other languagesi general, but this research
represents a first step on that path.

The second main aim of the thesis is to explore the aflelialect and what
effect, if any, it has on the acoustic properties of the consonant segments being
investigated. The dialeatependence of these featumagght have bearing on how
population statistics arising from the analysis may be used in speakaparison
casework. Knowledge of features thate independenfas far as possible) of
dialect may serve to broaden the relevance of population statistics for those
features. As a starting point, the present work examines the five selected
consonants inwo British dialects: Standard Southern British English with speakers
from Cambridge, and Leeds English.

The third aim of the present work is to discover whether any of the
consonants and acoustic parameters being investigated are, in fact, highly speaker
specific, and thus whether they have strong potential to contribute to the
discrimination of individual speakers. This is achieved by assessing the
performance of individual parameters and combinations thereof in speaker
discrimination/comparison taskshrough discriminant analysis (DA) and the

calculation of LRs.
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1.3 Thesis outline

In Chapter 2, an overview is presented of the existing literature relating to
durational and acoustic parameters of the five consonant segments under
investigation. The statistal methods employed in the assessment of the speaker
discrimination potential of the acoustic parameters are then described, and the
literature in which these methods have been applied from a forensic speaker
comparison perspective is surveyed.

In Chapter3, a pilot study examining the duration properties of the five
segments is reported. This study was conducted to inform both the segmentation
methodology and analysis of consonant duration, specificallyimch positional
and phonological contextduraton should be considered in the larger study.

The materials used and methodology employed in the thesis are detailed in
Chapter 4. The corpora from which recordings were obtained are described and the
dataset used in the analysis is outlined. A discussad the set of acoustic
parameters of each of the five consonants is also gied¢ong with an explanation
of the motivation behind the selection of the parametersgdr2.1 Finally, the
statistical analysis methodsliécriminant analysisand LRs) usedo evaluate the

speaker discrimination potential of each parameter are explained in detail. The

acoustic parameters eaemmined for [/ m, n

e Normalised duration

e Centre of gravity

e Standard deviation

e Frequency at peak amplitude

¢ Frequency at mimum amplitude
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And those examined for /s/:

e Normalised duration
e Centre of gravity

e Standard deviation
e Skewness

e Kurtosis

The four spectral parameters (centre of gravity, standard deviation, skewness, and
kurtosis) examined for /s/, along with centre of gitg and standard deviation for

the nasals and /I/, are common parameters in fricative acoustic analysis, typically
referred to as spectral moments (though standard deviation is actually the square
root of the second spectral momemgrianc. Further dedils are given ing4.2.1.

Results for the analysis of [/ m9 n, &,
respectively. Intra and interspeaker variation in each measured parameter is
discussed along with an assessment of the potential spsakeificity. Results of
all discriminant analysislA) and LR tests are presented for each segment, with
the most promising speaker discriminating parameters highlighted and discussed in
additional detail.

The results presented in Chapters95for each individual egment are
brought together and discussed in Chapter 10. A comparative analysis of the
various acoustic parameters and the five segments is offered, examining both the
acoustic measurements and speaker discrimination performance. Some limitations

of the methodology are then outlined, as well as implications of the results of the

study with respect to forensic speaker comparison.

39



Finally, Chapter 11 summarises the overall findings of the thesis and
highlights some opportunities for future research to bwld the outcomes of the

present study.
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Chapter A.iterature Review

2.0 Overview

In this chapter, an overview is presented of the body of literature
surrounding segmental duration and other consonantal acoustic parameters, with
particular consideration given to the &vconsonants that are the focus of the
present thesis: /m, n, &6, |, s/. I n add
statistical approaches applied in evaluating the spesgecificity of the segments,

as well as a survey of the forensic litevat in which these approaches have been

previously applied.

2.1 Segmental duration research

Early researchon segment durations focused on the effect of adjacent
consonants on vowel durations. Among the earliest to explore the issue
systematically, House andFairbanks (1953) examined the effects of voicing,
manner, and place of articulation of consonants on the duration of adjacent vowels.
Six American English vowels in 12 consonant environments, including voiced and
voiceless stops and fricatives, and twasals, were analysed. Ten adult male
speakers produced a word list comprising disyllabic nonsense words with an initial
unstressed syllable {hand thestressed target vowdletween identical consonants,
forexamp | e , 0 hupeeplDg. Foglreltl geprodiuced fioid Bldise &
Fairbanks, 1953:08) shows mean durations of all six vowels pooled in each of the

12 consonant environments, with duration on the vertical axis and environment on
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the horizontal axis. Consonants produced at the same place of articulation are

arranged vertically.
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CONSONANT ENVIRONMENTS

Figure2.1. Mean durations of pooled vowels in 12 consonant environments (House
& Fairbanks, 1953:108).

The effect of voitng was consistent across all voicediceless pairs:
vowels in a voiced consonant environment were found to be significantly longer
than those between voiceless consonants. Fricatives lengthened vowels relative to
those in stop or nasal environments wite same voicing value. The two nasals
that were examined, /m/ and /n/, appeared to exert a similar influence to that of the
voiced stops at the same place of articulation. Acknowledging that the consonants
included in the analysis were not balanced fadace of articulation, House and
Fairbanks cautiously repatl a significant effect ofplace on vowel duration
(1953108). As the two labiedental consonants are both fricatives (/f, v/), and the
two velars are both stops (/k, g/), it is difficult to se@te the place effect from the
effects reported for voicing and manner.

A similar study by Peterson and Lehiste (1960) reported comparable results.

The authors investigated the influence of wanitial and final consonants on 15
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vowels in recordings ofsix American English speakers. The data came from
mono and disyllabic minimal pairs read in a carrier sentence rather than
symmetrical nonsense syllables as in House and Fairbanks (1953).

The findings for the pattern of influence of woffthal consonantson
preceding vowels in real words are identical to those reported by House and
Fairbanks (1953) for nonsense words. Peterson and Lehiste reported that vowels
with a following voiced consonant were longer than those with a following
voiceless one with aaio of approximately 3:2 (196G00). Similar vowel
durations were found preceding nasals and homorganic voiced stops, in both cases
significantly longer than before voiceless stops. Vowels were also longer before a
fricative than a plosive wit the samevoicing value (1960.00).

The effect of preceding consonants on vowel durations was not quite so
clear. In contrast with the effect of followirgonsonant voicing, vowels were
shorter when preceded by a voiced stop than by a voiceless stop including the
period of aspiration. With a preceding nasal, vowels were shorter still relative to
those following voiced stops (196@01). Within the nasals, vowels following /n/
were on average longer than those following /m/. It is within the set of fricatives
that the pattern was most irregular. No duration difference was found between
vowels following /f/ and /v/; however, average vowel durations were longer
following /s/ than /z/ as expectebut shorter following /t/ than /di/ (1960700).

In Umeda (1977), the focus shifted from vowel durations to the consonants
themselves. Umeda investigated the variability in duration of 21 English
consonants as a function of position within the word amthtive to the stressed
syllable, and of vowel versus consonant environments. Among the consonants

being considered were voiced and voiceless stops, affricates, fricatives, nasals, and

43



one approximant. These included the five segments that are the sobjsttdy in

the present thesis: m, n, 6, I, s/ . Attempts were ma
consonants in all possible combinations of word and syllable stress positions, and

phonological context environments. Segments were measured in the onset of

stressed and unstressed syllablesvord-initial and medial positions, in unstressed

word-final position, as well as with preceding and following vowels, other

consonants, and pauses in all positigwiere possible)

Umeda found that in an intervocalic environment, consonants in a stressed
syllable tended to be longer than in an unstressed syllable both-imdrally and
medially. Initial consonants were also typically longer than both medial and final
ones across both stress conditions. Within the unstressed condition, segments were
shoter wordmedially than finally, with the exception of three of the eight
fricatives: /f, v, z/. The 21 consonants examined were therefore found to be

generally longest in wordhitial stressed position, and shortest in ain unstressed

position (1977348).

Table 2.1. Intervocalic consonant durations (ms) across word position and syllable
stress conditions. Adapted from Umeda (1977:848).

Umeda (1977)
VCVv ( VQv
Segment — ; — - -
Initial Medial | Initial Medial | Final
/m/ 86 74 80 70 73
n/ 71 38 60 34 48
/| 61/ - - - 58 67
n 66 47 - 40 -
Isl 129 120 106 90 95

Table21l summari ses Umedaods dur at i ats measur es

examined in the present thesisiimtervocalic environmenttis t r e s s ewith ( V™ CV
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stress on the following vowek.g./ musk andunstressed()VCV, no stress on the
following vowel, with or without stress on the preceeding vowelg. unawarg
postions It can be noted that the fricative /s/ was longest across all conditions,
while /m/ was consistently the longest of the nasals.

Consonant durations were also found to be affected by phonological
environment.  Adjacent consonants, both within the rdvcand across word
boundaries, tended to shorten the duration of the target segments relative to their
mean durations in intervocalic woiditial stressed position. The main exception
occurred when wordinal consonants, particularly stops and nasalstesellowed
by a nasal, lateral, or glide across the word boundary, when target consonant
durations weredngthened by up to 43 ms (19853).

Contextual effects on /m/ duration were mixed: some consonants shortened
the duration of an adjacent /m/ whilghers lengthened it. In initial position with a
preceding consonant across the word boundary, /m/ was shortened by /t, v/ and /s/
but lengthened by /k/ and /z/. Womiedially, a following homorganic stop
shortened the duration of /m/, but all other foNing stops and fricatives
lengthened it. /m/ was also lengthened in final position byolofving liquid or
glide (1977852-854). While the effect of following consonants in medial and final
positionswas apparent, a clear pattern for the effects of m@icg consonants on
/m/ durationwas lacking for this particular speaker.

In initial and final positions, the effeadf phonological context on /n/ véa
clear: preceding consonants shoegdmuration of /n/, while following consonants
lengtherd it. Medial /n/ was lengthened only by a following /dér /s/. The
difference in duration between medial /n/ when followed by any other consonant

and intervocalic méial /n/ was 5 ms or less (197852-854).
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Similar to medial /m/,wordf i nal / 6/ waoslybghfsllowinghortened
homorganic stop but lengthened by all other following consonants, both within
word-final clusters ad across word boundaries (198%3).

In word-initial stressed consonant clustefs.g. geef versus intervocalic
initial stressed pason (e.g. the leak, /Il was shortened most by preceding
voiceless fricatives, less so by voiced stops, and lengthened very slightly by
preceding voiceless stops (198%1), though the effect was less than 5 ms
difference.

At the head of a stressed syile, whether worenitial or medial, following
voiceless stops shortened the duration of /s/ relative to intaNostressed position
(e.q. sting vs. I sing) (1977851). All other adjacent stopspasals and some
fricatives shortened/s/ durations in all positions; the only exceptions were
preceding /f, v/ across a word boundary in initial position, and preceding or
following /I/ in medial position, which lengthened durations By24 ms relative to
/sl in an intervocalic environent in the same positiofL977852-854).

In terms of the effect of manner of articulation on consonant duration, labial
stops and nasals were longest, alveolars were shorter, and velar stops shortest in the
word-initial stressed condition (197848). Across all position and conte
conditions, velar consonants generally showed the narrowest range of durations
while alveolars employed the widest range.

These results were | imited, however, as L
ona20mi nute recording of srealingohaa essag, with mal e s p¢
some additional data obtained from a recording of another male speaker reading a
different text. No assessment was possible of the spesgpecificity of consonant

durations or the effect of speaking rate, nor was it possiblevaluate the typicality
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of these speakersd durations within the
does, however, lay the groundwork for investigating contextual effects on
consonant durations, as previous research had focused largely on dovatlions

and the influence of adjacent consonants, with occasional secondary consideration

given to the consonants themselves.

Table2.2. Duration of/m, n, |, s/in word-initial pre-stress positiorand £ in word-
final position (American English: Klatt, 1979; American English and Swedish:
Carlson & Granstrém, 1986; Australian English: Fletcher & McVeigh, 1993).

Carlson & Granstrom Fletcher
Segment Klatt - )
AmEng Swedish | & McVeigh
/m/ 70 81 65 92
In/ 65 72 70 85
/| 6/ 80 - 80 -
N 80 74 65 87
Is/ 125 127 100 135

Inherent durations of 52 English consonants and vowels were estimated by
Klatt (1979) for use in a speech synthebigrule system. The values reported for
/ m, n, 6, -imitial pre-étressedposition ard presented ifable 2.2,
alongside values reported in two other studies aimed at generating segmental
duration rules for speech synthesis.

Carlson and Granstrom (1986) report consonant durations for risare
English and Swedish, in the context of extending the development of durational
rule systems for speech synthesis models to Swedish. The Swedish data were
collected from 150 read sentences produced by one adult male, and the American
English data fron 10 sentences produced by each of 50 male and 50 female

speakers. Durations for both English and Swedish of the five segments of interest

in the present thesis are presented’able2.2.
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The English consonant dations were in line with those reported by Klatt
(1979). Swedish consonant durations were typically shorter than English durations
reported both in the same study and by Klatt, with the exception of /n/ /aréd/
Carlson and Granstrém found consonants were shortened in clusters, imcludin
across word boundaries (198@5). They also observed that /s/ in the English data
was longer in wordnitial position than worefinally regardless of context or stress
paosition (1986153).

Another model of segment duration was proposed by Fletcher and McVeigh
(1993), for Australian English. Durations of all consonants and vowels were
calculated from 498 sentences produced by a single adult male speaker of
Australian Englit. Durations of the consonants of present interest, also in initial
pre-stress position, are also summarisedTiable 2.2. There is broad agreement
between the findings of Fletcher and McVeigh, Klatt, and Carlsond Granstréom.

FIl etcher and Merdtieihghest seponted, [thowgls both their data
and the Swedish data were obtained from a single speaker. Data from multiple
speakers would be required to produce a more representative picture of the
duratonal patterns of each language variety.

In her research on consonant strength, Lavoie (2001) examined durations of
20 English consonants and two stop+r clusters with respect to word position and
position relative to syllabic stress. Among the 20 stopscdtives, affricates,
nasals, and liquids were four of the five segments investigated in this thesis: /m, n,
I, s/. The analysis considered the duration of each consonant or cluster-sirpes
and nonpre-stress conditions in both woriitial and wordmedial positions. All
target consonants were in intervocalic position either within the word or across

word boundaries. The subjects, three female and two male American English
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speakers, read target words in carrier sentences, with four repetitionsadf e
sentence.

A summary of the mean durations across the four wsiteéss conditions for
/m, n, |, s/ is given inTable2.3. As in the Umeda (1977) data, /m, n, I/ were found
to be longest in the worthitial pre-stress condition, and shortest in medial non
pre-stress position. Mean durations of initial /m, n, I/ were also longer than medial
durations within each stress condition, (Lavoie, 2001:111).

Two-factor ANOVAs revealed that both word and stress positior fza
significant effect on the durations of /m, n, I/, while only stress position had a
significart effect on /s/ duration (200118119). The analysis did not include
tokens in wordfinal position, however, whichmight or might not have revealed a

word pasition effect for /s/ as well.

Table 2.3. Intervocalic consonant durations (in ms) in four westitess conditions.
Adapted from Lavoie (200110-111).

PreStress Non-Pre Stress
Segment . : . :
Initial | Medial | Initial | Medial
/m/ 81 71 69 60
In/ 79 59 56 36
n 94 61 81 52
/sl 120 120 104 107

Across all conditions, /n/ showed the widest variation in durations, with 43
ms between initial prestress and medial ngpre-stress. /I/ showed the greatest
variability beween initial and medial positions within each stress condition339
ms difference), while /n/ varied most within each word position (23 ms difference

in both prestress and nopre-stress) (2001:11).
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As word position did not have a significant effeab ¢ duration, the pattern
was somewhat different. Psstress consonants were still longer than +ppe-stress
ones, but within each stress condition, the means were equaldiegs of word
position (2001110).
The data in both Lavoie (2001) and Umed&9{7) appead to follow
similar patterns across woistress positions as well as segments, even though
Umedads data were obtained mainly from a si |
five consonants of present interest, /s/ durations were longest dvémal was
consistently the longest of the nasals, while /n/ and /I/ were most variable across
conditions. Mean duration values as well as the relationships between initial and
medial, and stressed and unstressed consonants also egpeamparable.
Congquently, there does not appear to be substantial change over time in the
duration of consonants. A known limitation of, for example, vowel formant
population statistics is the scope for relatively rapid change over time. Based on
the studies examined abe, this might not be a relevant factor with respect to
consonant duration statistics; however, t he

study in particular limits the strength of any conclusions that might be drawn.

2.2 Other acoustic parameters of consorsant

An overview is presented here of the literatusarroundinga number of
acoustic parameters other than duration of the consonant segments investigated in

the thesis.
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2.2.1Segmental acoustic literature: Nasal consonants
2.2.1.1Nasal consonant production

In producing nasal consonants, the lowering of the velum and simultaneous
closure in the oral tract creates a coupling of the nasal and oral cavities. The
resultant formantgconcentrated bands of energy around particular frequenaies)
the product of a combinain of the resonant frequencies of the nasatl oral tracts
(Stevens, 199486). Although the effects of the nasal and oral resonances cannot
be wholly separated, the relative immovability of the nasal cavity compared with
the oral cavity suggests that s&l soundsnight be of significant value in the search
for speakerspecific acoustic measures (Nolan, 1997:7F1). The nasal cavity
and the passage of air through it can, however, be temporarily affected by illness or
environmental allergies, for exanmgl or permanently by cosmetic or medical
surgery. Even so, the substantial variability between speakers in nasal cavity size
and shape implies a similarly high degree of inggreaker acoustic variability worth

exploring (Nolan, 1997; Stevens, 1997).

2.2.1.2Nasal acoustic literature

Compared with oral stops and fricatives, nasal sounds have been found to
show greater intespeaker acoustic differences and be more useful in perceptual
identification of speakers (Amino, Sugawara & Arai, 2006). Amiebal. (2006)
performed a perceptual test and acoustic analysis of a set of Japanese consonants
including both oral and nasal sounds. Ten male speakers recoedddot the nine
consonant® [t,d,s, z, Hj, m,n,and[Ndi n t he sequence 6aCacCa
sentence, and the fourth syllable of each was extracted to form the pool of stimuli

in the perception experiment. In a closed set test, five listeners who were all
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familiar with the ten spealrs gave a total of 250 judgments per consonant (10
speakers x 5 tokens x 5 listeners), by attempting to identify the speaker. The best
resultswere elicited by fn, n,N z], with 80-86% correct identification of speakers.
Of the remaining consonants, \was noted that voiced segments performed better
than the correspnding voiceless segment (20@83). Acoustic analyses of the
spectral properties of six of the consonants allowed quantification of the differences
in performance observed in the percepttedt. The six consonants selected were
[m, n, t, d,s], and f]; distances between pairs of tokens were calculated, as well as
average intra and interspeaker distances, and ratios of intri® interspeaker
distances. Results showed that ingpreakerdistances and distance ratios were
lowest for the oral sips and highest for the nasals] and [n] as predicted
(2006234); a high ratio and intespeaker distance reflects better discrimination
power of a given segment. The proposal that nasal sounosld be more speaker
dependent than oral sounds is supported by the results of both the speaker
identification experiment and the acoustic analysis; this suggests nasal acoustics are
a potentially useful parameter f&1SC

Amino and Arai (2009) continue@xploration of Japanese nasals and oral
consonants as speaker discriminators, also observing idiosyncrasies in the acoustic
properties of nasals. Using the same six consonants from the acoustic section of
Aminoetalds (2006) st udy, carfied out dnespeech sampleg si s was
from four male Japanese speakers. O0Energy t
for each consonant from the speech materials at 16 kHz and 8 kHz sampling rates
(uncompressed), and in a compressed format.

The O6eneirgrysd rainseach token were plotted

of normalized energy over time. Examples are givenFRigure 2.2, showing
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contours for the nasals sampled at 16 kHz and in compressed format (T&AG

G.729 codeg¢. Contours from the uncompressed samples showed relatively low
within-speaker variability and visibly speakspecific contour shapes. ANOVAs
revealed significant differences between speakers for all types of consonant at both
16 kHz and 8 kHz smpling rates, nasals showing the greatest degree of
significance at 16 kHz (p<.0001), and contributing most to the differen@iatof
speakers at 8 kHz (20085-26). Compression reduced the speakpecificity of

the energy contours, underlining the inpence of using uncompressed speech

materials when possible in forensic cases.
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Figure 2.2. Energy contars for the nasal consonantsl] and [n]. Upper panels:
uncompressed 16 kHz sampling rate. Lowemels: compressed (ITO G.729
codec). Reproduced from Amino and Arai (2009:24, 26).
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The positive results regarding the speakpecificity of nasals in Japanese
from the two studies presented above have led to the current consideration of nasal

segment®s potential speaker comparison parameters in English as well.

2.2.2Segmental acoustic literature: /I/
2.2.2.1// production

Articulation of the lateral approximant /I/ involves raising the tongue blade
towards the alveolar ridge with one or both of the lateral edgéghe tongue
lowered, allowing air to pass around the sides ofe tconstriction (Stevens,
1998543). This effectively creates a side branch in the oral cavity, altering the
resonant frequencies of the vocal tradtadefoged and Maddieson note that HL o
voiced lateral segments for male speakers can be expected below approximately
400 Hz regardless of place of articulatiomnd thatF2 can vary across a wide
frequeng range, while F3 is typicallyery strongand foundat a relatively high
frequency (196:193194). Produced with the tongue blade raised towards the
alveolar ridge and the back of the tongue lowered,n o ni c a | 6cleard or
can be expected to have low F1 and high F2 frequencgsilar to a high front
vowel. Conversely, anonicald d a r k prodiced/ withi assimilar tongue position
as for a high back vowel; it istherefore expected to have low Fland F2
frequencies (Fry, 197920). The lowering of F2 between clear and dark /I/ reflects
the retraction of the tongue dorsum in tlielarisation gesture characteristic of dark

/Il (Sproat & Fujimura, 1993).
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2.2.2.2/l/ acoustic literature

Sproat and Fujimura (1993) proposed the existence of a continuum of
darkness in /I/ before a linguistic boundary and a correlation with rime duration for
American English. They hypothesised that the longest /I/ realisations would also be
the darkest in quality, while the shortest /I/'s may be as light as syHadtl /I/.

Using simultaneously recorded acoustic and articulatory data from two male
and two female adult speakers of American English, plus one British English
speaker with significant American English influence (one of the authors, R. Sproat),
the first two formants of wordnitial and preboundary /I/ were measured, as well
as the duration othe preboundary rime which was always /il/Articulatory data
were collected using an-Ray Microbeam System, with pellets placed near the tip
of the tongue, on the tongue blade, and on the dorsum of the tongue. Reference
pellets were also placed on tlpper and lower incisors, the bridge of the nose, and
the lower lip (Sproat & Fujimura, 1993:294).

Comparing articulatory and acoustic data, Sproat and Fujimura claimed that
darklight allophonic variation was not categorical, but relative to the degree o
dorsal retraction and the timing between the dorsal and apical gestures. The tongue
dorsum was retracted in all /1 /s, but 06d.
0l 1 g (1998298).Additionally, the dorsal gesture (retraction of the slon and
lowering of the middle of the tongue) reached its extreme in dark /I/ before the
apical gesture (raised tongue tip) was completed. In light /I/, the timing
relationship was reversed: the apical gesture reached its extreme before the dorsum
was retacted andhe tongue middle lowered (1900).

Strong correlations were observed between the duration of the rime /il/ and

the acoustic and articulatory indicators of /I/ quality: F2 values, degree of
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tongue retraction and lowering, and the timindgfelience between deal and apical
gestures (199300). The data also supported the hypothesis of a continuum of /I/
gualities and durations: the shortest rimes did contain the lightest /I/s, while the
longest rimes cotained the darkest /I/s (19801-302).

Huffman (1997) investigated the variation in backness of syllaiiset /I/
between intervocalic and pesbnsonantal environments, and the relationship
bet ween backness and durati on, buil ding on
syllablefinal /I/. Onset /Il was segmented in read speech data from eight adult
female American English speakers. The stimuli consisted of four pairs of target
words embedded in short passages. The target words formed two groups: one with
postconsonantal /I/ inC/ words (eg. blow) and one with intervocalic /I/ inC;/
words (e.g.belowy. In each of the four pairs, a different vowel followed /I/; the
effectofthevowels([i,i,0,2] ) on /I / acoustics was also co

The first two formants at the midpat of /I/ tokens were measurednd
tested for the effect®f word type (C/ vs. C;/), speaker identity, and following
vowel identity (V,). Results of ANOVAs revealed significant effects of Speaker
and Word type on F1 and F2 values, whilg \entity had a significant effect on
F1 values only. Significant effectsn F1 and F2 means were also found for the
interactions \f*Speaker and Word type*Speaker; the interaction of Word typg*V
had a sigrficant effect on F1 only (1997125).

Looking across word types, mean F2 values were generally lowe€ih
words than inC/ words, suggesting a more retracted tongue position for /ICi
words (1997125). A raised tongue position reflected in generally lower F1 means

in C'/type words was also apparent, which Huffman suggestght be consistent
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with velarisation of /I/, particularly within the contexbf an adjacent low vowel
(1997129).

Closer inspection of individual speakers suggested some could be

characterized as 6vel ari ser sbo and s ome

systematic variation between contextshré&e of the eight speakers had lower F2

means inC;/ versusC/words in at least one of the three back &hvironments i[,

0,2] . I n these contexts, Huf f man attr.i

gesture of the tongue for /I/ in the intervocalic environment (1997:128). In a front
vowel context a lowered F2 could be interpreted awentralisationrather than
velarisatiorn(although both involve tongue retraction to some degree and lowering

of F2), so speakers who only had lowered F2 values@yy words in thisfront

q

b

vowel environment were notconsd er ed o6vel ari ser so. Centr

in two of the remaining five speakers, with more central F1 and F2 valueS;ih
words than inC/ words, in both front and back vowel contexts. The final three
speakers showed no systematic differeniceformant values between word types,
though they did make use of much narrower F2 ranges than the first five speakers.

The durations of /I/ tokens were also measured, and significant effects of
Speaker and Word type were found, as well as interactionSpfaker*Word type,
and Word type*\, (Huffman, 1997:133). /I/ was found to be consistently longer in
intervocalic position than postonsonantally.

I n Il i ght of Sproat and Fuji murads
retraction in /I/ production is cortated with increased duration, Huffman also
examined the relationship between duration and backness of /I/. It was observed
that backer /I/ articulations, those with lower F2 values, were indeed longer than

fronter ones, but longer /l/s were not necesyabacker. In comparisons of the
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four word pairs for individual speakers, there were five instances where /I/ duration
was significantly different across word types. In four of these five cases, the longer
intervocalic /l/s were actually fronter than thshorter postonsonantal ones.
Conversely, in all of the cases where F2 was significantly loweCd words than

in C/words, the backer /I/ (with a lower F2) was longer (1997:136).

While the relationship between duration and darkness appears
straighforward for syllablefinal /I/, in syllable-initial position it is less clear. A
confounding f act ormight be thé ueffettnoa thed grecedinngu d y
consonant on /I/ durations. As Umeda (1977) observed, /I/ durations were
shortened by a precedingoiced stop relative to their durations in intervocalic
position. The precedi ng bstinmlgwhersassm wer e /[ b,
Sproat and Fujimurads study, the target /1]
picture ofthis relationship will ke particularly important in establishing across what
contexts the acoustics and duration of /I/ can be directly compared for the purpose

of FSC

2.2.3Segmental acoustic literature: /s/
2.2.3.1/s/ production

Fricatives are produced with a narrow constriction somewhamng the
vocal tract causing turbulence in the airflow which results in frication noise
(Strevens, 1960; Shadle, 1990). Production of /s/ in English involves a constriction
between the tongue tip or blade and the roof of the mouth in the region of the
alveolar ridge; turbulent noise is generated as the airstream contacts the upper teeth
(StuartSmith, 2007:66). Changes in the precise location and length of the

constriction will alter the size and shape of the cavities behind and in front of the
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constrigion. This in turn produces changes in the values of the acoustic features
connected to these cavities. High frequency peaks (above about 4000 Hz for males,
5000 Hz for females) in the fricative spectrum of /s/ are related to the resonances of
the front cavity, while low frequency peaks are related to the back cavity (Stuart
Smith, 200767). A number of zeros are also produced which are related to the
noise source and its location within the vocal tract, and the distance between the
noise sotce and theconstriction (20087). As a result, therenight be a capacity

for inter-speaker variability in /s/ acoustics attributable to variation in length and

| ocation of i ndividual sd constrictions,

dimensions.

2.2.3.2/s/ acaustic literature

The study of fricative acoustics has incorporated a wide variety of methods
and parameters for analysis, including single spectral measures and whole spectrum
measures (e.g. Wrench, 1995; Stu@mith, 2007), as well as absolute and relati
duration and amplitude measures (e.g. Jongman, Wayland & Wong, 2000). One
common aim of fricative acoustic investigations has been to identify any possible
acoustic correlates of phonetic features such as place of articulation and voicing
(e.g. Jongmanet al, 200Q Gordon, Barthraier & Sands, 2002). Another aim,
perhaps more recently, has been to discover whether social identities such as
gender are reflected in acoustic properties of /s/ in particular ($tBanith,
Timmins & Wrench, 2003;StuartSmith, 2007). An overview of some of the
fricative acoustic literature is presented below, with particular attention paid to

results reported for /s/.
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In an early exploration of the acoustic cues to fricative identity, Hughes and
Halle (1956) examined the sptra of six English fricatives in three vowel
environments. Spectral peaks were measured as they were noted to be related to
the size of the front cavity, between the point obrstriction and the lips
(1956306). It was hypothesized that the frequeraythe highest amplitude peak
would rise as the point of constriction moved forward from pasteolar /, "V to
labio-dental /f, v/, and the size of thigont cavity was reduced (195806-307).

Word list data containing the fricatives /f, v, s, z, ¥ in initial and non
initial position with an adjacent front, central, or back vowel were produced by two
male speakers and one female. Peaks of each segment in each environment were
compared across individuals. The relationship between the peaks held across
speakers, with those of /s, z/ consistently higher than those, of./ For the labie
dentals, howeer, often no peaks were visible below 10 kHz as the front cavity
between the teeth and the openiog the lips is so small (195807). Instead,
relatively flat distributions of energy were observed in the spectra of /f, v/.

Interestingly, the location ofthe peaks differed considerably between
individual s. One speakerds [ s, z/ peak freg
the other two speakers, such that his [ s, Z |
/", ¥V frequencies (195807). Although the number of subjects was quite low and
mixed male and female speakers, Hughes and Halle demondttiagecapacity for
interspeaker variation in spectral properties of /s/ owing to individual differences in
cavity sze and shape that result from differences in physiology and the exact
locdion of the constriction (195807).

Jongmanet al. (2000) also examinedlace of articulationby testinghow

well eight American English fricatives could be discriminated usingeaies of
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acoustic measuresn an attempt to isolate angorrelates of place of articulation.
Adult male and female speakers produced three repetitions of each of the eight
fricatives [,f4 in imtial pasition Tn a maengsyllabic CVC word
followed by each of six vowels /i, e, &,, 0, urément paMmedess included
the peak with the highest amplitude in the fricative spectrum, both relative and
absolute amplitude and duration, and the four spectral moments (centre of gravity,
variance, skewness, and kurtosis). Absolute amplitude values n@malsed for
differences in intensity between speakers by subtracting the fricative amplitude
from that of the following vowel. Relative amplitude was calculated as the
difference between fricative and following vowel amplitudes in the F3 region for
sibilants and the F%egion for nonsibilants (2000t256). Absolute durations were
normalised by taking the ratio of the fricative noise duration over the duration of
the CVC word, as absolute durations may be sensitive to variations in speaking rate
(2000:1260). Centre of gravity, also calledear refers to the frequency at which
energy under the curve is equal on either side (StGanith et al, 20031852).
Variance referdo the dispersion of energy around the mean, and skewness to the
degree of symetry of the distribution: a positive skewness value is obtained when
the right tail of the distribution is wider than the left tail and a negative value when
the left tail is wider thanthe right (Jongmaret al, 20001253). Kurtosis reflects
how peakedor flat the distribution is negative values are obtained for relatively
flat distributions, and positive values for distributions with more wa#ifined peaks
(Jongmanet al, 2000:1253). lllustrations of distributions with positive and
negative skewnesss well as positive, normal, and negative kurtosis are given in

Figure 2.3.
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(+) Positively Skewed {+) Leptokurtic General
Distribution Forms of
(0) Mesokurtic Kurtosis

(Normal)

(-} Platykurtic

(-) Negatively Skewed
Distribution

Figure 2.3. lllustrations of distributions with positive and negative skewness (left)
and positive, negative, and normal kmsis (right) (reproduced from MVP
Prograns, 2008).

Mean peak values differentiated place of articulation well, with values
lowering as the constriction moved farther back in the mouth. The mean peak for
/sl for all males and females combined was jusiole 7000 Hz (2000:1256,
estimated from Fig. 1). When males and females were separated, however, a
gender ef fect was evident: femal esd mean p
higher at approximately 7500 Hz than the nmlé at j ust above 600
(200012%6, estimated from Fig. 2).
Results of the spectral moment analysis showed /s/ and /z/ for all speakers
combined had the highest mean centre of gravity and the highest kurtosisyvatue
well as the lowest variance and skewness valofethe eight fricatives (20000257,
Table 1). This means the alveolar fricatives had energy concentrated at the highest
frequencies and the most peaked distribution of the four pairs of fricatives. As was
the case for peak frequencies, female speakers were also significgiffidyent
from males in the moment analysis, with higher mean, variance, and kurtosis
values, and lower skewness vaduian the male speakers (200057), reflected by
better defined peaks in the femal esd spectra
frequencies.
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Relative amplitude (the difference between fricative and vowel amplitudes
within a specific frequency range) and nornsall amplitude (the difference
between fricative and vowel amplitudes across the whole spectrum) emerged as
good measuresof discriminating place of articulation and voicing. Relative
amplitude measures also revealed a significant gender effect with smaller values for
females than mak across all fricatives (200259 1260).

Absolute durations of sibilant fricatives were si§cantly longer than non
sibilant durations, but this was not a good measure for distinguishing place of
articulation. /s/ and / were longest in terms of absolute duration, at 178 ms each,
but normalsation revealed / was relatively longer. Voicingand gender were also
significant factors for normaded durations, with pooled voiceless fricatives being
longer than voiced ones, and females having shortertaura than males overall
(20001260). Itwas not made clear whether the gender effe@s significant or
patterredin the same way for each fricative individually.

Gordon, Barthraier, and Sands (2002) reper results of a croséinguistic
study of voiceless fricatives also with the aim of identifying acoustic measures for
distinguishing place ofarticulation. The study examined various voiceless
fricatives in the inventories of seven endangered languages, analysing read speech
from between two and 12 male and female native speakers of each. The authors
measured duration, centre of gravity, aaderage spectral peaks for each speaker.
/sl was included in the analysis for all seven languages (Chickasaw, Western
Apache, Scottish Gaelic, Western Aleut, MomgarSalish, Hupa, and Toda
(2002142)). In this study, unlike Jongmaret al. (2000), individuals were
considered separately, allowing the degree of wsj@eaker variation to be

evaluated.
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Gordonet al. (2002) found /s/ to have the longest mean duration in four of
the seven languages (Chickasaw, Gaelic, W. Aleut, Hupa), and the second longest
following // in W. Apache (all results summarized fror83, pp 143166).
Differences between males and females were found, though not all were
statistically significant. In five of the languages (Chickasaw, W. Apache, W. Aleut,
Hupa, Toda) , f e matibns wesepongeiktiean thdse df thé mateu r
speakers, reaching significance in Chickasaw and W. Apache. In the remaining
two, gender differences were negligible, with jusBIms difference between male
and female speakersd mean durations.

In all of the larguages except Toda, /s/ was also found to have the highest
average centre of gravity, with significant differences from nearly all other
fricatives, the exception being//in Montana Salish. As with durations, female
speakersd centres of gravity were higher th
ot her three, ma | e # 8hould ¢ noeds thoughy tleat for iorggh e r .
language (Hupa), data from only two speeké& one male one femaled were used.

Substantial intespeaker variation was observed in peaks of /s/ for both
males and females in W. Apache, Gaelic, and W. Aleut, and for males only in
Chickasaw and Toda. The set of Hupa speakers consisted of jushaleeand one
female, so examination of intepeaker variability within each gender was not
possible for that language. Nonetheless, that such-speaker variability has been
found across a number of languagétughes & Halle, 1956Gordonet al, 2002)
suggests further investigation of the speagpecificity of acoustic measures of /s/
is warranted and potentially valuable in FSC.

StuartSmith, Timmins, and Wrench (2003) extended study of the

di fferences between malecandofexmplerspéalkard
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0gender 6 as separate factors. -dubumly hypo

gender identity was likely to occur beyond the expected acoustic effects resulting
from physiological differences assated with biological sex (@031851).

To explore this hypothesis, the authors examined data from equal numbers
of older and younger, working class and middle class, male and female speakers of
Glaswegian English. Four whole spectrum measuamean, spread, skewness,
and kurtosisd were analysed, along with three single spectral measures: minimum,
cutoff, and peak. Minimum and cutoff measures were taken at the points where
fricative energy was first visible in the spectrogram and where the main band of
energy was first visible, @spectively. Peak, as above, was defined as the highest
amplitude peak in the spectrum (2003:1852)he analysis was conducted using
wide-band spectrograms (8 ms Hanning window, 128 points), and DFT spectra (25

ms Hanning window) (2003852.

Table 2.4. Results of ANOVAs for single and whole spectrum measures (Stuart
Smithet al, 2003:18521853).Results significant ab<.05 level indicated by *.

Factor Min | Cutoff | Peak | Mean | Spread| Skewness Kurtosis

Age ns * * * * * ns
Class * ns ns * ns ns ns
Sex * * * * * * *

Age*Class * ns * * * * ns
Age*Sex * ns ns ns * ns ns
Class*Sex * ns * ns ns ns ns
Age*Class*Sex| ns ns * * ns * ns

Table 2.4 summarizes the results &NOVAs conducted to test the effects
of the factors Age, Class, and Sex on the seven single and whole spectrum
parameters examined. The factor Sex was significant for all parameters. All

parameters except kurtosis had at least one additional main efifectmost showed
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significant interactions as well. The authors interpret the coincident effects of Sex
with Age and Class and the frequent interactions between them as evidence for
additional group identity differod/lces being
(2003:1854). They suggest the group with the clearest evidence to support this
interpretation is the working class girls, who patterned with the male speakers
rather than with the other female speakers in peak, mean, and skewness values,
(2003:1854. The authors concluded that while some aspects of the acoustic signal
result from anatomical differences between the sexes, biological sex provides an
acoustic o6framed for other social factors to
StuartSmith (2007) reexaminedthe data in Stuarmith et al. (2003) with
different parameters. The original recordings were alsaliggtized at a higher
sampling rate (48 kHz compared to 16 kHz in Stu8rhith et al. (2003)) and
filtered to produce recordings with a range of 50022 000 Hz. It was noted in
StuartSmith et al. (2003) that spectral peaks of /s/ may be higher than 8000 Hz, so
the sampling rate of 16 000 Hz was probably too low for the analysis.
As in StuartSmithet ald6 s (200 3) study, peak, me an,
measured, along with front slope and absolute duration. Front slope captures the
steepness of the slope of the energy from the lower limit of the spectrum, 500 Hz,
to the highest amplitude peak (2007:72). Results of ANOVAs for the effects of
Class, Age, ad Sex are displayed imable2.5.
Sex was once again significant for all parameters, but in this study it was
never the only factor affecting any given measure. Interactions with either Age or
Class and with bothvere found for four of the five parameters, again interpreted as

evidence for 6genderd as a soci al identity s
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Table 2.5. Results of ANOVAs for duration and spectral parameters fsf.
Significant results indicated by * #£.05), highly significant results by **
(p<.001). (StuartSmith, 2007:75).

Factor Duration Peak Front Slope Mean Spread
CIaSS *% *% ns *% *
Age *k ok *k *k ns
Sex * ok *k *k ok
Class*Age ns ** ns *x ns
ClasgSex ns o * * ns
Age*Sex ** *x ns ns ns
Class*Age*Sex ns ** *x *x ns

The working class girls (aged 1B4) were still found to pattern with the
group of male speakers in mean, peak, and front slope despite the physiological
differences in vocal tret size resulting from both sex and age. The male speakers
were also all very similar in their range of peak frequency values despite the same
agerelated physiological differences, the adults having fully mature thod larger
vocal tracts (2007:7). For the group of female speakers, a much wider range of
peak values was evident, approximately twice that of the males (from about 5200 to
9000 Hz for females, 4200 to 6000 Hz for males) (ZOOr).

In light of the findings presented above, it would be protéo treat male
and female speakers separately when analyzing acoustic parameters of /s/, including
duration. This isespeciallyimportant when the focus of study is to determine the
degree of inteispeaker variability inacoustic measures. Therefora, the present
investigation, subjects were limited to male speakers. This is of particular forensic
relevance, as subjects in forensic investigatiosx® commonly adult males;
consequentlyresearch designed to expailde body of population statistics for

male speakers rather than femaie arguably of greater value to FSC casework.
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2.3 Speaker discrimination literature

In order to evaluate the speaker discrimination potential of acoustic
parameters of the five consonants discussed abawve, dtatistical tets will be
employed: dscriminant analysis (DA) and likelihood ratios (LR) DA and LR
estimationare common methods for testing the power of various features of speech
in discriminating between speakers and, in the case of, ldRaluating the strength
of the evidence for FSC. This section presents an overview of the principles of the
two methods and their application and limitations within FSC. In addition, a
survey is presented of studies that have been significant in establishing the

relevance of thestgy/pes of analysis in the same context.

2.3.1Discriminant analysis
DA is a statistical method used to test how well group membership can be
predicted from a set of variables, known as predictors. In the context of speaker
comparison, discriminant analysis che used to assess the speaggecificity of a
given variable and how useful might be as a parameter in forensic casework. In
this context, each O6groupd consists of a sar
so predictions about group membershipeafch utterance are essentially predictions
of the identity of the speaker. The utterances from which measurements are taken
are known as O0cases?o, and predictors may be
parameters such as formant measurements or segdwations. The predictors
must be related in some way, so that a value for every predictor may be obtained
from each individual case. However, the number of predictors that can be included
in analysis is limited by the size of the samples. The numbegpreflictors must be

smaller than the number of cases in the smallest group (Tabachnick & Fidell,
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2007:381). For example, if the smallest group contains 20 cases, the maximum
number of predictors allowed is 19. If the number of predictors exceeds the
smalest number of cases, the power of the analysis will be lowered (2007:250).

DA involves two parts: in the first, linear combinations of predictors called
discriminant functions are constructed. The discriminant functions maximize the
separation between gups to determine the best way to combine the predictors and
to describe the betweegroup differewes (Tabachnick & Fidell, 200376-377).

The functions can be plotted against each other in scatterplots in order to depict
regions for each speaker visuall The better the separation between groups, the
better the predictors are able to discriminate between speakers. This step tests
whether the whole discriminant model is significant and if it can reliably predict
group membership from the given set ofeglictors (Garson, 2008).

In the second part, classification is used to assess how well group
membership can actually be predicted using the data provided. Cases are assigned
to a group based on classification equations derived from the data in each;grou
one equation is calculated for each group in the asialyTabachnick & Fidell,
2007387). Individual cases are inserted into each equation in turn to produce a
classification score for each group, and cases are then assigned to the group for
which thehighest score was obtained. Classification can also be craldated at
this stage wsmdbopgdtmeth®ded,avehi ch | eaves
while the classificatiorequations are calculated (20@05). This enables testing of
theequation8 abi |l ity to generalize to new dat
given time was not included in the reference sample used in the derivatitimo

classification equatian
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As DA is highly sensitive to outliers, any univariate and multivariate
outliers in the data must be identified for each group indually prior to analysis
(2007382). Univariate outliers are cases with extreme values on a single variable,
resulting in a nomormal distribution for the given variable. They can be identified
by calculating azscore for each data point for each group separatefiscores are
standardized scores of the withgroup variability. Cases with ascore greater
than 3.29 on a single predict@re considered outliers (2000B). These must be
eitheré i mi nated or the variableds distribution
before searching for multivariate outlie(R00774).

Multivariate outliers, cases with highly unusual combinations of scores on
two or more variables, can be detected using Mahdialistance. This is a
measure of the distance from a particular case to the centroid of the cluster of the
remaining cases in the group; the centroid is the point of intersection of ttensne
of all the variables (20074). The distances are compareadl & critical value
determined by g/*table with the appropriate number of degrees of freedom. The
critical value with the relevant degrees of freedom represents the Mahalanobis
distance at thgz=.001 level. Data points with Mahalanobis distance valudsoge
this threshold are considered mulivate outliers (Pallant, 2007:280; Tabachnick &
Fidell, 200799).

DA is used often in forensic speech science research as a means of gauging
the interspeaker variability of a particular feature and whether thattdee might
prove to be a good parameter for FSC casework. It is not a method for evaluating
the strength of the speech evidence, but is a valuable research tool for exploring the

speakeispecificity of features. To date, the focus has been largely omel® and
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discovering which formants measured at which points carry the most speaker

specific characteristics. A survey of this body of literature is presented below.

2.3.1.1Speaker comparison research using discriminant analysis

McDougall (2004) sought to addse an issue relevant to FSC by
investigating the dynamics of vowel formants in the Australian English diphthong
/al and whether they might reveal more intgpeaker differences than static vowel
midpoint measurements. The dynamic quality of diphthongd te involvement
of the tongue, lips, and jaw independently in their production suggest greater
potential for speakespecific productions and intepeaker variability than static
formant measures. It was predicted that, although the relationship betivague
positions or phonetic targets must be achieved as determined by the language, there
might be a variety of pathways for different speakers to take in order to achieve
these targets (McDougall, 20045). The study examined the first three formants
of /al in five words d bike, hike, like, Mike,and spiked in pairs of sentences. The
first of each pair contained the target word with nuclear stress, the second with
nortnuclear stress; within each pair, the phonemes surrounding the target word
were he same. Each pair was read five times first at a normal speaking rate, then a
further five times at a faster rate, by five adult male Australian English speakers
from Queensland. These four ras@ress conditions were designed to reflect
common differeges between known and disputed speech samples in FSC cases.
Recording conditions are often very different between police interviews and
criminal recordings, for example, and the sampheight be very short, limiting the
amount of material available for afysis and direct comparison. McDougall

attempted to address the question of whether vowel formants can be compared
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directly across these varying conditions, or whether greater spesdesific
information is revealed by any particular speaking rate ces level.

Tokens were divided into ten intervals, asHkigure 2.4, and measurements
were taken of the first three formants at 10% steps, from 10% to 90% of the
duration of the diphthong in order to normalize faturation differences of
individual tokens.

McDougall observed visibly low withirspeaker and higher betwespeaker
variability across the different ratstress conditions in examining the mean
frequency contours of the first three formants. Analysiswvafriance (ANOVA)
revealed that Speaker was significant at all points on the mean F2 and F3 contours,
and the first half of the points on the F1 contour. Stress was significant at different
sections of each mean formant contour: mean F1 frequency betw@énastd 80%
of nuclear stressedfavas higher, F2 frequency between 10% and 50% was lower,
and F3 frequency between 10% and 70% was higher than the same sections of non
nuclear stressed ifa Speaking Rate was not significafdr any of the contours
(2004:109). Some of the variation in standard deviations was attributed to the
effect of different consonants preceding the target segnme the test sentences
(2004110). It was also acknowledged that dialect differenogght be the source
of some ofthevi si bl e di fferences between speakers?o
spoke withdialectshn e ar er t he ©6broadd end of the Austr
the others (for discussion of Australian Englighriation see e.g. Harrington, Cox

& Evans, 1997; Cox1998; Rose, 2002, Ch. 7).
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Figure 2.4. Spectrogramof /a/ in b/ke showing the 10% steps at which formant
measurements were taken between markers 1 and 2 (McDougall 2004:108).

DA was performed to quantifghe variation observed between speakers in
formant contours and trajectories, and the effects of the fourstatss conditions
on speaker discrimination. The predictors for each condition wer&F &t the 10
90% measurement points; the total numberpoédictors was 27 (3 formants x 9
points). However, the maximum number of predictors permitted was 20, as this
number must be smaller than the sample size of the smallest group which in this
case was 21 following deletion of outliers and missimglues 2004119). The
seven 10% interval predictors with the smallestratios (as determined by
ANOVAS) for each ratestress condition were eliminated, as a largeatio is taken
to indicate a predictor with a high ratio of interto intraspeaker vaability
(McDougall, 200538). The majority of excluded measurement points came from
F1, and some from F2. The remaining intervals were included in the DA in various
combinations with single and multiple formants.
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Table 2.6. Correct classification rates for DA using F1, F2, and F3 of Australian
English /a/. (McDougall 2004118). Darker shades of grey indicate progressively
higher correct classification rategthin each ratestress condition

. Normal Fast Normal Fastnon
Formant(s) | N Predictors
nuclear nuclear | nonnuclear| nuclear
1 43 25 40 40
3 62 71 55 51
F1
5 62 72 63 54
9 68 74 62 68
1 31 42 47 44
3 61 54 69 62
F2
5 75 68 74 68
9 77 80 70 73
1 41 46 44 42
3 66 67 60 53
F3
5 71 69 61 55
9 71 73 65 61
2 51 43 50 60
6 83 78 72 69
F1+F2
10 81 81 80 75
18 88 88 81 83
2 55 57 65 60
83 84 86 81
F2+F3
10 90 87 85 84
18 94 94 89 87
68 57 60 57
90 88 87 87
F1+F2+F3
15 95 92 91 90
20 95 95 88 89

Percentages of casessaged to the correct group for all tests are displayed
in Table 2.6. The inclusion of more predictors generally yielded better
discrimination, with the best rates of classification occurring in thieenant, 15
and 20predictors tests: between 88% and 95% of cases in these tests were assigned

to the correct speaker. Singfermant, onepredictor tests resulted in only 25% to
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47% correct classification, emphasizing that a single measurement from any
formant is rot sufficient for discrimination of speakers.

McDougall concluded that speakers do differ in their articulatory pathways
in reaching a particular phonetic target, and that inspection of formant dynamics
can highlight some of these spealsgecific differemes. She noted that F3
contributed most to discrimination, though all three formants carried some speaker
specific information, reinforcing the importance of placing attention on the higher
formants when performing speaker comparison addition, classication was
more successful with nuclear stress at both speaking rates. As a result, McDougall
also suggests that differing speaking ratagiht be comparable, but tokens with
differences in prosodior sentencestress should be treated carefulind conpared
separately (200424).

Eriksson and Sullivan (2008) investigated the discriminatory power of the
trajectories of the first four formants in the Swedish ghdeo w e | sequence
also with the hypothesis that speakers would employ different patbvieyween
the two phonetic targets. The authors analysed read speech from five young adult
male Swedish speakers; all five speakers were from differing dialect backgrounds
from various regions of Sweden. The s
becauseof its frequency in the text; this also allowed for evaluation of the
methodology reported in McDougall (2004) for speaker discrimination based on
dynamic formant values and its applicabi
methodology was adopted butodified by the inclusion of F4 measures. It was
hypothesized that including F4 values would reveal greater betwpeaker
variation than F3 values for Swedish, as Swedish was said to have more vowel

phonemes than English and F3 is therefore of moredrtgnce in the production of
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vowel qualities (Eriksson & Sullivan, 2008:55). This, however, poses a problem in
the methodds application to forensic casewor
in forensic data, due to the frequently poor quality oteedings and telephone
transmission bandpass effects (Kinzel, 2001).
The first four formants were tracked serautomatically in each of the seven
repetitions of the target variable per speaker. Formant values were then extracted
at 10% intervals from 180% of the duration of each production as described in
Mc Dougall s study, forming a pool -of 36 pos
alignment eliminated any duration differences between speakers. The maximum
number of predictors permitted in the analysi®s six as each group contained
seven tokens of the target sequence. Eriksson and Sullivan employed the leave
oneout crossvalidation method for deriving the classification equations described
in 82.3.1
Resuts of the discriminant analysis classification tests were presented
alongside McDougall ds resul t s, all owing al|l
F4 to be directly compared between the two experiments. The highest correct
classification rate achied was 88% for F2+F3+F4 with six predictors; this is
similar to McDougal |-tosnan(t@st Quvdh)more thanwsixkt s f or t
predictors, which achieved approximately -98% correct classification. The
6optimal 6 set, wi t hromt F2 eand -8 as dbtermsined hyr edi ct or
statistical tests earlier in the study, yielded a classification rate of only 65%.
Discrimination generally improved when the higher formants and greater numbers
of predictors were included. F3 and F4 were found to contebunost to
discrimination, with F1 contributing least, lending weight to the notion that most

speakesspecific information is contained in the higher formants.
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Overall, correct classification was around 60%, which the researchers
considered low for this laveoneout DA method. It was suggested that there
might be too little data with only seven cases of the target segment per speaker, or
that the number of predictors was insufficient; thus, increasing the sample size to
allow more predictors to be includemight improve discrimination. It was noted,
however, t hat the speakersdo dialects
discrimination as individual speaker variation. The authors acknowledge that
dialect might play a role and suggest examining thideranore closely in future

research of this kind.

2.3.2Likelihood ratios

The second statistical approach employed in the thesis in evaluation of the
speakersspecificity of consonant features is the likelihood ratio (LR) approach.
The LR constitutes one of the er ms i n the odds form
calculating the odds in favour of one hypothesis over its opposite, given the
observed evidence (Aitken & Taroni, 2004). The formula for calculating this, the

posterior odds, is expressed @) where p stands for probability, Hand H,

represent the prosecution and defense hypotheses respectively, and E represents the

evidence to be considered (Rose & Morrison, 2009). The second term in the
formula is the prior odds or the odds inviaur of the hypothesis fbefore any

information about the evidence E is known (Rose, 2002:63).

(D) Posterior Odds Prior Odds Likelihood Ratio
AHE) = gH) X HEH,)
AH(E) AH,) AE[H)

1

of



However, it is not the work of the forensic scientist to make judgments
about the guilt or innocence of a suspect by calculating the probability of a certain
hypothesis given the evidence obsered. by calculating posterior odds)Nor is
it likely that the forensic scientist will have full knowledge of or access to
information about the prior odds (Champod & Meuwly, 2000). The role of any
forensic expert including phoneticians is to assess the evidence provided and
estimate the pradibility of observing that evidence given the competing biyeses
(Aitken & Taroni, 20044). For this reason, some forensic speech scientists argue
t hat the Ol ogically and l egal ly correcto w
evidence is through the use dRs (e.g. Rose, 2002; Kinoshita, Ishihara, & Rose,
2009 Morrison, 2009.

In the FSCcontext the evidence is normally presented in the form of a
known speech sample and a disputed speech sample, and the similarities and
differences between the two samplare quantified. LRs can be used to evaluate
the strength of thigype of evidence by calculating the probability of observing that
particular set of similarities and differences between the samples under the same
speaker hypothesigor prosecution hypdtesis, H)) versus under the different
speaker hypothes(®r defense hypothesisl,) (Rose, 20057).

The numeratorgE|H,) in the LR term in the formula at (1), which
represents the probability of the evidence given the sapeaker hypothesis,
gauges thedegree of similarity between the two speech samples for a given
variable. The greater the similarity between them, the higher the valug(tH )
will be. The probability of obtaining the evidence under the assumption of the
differentspeaker hypothés represented by the denominajgE|H,), is calculated

by assessing théypicality of the samples within the relevant population. This
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represents the probability of observing the evideddbe measured similarities and
differences between the two salepd by chance in the relevant poptlan (Rose,
200258).

A LR of 1 means the known and disputed samples are equally similar to
each other and to the reference sample, providing no support for either- same
differentspeaker hypotheses (Rose, 2@%): If the known and disputed samples
are similar for a particular parameter, the LR value calculated will be above 1 and
in support of the samepeaker hypothesis. However, a LR value below 1 will be
obtained if the known and disputed samples differ widspect to the parameter
being considered, and will provide support to the differspeaker hypothesis. The
values will be close to 1 if the samples, whether similar or different from each
other, are still typical of the reference population. LR valuesven farther away
from 1 as typicality decreases, when both samples diverge from the reference
sample, whatever the degree of sianity between them (Rose, 20G3-59).

In order to assess typicality, a reference sample must be constructed from
the relevanipopulation. What constitutes the relevant population is conditioned by
the identity of theperpetratoin the case, not the person being accused efdtime
(Aitken & Taroni, 2004275-276). The relevant populationhereforeincludesall
and only thosevho could potentially have been involved in the cringgyen what
is known about the speaker in the disputed samatel thereference sampflased
in LR estimation mustccuratelyrepresent that populationFirstly, some mention
of language ad sex must b made (Rose, 200&5). In a case involving a criminal
recording of a male speaker of French, for example, a refersacepleof female
English speakers is not appropriate. rtight also be the case that a reference

sample containing speakers of anothesalect of the same language is not
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representative of the population to which the perpetrator belongs with respect to a

paticular variable (Loakes, 200696). Secondly, the wording of the defense

hypothesis should be considered. The formulation of teédse hypothesis has

bearing on theidentification of the relevant population, theonstruction of the

reference sampjeand consequently theistributions of featuresvithin that sample,

all of which affects the resultant LR value. Thelevant populaton under a

hypot hesis that the disputed sample was pr
suspectd®é <coul d conceivably i ncorporate the
hypothesis to O0someone who sounds | i ke the
population tothose speakers with simil@mounding voices to # suspect (Rose,

200264-65).

2.3.2.1Limitations

Application of the LR approach in forensic phonetics is limited by the lack
of population statistics for many of the parameters that may be used in speaker
compari®n, as notedin 81.1.1 Knowledge of language and dialectspecific
distributions of comparison parameters is required to be able to delimit the
reference population in any given case. As the reference sample and the features
chosen for analysis shoulceltailored to the details of each case, compiling a new
reference sample on a cabg-case basis in order to gather these statistical data
would prove timeconsuming and costly. This is especially so considering the
extensive list detailed by Frenddt al (2010) of the features regularly examined in
speaker comparison cases. In addition to the difficulty of gathering sufficient
reference data, the inherently variable nature of speech complicates the issue

further. Population statistics for speech needbe updated regularly in order to
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account for changes over time in various features of languages and dialects (French
et al, 2010:148).

To date, much of the research involving this LR approach has focused on
the role of vowel formants and FO statistica idiscriminating speakers as a
consequence of the availability of and relative ease of gathering population
statistics fo these features (Loakes, 20@65). A selection of such studies

employing LRs for the evaluation of speech evidence is reviewed helow

2.3.2.2Likelihood ratios in forensic speaker comparison

A LR approach was used in an experiment by Rose, Osanai, and Kinoshita
(2003) to assess the strength of evidence that could be achieved from analysis of a
number of segmental parameters. This study exei how well same and
differentspeaker pairs of speech samples could be discriminated using LRs
estimated for formantser spectral peaksf three Japanese sounds: the sylldfinbal
mora nasal, the voiceless fricativig[and the long vowellf].

Data were obtained from read speech for 60 speakers from a database of
300 adult male Japanese speakers from 11 prefectures (thus presumably different
dialect regions, although the dialect background of the selected 60 speakers is not
stated explicitly). All reeordings were made over a landline telephone, recorded in
a central location, with a bandpass of approximat2b0 to 4500 Hz (2003:85).
Each speaker provided four samples: two femmtemporaneous sessions separated
by three to four months, with two refigons of the material per session, each
treated separately. With 60 speakers and four samples per speaker, 240 same
speaker comparisons were possible, as well as 28,320 reliffspeaker

comparisons (200382). Within each sample, the first five form@nof each of
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seven tokens of the mora nasal, 10 tokensisif pndthe first five spectral peaks in

10 tokensof [td were measured and mean vatuealculated (200383-184). The
authors do acknowledge that measuring fimasal or vowelformants is not
necessarily realistic forensically, particularly for recorggnmade outside of the
Japanese telephone network. Although they argue their formant values appear
reasonably unaffected (20A®4), it is unlikely that five formant®r fricative peaks

will be measureable in telephone recordings made on other networksavwehmore
typical bandpass might be 38400 Hz (Kinzel, 2001), or even in directly
recorded criminal samples where the acoustic quality is frequently low.

For all same and differentspeaker pairs of samples, LR values were
calculated for each formardr peak (all labelledr1-F5) separately for each of the
three segments (5 formarpeaksx 3 segments = 15 singldormant LRs); for all
formants combined per segment (1 combifednant LR x 3 segments = 3
combinedformant LRs); and for all formants of allegments combined (Roset
al, 2003184). The best rate of discrimination was achieved in this test of all
formant data from all three segments combined. With all data combined,
approximately 41% of samspeaker comparisons had a LR above 1, meaning 41%
were correctly identified as being sarmpeaker pairs. Only 0.8% of different
speaker pairs were incorrectly identified as being sapeaker pairs, with LR
values greater than 1 (2003:189, Table 3). Although the rate of false negatives
appears high (59%f samespeaker pairs incorrectly rejected as differspeaker
pairs), a false negativenight be more acceptable than a false positive in a legal
system where the burden of proof lies with the prosecution (Goodin, 1985;

Thompson, Taroni & Aitken, 2003; ikken & Taroni, 2004). As with any forensic
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analysis, a false positive result has the effect of falsely incriminating an innocent
person; thus, a false positive rate of only 0.8% is promising.

In order to assess the strength of the evidence that wasrdutaa LR,
value was calculated for each test by dividing the percentage of -smmaker pairs
with LR values greater than 1 by the percentage of diffeigygaker pairs with LRs
greater than 1. For the test that produced the best discrimination \atie,all
formant data for all segments combined, the J/Rwas approximately 50
(41. 3%/ 0. 8 %) , meaning oone would be abou
observe a LR greater than 1 e if the pai
than different sp a k e r s 492)( ZReOsBength of the evidence is therefore
i nterpreted as 06 mo de-spaakee (prosscutipn) bypdthesis.or t |
The authors hypothesized that the strength of evidence would improve with the
inclusion of more segments in thenalysis, as would be typical in a real forensic
case(2003193).

The Australian English diphthong i/awas also the subject of a study by
Rose, Kinoshita and Alderman (2006), evaluating speaker discrimination using LRs
rather than DA, as the authors aeg@l t h a't LRs are the o0l o
correct way to estimate the strength of forensid e nt i f i cat i 0329),evi den
following the example of the Lbased method of evaluating DNA evidence. This
experiment incorporated a reference populatiodependent of the dataset being
tested with the aim of producing more realistic results than tests in which the
dataset forms both the test data and the reference population. 25 male Australian
English speakers, between ages 19 and 64, were each recortied sessions, 10
to 14 days apart; these namontemporaneous samples gave additional forensic

relevance to the study, as speaker comparison samples are usually recorded with
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some time delay between them. Six words carried the target seginéay, bide
high, hide, bite, height and were first read, then spelled and repeated by the
participants, twice per session. These two repetitions within each utterance, labeled
6readwordd and Ospell wordao, were analysed
measured atwo points in each token, representative of the two targets of the
di phthong, at the earliest point of F2 stabi
F 2 (6T20) . Thi s i s i n contrast t o Mc Do u ¢
information only at the two ponetic targets, and leaving out dynamic and
potentially speakespecific information from the pathways between those targets.

The reference sample for comparison consisted of 166 male Australian
English speakers from a corpus created in 1967 each progudiwo
contemporaneous samples bfde with the first three formants measured at two
points again representative of the two diphthongal targets. The appropriateness of
this corpus as reference material is questionable given the nearlyedO gap
betweenits creation and the recording of the 25 speakers for Retsaeld s ( 200 6)
study. The purpose of the reference sample is to determine the typicality of the
values for a particular parameter in the two speech samples being compared
relative to the relevanpopulation as a whole (Rose, 2002). In defining what the
relevant population is for a particular case, knowledge about sociolinguistic
variability should be considered; in this case, the possibility for sound change over
time and regional variation withi the population of Australian English speakers
might mean that the 1967 corpus was no longer representative of the relevant
population in 2006.

LR-based discrimination tests were carried out, comparing saarel

differentspeaker pairs against the refaoe sample. All 25 noitontemporaneous
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samespeaker comparisons were performed, as well as 600 of the possible 1200
differentspeaker comparisons (the number was reduced by performing only

contemporaneous comparisons). Separate analyses were conductetie on

6readwordd and O6spel | wor doonesveéhtal formanta c h  un
i ncluded, and another with F1 valwues at
condition). The intent of this ©6no T2F

forensic cadition in which F1 of high vowels is typically affected by the bandpass
effect of telephone transmission, rendering the values unreliablecdonparison
(Roseet al, 2006333).

The Tippett plotsb el ow ( Fi gure 2.5) di spl ay ©or
log L R results for both ©6all datad and 06n.
towards the right represent results of sasmeaker comparisons, while those rising
towards the left represent results of differesgeaker comparisons. The point
where each curvecrosses the vertical O line indicates the proportion of false
positives (differentspeaker pairs incorrectly identified as sasmgeakers) and false

negatives (samspeakers incorrectly identified as differesppeakers).Results were

slightly better forhe tests including al/l formant
T2F186 condition. Equal error rates (EER
t he fal se rejection rat e, wer e approxi

O0spel |l wordd set s, praximatelyrl@dsforihe tvdnsetEdndks o f
the 6no T2F186 condition. EERsure2dhy be r e
finding the point of intersection on the-gxis of the two curves in the same test
condition When the two curves cross at 0.08 on thaxis, 8% of tests have been

falsely identified as either samer differentspeaker pairs.
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Figure 2.5. Tippett plots of LR discriminatiorusing /a/ showingbeadwor d6 and
O0spell wordd results with all data (red solic
black line). Reproduced from Rose, Kinoshita and Alderman (2006:333).

In estimating the strength of the evidence, aJbgRON4 i s interpreted
Overy st r on gdappeopriatd leypothesis (2@383). tinhother words, a
log,,LR of 4 means one would be 10,000 times more likely to obsé¢hesevidence
assumingthe samespeaker hypothesis than the differameaker hgothesis;a
log,,LR of -4 meansone would be 10,000 times more likely to observee
evidence assuming th differentspeaker hypothesis than the saspeaker
hpothesis. The point on the yaxis in the Tippett plots in Figure 2.5 where each
curve intersects 4 or4 log, LR indicates the proportion of comparisons that lie
bel ow the threshold for bvery strongo evi d
comparisons is considered to yield very strong LRs. Approximately 7G%llo
differents peak er 0readwor dd t-sepdask earn do s8p0e% | avfo r dl i6 f
achieved the level of4 log, LR (differentspeaker test results are rising towards the

left in the two Tippett plots). Only 120% of samespeaker comparisongyrves
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rising towards the right) lie above this threshold. However, this is reported to be
typical for samespeaker tests as a pair of samples cannot be any more similar than
identical, while some pairs may be medifferent than others (200834). The
omissian of T2F1 information appeared to affect differespeakertestsmore than
samespeaker tests in terms of strength of evidence, though no suggestions are
given by the authorfor why this is the case.

The discrimination performance of these results isaetiéd in the EER, but
the authors also discuss the benefit of being able to provide a probability of error
for any given threshold, citing, for example, a 1% chance of error atloR 02 f or
O0r eadwo r dspeaken confiparisoasn tThe importance of this in the forensic
context is highlighted, as a statement of probability of error may lend support for
the reliability and strength of evidence presented in court. In light of thesalts,
Rose and colleagues conclude that -bBsed discrimination of nen
contemporaneous speech samples using the diphthohg feasible, and suggest
extending testing to additional diphthongs and formant dynamics and accounting
for variation in phonéabn type.

Morrison (2009) continued exploration of l-Based evaluation of speaker
comparison evidence using Australian English diphthong trajectories. Parametric
curves were used to model the trajectories of the first three formants of five vowels
lai, &, o af 18/, using the same corpus as in Roseal. (2006). 27 adult male
Australian English speakers produced four tokens of each vowel in two sessions,
approximately two weeks apart. A number of different systems were tested to
determine the optimadystem for measuring and testing each vowel: formants were
measured in Hz and logHz, atr@s intervals of their absolute duration, atnds

intervals of timenormalized durations (all vowels scaled to 250 ms), and modeled
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using polynomials and discrete @ns transforms (Morrison, 2002389). Tests
were conducted with data from FA3, and with data from only F2 and F3,
emulating the common forensic condition in which F1 of vowels is compromised
by the telephondandpass effect (2002390).

The reference saple consisted of data from all the speakers except those
being compared at any given time. This allowed the testing procedure to be cross
validated, as the system was not being trained on the same data that it was
subsequently testing. This is similap the crossvalidation method used in DA
classification, which leaves each case out of the training data set in turn while the
classification equations are derived. Noantemporaneous comparisons were
performed, so each s pe adedwithéismvesesion2n 1 dat a
data for samespeaker tests, and with session 2 data from all other speakers for
differentspeaker tests.

The results of the begierforming twe and thregformant systems for each
vowel were presented; the best systems whsntfused to produce LRs for all five
vowels combined. Of the individual vowels, the best results were achieved with
two-formant tests of /é. The twoformant F2F3 and thredormant F1F3 systems
produced roughly equal results fori/&8/. The threeformant system was slightly
better than two formants for /g apf; however, for /&, two formants were
substantially better than three at discriminating speakers, particularly in the
differentspeaker comparisons (203894). In the fusedests, twe and three
formant systems were nearly equal in their performance for both saamel
differentspeaker pairs. Morrison considers this an indication that good results
could still be obtained if measurement of F1 is hindered by the telephonéplaas

effect (2009:2395).
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In all single vowel tests, samgpeaker comparisons had a very low error
rate, with very few obtaining LR values below 1. The saspeaker errors that did
occur only reached a LR value of 17 in favour of the differapieaker hypthesis,
which would not be considered to give strong support to the diffespmhker
hypothesis Conversely, the worst differergpeaker error, for thre@rmant tests of
/al, was a LR of 863 in favour of thesamespeaker hypothesis (20@394),
indicating one would be 863 times more likely to observe the evidence given the
samespeaker hypothesis, despite the data being produced by different speakers.

When the five best singlgowel systems were fused, error rates for both
same and differentspeaker omparisons were reduced. Complete separation of
same and differentspeaker curves was achieved, and no sapeaker pairs
produced LR values less than 1, meaning all were correctly identified as-same
speaker pairs. The proportion of differesppeaker comparisons with three formants
producing LRs greater than 1 (erroneously identifying them as sspeaker pairs)
was less than approximately 2% and only reached LRs of less than 3 in favour of
the samespeaker hypothesis (20@295).

Morrison acknowledgeshat the small sample size (4 tokens per vowel x
two sessions) or the presence of outliengght have resulted in unusually high LR
values for samepeaker comparisons for single vowelgith a maximumLR of
147x10 in the twoformant /e/ system (2002394). The maximum samspeaker
LRs for the fused systems, however, were much more conservative and realistic for
speech data at 229 (FA3) and 437 (FZF 3 ) . As a resul t, t he
danger of the expert witness overstating the degree of supporrerr other of

the hypotheses when using LRsgeteed by t he f u2386. systemo
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2.4 Chapter summary

This chapter provided an outline of previous work investigating acoustic
properties of consonants, with particular attention paidttie five consoants of
interest in the present thesis: /m, n & , I, s/ . Early segment du
considered consonants in the context of their effects on adjacent vowel durations
only. The focus later shifted to understanding the constraintsdarations of
consonarg themselvedor the purpose ofdeveloping speech synthesis systems.
The potential for high intespeaker variability in acoustic properties of nasal
consonants has been explored in a specifically forensic context, most notably in
Japanese. Exploration of /I/ has frequently focussedaaoustic correlates of
articulatory differences between O6light3d anc
on backness and its relationship to /I/ duration. The existing fricative literature
employs a range of singleand wholespectrum measures in dition to duration
and amplitude parameters in the investigation of acousticetates of place of
articulationand ®ciophonetic variation in /s/.

In 82.3 the two statistical methods (DA and LR estimation) employed in the
thesis for evaluating the speakeiscrimination potential of acoustic parameters of
the selected consonant segmewesre outlined The literatureapplying these two
methodsin the forensic context was also reviewellustrating the role they play in
forensic speech science research.

The proceeding chapter describes a pilot study conducted to explore
consonant duration in SSBE and Leeds English in light of the findings of the
literature discussed in this chapter. The following chapters detail the methodology
employed in the main studgnd the findings of the present research, as well as the

implications of those results with respect to forensic speaker comparison casework.
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Chapter 3Pilot Study

3.0 Overview

The study reported in this chapter investigates the duration patterns of a
number of Englisiconsonants acrodw/o dialects and within and between speakers
in an exploratory analysis of duration as a parameterF&C An assessment is
made of the independence of segment durations from the two dialects under
investigation. Contextual effects g¥llable position and phonological environment
are then considered. This will allow some of the variation attributed to factors
other than speaker to be identified and compensated for in further research. In the
final section, speakespecificity of segnent durations is examined, and tb@pacity

of duration to distinguishindividual speakers is tested usimA.

3.1 Materials

Recordings of twelve young male British English speakers from the IVIE
corpus (Grabe, Pos& Nolan, 2001) were analysed. The IViEogus consists of
recordings of young male and female speakers of nine urban dialects of English
from centres across England, Wales, Ireland, and Northern Ireland, including two
bilingual speaker groups (Weldbnglish speakers in Cardiff and Punjabnglish
speakers in Bradford). The corpus was created for the purpose of studying
intonational variation across a number of speaking styles and varieties of English.
Speakers performed tasks in five styles including paired casual conversations, a
map task, reding the story of Cinderella and retelling it from memory, and reading
a list of short sentences. Read sentence data for the six male Camii8&dpE)

and six male Leeds speakers were analysed for the present study. Participants read
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22 sentences in allin five categories designed to elicit different patterns of
intonation: Statementse(g. We /ive in Ealing, Questions without morphosyntactic
markers e is on the lilo¥, Inversion questionsiay / lean on the railing9?WH-
questions, Why are we in alimo?, and CoordinationsQid he say /lino or lilo?
(Grabe, Post & Nolan, 2001). The read sentences were selected for this
exploratory stage of the current research to maintain, between speakers, control
over the numbers of available tokens and the egt# in which they occur. The

full sentence list is included id\ppendix 1.

The IVIE corpus was selected for analysis as it allowed direct comparison
of data across dialects, as equal numbers of- agel gendematched speakers
produced the same read soh data in each dialect. The Cambrid@SBE)and
Leeds dialects were chosen partly because of the availability of additional materials
for extended study, and al so as representat.
British English as a starting piot for the comparison of dialects.

Thesegmentanal ysed were the nasals /m, n, &/,
and the voiceless fricative /s/. Durations of these and other consonants have been
studied previously, mainly in American English, in the ¢text of speech synthesis
with the aim of modelling the factors affecting segment and syllable durations to
create naturasounding synthetic speeciCdrlson & Granstrém 1986Fletcher &
McVeigh, 1993. Others House & Fairbanks, 1952Peterson & Lehiste196Q
Luce & CharlesLuce, 1985 have examined these and other consonants,
particularly the English plosives, in research on variability in vowel duration as a
function of preceding and following consonants. Sociolinguistic research on the
duration of /s/has centred on the effects of factors suchsaxfender, age, and

socioeconomic <cl ass on speakunsos, @00pr oducti on
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StuartSmith, 2007. A detailed survey of the literature igrovidedin Chapter 2
In general, consonant durations have not been investigated systematically in a
forensic context with the express aim of identifying any speadqcific properties
thatmight exist.

With relatively low token numbers at this investigative stage, segments
all phonological contexts and syllable positions were considered collectively in the
DA section. No distinction was made between phonetic variants that occur in
different contexts, such as clear and dark allophones of /I/. While the formants of
clear and dark realisations of /Il arexpected to differ (Fry, 197220), the
relationship between /I/ quality and duration is somewhat less cleanoésd in
Chapter 2 If duration contrasts are found between phonetic variastdlable
positions, or phonological contexts for any of the segments under investigation in

83.4.2 thesemay be treated separately in subsequent research.

3.2 Segmentation

Each sound file was segmented usifgaatv.5.1.08 and the target segment
and wordboundaries marked in a textgrid file, as shown in the lower half of the
examples inFigure 3.13.7 below. Segmentation of target sounds was conducted
on the basis of oral constriction criteria, as described inKTiNakai and Sugahara
(2006). Usingboth the waveform and spectrogram, major changes in the acoustic
signal corresponding to articulatory events were used to identify the boundaries of
the target segments. Tokens were labelled with the appropriate marké mo , o6nod
660, ol 6, or ©6s0. Al l possible tokens w
target segment was produced and for which start and end points could be clearly

established were included in the analysis. The criteria used in segmentégaicio
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of the segments under investigation alescribed in §.2.1:3.2.3below. It should
be noted that the frequency range of the spectrograms used in segmemntas @8
kHz, not the 85 kHz range shown in Figures 33.7. The difficulties encountered

in segmentation and details of the rejected tokensdiseussed in 8.2.4and 8.3

3.2.1Nasal segmentation

Nasal segments are characterised acoustically by periodicity, lowered
amplitude relative to adjacent vowels, stronger energy in the low frequency range
than at higher frequencies, as well as a very low F1 in the region oftaSfD0 Hz
for male speakers (Fry, 1979; Stevens, 1998). For adult males, anesathance is
expected between approximately 1000 and 1200 Hz for labial nasals and between
1600 and 1900 Hz for alveolar nasals, with a second-segonance at about three
times the frequency of the first; for velar nasals, no zero is expected below about
3000 Hz (Stevens, 1998). Start points were placed at the zero crossing of the
waveform nearest the onset of the oral constriction typically indicated by the
coincident onseof the antiresonances and offset of preceding vowel formants.
End points were marked at the release of the oral closure, indicated either by the
onset of vowel formants with increased amplitude or a burst observed in the
spectrogram as a narrow vertidaand of energy. Figure 3.1 shows an example of
a segmentednitial /m/, with a duration of 106 ms, produced by speaker MC in the
sentence WlWhere is the manual?

The bilabial nasal portion of the utterance b el | ed o6 md i n the
below the spectrogram. Forman{snarked by the red dotsgan be found at
approximately 330 Hz, 1240 Hz, and 2230 Hz, with zeros at approximately 855 Hz

and 2975 Hz indicatedy arrows in the highligh#d section of the spectrogm.
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The onset of these zeros, the relatively sudden decrease in intensity of the
preceding vowel formants, and a fairly clear change in the periodic pattern of the
waveform are taken to indicate the start point of the nasal segment. An increase in
compleity of the waveform and intensity in the spectrogram can be observed at the

point of release of the nasal and onset of formants in the following vowel.

0.453985 1105824 (9.450 / &) |o.s5g810
00304 |

-0.08641
8000 Hz| |

‘% »
AR A g s funadd
»h ’ P
orft e e e R AR AAAL
1 the manual :g’)md
= 2 m (N;f;)‘
Lateral
3 @
4 [WIsFric

(1)

0.052912 | 0105624 | 0.052912

Figure 3.1. Spectrogram and textgrid for sentence WWhere /s the manual?
spoken by speaker MC, showing segmentation of /m/.

3.2.2Lateralsegmentation

Lateral approximants are acoustically similar to vowels, except for the
presence of an antesonance typically around 2000 Hz (Bladon &-Bamerni,
1976:139) orbelow (Jassem, 196P26). This antiresonance may have the effect
of weakening F3 and causing the higher formants to cluster closehegéBladon

& Al -Bamerni, 1976t39). The F1 and F2 of clear and dark realisations of /I/ are
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expected to be similarot those of front and backvowels respectively (Fry,
1979120). There may be overlap in F1 space of the two variants, with the first
formant of each expected in the region of approximately -380 Hz, but it is
suggested (e.@ladon and AIBamerni, 1976 Carter & Local, 2007) that F2 is the
most important acoustic correlate of the perceptual quality of /I/ articulations. For
male speakers, F2 in the region of 1310600 Hz may be associated with a clear /I/
quality, while an F2 in the region of approximdte/00-1000Hz is typical of dark

/I (values estimated from Bladon &l-Bamerni, 1976t41, Fig. 2). This lowered

F2 reflects the velarisation gesture of the tongue dorsum retraction characteristic of
dark /I/ articulation Eproat & Fujimura, 1993Carter 2003). SSBE (Cambridgeis
noted as having clear /I/ in syllable onset position and dark /I/ in the rime, while
onset /I/ in Leeds English has been found to be acoustically similar to rime /I/ in
other English varieties that have positional clear/dad¢iants (Carter & Local,
2007). Carter and Local, in a study of F2 variation in liquids in Leeds and
Newcastle English, found the mean F2 frequencies of Leeds initial /I/ and
Newcastle final /I/ to be nearly identical (Leeds: 102&, Newcastle: 1024 Hz)
(2007191-192). Leeds initial /I/ was also found to have a similar range o8FFR
means to that of the American Engl i sh
Fujimura (1993) (Carter & Local, 2007:196).

In segmenting/l/, start and end points wereopitioned at either end of the
antiresonance and the relative steady state of the second formant. An example of a
segmented wordinal intervocalic /I/ with a duration of 47 ms igiven in Figure
3.2. The onsetand offset of the lateral are indicated by the sudden weakening of
energy in F3 at the end of the preceding vowel, and by the abrupt onset of F3 in the

following vowel; slight falling and rising transitions in F2 are also visible at onset
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and offset of théel/. In the highlighted section, an antesonances visible centring
on approximately 193 Hz (indicated byanarrow), along with F1 at approximately
410 Hz and F2 at 1170 Hz. The lateral consonant portion is slightly lower in

intensity relative to tk adjacent vocalic segments, particularly above F2.

0.810847 0.047198 (21.187 / s) 01 856046

0.02451

-0.07562
5000 Hz,

0 Hz|
[WWard
1 meal catly .
- (E)
Masal
2 (&)
Lateral
3 I 4:7)
[wIsFric
4 0

0.024222 | 0047138 | 0.025468

Figure 3.2. Spectrogram and textgrid showing a segmented final /I/ in the word
meaf from sentence |May / leave the meal earlystoduced by speaker RP.

Segmentationof /I/ in initial position is illustrated in Figure 3.3. In
comparison with the /I/ inFigure 3.2, F2 in this example is much higher, at
approximately 1815H z |, suggesting this -resonamme, 6cl ea
indicated by the arrow and centring on approximately 1100 Hz, is lower than that
of the previous example, and the energy above F2 is substantially stronger. In this

instance, the point of decreaseenergy in F2 and higher formants of the preceding
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vowel was marked as thensetof the /I/ segment, and the sudden increase in F2

energy and change in the shape of the waveform indectte offset

0449508 01070296 (14.226 / &) |o.519802

0.03799]

-0.03809
5000 Hz|

-4

0035148 | 0.070296 | 0.035148

Figure 3.3. Example of segmented clear initial /I/ ifive in sentence I3Will you
live in EalingAspeaker PT).

3.2.3Fricative segmentation

Voiceless fricatives are characterised by an aperiodic distribution of sound
energy within a frequency range determinedthe filtering effect of the vocal tract
when the constriction is made at different places of articulation (Fry, 1979). The
frication energy of a/s/ can range from approximately 20BD00 Hz or higher
(Strevens, 1960Fry, 1979 StuartSmith, Timmins, & Wrench, 2003). The onset
and offset of this energy, in conjunction with the onset and offset of aperiodicity in
the waveform, were the main criteria used in the segmentation of tokens of /s/ in
the data. Wherea tokenwas partially voiced as a result dhe voicing of the

preceding segment extending beyond the onset of fricative energy, the start point
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was placed at the onset of the high frequency fricative energy observable in the
spectrogram, as suggested by Munson (2001:1205). Endpoints were marte at
onset of the second formant of the following vowel.

An exanple of a segmented /s/ with a duration of 121 nmpduced by
speakerTG, is givenin Figure 3.4. Although some formant structure may be
observedit he spectrogram in the highlighted
offset of aperiodicity in the waveform and high frequency aperiodicrgnen the
spectrogram indicatehe boundaries of thds/ Little energy is found below

approximately 1600 Hz, wite the fricative enegy is strongest above 3300 Hz.

0.328161 0.121046 (8.261 / s) 0.449207
0.0112 ! :

-0.01456]
5000 Hz

i . 4 e o A & et H
3374 Hz| 4 . 88 . 58 « B FOE ey W8 = *3 e . = -'; . 2 s AN R SR s £ YR 3B cWR B4

DHZ‘... L k. )

1 you say

Nas
2 3)

Lateral
. o

VIsFric

@ 4 5 (2/3)

0.080523 0.121046 0.060523

Figure 3.4. Spectrogram and textgrid for the sentence D& you say mellow or
yellow?produced by speaker TG, showing segmentation of /s/.
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3.2.4Excludeddata

This section detailproblemsencountered in segmentation and the types of
tokens that were rejected frothe analysis. Nasalised vowels and voiceless nasals,
elided segments, and adjacent segments of the same place or manner of articulation
(the first of which was unreleased) were excluded as clear boundaries of the target
consonant ggment could not be establishe@etails of the numbers of each type of

exclusion are discussddrther in 8.3

0.263544 0033949 (29456 / 5) __|0.297493

0.1338

009872
5000 Hz|

3076 Hz| ------= e

¥ s ord
1 when will o

@ 2 nX b
L ateral
3 5
4 sFric

)

0.072213 | 0.033949 | 0.072910

Figure 3.5. Example of nasalised vowel in sentence W=hen will you be in
Ealing?( speaker JP) . The interval |l abell ed
nasalised vowel.

Voiceless nasals were rare in the data, bugalsed vowels were frequent in
sentence final position and in unstressed function words. The exampteyure

3bshows a nasalised vowel Whenwd/lydudain 6 n X0
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Ealing? the highlightel interval marks the duration of the nasalised portion of the

vowel (segmented auditorily) im/1enas no nasal consonant was produced.

0.515087 0.156731 (6.380 / =) 0.771798

0.1408|

01717

5000 Hz, v X

IEECTELL.

T

2070 Q‘ ',!- d”'ﬂ'd. ‘
r«rWKWigh..

0 Hz[ )

0076365 | 0.156731 | 0078385

1 name Miller g)m

hasal

< 2 m X m X 4,01

Lateral

(5)

isFric
(1)

Figure 3.6. Example of /mm/ sequence with no intermediate boundargentence

C2 /s his name Miller or Mailer¥speaker Jl).

As a result of the e nt enc e construction,

occurred once each (C2 his nane Miller or Mailer? and S7 You are feelng

t

he

mellow). This meant a total of 24 nasakhsal sequences (12 speakers x 2

sentencas would be excluded if no boundary could be kied between the

segments. An examplef this is provided inFigure 3.6 of the /nm/ sequence from

sentence C2 In the highlighted portion, a constant, steady first formant is visible

with little energy above; ndoreak is detectable in the waveform or spectrogram

which would correspond to a release of the final /m/name Intermediate interval
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boundaries were marked for reference only, to indic#te occurrence of two
possibletokens though no measurements veetaken.

No instances of /I/ vocalisation were observed in the data. The example in
Figure 3.7 illustrates a case where the /I/ i/l was elided before a palatal glide.
In this instance, ag nasalised vowelshere was no consonant segment available

to measure; the interval iRigure 3.7 marks the duration of the vowel iwi///.

0319147 0.025373 (39.411 / 5) |0.344521

0.009827

< )

Nasal
2 @)

-3 IX S

VIsFric
4 (1)

0.077696 | 0.025373 | 0.077509

Figure 3.7. Example of elision of /I/ insentence W2When will you be in Ealing?
(speaker TG). Marked interval indicates the preceding vowel.

Additional details of all excluded tokens and their frequency are discussed
further in 83.3 Although they have been exclad from the present study, the type
and frequency of these realisations of the target segmaight alsobe relevant to

FSC if individuals exhibit differing usage patterns of these particular4sanonical
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consonant realisations. For this reason, theleded data have been retained for

possible inclusion in further studies.

3.3 Data

The total numberof tokens marked, those excludedhe number of
remaining tokens available fobA, and the mean number per speaker for each

dialect are displayed iffable3.1.

Table3.1. Total segmented and excluded tokens.

Dialect | Segment| Total Excluded Nfor. Mean/speake
analysis
m/ 102 21 81 13
n/ 108 12 96 16
SSBE /| 81 66 18 48 8
N/ 246 32 214 36
Is/ 12 0 12 2
m/ 102 29 73 12
n/ 108 14 94 16
Leeds /| 81 66 20 46 8
N/ 246 36 210 35
/sl 12 0 12 2
Totals 1068 182 886

Twelve tokens of /m/ from each dialect setere excluded as no clear
boundaries coul be identified for any speaker between the two adjacent /m/
segments in sentence Q2 his nane Miller or Mailer? A further six SSBEand
five Leeds /m/ tokens from sentence Sou are feelng mellow were excluded for
the same reason, as no clear boudagtween the velar and labial nasals could be
established. This also meant the velar nasals in sentence S7 were rejected for the

same 11 speakers as a result of assimilation to the followalgal nasal. Of the
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remaining rejected / 6/ t okendinal pasfignr oxi mat el

and realised mainly as nasalised vowels or occasionally as voiceless nasal
consonants.

Of the 26 total excluded /n/ tokens, B5BEand 13 Leeds tokens oarring
in word-final position and realised as nasalised vowels were excluded; all occurred
in the unstressed function words and when Of the remaining three rejected /n/
tokens, two were produced b§SBE speakers wordhitially following a voiceless
fricative in Ais name and the third by a Leeds speaker intervocalically/ino. At
least one /n/ token was rejected per speaker, thdb§BEspeaker MA and Leeds
speaker SU had the highest numbers of excluded tokens (five and six respectively).

All spealers had at least soen/l/ tokens rejectedbetween four and eight
per speaker foSSBE and between two and 12 for Leeds. Approximately 80% of
Leeds and 90% ofSSBE excluded /I/ tokens occurred in womedial or final
position; all medial tokens were inniervocalic environments, and waofohal
tokens occurred before vowels or glides or phrfisally. Laterals in these
positions in British English are typically dark or darker than canonically clear
articulations Bladon & Al-Bamerni, 1976 Sproat & Fujinura, 1993. Those
which occurred before glides were often elided altogether: 14 of a possible 24 were
elided in sentences I3Vill you live in Ealing?and W2 When wil you be in
Ealing? The remaining excluded tokens, all in wenmitial position, occurre
either intervocalically or following a velar nasal, again suggesting a potentially
darker articulation than might be expected in waniial position (Sproat &
Fujimura, 1993 Huffman, 199%. Additionally, initial /I/ in the variety of English
spoken n Leeds is typically dark (Carter & Local, 2007). These dark /l/

articulations could be considered more vocalic in nature than clear /I/ articulations
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as a result of the stronger dorsal gesture associated with their production (Sproat &
Fujimura, 1993). The slow F2 transition related to this gesture of velarisation
(Carter, 2003) renders the onset and offset of the lateral oral constriction difficult to
identify acoustically, making segmentation of dark /I/ more difficult than canonical
clear /I/. Althowgh the /I/ was always audible in these rejected initial tokens, the /I/
segments were indistinguishable from the surrounding vowels or nasals in the
waveform and spectrogram, and were consequently rejected. Turk, Nakai, and
Sugahara advise against anasyef /I/ in durational studies because of its relatively
l ow segmentability and t he frequent ab
constrc t i on onset albd The gpically poerdualfty2oDrécérdings
in real forensic casemight also limit the useful application of /I/ duration data in
speaker comparison. However, in the present study, 75% of segmented /I/ tokens
were retained for analysis, with the majority of excluded tokens occurring in medial
or final position. Itmightbe thecasetha i ni ti al /1 / i s more G
other positions and should thus be the focus of additional studies of /I/ duration.
Although all 12 tokens per dialect could be segmented reliably, /s/ was
excluded fromfurther analysis at this stage as a riksof the low number of
available tokens in this data set (two per speakérhe reason for the dearth of /s/
tokens in the IVIE corpus is unclear, thoughcould be aresultof the corpusbeing
designed to permit study of intonatiahvariability in dialects of English,which
perhapsrequired more voiced sounds than voiceless ondéd. a minimum, the
methodology for segmenting/ tokens is informed by the pilot study, despitere
being insufficient data for statistical analysis at this stagénvestgation of /s/
durations will continue in further studiewith additional data, however, as it is a

common sound in English and relatively easily segmented.
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3.4 Results and Analysis

Durations of all segmentedtokens were extracted from the textgrids
automaticdly using a Praatscript written by the author The script recordd the
start and end times of each labelled segment, and calculte duration by
subtracting thestart time from the end time.Segment durations were investigated

for variability by dialect, position andohonological context, and speaker.

3.4.1Dialectal Variation
In order to assess the dialecidependece of segment durationsata for all
speakers were pooled within each dialesg#t. Figure 3.8 disgays means and

standad deviations for each segment.
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Figure 3.8. Mean and standard deviation of segment durations compared across
dialects.
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SSBEmeans (in blue on the left of each pair of bave@rehighe than those
for Leeds (in green) for /m, n/, though the differences within each pair appear small
(2-7 ms). SSBEstandard deviationsere also slightly higherthan those of Leeds
speakers for /m, n, I/ with differences of-8 ms between dialects. Ther{gest
di fference is in /8/, with dthaefor8SBEas st a|
28 ms.

The effect of Dialect on segment durations was tested doyducting
separate univariate analyses of variance (ANOVAS) on each of the four segments,
withDialect consi dered the independent wvari al
I/ the dependent variableAlthough /n/ approaches significandgjalect was found
not to be statistically significant at the<.05 level for any of the segments (see
Table 3.2 for F~ratios andpvalues). As a resultduration may be regarded as
independent of dialect within these data. More comprehensive study involving
more speakers and dialects is required to confirm the gemahality of these

findings.

Table3.2. Results of ANOVAs for effect of Dialect on segment durations.

Dialect
Segment
F p
/m/ 0.594 442
In/ 3.762 .054
/1 61/ 0.081 776
N 0.538 464

3.4.2Position and Context Effects
In light of the substantial research on contextual effectsrowel durations
(reviewed inChapter 2 seee.g. House & Fairbanks, 1952Peterson & Lehiste,

196Q van Santen, 1992Tauberer & Evanini, 2009)jt follows that a deeper
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understanding of the influence of adjacent sounds on the duration of consonants is
essential. If consonant duration information is to be used in a forensic context, all
factors affecting dration should be known and accounted for, leaving only
variation attributable to the individual speaker. This is especially important
considering the often limited lexical content and low technical quality of criminal
recordings. In order to apply anynkbwledge gained about the speakpecificity

of segmental duration, it should be known whether the potentially few available
tokens in a forensic recording may be compared directly across different contexts,
or whether sources of contextual variation mum taken into account. Inhis
section, the four segments [/ m, n, o, I
and phonological context to discover what, if any, contextual factors should be
considered in subsequent research.

Tokens were coded first for their position withthe syllable (Onset versus
Coda). Segments in worthitial and wordfinal position were labelled as Onset
and Coda respectively. Syllabification of werdedial segments was carried out
using the maximal onset principle following Aylett and Turk (2004)p that
syllable onsets contained the maximum number of consonants allowed by English
phonotactics (Fallows,981). The second code assignedeach tokenconveyed
information about adjacent segments, using a single code that incorporated both
preceding ad following phonological context. Phonological Context was coded in
terms of &/oweld versus &Non Voweld where Non Vowel included both
consonantal segments and pauses. Initially, the intention was to assess contextual
effects of Vowel versus Consonant Miaer of Articulation versus Pause, following
Umeda (1977) (se€hapter 2for further discussion). However, the distribution of

consonant manners and pauses was too sparse in the data to allow reliable separate
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analysis of each As a result, consonants and pauses were grouped together at this
stage. Better control over the distribution of segments with more even token
numbers in all contexts would be required to allow contextual effects on duration of

consonant manner and p&of articulation asvell as pause to be separated.

Table3.3. Coding of syllable position and phonological context.

. vV _C C_.V
Syllable Position V_V - -
V_# #V
onvv (OnVvCQC) onCVv
Onset . L.
/ leave | (themusic} | growinglimes
CoVV CoVC (CoCV)
Coda ) )
Ealing or | remanbered|  (film on)

Each Syllable PositiofPhonological Context environment is referred to with
a code in the format (Syllable Position)(Preceding Context)(Following Context).
The complete set of codes with lexicaxamples (from the IVIE stimuli where
possible) is presented iflable 3.3. In coding for context segments across word
boundaries were included; thus, only senteimigial and sentencéinal tokens were
consideed to be preceded or followed by a pausTokens did not occur in every
context possible for each segment. None occurred in OnVC or CoCV for any
speaker, although these are not necessarily impossible environments for these

segments; they are simply npresented in the stimuli.

! 1t should be noted that not alluthors consider /j/ as in /mjug a
consonant in English. Stevens and Blumstein (1981), for example, identify glides
as Ononconsonantal d because they | ack

6consonantal d segments (1981:23).
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Table 3.4 summarises the pooled token numbers and mean durations for all
speakers of each dialect and in each Syllable Posibonological Context

environment occurring in the data.

Table 3.4. Mean segment durations (ms) and token numbers by Syllable Position
and Phonological Context for all speakers.

. Oonvv onCv CoVvVv CoVC
Dialect | Segment
Mean| N |Mean| N |Mean| N | Mean| N
/m/ 85 | 52| 48 | 12 - - 84 | 17
n/ 46 6 64 4 57 | 41| 87 | 45
SSBE .
[ 0/ - - - - 101 | 6 | 100 | 42
i 68 | 183| 60 5 55 | 22| 44 4
/m/ 78 | 51| 53 | 10 - - 87 | 12
In/ 45 5 56 6 50 | 39| 79 | 44
Leeds P
/| 61/ - - - - 69 5 | 106 | 41
n 69 | 176| 77 4 62 | 22| 53 8

Table 3.5. ANOVA results for SyllablePosition and Phonological Context effects
on segment duration. Asterisks indicate effects significant at the |ev€l5.

. Syllable Position Phonological Context
Dialect | Segment
F p F p
/m/ 717 400 13.104 .000*
In/ 5.428 .022* 27.407 .000*
SSBE .
16/ - - .006 .940
N 10.706 .001* 2.260 107
Im/ 3.422 .068 8.266 .001*
In/ 4,288 .041* 37.402 .000*
Leeds .
[ O/ - - 5.317 .026*
N 8.216 .005* 3.712 .026*

Analyses of variance (ANOVAs) were conducted on each of the four
vari abl es th duratiomas thé depehdent waiiable and Syllable Position
and Phonological Context as independent variables. The results are presented in

Table 3.5, with significant effects atp<.05 level indicated by an astesk. A
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significant main effect of Syllable Positiowas found fordurations of /n/ and /I/ for
both SSBE and Leeds speakersPhonological Context was also fourtd be
significantfor SSBE/m/ and /n/, and for all four segments for Leeds speakers. No
interaction effects were found.

Posthoc tests (Tukey, Bonferroni) were also conducted for each segment
within each dialect set. Data for /m/ were available in thremntexts: OnVV,
OnCV and CoVC. Pairwiseamparisons showed /m/ was significantly shorter in
OnCV position than in both OnVV and CoVC for botS8SBE and Leeds. No
significant difference was found between OnVV and CoVC, suggesting
Phonological Context is more influential than Syllable Position in determining /m/
durations; a different picturenight emerge, however, if data were present in more
contexts or if word position were taken into account as well.

Comparisons of /n/ means revealed significant differences between Leeds
CoVC and all other contexts (OnVV, OnCV, CoVV).SSBE CoVC was also
significantly different from OnVV and CoVV. For both dialects, /n/ in CoVC
position had the highest meaB$BE 87 ms, Leeds: 79 ms) and OnVV the lowest
(SSBE 46 ms, Leeds: 45 ms). Looking across comparable Syllable Positions, data
were available in both Onseind Coda in intervocalic position (OnVV and CoVV).
Intervocalic Coda means were consistently higher than Onset means, though the
difference was not significant for either dialect. With regard to Phonological
Context, means were consistently lower inantocalic position than preceding or
following a consonant or pause, although also not significantly.

As [/ 6/ is |imited to Coda position
possible. The effect of Phonological Context was found to be significant for Leeds

but notfor SSBE Although overall segment means were not significantly different
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(SSBE 100 ms, Leeds: 102 ms), it appears that speakers of these dialagtst
need to be treated separately for [0/
Contexts may be combined f@SBEspeakers; however, for Leeds speakers, mean

durations were 69 m@ CoVV position and 106 ms in CoVC position, suggesting

/| 6/ tokens occurring before a consonant or |

those before a vowel.

Posthoc comparisons also revealed differing contextual effects across
dialects for /I/. Oveall Syllable Position means were higher in the Onset than in
the Coda for both dialectsSSBE p< .0001, Leedsp=.001). However, different
patterns emergefor the two dialects when Phonological Contexés considered.

For SSBE speakers, /I/ in OnVV positin was significantly longer than in CoVV.
For Leeds speakers, the only significant difference occurred between OnVV and
CoVC positions, the OnVV mean again being higher. No other comparisons were
found to be significant. setHIh dufatioasnid s
American English(discussed irChaper 2, 82.2.2 are supportedhere by theSSBE
results, but not by those for Leeds English. She observed tmset /I/ was
consistently longer intervocalically than follomg a consonant (199%34), as is the
case forSSBEspeakers here (OnVV=68 ms, OnCV=60 ms). For Leeds speakers,
however, the relationship is reversed: /I/ is on average shorter in OnVV position
than in OnCV (69 ms and 77 ms respectively). It should be noted here that
analysis of /I/ is based on highly unequal group sizes, with 183 and 176 tokens in
OnVV and four to eight in other contexts, whighight be confounding the results.
There are diseparties in group size among the other segments, but none as

extreme as that within the /I/ data.
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The factors that may require separate treatment in further research vary
between segments. For /m/, it appednsit tokens which follow a consonant or
pause might be inherently shorter than those following vowels and require
independent consideration. For /n/, phonological context again appears to have a
greater effect: /n/ in coda position preceding a consonant is significantly longer
than in any other coeixt. SSBE /6 / may be compared direct
context s, but for Leeds, phonol ogi cal cCo
was significantly shorter than preceding a consonant or pause. Considering the
highly discrepant group sizes within the /lath, additional datahould be collected
in contexts with adjacent consonants before drawing any conclusions regarding the

effects of Syllable Position and Phonological context on /I/ durations.

3.4.3Variability by Speaker
Maximum, minimum, mean, and range®f segment durations were
calculated for each speakerFigures 3.93. 12 di splay individu:
ranges,with speakers arranged from left to right in descending ordemefan for
each segmentDialect group membership is indicated by eith@r(for Canbridge
=SSBE) or L (for Leeds) after each individ
For /m/ in Figure 3.9, means varied over 23 ms, from @® ms. Ranges
varied more noticeably between speakers, however: speaker JI (SSBE) produced
the widest rang®f /m/ durations (135 ms), while speaker TG (SSBE) produced the

narrowest range (53 ms).
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Figure 3.9. Means and ranges of /m/ durations for both SSBE and Leeds speakers,
in descending order of mean.
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Figure 3.10. Means and ranges of /n/ durations for both SSBE and Leeds speakers,
in descending order of mean.
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Figure 3.10 displays means and ranges for /n/ in both dialects. Mean
durdaions were quite similar to those for /m/, with 21 ms separating the lowest and
highest of 59 ms and 80 ms. Three speakers produced ranges of more than 100 ms
(JE, JI, and MD), while the narrowest range was 40 ms (speaker ST, Leeds).

Mean and ranges ofd/ durations are displayed ifFigure 3.11 Inter-
speaker variability in mean appeared highest for this segment, with 51 ms between
the highest and lowest values. Ranges also varied substantially between speakers.
99 ms separatkthe widest and narrowest ranges of 143 ms and 44 ms (JW and RP,

respectively, both Leeds).
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Figure3.11 Means and ranges of [/&/ durations
in descending order of mean.

Figure 3.12 displays means and ranges of /I/ durations. Similar to /n/,

means were distributed over 21 ms, from 61 ms (speaker TG) to 82 ms (JI). The
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distribution of ranges was also comparable to that observed for /m/. Spe¥ker J
produced quite a narrow range of /I/ durations at 48 ms, while speaker JI produced

tokens over a range of 124 ms.
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Figure 3.12. Means and ranges of /I/ durations for both SSBE and Leeds speakers,
in descading order of mean.

Some crossegment patterns were also apparent. Speaker Jl produced the
highest mean /m/ and /I/ durations, while speaker JE produced the second highest
means for /n,&/, and the second lowest for /I/. Speaker TG, on the other hand,
produced the lowest means fdd, I/, and the third lowest for /n/. The degree of
intra-speaker variability induration alsovaried substantially between speakers and
across segments. Speaker TG, for example, consistently esgtbg narrowest
range within the SSBE dialect grogp across all four segments. Speak&E

produced some ahe widest rangefor /m, n/ and/d/, and speaker Jl for /mm/ and
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/A B Speaker MDG6s ranges /ieandeamangsoteg st t

narrowest for /m/ andl/.

Table 3.6. Results of ANOVAs for effect of Speaker on segment durations.
Significant effects are indicated by an asterisk.

. Speaker
Dialect | Segment
F P
/m/ 1.423 .226
In/ 1.492 .200
SSBE .
/ 0/ | 3.126 .017*
n 5.272 .000*
/m/ .769 575
In/ .568 724
Leeds .
/| 0/| 1471 221
n 3.335 .006*

ANOVAs were conducted to test the effect of Speaker identity on durations
of each segment. Significant effects were found for SpeakeS8BE/ & , I/ and
Leeds /I/ durations. Fratios andp values are summarised ifiable 3.6. It is
surprising that Leeds / 8/ was found not
the disparity in ranges and means evidenFigure3.11.

Posthoc tests revealed no significant comparisons between individuals
within either di al ect f or I comparsondol n/ a
SSBE/ 6/ durations, speaker Tierenwimm JEfaodu nd t c
MC, the two speakers with the highest means for that segnmetite SSBE group
For /I/, one significant comparison was found within the Leeds set, between
speakers RP and SU, although comparison of RP and ST was approaching
significarce. Within theSSBEtest of /I/, for which the Speaker effect was highly
significant, speaker JI was found to be significantly different from four others: JE,

MA, PT, and TG.



These results appear promising in terms of the speagecificity of
segment drations and the application of such data in forensic speaker comparison:
although many speakersd durations may
lie at the extremes which may be useful in forensic work. This may be similar to
the patterns fouth for other common speaker comparison parameters such as
fundamental frequency (e.g. Hudson, de Jong, McDougall, Harrison & Nolan,
2007) andarticulation rate (e.g.Kunzel, 1997 Jessen, 2007), where it is the
speakers who employ values at the extreme &ighlows relative to what is typical

of the general population that are of greatest interest.

3.4.3.1Discriminant Analysis

Discriminant analyses (DA) were conducted on both dialect sets, with the
two dialects being treated separately at first; they were sule@tjucombined to
create a thirddialectindependenset containing all 12 speakers for additioriaA
testing The aim of DA was to determine how well individual speakers could be
identified by a set of predictors. The predictors in this case were thatauns of
Im,nd/ , Nland

Ouitliers first needed to be identified and eliminated from the data set, as DA
is highly sensitive to outliers and nemormal distributons (Tabachnick & Fidell
2007:382; further discussion of DA methodology is given@mapter 2 82.3.1).
Identificationof univariate outliers was carried out in SP$3.7.0 by standardising
the values of the predictors for each speaker independenttyeminating any for
which 23 .29 (Tabachnick & Fidell, 20073). This resulted in only two tokens
of /lI/, one per dialect, and no nasal tokens being discarded from the data; these

outliers accounted for 0.2% of the total data set.
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Singlepredictor disciminant analyses were performed in SPSS using the
leaveoneout method of crosvalidation described irChapter 2 The results are
summarised inTable 3.7 below (SSBE and Leeds seth@ance=17%; Combined
chance=8%). Classificationrates indicate the percentage of the total number of
tokens per predictor for which group membership was correctly predicted. Tests of
the six SSBE speakers generally yielded the highest classification raté tests
of the Combined set consistently producing the lowest rates. The highest overall
rate was achieved i ISSBEdee with 25%tof casés béing/ wi t
correctly classified. The lowest overall rate of 8% occurred in the Combies8 t
of /m/ and /n/.

Classification was highestintess of /[ 6/ a csets, alteough it | t hr
should be noted that this segment had kbwesttoken numbers with between five
and ten per speaker. The remaining three segments performed little detter
than chance; the Leeds /I/ test in fact produced a classification rate below the level

of chance (13%).

Table3.7. Crossvalidated classification rates for singpredictor DA.

. Correct Clasification (%)
Predictor -
SSBE (6) Leeds (6) Combined (12)
m/ 17 19 8
In/ 19 19 8
16 1 25 22 15
N/ 19 13 10

Overall, classification rates wenelatively low as this analysis was based
on data from a single predictor. It is hypothesised that correct classification rates

will improve with the addition of more predictors, such as fombadata, as



McDougall (2004) Eriksson and Sullivan (2008), andtkinson (2009), for

example haveshown

Table 3.8. Individual classification rates with predicted group membership for all
SSBE data (in perc#). Correct classifications are highlighted.

Predicted Group Membership
Segment| Speaker
JE Ji MA MC PT TG
JE 15 23 8 0 46 8
Jl 0 14 0 36 29 21
im/ MA 0 38 0 0 62 0
MC 0 57 14 0 21 7
PT 0 15 8 0 69 8
TG 0 36 7 7 43 7
JE 0 12 24 0 6 59
Ji 18 12 41 0 0 29
MA 8 46 15 0 0 31
i MC 6 0 24 24 0 47
PT 13 7 13 13 0 53
TG 6 0 18 18 0 59
JE 33 17 0 33 0 17
Jl 11 11 33 22 11 11
. MA 25 13 25 0 13 25
ol MC 50 13 38 0 0 0
PT 38 13 0 0 0 50
TG 0 0 11 0 11 78
JE 0 14 6 22 8 50
J 0 36 3 18 6 36
MA 0 17 0 28 8 47
o MC 0 38 0 11 14 38
PT 0 23 0 9 3 66
TG 0 14 0 11 11 64

Closer inspection of individual crosglidated classification statistics
reveaéd some interesting patterns. Tables 3.8 and 3.9 provide individual
classifcation rates forSSBE and Leeds respectively, showirthe percentage of

e ac h s pokeasktreatrwire assigned to each gro@orrect classification rates
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are highlighted for each segmerall other percentages represent errolmongst

the SSBE speake s , PTo6s [ ml/ tokens were <classif
while up to 15% of other individual s& t o
along with JI, was also frequently selected incorrectly in classification of other
speakersdo t @kee2ns ooff o/tnh/exr sd tokens were
being produced by PT, and /% as Jl. Only one speaker (JE) was never
selected incorrectly, but two (MA and MC) were never selected correctly.

A similar pattern is evident in th&SBE/n/ statistics:again two speakers
were never correctly selected (JEnch PT), and one achieved a higtorrect
classification rate but was also frequently selected incorrectly. In this case, it was
speaker TG who waselectedcorrectly in 59% of cases but was also wrongly
selected in classification of 29 9 % o f othersd tokens of
incorrect classifications were spread more evenly across all other speakers, except
PT who was wrongly selected in only one case.

Speaker TG again achieved the highest individuac | assi fi cati on
at 78%, and for /I/ at 64%. Unfortunately, he was also selected wrongly in a large
number of cases: 12 0 % o f | 66% /lhcasks. Bpeaker JE was never
selected, correctly or incorrectly, in the classification of /l/rdtions. Speakers Ji
and TG were the only ones to have at least some tokens correctly classified for
each segment.

Amongst the Leeds speakers Table 3.9, RP stoodout as the most easily
classified speaker acrosisree of the segments: 64% of /m/, 59% of /n/, and 61%
of /1 / tokens were correctly classified
test, speaker MD achieved the highest individual classification rate. As in the

SSBE set, several speakers had norrect classifications in at least one test. RP
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was the only speaker to be selected correctly for astlesome cases for every
segment; bwever,he was also frequently selected incorrectlA high proportion

of other speaker s dncooeacstelsy, alpl a wa t6e83Rb,t oveR RO s

Table 3.9. Individual classification rates with predicted group membership for all
Leeds data (in percentorrect classifications are highlighted.

Predided Group Membership
Segment| Speaker
JP JW MD RP ST SuU
JP 0 0 0 40 0 60
Jw 15 23 0 31 0 31
.y MD 8 31 0 23 8 31
RP 7 0 7 64 0 21
ST 0 0 0 36 0 64
SU 8 8 25 42 0 17
JP 0 12 29 53 6 0
JW 0 0 47 35 12 6
MD 6 13 38 38 6
d RP 6 0 24 59 6 6
ST 0 0 33 47 13 7
SuU 0 0 58 42 0 0
JP 33 0 44 11 11 0
JW 0 0 43 57 0 0
Py MD 14 0 57 29 0 0
ol RP 0 13 0 25 38 25
ST 20 0 40 40 0 0
SuU 20 0 10 60 0 10
JP 0 5 16 47 26 5
JW 0 9 17 29 46 0
MD 3 3 0 63 28 3
o RP 0 5 16 61 18 0
ST 0 10 7 28 7 48
SuU 3 14 11 30 43 0

It is worthy of note that the three speakers who were correctly classified at
least some of the time for every segment were also the three found to have

significant results in the postoc comparisons for Speaker effects discussed in the
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previous section. Diffegnces were found between JI and four of the five other
SSBE speakers for /l/, and between TG andwo ot hers for [ &/ .
comparison of RP and SU was significant, while comparison of RP and ST was
approaching significance. These three speakers JI, TG, and RP were also
frequently at the extremes in terms of the range of durations usets, @adent in

Figures 3.93.12in 83.4.3 It is clear that some speakers, in particular those who
make use of either very wide or very narrow ranges of duratiane beter

discriminated than others.

3.5 Conclusions

Findings presnted in this chapter will inform further research design in
terms of establishing what contextual factors must be taken into account when
analysing consonant durations.Dur at i ons of / m, 0, |/ I
independent of dialect within these data. Each segment investigated appears to
require separate treatment for different contextual factors in subsequent research.
Phonological Context is most influential in deteémimg /m/ and /n/ durations. /m/
was found to be shortest following a consonant or pause, while /n/ was found to be
longer preceding a consonant in coda position than anywhere else. An additional
dialect difference surfaced in analysis of contextual effes on [ &/ dur
different phonological contexts are comparable ®8EBE speakers, but not for
Leeds speakersSSBE/ 6/ means in both CoVV and CoVC
Leeds /&6/ in CoVC position; i ntreGov@ cal i c
position for Leeds speakers, however. Results for /I/ appetr be confounded by
the highly discrepant group sizes, so additional dskeould be collected before

drawing conclusions regarding contextual effects for /I/.

12¢



DAresul t s s hdneckthe highest clasdifitaion ratecross all
three data sets, while classification of /m, n, I/ achieved rates little better than
chance. With regard to individual classification, at least some data for three
speakers were classified correctly for eyesegment; these were the same speakers
who had statistically significant differences from others, revealed by -post
comparisons following Speaker ANOVAs. It has been shown that some speakers
do exhibit a relatively low degree of intrapeaker variality for each of the

segments investigated. There is also some degree of-$pieaker variability,

particularly in the /[/6/ and /1/ dat a.

potentially a useful parameter f&iISCand warrants further investigation.
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Chapter 4Materials and Methodology

4.0 Overview

In this chapter, the materials analysed in the remainder of the thesis are
described in detail. The three corpora from which data were obtained are
discussed, and the method of segmentation revisited. The methodafggied in
analysis is then presented, with detailed explanations of the acoustic parameters of
interest and motivations for exploring these parameters. Analysis procedures
specific to each consonant type are also provided. Finally, DA and LR analysis

methods are detailed further.

4.1 Materials

The data analysed in the following chapters were obtained frony@ihg
adult male speakers of two regional varieti€SSBE and Leeds English. This
section provides details of each of the three corpora frehich recordings were
obtained, with reference to the type and amount of speech elicited and the
recording methods used in each corpus. The consonant segments that are the focus
of the study are discussed, the segmentation method used is illustratefinalhg

the data used in the analysis are summarised.

4.1.1Corpora
The three corpora fromwhich recordings were obtainedre the DyViS
database, the IVIE corpus, and the Morley corpus. Each is presented in turn below

with details of the participants and content @foh corpus.
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4.1.1.1The DyViS corpus

Of the 21 SSBE speakers, 15 were recorded as part of the DyViS database
(Nolan, McDougall, de Jong, & Hudson, 2009). The DyViS corpus consists of
recordings of 100 young male Standard Southern British English speakers
producirg two samples of spontaneous speech under simulated forensic conditions,
including a mock police interview (Task 1) and a telephone conversation with an
6accompliced (Task 2). Speakers al so
passage written in the for of a fictional news report detailing the alleged crime
(Task 3), and a list of short sentences (Task 4). 20 of the 100 speakers returned for
a second session to record the two reading tasks, approximately two months after
the first session, to provide amcontemporaneous samples for the corpus.
Recordings from the second session were not used at this time, as no non
contemporaneous samples were available for the remaining 15 speakers from the
two additional corpora.

The DyViS studio recordings were madsing a Marantz PMD670 portable
solid state recorder with a sampling rate of 44.1 kHz; each speaker had a
Sennheiser ME646 cardioid condenser microphone positioned approximately 20
cm from his mouth. Recording was conducted in a sotnedted room in he

Phonetics Laboratory at the University of Cambridge (No#al, 2009:40).

4.1.1.2The |VIE corpus

Data for an additional siXSSBE speakers, as well as six of the Leeds
speakers, were acquired from the IVIE corp&SBE is called Cambridge in IVIE,
describedurtherin Chapter 3, with subjects reading a passage relating the story of

Cinderella. Againthis controlled for the content of recordings and the number of
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possible instances of the target segments. The I&Epus was ecorded in urban
secondary schoolgrabe, Post& Nolan, 200]). The quality of the recordings was

relatively high, with a sampling rate of 16 kHendminimal background noise.

4.1.1.3The Morley corpus

The remaining three Leeds speakers were recorded as paheoMorley
corpus (Richards,2008). This corpus contains samples of spontaneous and read
speech produced by young, workiagied, and retired speakers from the Morley
area of Leeds. The corpus was balanced for age and sex of speakers. For the
presenthesis,only the male speakers were used.dditionally, becausespeakersn
the first two corpora were betweempproximatelyl5 and 25 years of age at the
time of recording the (older) retired speakersn the Morley corpuswere not
includedin the presenstudyin order to control broadly for age Two of the young
speakers and one of the workiagel speakers were selected based on quality of
the recordings. The Morley corpuswas recordedeither in speakers' homes or in
empty school classrooms, while tiy/ViS and IVIE recordings were studiquality
or similar. Thelevel of background noise in some of the Morley recordings meant
acoustic measurements would ledveen significantly affected.

This corpus was recorded using a Sharp portable MD831 minidisgepla
with TDK-80 minidiscs and an Electret Condenser H0 lapel microphone.
Recordings were digitised using Audacity 1.22 with a samplintgg raf 44.1 kHz
(Richards, 200&7). However, in the threeMorley recordings useddue to
background noise anteoording quality, very little speech signal informatiomas

encoded in thepectrum above approximately 16 kHz.
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In the following chapters, SSBByVIiS speakers are labelled with numbers
1-15, SSBE IVIE speakers 181, Leeds IVIE speakers 227, and Leeds Mody

speakers 280.

4.1.2Speech tasks

The use of read speech tasks from each corpus allowed for relative control
over the position within the word and phonological context, as well as the number
of tokens of each of the target segments. There was still somatian in token
numbers as the nature of the reading tasks differed between the three corpora. For
this thesis, the DyViS Task 3 materials were selected, which consisted of a read
passage in the form of a fictional news report. The 15 recordings useithen
analysis were between 2m40s and 4m09s in length. The 12 speakers from the IVIE
corpus read a passage telling the story of Cinderella, with recordings being between
approximately 3m30s and 4m45s in length. In the Morley corpus, the reading task
conssted of a word list and a list of short sentences; these recordings each lasted
between approximately 3m16s and 4m0s. The texts of the reading materials used
in the DyViS, IVIE, and Morley tasks are given il\ppendices 2, 3, and 4,

respectively.

4.1.3Segments
The consonant segments under investagatire those described in thélqt
study in Chapter 3 / m, n, 0, I, s/ . The acoustic p
significantly understudied in general, particularly from a forensic perspective of
identifying highly speakerdependent parameters. However, these nasal, liquid, and

fricative segments are realgely common in spokerEnglish, and are predicted to be

128



relatively easly segmentable, potentially leading to new acoustic comparison
parameters for analysis in FSC caseworlEollowing Frenchet al. (2010), the
importance of exploring the speaker dischiration performance of as many
parameters as possible (including acoustic ongsjoted, as the more parameters
available for analysis in &SCcase, the stronger the resulting evidemnaight be.

Little crossdialectal variation in acoustic parameterstbé nasal consonants
is predicted as nasal acoustics are strongly dependent on individual physiology
(Stevens, 1998) There is perhaps more scope for dialectal variatiorlirand /s/
given thesociophonetic variability attested in the literature for bbgsee Chapters 2
and 3, with clear /I/ in initial position in SSBE and a darkr initial /I/ in Leeds
English (Carter & Local, 2007); some social factors affecting /s/ acoustics have
been attested in Glasgow English (Stu@rith, et al, 2003; StuadSmth, 2007),
though none are reported in the literature for SSBE or LeeH®wever, acoustic
properties of /s/ are also noted to be strongly linked to anatomy, winight

reduce the scope for croskalect variation in this segment.

4.1.3.1Segmentation

In the pilot study described inChapter 3 word position and phonological
context were found to affect the duratiaf consonants.Consequently, data for the
present study were collected only from segments in specific coniextsde to
ensure the data were directly comparableor four of the target segments, /m, n, |,
s/, only tokens occurring in worditial position were analysed. Word-initial
tokens of these consonants were found to be notably easier to segment than word
medid and wordfinal tokens. It was noted that in medial position, tokens of /I/

especially were often difficult to segment, as thejrequently lacked clear
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boundaries with adjacent segments. Wiirdally, the nasals wer@ccasionallynot
realised as consongm but rather as nasalised vowels, while /I/ was sometimes
vocalised. Additionally, adjacent consonants in all positions were found to affect
the duration of segmentelative to intervocalic environmentsConsequently, dr
/m, n, |, s/ the target segent was always followed by a stressed vowel, and
preceded by either a pause ovawel across the word boundanAll tokens of/ 6 /
occurred in wordfinal position, & this segment does not occur inowd-initial
position in English I n this case, [/6/ was al ways prec
by a pause at the end of a phrase, or byoavel across the word boundary.

The segmentan of all data was performed manually following the
methodologydescribedin Chapter 3 Start points of the wordnitial nasak /m, n/
were marked at the zero crossing of the waveform nearest the onset of the oral
constricton. In tokens preceded by a vowel, this was indicated by the onset of
nasal antresonances and the coincident offset of preceding vowel formants. In
tokens preceded by a pause, this was marked by the onset of voicing and the nasal
formants. In the case f , whith alwaysoccurred wordfinally, start pointswere
marked by the onset of antesonances and the offset of preceding vowel formants.
For all t hr ee s e g meweresnarkedbynthe onset oftvowel end poi n
formants with increased amplide or by a short burst of energy in the spectrogram
at the release of the oral closure.

In segmentation of wordhitial /I/ following a pauseonsets were marked by
the onset ofl/ formantsandvoicing. For tokens following a vowela decrease in
enegy relative to the preceding vowel formants and the onset of lateral anti
resonancefdicated /lI/ onset A sudden change in the shape of the waveform and

an increase in energy in the F2 region indicated the offset of /I/.
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Start points for worenitial /s/ were marked at the onset of aperiodic high
frequency fricative noiseobservable in the spectrogram and aperiodicity in the
waveform End points were marked at theffset of frication and theonset of
periodicity in the waveform at the beginning of thellbwing vowel. Chapter 3
83.2 provides sample spectrograms showing segmented tokens from the IVIE
corpus. The segmentation criteria were simplified from those used in the pilot
study in Chapter 3, as no pally voiced tokens were observed in the main study
(see 83.2.3 for details of /s/ segmentation in the pilot studyptal token numbers
collected for each of the 30 speakers and five segmentsdiaptayedin Table4.1.

For all segments, only (roughly) canonical articulations were included,
meaning that, for example, realisations &f s alveolar [n] or as a nasalized vowel
were not considered These norcanonical realisations might have some forensic
value in themselves, as the frequency of variants and their acoustic properties could
potentially be highly speakespecific. Howeve, it was decided to limit the scope
of the thesis to neatanonical variants in order to focus the analysis on specific
acoustic properties of the five selectednsonants themselves. It is for this reason
that token numb e rwerequieavariablecbativearr spepkers,@as / & /

differentnumbers of tokens were excluded for each individual.
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Table4.1. Token numbers by dialect, speaker, and segment.

Dialect | Speaker| /m/ n/ /6 11l Is/
1 10 10 3 8 15
2 12 13 6 12 15
3 11 12 5 8 14
4 11 13 4 8 15
5 10 13 7 9 16
6 10 10 7 11 15
7 10 12 7 4 14
8 10 12 7 8 15
9 10 11 5 5 15
10 10 6 6 4 16
SSBE 11 11 12 8 8 16
12 9 12 4 8 16
13 10 11 5 5 14
14 11 11 6 7 15
15 10 12 5 9 17
16 14 6 5 9 11
17 12 7 6 11 11
18 12 6 5 12 10
19 12 5 3 13 11
20 11 6 7 12 10
21 11 6 7 8 10
22 13 7 3 12 10
23 12 5 2 11 10
24 12 7 3 9 10
25 12 7 5 11 10
Leeds 26 13 7 2 10 10
27 12 6 1 8 10
28 14 8 2 13 6
29 14 7 5 12 7
30 14 8 12 12 7
Total 343 268 153 277 371
4.2 Methodology

For each of the five segments, five acoustic parameters were analysed.
Normalised duration, centre of gravity, and standard deviatibthe distributionof

energy in the spectrumvere calculatedfor all five segments. In the nasal and
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lateral segment analysis, frequency at peak amplitude and frequency at minimum
amplitude were also measuredAnalysis of /s/also consideredskewness and
kurtosis. Sectiord.2.1 defines each acoustiparameterin turn, including details
specific to each segment typelThe data colletion methods employed in spectral

analysis of nasals and /I/ (84.2.2) and /s/ (84.2.3) are then illustrated

4.2.1Acoustic parameters
4.2.1.1Normalised duration

A consideration arising from the pilot stugynd during collection of the
data for the main studywas the issue of how to control for differences in speaking
tempo between individual s, and for wvaria
recording. Variations in speaking ratecan be expected toesult in relative
lengthening or shortening of syllables atite segmentsvithin them depending on
a variety of factors including phrase length, as well as external factors such as sex
and age(Quené, 2008. As a resulf in order to make direct comparas of
segment durationacrossspeakersdifferencesin individual speaking rate should
be normalisel. A method was developefibr the present studusing local Average
Syllable Duration (ASD) as a normalisation parametend implemented using the

formula at (2).

2 Normalised Duration = TokenDur (ms)
(IPDur (ms)/IPSyll)

Absolute durations of tokens were obtained first usingraasscript written

by the authoy by calculating the duratio of the interval between the marked onset
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and offset points of each tokenThese absolutédurations were then normalised to
attempt to control for differences in articulation rabetweenspeakers. ASD,
measured in ms/syllable, was calculated by dividithe duration of the local
intonation phrase containing the token to be normali@&iDur) by the number of
phonological syllables in the phragéPSyll). The absolute duration of the token

(TokenDu) was then divided by the ASD. The resultidégprmalisel Duration (no

units) expresses the segment duration as a proportion ofnitieiduals pea k er 0 s

local ASD. Normalised duration was analysed for all five segments.

4.2.1.2Centre of gravity

The centre of gravity (COG) of fricative segments was discussed iaildat
Chapter 2 82.2.3 with respectto the acoustic literaturesurrounding/s/. This
measure is also applicable to other segments including nasal and lateraheoits,
as it is simply a measure of the distribution of energy in the spectrum.
Consequently, this parameter was analysed for all five segme@G gives the
frequency at which the distribution of spectral energy is equal on either dide;
also knavn as themean Energy concentrated at lower frequencies in the spectrum
resulsin a low COG, and concentrated at higher frequencies, a high COG.

In the case of nasal and lateral consonants, Q@&y be influenced by the
frequency and amplitude of polesd zeros in the acoustic signal. COG does not
attempt to measure the poles, zeros, or any formants directly; rather it measures the
concentration of energy within a specified frequency range. Speakers with longer
vocal tracts are expected to have enecgncentrated at lower frequencjesd thus
lower COGs,than speakerwith shorter vocal tracts (Reetz & Jongman, 2009:-194

195) . Stevens also notes oOoconsiderabl
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nasal cavity size and shape, which is reflecia inter-speaker variability in the
acoustic properties of nasals (1998:1830).

In the production of fricatives, energy distribution in the spectrum is related
to the shape and size of the resonance cavity in front of the oral constriction
(Jongmanet al., 20001253). Speakers with smaller vocal tracts are expected to
have smaller cavities in front of the point of constriction than speakers with larger
vocal tracts (StuarBmith et al, 2003:1851). Such physiological differences
betweenindividuals ae expected taesult in a relatively high degree ofspeaker
specificity in acoustic properties(particularly COG) of nasals, laterals, and

fricatives.

4.2.1.3Standard deviation

Standard deviation (SD) is another measure of the distribution of energy in
the speaum which was also analysed for all five segment3his parameteis
measured as the square root of the second spectral momen&fcg, it refers to
the dispesion or bandwidth of energy around th€OG (StuartSmith et al,
2003:1852). A low SD valuas obtained if the energy is densely concentrated
around tle COG; conversely, if energy is dispersed across a wider frequency range,
higher SD values will be obtained.

Inter-speaker variability in SD inconsonantsegments may result from
differing surface areas of individua dasal and oral cavities involved in the
production of each In the production of nasalshé increase in surface area
introduced by coupling the nasal and oral cavities (describedChapter 2
§2.2.1.), introducesa damping effect on the transmitted sound energy. The soft

nasal passage walls absorb more of the energy, causing the bandwidth of poles and
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zeros to increase, thus distributing teeergy over a wider frequency range. The
nasal passages of individuals, however, vary in size and shape; consequently, the
resulting damping effects of the passage walls on sound energy are expected to
vary. The overall size and shape of the oral caviéyd side branch in the
production of /l/ is expected to have a similar damping effect on the transmitted
sound energy(Stevens, 298. SD is not a measure opolezero bandwidths
directly, but a measure of the spread of energy around the COG. As g,

zero bandwidth variation may affect the dispersion of energy in the spectrum, in

turn affecting SD.

4.2.1.4Peak frequency

Peakfrequency was analysed for /m, @, I/ only. This parametegivesthe
frequency at the point of maximuramplitude within the spectrum.Figure 4.1
shows a sample spectrum-f0kHz) of the wordinitial /I/ in /ive from the sentence
They live on the same stre@yViS Task 3) produced by speaker 1. The left edge
of the pink highlighted area marks the highest Peak, the point of maximum
amplitude, at approximately 345 Hz. Several other haghplitude peaks can be
seen across the spectrum. These peaks are relatqubles in the signal, the
location and spacing of which are related to the total length of the nasal+oral

cavity for nasals, or the oral+side branch cavities for /I/ (Stevens, 1998).
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Figure 4.1. Sample spctrum of /I/ in They live on the same stregtoduced by
speaker 1 (DyViS, Task 3), with Peak and Minimum frequencies highlighted.

4.2.1.5Minimum frequency

Minimum frequency,the point of lowest amplitudein the spectrum, was
measured for the three nasals aficbhly. Minimum may be related to the zeros or
antiresonances in the spectruthough itis not a measure of the zeros diregthyut
rather indicates the point at which spectral energy is lowest within the fezupy
range being investigated. In the ea®f nasals, zeros are introceat by the
coupling of the nasal and oral cavities, as noted above ardhapter 2 §82.2.1.1
Similarly, zeros occur in the spectrunf d/ as a result of the side branch in the
vocal tract created by lowering one or both sides of the tongue body during the
alveolar constriction (Stevend998). The predicted locations of the zeros in the
spectra of [/ m, n, 0, | /'  Chapter 288.21 IFigurema |l e s

4.1 abovealso illustrates this parameter: the right edge of the pink highlighted
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section marks the point of lowest amplitude in the spectrum from KHz, at

approximately 689 Hz.

4.2.1.6Skewness

Skewnesswas analysedor /s/ only. This parameters the third spectral
moment; itis a measure of the symmetry of the distribution of energy in the
spectrumof a sound. A perfectly symmetrical distribution such as a normal
distribution, will have a skewness value of zeroAsymmetrical skewness values
can be positive or negative: @ositive skewness above zero indicates a distribution
in which the right tail is longer than the left, while a negative skewness indicates a

distribution with a longer left tail Jongmaret al, 20001253).

4.2.1.7Kurtosis

Kurtosis was also analysed for /s/ only. h& fourth spectral moment,
kurtosis is a measure of the relative peakedness or flatness of @hergy
distribution. Relatively flat distributions are indicated by negative kurtosis values,
and relatively peaked ones by positive values (Jongmiaal, 20001253). Like
skewness, a normal distribution witlavea kurtosisvalue of zero. Both skewness
and kurtosis provide measures of the shape of the fricative energy, while COG and
SD illustrate the location and diffusion of the energy. Furtlkéscussion of all four
measures and their role in fricative acoustic research is provided?ig.8 See
Chapter 2,Figure 2.3 for illustrations of distbutions demonstrating positive and

negative forms of both skewness and kurtosis.
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4.2.2Nasal and lateradpectralanalysis

I n analysis of the three nRasm@dg /[ m,
automaticallyobtaired measurements for the four spectrarpmeters COG, SD,
Peak, andVinimum). Data were extracted from a single-Ats Kaiser 2 window at
the midpoint of each nasal token, and from ar28 window at the midpoint of
tokens of /I/. The Kaiser 2 window was selected astentially the best
approxmation of a Gaussian window (Jalal Alamimi, personal communication).

The four spectral parameters were each measured in five frequency bands
from 0 to 4 kHz 0-500 Hz, 5001000 Hz, 12 kHz, 23 kHz, and 34 kHz. This
resulted in a total of 20 spectradariables (4 parameters x 5 bands). Examining
parameters in narrower bands rather than the entire spectrum allowed assessment of
the distribution of energy and the spealsgrecificity of acoustic measures in other
regions, not only thedwest portion of he spectrum, s nasal spectran particular
are typically dominated by a concentration of egyein the region of 256800 Hz
for male speakers. The measurements taken for each tokémoh, 6, I/ are

summarised iMable4.2.

Table 4.2. Summary offive parameters and 21 measurements taken for all nasal

and |l ateral segments /m, n, &, 11/.
Parameter Measurements
NormDuratbn Single measure
COG
D Band 1| Band 2| Band 3| Band 4| Band 5
(0-0.5 | (0.51 (1-2 (2-3 (3-4
Peak
. kHz) kHz) kHz) kHz) kHz)
Minimum

The selection of this frequency range-4(kHz) also attempts to address

issue thatcould have implicatims for the use of acoustic parameters of consonants
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in forensic casework. Criminal samples are frequently recorded via a telephone
line or using mobile telephone technology; othengght be recorded at a relatively
low sampling rate resulting in a limitefequency bandwidth similar to that of a
telephone line. Telephone transmission has a hzass filter effect on the speech
signal, limiting the frequency range of the transmitted signal to between
approximately 300 Hz and-8.5 kHz depending on the sysh (see e.g. Enbom &
Kleijn, 1999; Kinzel, 2001; Kent & Read, 2002; Rose, Osanai, & Kinoshita, 2003;
and Cannizzaret al, 2005). This limitation means that acoustic energy near the
edges of the telephone band may be attenuated, resulting in reliabkureezgents
not being available in the lowest band-$00 Hz) andpotentially the highest (3
kHz). The intermediate bandsiight not be significantly affected by telephone
transmission, however, so any potentially speayqgecific features in these regions
might still be of use, permittinganalysis of these parametens forensic cases

involving telephoneor mobile phone recordings.

Motivation

The motiation for exploring the speakepecificity of these four spectral
parameters der i 0 study of masalis€drvomielf i Id hes thesks,0
Pruthi investigated a number of acoustic parameters for the automatic detection of
nasalised vowels for potential application in speech and speaker recognition and
speech enhancement.

As noted in .2.1.5and inChapter 2 zerosareintroducedinto the acoustic
signalby the coupling of the nasal and oral cavities in the production of nasals, or
by the oral sidebranch in production of lateral consonar{Stevens, 1998). As a

result, pole-only formant tracking methodsuch as the one employed fyraarare
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likely to produce errorswhen applied to polezero signals(Pruthi, 2007) as in
nasals and lateralsConsequentlyalternative acoustic measures wa@ight in the
absence of an appropriate paero formant tracker. The alternativeproposed by
Pruthi and recommended by Alex Cristia (personal communicatiors) twaxamine
the distribution of energy, by measurir@OG and SD, as well as visible peaks dn
minima across the spectrum

Pruthb s t hesis investigated SD e&Hz energ
frequency bands from-@ k Hz , i n an at tifusematuré oo fc atpheur
nasalised vowel spectrum (2007:2113). For the present study, the lest band
was divided into two 500Hz bands instead. This was intended to allow
investigation of the lowfrequencyenergy associated with the strong nasal formant
typically found in the 256800 Hzregion of nasal consonanfer male speakers
without it dominating the distribution of energy up to 1 kHzAdditionally, this
division allows bands to beexamined individually, if analysis of the same
parameters wer¢o be conducted inFSC casework. This would be particularly
useful if, for example, low frequasy background noise or telephone transmission
significantly affected the lowest and highest frequency bands; in that taseest
of the frequency range could be analysed independently of the affected bands.

Pruthi also counted the number of peaks the spectrumup to 4 kHz.
While the numbermight not necessarilydiffer between speakerdpr forensic
purposesthe location of these peakmight have some speaker discrimination
potential, as the location and spacing of the associated poles are relatbéé to t
overall length of the pharyngeal and nasal cavities of the speaker example, in
the signal of /m/, a male speaker with a vocal tract length of 19.6 cm is expected to

have one pole at approximately 250 Hz with further poles spaced on average 900
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Hz apart (Stevens, 199895) Additionally, inspection of Figures 9.6, 9.10, and
9.15 in Stevens (1998:49509) suggests at least one peak may be expected in each
of the frequency bands for the three nasals.
Similarly, Pruthi examinedthe number and amplited o f 6di psd6 in t
spectra of nasalised vowels relating to the additional zeros introducetieopdsal
cavity (2007:116111). Again, for forensic purposethe location of minima in the
spectrum of nasal and lateral consonamight show some intespealer variability,
owing to the distinct size and shape of eac
branch in thecase of/l/. Differencesin physiology betweenindividuals are
predicted togive rise to differences in acoustic featuréStevens, 1998:18%990)

which mightin turn be used taliscriminatespeakers.

4.2.3Fricativespectralanalysis

Acoustic data forCOG, SD, skewness, and kurtosisf /s/ were also
extracted automatically using Braatscript. No preemphasis was applied to the
spectra as voicelessounds are not subject to the sarbeB/octave loss as voiced
sounds (Munson, 2001)There does not appear to be a standard window length for
fricative analysis in theexistingliterature. Windows used in previous studies range
from 10 ms (Munson, 2004to 100 ms Wrench, 1995 Jones & Nolan, 2007);
however the most common window lengths appear to be between 20 ms and 50 ms
(e.g. Hughes & Halle, 1956 Forrest Weismer, Milenkovic, & Dougall 1988
StuartSmith et al., 2003. For the present study,psctral measures were first
calculated from a single 4fhs Kaiser 2 window centred on the midpoint of the
segment, givingstaticmeasures. A series of three sets of measurements was then

calculated from 2ms windows at the onset, midpoint, and offset otleaegment
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to give dynamic measures. This provided additional predictors for statistical
analysis (3 x 4 spectral parameters + normalised duration), and allowed for
examination of dynamic changes in spectral shape over time during the course of
production Static and dynamic data were collected frotwo datasetsand

statistical analysesvere conducted for both.

Dataset 1

The first datasetcontained the complete set of 30 speakers from all three
corpora. This 3@speaker set was analysed in two filter citions: 5008000 Hz
and 5004000 Hz. A 500 Hz higkpass filter was first applied to all spectra to
eliminate low frequency background noise, agjgested by Stua$mith (200771).

8 kHz wasselectedas the maximum frequency as the IVIE corpus recordimgere
sampled at a lower rate than the DyViS and Morlecordings (noted in £1.1).
Therefore, to allow comparison across all three corpora, a-pass filter was
applied at 8 kHz (half the IVIE sampling rate of 16 kHz) to each spectrum before
acousticmeasures were calculated.

The second filter condition (568000 Hz) again attempted to approximate
the telephone bandass effect described i84.2.2 The acoustic energy associated
with the alveolar fricative's/ is typically concetrated around % kHz (Jongmaret
al., 20001253). Much of this is likely to be removed during telephone
transmission. Despite this, the distribution of energy in production of the alveolar
fricative /s/ can in fact extend to lowdrequencies, within the range of telephone
transmission (Stuat®mith et al, 20031852). The 4 kHz filter permitted
exploration of how effective acoustic measures of /s/ might be in discriminating

speakers in forensic cases invinlg telephone recordespeech.
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Dataset 2

The second dataset contained a subset of 18 speakers from the DyViS and
Morley corpora only. In this subsetour filter conditions were tested as a result of
the wider frequency bandwidth availabtkie to the44.1 kHz sampling rate (s&
84.1.1). The four conditions were 568000 Hz, 5008000 Hz, 50016000 Hz, and
50022050 Hz. A 500 Hz highpass filter was again applied temovebackground
noise in the lowfrequency rangeandthe same lowpass filters wee applied at 4
and 8 kHz as in the 3@speaker set Two additional lowpass filters were then
applied to the spectra at 16 and 22.05 kHz. The 22.05 kHz condition madefuse
the full spectrum available. The 16 kHz filter was selected as there appearbd t
little speech signal information above this point in the Morley recordings (noted in
84.1.1.3. This condition allowedassessment afhether thehigh-frequency energy
betweenl6 and 22.05kHz affects acousic measurements Filtering the data at
multiple frequencies in this way allowed comparison of speaker discrimination
performance of thespectral parameterswith varying amounts of acoustic
information from a single dataset.Table 4.3 summarises the number of speakers
(and from which corpora) and the filter conditions applied in analysis of the two

datasets.

Table4.3. Summary of datasets analysed and filters applied in analys& .of

Dataset 1 Dataset 2
N Speakers 30 18
DyViS DyViS
Corpora IVIE -
Morley Morley
5004000 Hz 5004000 Hz
Filters 500-8000 Hz 500-8000 Hz
- 500-16000 Hz
- 50022050 Hz
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4.2.4Speaker andlialect significance testing

The effect of speaker identity on each thle acoustic featurewas assessed
to explorewhether speakers differed from each other in their acoustadisations
and were thus likely to be discriminated by any of the parameters. Univariate
ANOVAs were conducted with Speaker as fixed factor for each dependent
variable The potentialdegree of speakespecificity of each variable iseflected in
the magnitude of the~ratio and the significance of thgvalue. Additianally,
Gabri el and H o c-Hob testsghigklighte€dT f2gnifipaat sdiffences
between individual speakers. These tests were selected as they are recommended
when sample sizes are slightly different (Gabriel) or very different (Hochberg), as
was the case in the present studlield, 2009374375). The poshoc test
employed vas selected based on tokenmbers available for each segment and is
indicated in each of the subsequent results chapters.

Dialect was also investigated for significance as factor in acoustic
realisations ofthe consonant featuresiescribed above Paranetric tests of
significance werefound to be inappropriate as the data did not meet the
assumptionsof normality and homogeneity of varianceThere were also fewer
Leeds speakers (9) thaBSBE speakers (21), resulting in highly unequal sample
sizes Therdore, the nonparametric ManaNVhitney U statistic was employed to

test the effect of dialect group memberstup each variable.

4.2.5Discriminant analysis
Direct discriminant analyses (DA) were conducted on individual features
and combinations of parameters &xplore how wellacoustic datacould predict

speaker identity The principles of DA and its use in forensic phonetic literature
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are described in additional detail i82.3. DA with crossvalidated classification
was carried out withboth static and dynaim data for the full 3Gspeakerdataset
andthe 18speaker subset for /m, n, $/. / 6 Ire athadysed desceptively and
not statistically as a resulbf the low token numbers obtaineger speaker (see
Table4.1); DA wastherefore not conducted far & /

DA explored individual predictors, single Bands (e.g.
COG+SD+Peak+Minimum of /m/ in Band 1), single parameters (e.g. CO&3 /n/
in Bands 15), and combinations of two or more parametersdiscover which
predictors showed the ost discrimination potential. Asbservedin the DA
literature survey presented @hapter 2 the number of predictors permitted in DA
is limited by the smallest sample size. In tests where the number of potential
predictorsexceeded this limit, the~ratios resulting from the Speaker ANOVAs
were used to eliminate predictors. Only the predictors with the higlkesttios for
the given parametersip to the limit determined by the smallest sample sizere
included; those wit lower ~r at i os wer e el i minafrad.i osAn add
test was performed for each segment, which included predictors with the highest
ratios across all parameters up to the number permitted by the smallest sample size.
The number of tests calucted and the predictors included in each are given in
each of the relevant results chapters. eThredictor combinations yielding the
highest correct classification percentages ovei@leach segmendre highlighted

and examined further.
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4.2.6Likelihood ratios
4.2.6.1Likelihood ratio calculation

Likelihood ratios were calculated for combinations of features for four of
the five corsonant segments: /m, n, |, s/; as in the DAkénnumbers for & in the
present dataset were not sufficient for the calculationLBfs. Chapter 2 §2.3.2
describes LR analysis and limitations in the context of FSC in detail, aloitiy an
overview of the implementation of LR analysis in exigjinforensic phonetic
literature.

In the present study, LRstimationwas conducted using a scrigtasedon
Ai t ken and L wlovariate Kefnél Mensity (MMKD) formula and
implemented inMATLAB. Testing wascarried outintrinsically, with no exteral
reference sample. The 30 speakers were separated into two groups; LRs were
calculated for half the speakers while the other half formed the reference sample,
andgroups were then reversed talculateLRs for the remaining speakers. As no
noncontempo aneous data were available in the
6criminald samples were created by divid
The first half was consistently tested a
t he o0 cr i rai Thia éndured samspebker tests did not involve comparison
of identical data samples.

The same predictor combinations tested in the DA described above were
also tested in the LR analysis for each segment, tiedraw LR scores were then

transformed tolog,,LRs. This logarithmic transformation maps a raw LR of 1

2 Many thanks toPhilip Harrison who wrote themATLAB script for iterative
LR estimation used in the presestudy.

147



indicating equal support forboth same and differentspeakerhypothesesto a

log,,LR of 0. Raw LRs greater than 1, indicating support for the sespeaker

hypothesis, are mapped to the post e val ues between 0 and D,
between 0 and 1 are mapped to the negative values between @®@and i ndi cati ng
support for the differenspeaker hypothesisThe predictors included in each test

are also given in the relevant sections of eachdiwing results chapter. The best

performing tests for each segment are highlighted and illustrated further.

Performance was assessed using the four measures described below.

4.2.6.2Assessment of LR performance

The performance of each LR test was gauged usingeaes of four
measures: proportion of lggRsO +4 , proportions of false negatives and false
positives, equal error rate, and log likelihood ratio cost.

The proportion of loglLRsO+4 was selected as an indication the
strength of evidence A log, LR of 4 is equivalentto a raw LR score of 10 000
(samespeaker) or 0.0001 (differerspeaker). Thigs considered to be 'very strong'
evidence in support othe relevant conclusion followinghe Forensic Science
Serviceds verbal scal e for t Rlampochanér pretati
Evett (2000:20). Ideally, a high proportion ofspeaker comparisonsvould
producelog, LR scores of a magnitude of +4 or higheas this would indicate the
predictors are producing strong evidence. higher proportion ofdifferentspeaker
tests thansamespeakertests may be expected to produce scores beyond this
threshold though. While some differergpeaker pairsnay be more different than
others there is a limit tohow similar two individuals can be; that is, a same

speaker pair cannot be any more similar thaentical.
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Second, false positive and false negative rates were calculated for each LR
test. False positives occur when a differapieaker comparison produces a,|héR
greater than 0, incorrectly identifying the different speakers as a sspwaaker pair.
Conversely, false negatives occur when a sampeaker pair is incorrectly identified
as a differenispeaker pair, with a negative IQgR score. The lower the rate both
of false positives and of false negatives the bettsrthis indicates fewer errars

Equal error rate (EER; discussed previouslyGhapter 2 82.3.2.2) was also
calculated for each LR test. EER gives an indication of the total proportion of
errors in the speaker comparison system, in both saraed differentspeaker
comparisons, though itloes not give any indication of the magnitude of errors.
This is measured at the point where false acceptance equals false rejection, and is
expressed as a perdage of all sameand differentspeaker comparisons.

The fourth measuresed to gauge LR performance wiag likelihood ratio
cost (C,). C, is a measure of thevalidity of the speaker comparison system
(Morrison, 201192), developed initially for evalation of automatic speaker
recognition systems by Brimmer and du Preez (2006). A high level of validity will
be achieved in a system with no erro only a small proportion of errors of low
magnitude. C, is essentially a mean of two separate measrse calculated from
the @penalty valued contributed by samspeakererrors the other from those
contributed by differenspeakererrors. Large loglLRs in the wrong direction (i.e.
positive log,LRs in DS comparisons, or negative lggRs in SS compasons)
contribute higher O6penalty valuesd than
proportion of false positives and negatives, takes into account the magnitude of
the errors in a test. AC, of 1 would be obtained in a systewhich gave no

support to either the samer differentspeaker hypotheses. Values greater than 1
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indicate systems with g validity, though these may be improved with calibration
(Morrison, 2011:94) The closerthe C, valueto O the better, as this indicatesn
ovenall lower magnitude of errors and better validity in the systed, is, however,
dependent on both the system and the samples in the datalsssk i the
calculation ofLRs. For further discussion of the method of calculating this metric,

see Morrison(2011).
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Chapter SResults: /m/

5.0 Overview

This chapter details results of acoustic analysis of /m/. aad inter
speaker variability in each of the five parameters is described, including reference
to the results of analyses of variance (ANOVAs) for Speakeor &ch of the four
spectral parameters, the five Bands are discussed independently, followed by a
global view of each parameter across the entire spectrum. Results of significance
testing for the effect of Dialect are then discussed. Findings of thedd LR
analysis are evaluated, and the best performing predictor combinations in each

analysis are highlighted and illustrated in detail.

5.1 Intra- and interspeaker variability

This section presents intraand interspeaker variability in normalised
duration and the four spectral parameters analysed for /m/. In obtaining
measurements for centre of gravity, standard deviation, peak and minimum
frequenci es, the spectrum was divided
examined individually, as described Dhapter 4 As acoustic energy is typically
concentrated around 25800 Hz in nasal consonants (Stevens, 1998:489), this
approach allowed the shape of the entire spectrum to be considered without
measures being dominated byettowest nasal formant. Data for each of the 21
variables are presented separately, withures displaying mean and range of

values by speaker, in descending order of mean.
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Univariate ANOVAs were conducted in order to test the effects of Speaker
identity on the five acoustic parameters, with separate analyses performed on data
from each frequency Band for the four spectral parameters. Speaker was found to
be highly significant for all dependent variables. Gabriel plost tests examined
pairwise speakecromparisons, highlighting which individuals were most distinct
from the group and therefore likely to be discriminated be&tratios andp-values
are summarised imable 5.1, and posthoc results are discussedrther in each
subsection below. Empty cells indicate data that were excluded from analysis;

details are given and the data illustrated in the relevant sections.

Table 5.1. Results of univariate ANOVAs for geaker = 30) for each acoustic
feature of/m/ (x19). Bold text indicates significanp values at the level .05.

Parameter, Band 1 ‘ Band 2 ‘ Band 3 ‘ Band 4 ‘ Band 5
NormDur F=3.050, p<.0001

oG F=19.996 | F~=2.694 F~=7.129 | ~18.027 | F=11.942

p<.0001 | p<.0001 | p<.0001 | p<.0001 | p<.0001

sD F~=12.636 | F~=2.570 F=8.847 F=7.507 F=6.817

p<.0001 | p<.0001 | p<.0001 | p<.0001 | p<.0001

Peak F=8.837 ) =2.733 | ~10.876 | F=5.287

p<.0001 p<.0001 | p<.0001 | p<.0001

. F=5.290 F=2.700 F=3.949 F=5.130

Minimum -
p<.0001 | p<.0001 | p<.0001 | p<.0001

5.1.1Normdised duration

Duration of tokens of /m/ was normalised for local speaking rate usiteg
average syllable duration (ASD) of the intonation phrase in which each token
occurred (seeChapter 4 84.2.1.1fo r detail s) . Speakersd mean
mean normalised duratiofmo units)are given inFigure5.1. There appears to be
relatively little interspeaker variabilityin mean as the vast majority fell within

+0.1 of 0.4. The two speakers at the low extreme (28 and 29), stood out quite
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neatly andmight therefore be discriminated from the group easily. The ranges of
normalised durations were noticeably variable between spsakewever The
vertical lines inFigure 5.1 indicate ranges from observed minimum to observed
maximum values. Some individuals were remarkably consistent, while ®ther
produced durations over quite wide rangeBhe lowest range of .16 was produced

by speaker 7, and the highest of .67 by speaker 22; this indicates these two

speakers varied by 16% and 67% of their own local ASDs respectively.
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Figure5.1. Mean (r@resented by green markers) and range (black vertical lines) of
normalised /m/ durations by speaker, in descending order of mean.

Normalised duration appears unlikely to be a good speaker discriminator in
statistical tests that compare only means; it csually the intraspeaker variability
that best distinguishes speakers from each other and is the source of the mast inter

speaker variability. Although this does not fit the description of the idealised
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speaker discriminator with high intapeaker andow intraspeaker variability, it is

still very important to note that much of the population sample examined here is so
consistent in terms of mean normalised duration. Deviations from this norm may
provide strong evidence for or against the saspeakehypothesis.

ANOVA results showed Speaker to be a highly significant fact®x3.050,
p<.0001) affecting normalised duration. Gabriel pdsbc tests, however, showed
that the speakers with the two highest and two lowest means were the only
individuals whostood out statistically. Speaker 28 was significantly different from
all others except speaker 29; the only other significant comparismwirred
between speaker 29 and speakers 5 and 21. It is predicted that discrimination rates
will be highest for spakers 28 and 29 in particular, and perhaps speakers 5 and 21
as well; the remaining individuals are not expected to be very well discriminated
from the group with mean normalised duration as the sole predictor, unless

individual differences in range can leken into account as well.

5.1.2Centre of gravity

Centre of gravity (COG), as described @hapter 484.2.1.2 is measured as
the point at which the acoustic energy equal on either side of the distribution.
This section describes COG data for /m/ in the five frequency Bands frehkBiz
and presents a discussion of the degree of inmad interspeaker variation and

speaker discrimination potential.

5.1.2.1COG Band 1: 8600 Hz
Figure 5.2 presents a picture for COG in Band 1 similar to that of the

normalised duration data above. While the difference between the highest and
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lowest mean COG values was 112 Hz, 25 of the 30 spealkensithin 50 Hz of
each other, between 200 and 250 Hz. Similar to duratiomight be that only
speakers at the extremes are likely to be discriminated from the population by this
parameter. In this case, good discrimination rates may be expectethdofive
speakers with means below 200 Hz.

Although all ranges were less than 100 Hz, range appears to contribute
relatively well to the overall level of intespeaker variability. Ranges varied from
29 Hz (speaker 23) to 93 Hz (speaker 1). Low varidhilin general may be
expected in thidand, though, given the relative inflexibility of the nasal cavity and

of the location of the oral constriction in labial nasal articulations (Stevens, 1998).
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Figure5.2. Mean and range for COG of /m/ in Band 1 by speaker, in descending
order of mean.
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Speaker was a highly significant factor with the highest ovefathtio of
the 21 variables presented in this chapté&19.996, p<.0001). Posthoc tests
showed each meaker differed significantly from at least three others, with the
highest numbers of significant comparisons for the speaker with the highest mean
(speaker 16 with 17 significant comparisons) and the four individuals with the
lowest means. Speaker 30 hdde lowest mean COG and was significantly
different from all others except speaker 14. Likewise, speaker 14 was significantly
different from all but those immediately around him (speakers 12, 21, and 30). 17
and 19 significant pairs were found for spesk 12 and 21 respectively. In all

cases, significant differences occurred within and across both dialect groups.

5.1.2.2COG Band 2: 50000 Hz

In Band 2, COG means and ranges showed more variability both within and
between speakers than in Band 1. 180 Hz sateal the highest and lowest means,
as shown inFigure 5.3. It appears as though the speakers are divided into three
groups with a gap of approximately 25 Hz between them: one with means above
700 Hz, one betweef50 and 700 Hz, and a third with means below 650 Hz. The
two smaller groups of speakers above 700 Hz and below 650 Hz are perhaps most
promising in terms of discrimination, being somewhat distinct from the majority in
the middle group with slightly moreeparation between them.

There was also substantial variation in ranges of COG values in Band 2.
Most produced ranges of approximately 2800 Hz, though the lowest was 65 Hz
(speaker 30), and the highest reached 394 Hz (speaker 13). Speakers with the

narowest ranges tended also to have low means, though the pattern does not hold
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firmly: speaker 12 hd one of the lower ranges but a high mean, while speaker 19

had a very low mean but a high range.
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Figure 5.3. Mean and range for COG of /m/ in Band 2 by speaker, in descending
order of mean.

The effect of Speakewas alsofound to behighly significant for COG in
Band 2 (/~=2.694, p<.0001). However, poshoc tests revealed few significant
pairwise comparisons Speaker 17, with the highest meamyas significantly
different fromeach of the five speakers with the lowest means: 14, 19228 and

30. No other pairwise comparisons were found to be significant.

5.1.2.3COG Band 3: 22 kHz
A further increase in both imet- and intraspeaker variability in mean and

range of COG is found in Band 3 compared with Band 2. The difference between
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the highest and lowest means in Band 3 was 375 Hz, more than double the
difference found in Band 2. However, the observed valuessvadmost entirely in

the lower half of the spectral band from which measurements were taken, as shown
in Figure 5.4. All but one of the means were below 1500 Hz (speaker 14,
mean=1512 Hz), while a single speak@roduced a maximum valuef over 1700

Hz (speaker 21, max=1705 Hz).
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Figure 5.4. Mean and range for COG of /m/ in Band 3 by speaker, in descending
order of mean.

As noted previously, an important differembetween speakers is in fact the
intra-speaker variability individuals are capable of producing. In the present Band,
COG ranges varied from 111 Hz (speaker 13) to 629 Hz (speaker 26), with most
speakers producing ranges of around 2@® Hz. Looking atwhere in the

spectrum these ranges lay, six individuals produced maximum COG values above
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1600 Hz, though interestingly, not all of these six had high mean values. Speaker
2306s mean was 1273 Hz, yet his maxi mum ¢
speakergproduced minimum values at or below 1100 Hz, though not all had low
means. Speakers 2 and 26 produced minima of 1100 and 1057 Hz respectively,
despite having some dhe higher means within the group.

Speaker was found to be a significant factor in umiste ANOVA test
results (=7.129, p<.0001), with posthoc tests showing at least one significant
pairwise comparison per speaker. Speaker 14 with the highest mean was,
predictably, significantly different from all others but the six immediately closest t
him in terms of mean COG (speakers 2, 4, 6, 12, 19, and 21). Spexkwith the
lowest meanhad the second highest number of significant compariswith 14

from across both dialect sets.

5.1.2.4COG Band 4. 23 kHz

Inter-speaker variability in mean COG iBand 4 was similar to that found
in Band 3, with approximately 400 Hz between the extreme means. Also similar to
Band 3, COG values in Band 4 were generally found in the lower portion of the
spectrum as shown irFigure 5.5. The average of al l sp
approximately 2350 Hz, and only two had means over 2500 Hz. Additionally, two
speakers (2 and 20) produced maximum values over 2700 Hz, while three (4, 6,
and 14) had minima below 2100 Hz.

There was sligtly less disparity between the highest and lowest ranges of
COG in Band 4 than in Band 3: the lowest was similar at 117 Hz (speaker 19), but

the highest range was over 100 Hz less, reaching 511 Hz (speaker 2). There was a
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little less intraspeaker variahbty generally, but the variation that did exist in terms

of range contributed well to the overall level of intepeaker variability.
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Figure 5.5. Mean and range for COG of /m/ in Band 4 by speaker, isanding
order of mean.

ANOVA results once again showed Speaker to be a highly significant factor
(/~18.027, p<.0001), and posthoc tests confirmed the high level of intespeaker
variability predicted from the data irFigure 5.5. Speaker 20 had the most
significant pairwise comparisons at 22, followed by speakers 4, 6, and 18 who each
had 19. However, a minimum of six significant pairs were found for each speaker,
and over a third of speakers had 12 or more #igant comparisons. This is
important as it shows that it is not only the speakers at the extremes that have the

potential to be discriminated, btitat many of the speakers nearer the middle of the
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distribution mayalso be distinguished from others uginCOG in the 23 kHz

range.

5.1.2.5COG Band 5: 24 kHz

Analysis of Band 5 revealed the highest degree of usigeaker variability
in mean COG of all five Bands. 470 Hz separated the highest mean (speaker 12,
3714 Hz), and the lowest (speaker 17, 3244 Hzjh this Band, data were spread

across most of the frequency range from 3100 to just under 3900 Hz.
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Figure 5.6. Mean and range for COG of /m/ in Band 5-@8kHz) by speaker, in
descending order of mean.

Speakers also differed widely itheir ranges of values, from 191 Hz for
speaker 2 to 730 Hz for speaker 9. As shownFigure 5.6, these two individuals

had similar means near the high end of the distribution, dedpeing at opposite
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extremes in terms of range, demonstrating a lack of correlation between mean and
range for COG in Band 5 Although there was already good intspeaker
variability in mean values, a further contribution is made by such differences
between individuals in their levels of intrapeaker variability.

As in the four previous Bands, Speaker was a highly significant factor for
COG in Band 5 ££11.942, p<.0001). Interestingly, posthoc tests showed fewer
significant comparisons per speakeathin COG in Band 4, contrary to what might
have been expected from the observed wsjgeaker variation in mean and range
discussed above. At least two significant comparisons were found per speaker,
with nine of 30 speakers having 10 or more. The twmesgkers at the extremes in
terms of mean, 12 and 17, had 20 significant comparisons each, the highest number
within the group. The other seven speakers with 10 or more significant pairs were,
however, also those at the extremes (speakers 3, 5, 8, 13,184,and 23),
suggesting it is still only speakers with extreme mean values, and not also those in
the middle of the distribution, who are likely to be successfully discriminated from

the group with COG in Band 5 as a predictor.

5.1.2.6G/lobal centre of gravity

An overall view of COG of /m/ in the five frequency Bands is shown in
Figure 5.7. Each colour denotes a different Band; within each, the marker lines
indicate mean COG for each speaker, while solid lines above ahoWwbindicate
the maximum and minimum values observed. This view permits observation of
patterns across Bands and for individual speakers. It can be seen that COG was
relatively central within Bands 1 and 5, and generally low within the frequency

rangesof Bands 2, 3 and 4.
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Figure5.7. Mean and range of COG of /m/ by speaker across the entire spectrum,
04 kHz. Solid |Iines above and below eacl
within the Band by indicahg maximum and minimum values.

A number of individuals stood out with values at or near the extremes in
terms of mean, range, or both across several Bands. Speaker 6, for example,
produced amongst the highest mean COGs in Bands 2 and 3 and the loviBzsidn
4, in addition to producing amongst the highest and lowest ranges in Bands 1 and 4
respectivel y. Speaker 148s mean was nea
2, and 4; high in 3 and 5). Speaker 17, on the other hand, produced means near the
low extreme in Bands 3 and 5, and near the high extreme in Band 2. Finally,
s peaker skhfdorangsmereamongst the lowest in Bands 1 and 2, while

his mean COG was third highest in Band 4.
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5.1.3Standard Deviation
In this section, variation observed standard deviation (SD) is presented.
SD is ameasure of the dispersion of energy around the COG, described in detail in

Chapter 484.2.1.3

5.1.3.1S8D Band 1: 8500 Hz

SD data from Band 1 for all speakers are displayedrigure 5.8. Much
like COG in Band 1, intesspeaker variability appears to be relatively low, as 23 of
the 30 speakersd means f &dml60teBOtHz.i The a narr ow
highest and lowest means were separated by 51 Hz. However, a good level of
discrimination may be expected for the four speakers with means above 80 Hz as a
result of the slight separation amongst them, as well as between this quudithe
remaining speakers.

There also appears to be relatively low witkspeaker variability, as ranges
varied from 9 Hz to 58 Hz. Speaker 12, with the lowest range, and speaker 10
with a range of 12 Hz, were both remarkably consistent within thenesein terms
of their SD values. This couldesult in these speakers achieving high individual
rates of discrimination along with those at the extremes in terms of mean SD.

Speaker was a highly significant factor for SD in Band 1 and yielded the
third highest ~ratio of all variables for /m/ /£12.636, p<.0001). Posthoc
pairwise comparisons showed each speaker was significantly different from at least
three others. Many individuals had a high number of significant comparisons,
however: four speakers haat least 20 significant pairs, and a furthgrree had at
least 10 The three individuals who had the most significant comparisons were the

three with the highest means, speakers 5, 6, and 24, witbr2% each. It appears,
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then, that SD in Band inight prove to be a relatively good speaker discrimination

parameter.
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Figure5.8. Mean and range of SD of /m/ in Band 1 by speaker, in descending order
of mean.

5.1.3.28D Band 2: 5001000 Hz

SD in Band 2 exhibited gghtly more interspeaker variability in mean
values than in Band 1; means at the extremes were separated by approximately 65
Hz. The majority of speakers still fell within a fairly narrow range, though, with 27
of 30 means between 100 and 150 Hz, as shanvFigure5.9. The three speakers
with meansabove and below this region may be expected to achieve the best rates
of discrimination, particularly speakers 9 and 12. These two had the highest
means, but also aarrow range of SD values, indicating relatively high consistency

in their realisations with regard to the spread of energy around the COG in Band 2.
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In fact, speaker 12, along with speaker 30, again produced the lowest range
of SD values at 46 Hz, as indd 1. Wider ranges, up to 154 Hz (speaker 6), also
indicate increased intrapeaker variability. However, the lowest ranges indicate
that individuals differed in the degree of intrspeaker variability they are capable
of producing, resulting in range oatributing further to overall intespeaker

variability for this parameter.

Standard Deviation - Band 2

250

200

150

SD (Hz)

100 ‘ ‘ ‘ .

50

9126 275 2061011 4 251323 8 1 2414151817 7 222021 2 16 3 28193029

Speaker

Figure5.9. Mean and range of SD of /m/ in Band 2 by speaker, in descending order
of mean.

While Speaker was found to be aghily significant factor for SD in Band 2
(F~2.570, p<.0001), posthoc tests suggest imight not be a highly effective
speaker discriminator. Speaker 29, with the lowest mean, was significantly

different from just five others (speakers 6, 9, 12, 26, and.20f these five, only
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speaker 9, with the highest mean, had a second significant comparison. The

remaining 23 speakers did not differ significantly from any other individuals.

5.1.3.3SD Band 3: 12 kHz

Good interspeaker variability in mean SD in Band 3 issible in Figure
5.10; means in this Band varied from 117 to 301 Hz, a difference of 184 Hz. The
majority fell in the 1560250 Hz region, with two small groups at either extreme

above and below this region.
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Figure 5.10. Mean and range of SD of /m/ in Band 3 by speaker, in descending
order of mean.

Ranges of SD values increased in Band 3 over those observed in Band 2. In
this Band, ranges extended from 98 Hz &eaker 21, to 293 Hz for speaker 15, a

difference of 195 Hz. Although this indicates an increase in Hsjpaaker

167



variability in general, the spread of rangesght again contribute to overall inter
speaker variability.

ANOVA results showedhat Speakemwas also a highly significant factor for
SD in Band 3 (=8.847, p<.0001), and each individual was found to have at least
two significant pairwise comparisons in Gabriel pdsic tests. The speakers with
the highest and lowest means had the highest numidfesgnificant pairs: speakers
4,13, 17, 18, 22, and 26 each differed significantly from between 14 and 18 other
individuals. Differences were consistently found between speakers both within and
across dialect groups, with no disproportionate differentetween SSBE and

Leeds speakers.

5.1.3.45D Band 4. 23 kHz

A relatively linear relationship between SD means was found for the
majority of speakers in Band 4, shown igure5.11. Aside from a distinct group
of four above 200 Hz, 26 speakers' means lie within a 100 Hz range. However, the
highest and lowest means were separated by 145 Hz, from 94 to 239 Hz, suggesting
a good degree of intespeaker variability exists in this Band.

An important difference between speak again appears to come from the
variation in range. The low of just 29 Hz by speaker 10 along with 10 other ranges
of less than 100 Hz indicate that several individuals were quite consistent with
respect to SD values in this frequency Band. Some spesalon the other hand,
varied widely, as indicated by the widest range of 283 Hz (speaker 17).

Speaker was found to have a significant main effect for SD in Band 4 with a
moderate/~ratio (/=7.507, p<.0001). Posthoc tests showed one speaker (15)

had nosignificant comparisons, but all others differed significantly from at least
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one other. The two speakers with the highest means (23 and 30), however, had at
least 20 significant pairs each. Speakers 21 and 26 were also near the high extreme

in terms of nean, and differed significantly from 14 and 19 others, respectively.
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Figure 5.11. Mean and range of SD of /m/ in Band 4 by speaker, in descending
order of mean.

5.1.3.5S8D Band 5: 34 kHz

In the fifth frequency Bind, the difference between the highest and lowest
means (143 Hz) was similar to that in Band 4. There were two sets of speakers at
either extreme separated from the middle group by approximately 25 Hz each, as
shown in Figure 5.12. Within each of these three groups, though, theves
relatively little separation between speakers.

There was some variability between speakers in terms of range, though the

extremes were less disparate than in Band 4. The widesteravaps 274 Hz for
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speaker 9, while the narrowest was 69 Hz for speaker 30 (who alddHeahighest
mean). Unlike in Bands 1, 2, and 4, none of the speakers was particularly
consistent in terms of their target SD values. In fact, most ranges were in the
region of 125190 Hz, with few below 100 Hz. This mightot be particularly
beneficialfor FSC purposesasthis low variability in range of SD values between

speakers contributdsss tothe overalllevel of inter-speaker variability.
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Figure 5.12. Mean and range of SD of /m/ in Band 5 by speaker, in descending
order of mean.

Speaker was nonetheless found to be a highly significant factor for SD in
Band 5 (=6.817, p<.0001), despite six speakers having msgnificant posthoc
pairwise comparisons. All others differed from at least one other individual. Only

three speakers (517, and 190 with the three lowest means) had 1% more
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significant pairs. Speaker 30, with the highest mean and lowest rangs, wa

significantly different from nine other individuals.

5.1.3.6G/obal standard deviation

Figure 5.13 shows mean SD by speaker in all five Bands. SD was clearly
lowest in Band 1 for all but speaker 6. For 18 of the 3Ceakers, Band 2 SD
values were second lowest overallnterestingly though, for two others SD was
lower in Band 3, and for the remaining 10 speakers SD was lower in Band 4 than
in Band 2. Speaker means in Bands 3 and 5 were fairly similar in generdi, avit

similar level of interspeaker variability.

Global Standard Deviation - /m/

500

450

400

=—#=—Band 1

== Band 2
Band 3
===PBand 4

=feBand 5

123456 7 8 9101112131415161718192021222324252627282930
Speaker

Figure5.13. Mean SD of /m/ by speaker across the entire spectrush kéiz.

As in the discussion of global COG in58L.2.6 a number of speakers
appeared to display crod€and patterns in mean and range of SD. Speakdbi8
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instance produced mean SD values amongst the lowest in Bands 1, 3, 4, and 5.
Speaker 10 also produced amongst the highest and lowest nre&asds 2 and 4
respectively, as well as some of the lowest ranges in Bands 1 aadddone of the
highest in Band 5. Additionally, speaker 29 was near the extreme in terms of either
mean or range of SD in each of the five Bands: he produced the lomesin in
Band 2 ad the second highest in Band & well as amongst the highest ranges in

Bands 1 and 3andthe lowest in Band 4

5.1.4Peak frequency

Peakis a measure othe frequency at the poindf maximum amplitude
within a Band; further details are givem Chapter 4 84.2.1.4 This section
presents analysis of the intraand interspeaker variability observed in Peak

frequency of /m/.

5.1.4.1Peak Band 1: 600 Hz

As shown in Figure 5.14, there was abroadly linear relationship between
speaker means in Peak in Band 1. The only exception was speaker 30, who in this
case hadhe lowest mean; gap of approximatel85 Hz separatedpeaker 30from
speaker 14 with the next lowest mean, while the difference between the overall
lowest and highest meangs 124 Hz, from 140 to 264 Hz.

Several speakersere quite consistent in terms of rangef Peak values
The lowestrange, of 27 Hz, was produced by speaker 295 others produced
ranges undet00 Hz. Still, therewas fairly good interspeaker variability in range

as the highesextendedo 196 Hz (speaker 19).
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Figure 5.14. Mean and rangef Peak frequency of /m/ in Band 1 {800 Hz) by
speaker, in descending order of mean.

ANOVA results showed Speaker to be a significant factor affectiegk
frequency in Band dwith a moderate~ratio (/=8.837, p<.0001). As expected,
speaker 30 had thikighestnumber of significant poshoc comparison$24). Four
other individuals had at least 18ignificant pais, while all speakers had a

minimum of one.

5.1.4.2Peak Band 2: 500000 Hz

Data for Peak in Band 2 are displayed kigure5.15. This is included for
completeness, but the data were ao@alysedasthe measurements were unreliable.
Althoughinspection ofa sample othe spectra showed these measurements did not
correspond to actual peaks, 22 of the 30 smealhad minimunPeakvalues at 550

Hz, and 13 had maximum values at 950 Hz. As manual inspection showed the
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automatically obtained measurements for this Band were not accurate, the data

were excluded from all statistical analyses.
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Figure 5.15. Mean and range of Peak frequency of /m/ in Band 2 by speaker, in
descending order of mean.

5.1.4.3Peak Band 3: £ kHz

Figure5.16 displays means and ranges for Peak frequencyand3. With
a wider frequency range from which to obtain measurements, thvaseincreased
variability between speakerscluding a difference of 369 Hz between high and
low means. However, the highest mean value was 1461 Hz, signifying that means
for all speakerswere found in the lower half of this spectral Band. 11 of the 30
speakers did produce maximufeak values above 1500 Hz, so it is certainly
possible forhigh amplitude pea&to occur in the upper half of Band 3. Results

from this sample of 30speakers, though, suggest that in the wider population (at
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least for speakers of these two dialecigak frequencycan be expected below

1500 Hz, and any above this threshold may be considered unusual or distinctive.
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Figure 5.16. Mean and range of Peak frequency of /m/ in Band 3 by speaker, in
descending order of mean.

The narrowest range of 177 Hz produced by speaker 22 indictitat
speakerswere less consistent overall inerms of thelocation of the highest
amplitude peak. | n f awcetdnearly the enteeBasch e a k e r ¢
speakers 4 and 15 had ranges of 935 and 920 Hz respectively, in addition to
speaker 26 who had the highest range at 981 Hz. Such disparity in ranges, in
addition tothe variation in mean values, sugge$teak in Band 3 is potentially a
good speaker discriminator, although timsght be most effective in statistical tests

thatconsiderboth mean and rangeather tharmeanalone.
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ANOVA results showed Speaker to be higtsignificant for Peak frequency
in Band 3 (=2.733, p<.0001), although not all individuals had significant pest
hoc comparisons Of the 30 speakers, 19 were not significantly different from any
others. Only speaker 14, with the highest mean value, hawte than two
significant comparisons. These were all between speaker 14 and the nine others

with the lowest means (speaketxs9, 16, 17, 22, 23, 25, 27, and 29).

5.1.4.4Peak Band 4: B kHz

Inter-speaker variability in Peak in Band was substantially highethan in
Band 3, with means varying from 2084 Hz to 2626 Hz, a difference of 542 Hz.
Additionally, means i extend above the midpoint dhis Band; the four highest
means(on the far leftin Figure 5.17) were above the 2500 Hz mark. Unlike in
Band 3 then, mean values in the wider population might be exgg@cross more
of the frequencie this region of the spectrurfor /m/, not only in the lower half.

The interspeaker variability in ranges in Band was smilar to that
observed in Band 3. Thextremerangeswere slightly lower on the whole than in
Band 3at 157 Hz (by speaker 19), and 836 Hz (by speaker 13), but the difference
between themwas still quite high at 679 Hz. 50% ahdividual ranges lay betwen
300Hz and 500 Hz; ninespeakerdiad rangesbove500 Hz,andsix under300 Hz.
This relatively high degree of intespeaker variability in both mean and range
suggest Peak in Band 4 mighdlso have good speaker discrimination potential.

ANOVA resultslend support to this prediction, as Speaker was again found
to be a highly significant factomwith the fifth highest/~ratio amongst the variables
examined for /m/ (/=10.876, p<.0001). Posthoc tests also showed each

individual to be significantly diffeent from at least one other, though most had
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many more significant pairs. 18 of the 30 speakers had at least five, and seven of
those individuals had more than 10:psaker 21 had the highest number of
significant comparisons at 20, followed by speake#fsahd 20 with 14 significant
pairs each, all of whomwere at or near the extremes in terms of mean Peak
frequencies. What is important to note, however, is that individuals throughout the

distribution had multiple significant comparisons, not only thoséha extremes.

Peak Frequency - Band 4

3000

2900

2800

2700

2600

Peak {Hz)
[oe]
w
o
=]

2400

2300 — ‘

2100

2200 —n—j i
|

2000+ 7" T T 7T T T T T T T T T T T T T T T T T T T T T T
21201830 2 12232217 3 25298 9 28131024 1 5 157 1119162627 4 6 14
Speaker

Figure 5.17. Mean and range of Peak frequency of /m/ in Band 4 by speaker, in
descending order of mean.

5.1.4.5Peak Band 5: 3 kHz
Analysis of Peak frequency in Band 5 revedlanother substaral increase
in inter-speaker variability in mean values: aBownin Figure5.18, means spared

nearly 700 Hz, from 314%z to 3843 Hz.
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Figure 5.18. Mean and rage of Peak frequency of /m/ in Band 5 by speaker, in
descending order of mean.

This wide spread of means should prove promising for speaker
discrimination tests; however, it is accompanied by a marked increase in range
across all speakers, reducing thessiblecontribution tointer-speaker variability of
range compared to that observed for Peak in Band 4. Though the lowest range was
234 Hz produced by speaker 17, few individuals had ranges below 500 Hz (six of
30). Nearly twethirds of speakers (19 of had ranges of more thar0@ Hz,
including 14 over 800 Hz and the highest 884 Hz (speaker 18 Such a high
level of intra-speaker variability, particularly as the majority of individuatead
similarly high degrees of withirspeaker variability, suggés Peak in Band Bight
not be as strong a speaker discriminator as Peak in Band 4.

Speaker was, in fact, found to be a highly significant factor for Peak

frequency values in Band 575.287, p<.0001). However, poshoc tests showed

178



that 12 of the 30 spkers (40%) were not significantly different from any others.

Speaker 12, with the highest mean, had 11 significant comparisons; he was the only

individual with at least 10.

5.1.4.6Global Peak frequency
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Figure5.19. Mean and range of Peak frequency for /m/ by speaker across the entire

spectrum, &4

k Hz . Solid Ilines above and

bel ow

ranges within the Band by indicating maximum and minimum vallBeand 2 was
excluded, as notechi§5.1.4.2.

Means and ranges of Peak frequency across the four Bands for which data

were available (excluding Band 2) are displayed Rigure 5.19. Means were

relatively central witin Bands 1 and 5, and relatilyelow within Bands 3 and 4.

Ranges increased sharply in higher Bands, covering much of the frequency span of

Band 5 in particular, compared to the markedly narrow ranges of Band 1.
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The most notable individual cro€3and patterns were those exhibited by
speakers 14 and 17. Speaker 14 produced mean Peak frequencies amongst the
lowest in Bands 1 and 4, and amongst the highest in Bands 3, and 5. Speaker 17
was near the low extremes of both mean and range in Bands 3 and 5, in addition to

producing amongst thhighest means in Band 1 and the highest ranges in Band 4.

5.1.5Minimum frequency

Minimum frequency, detailed further ihapter 4 84.2.1.5 measureshe
frequency athe point of lowest amplitude within the spectidand specified. This
section presents analysis of the intrand interspeaker variability observed in

Minimum frequency of /m/.

5.1.5.1Minimum Band 1: G500 Hz

Similar to Peak in Band 2, data for Minimum in Barddwere unreliable and
therefore excluded from analysis. A large proportion of measurements were
reported to be 50 Hz from the upper and lower limits of the Band: 23 speakers had
maximum values at 450 Hz, while 24 had minimum values at 50 Hz. Four
individuals had a range of 0 Hz as all data were reported at either 50 Hz or 450 Hz,
as shown inFigure 5.20. These values did not correspond to visible minima in a

sample of the spectra, and so all Minimum data for 8drwere excluded.
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Figure5.20. Mean and range of Minimum frequency of /m/ in Band 1 by speaker,
in descending order of mean.

5.1.5.2Minimum Band 2: 5081000 Hz

In Band 2, means for Minimum frequencyy mostly in the upper half of
the spectrum, at 750 Hz or warblewethis t houg
point Therewas a good level of intespeaker variability in mean values as they
spamed 306 Hz from the lowest of 637 Hz to the highest of 943 Hz. Mean and
rangedata for Minimum in Band 2 are displayed Figure5.21.

There was an even greater difference between the two extremes in terms of
range than in terms of meafor Minimum in Band 2 The narrowestrange was
110 Hz (speaker 6), and theidest447 Hz (speaker 20), a difference of 337 Hz.
However, further inspection shows thereas relatively little inter-speaker
variability in range, as onlysevenindividuals had ranges under 300 Hz. The

remaining 23 rangesefl between 300 and 447 Hz. Thieight not be a particularly
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strong speaker discriminator, then, despite the degree of-ggeaker variability
found in mean values. As the spread of Mitum valueswasrelatively wide and
differed little between individials, rangedid not contribute to overall intespeaker

variability, but instead reswdd in a relativelyhigh level of intraspeaker variability.
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Figure5.21. Mean and range of Minimum frequency of /m/ Band 2 by speaker,
in descending order of mean.

ANOVA results indicatedthat Speaker was a highly significant factor for
Minimum in Band 2with a moderate~ratio (/~=5.290, p<.0001). Nonetheless,
10 speakers were found to have no significant pairs isfh@c comparisons. Four
speakers differed significantly from at least five other individuals: speakers 28, 29,

and 30 each had 12 significant pairs, while speaker 6 had eight.
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5.1.5.3Minimum Band 3: 12 kHz

Similar to Band 2, Minimum frequency means were fdulargely in the
upper half ofBand 3 with only one mean below 1500 Hz (speaker 14, on the far
right in Figure5.22). It could be hypothesised, then, that in the wider population,
few meanamight be expected bel 1500 Hz, and any that anmay be considered
distinctive. The lowest and highest means differed by 629 Hz (1B2®&7 Hz).
Three speakers at the extrem@d7 and 18 at the high end, 14 at the low ead
were very clearly separated from the rest of theww by mean values. As such,
there may begood potential for discrimination of individuals using Minimum in

Band 3 as a predictor of speakiéentity.
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Figure 5.22. Mean and range of Minimum frequency afi/ in Band 3 by speaker,
in descending order of mean.
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Although mean values were almost exclusively above 1500 Hz, ranges did
extend to covemuch of the Band. Several speakers had extremely wide ranges,
the highest being 973 Hz by speaker 28. Othersevemuch more consistent in
their productions, particularly speakers 7, 17, and w8o each had ranges of just
over 200 Hz. Theravasa relatively high degree of variation between speakers in
terms of range values, which suggesiisit range couldalso be mntributing to the
overall interspeaker variability.

Univariate  ANOVA results found Minimum in Band 3 to be highly
significant for the effects of Speaker, biltis predictoralso had one of the lowest
Fratios amongst the 21 variableg=52.700, p<.0001). Posthoc comparisons
revealedthat 14 of the 30 speakers had no significant pairs at all. The only
individuals with more than one significambmparisorwere the two at the extremes
in terms of mean: speaker14 and 17, with 13 and three significant par

respectively

5.1.5.4Minimum Band 4: 23 kHz
As in Band 3 Minimum frequency meanwere clearly concentrated in the
upper half of Band 4. Figure 5.23 showsthatonl y t hree speakersd me
below the midpoint ofhe Band Still, means variedighly between speakers, from
2468 Hz at the lowest to 2935 Hz at the highest, a difference of 467 Hz.
Many s peakeid sextendweal mejoev she @500 Hzpoint, even
though meansvere generally in the upper portion dhe Band. The widest range
observed was 976 Hzor speaker 18. This speaker also produced the lowest
individual measurement, at 2007 Hz, just above the loWeguencylimit of the

Band. The highest individuaWlinimum was produced by speaker 25 jast urder
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the upper limit of3000 Hz. Speaker 28lsohad one of thenarrowestrangesn the
distribution at just over 200 Hz. Severalthersproduced relativeljjow ranges of

around 200 Hz or less, including speaker 10 with the narrowesstjeof 113 Hz.
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Figure5.23. Mean and range of Minimum frequency of /m/ in Band 4 by speaker,
in descending order of mean.

Speaker was a highly significant factor for Mmum in Band 4, albeit with
a fairly low Fratio (/~3.949, p<.0001). Additionally, Gabriel poshoc tests
found that 13 of the 30 speakers were not significantly different from any others.
14 of the remaining speakers had between one and three significant comparisons, in
all cases with one or more of sagkers 18, 20, and 30. These three individuals were
the only ones with more than three significant pairs, having between 10 and 14

each. Perhaps unsurprisingly, speakers 18, 28,2hhad the three lowest means;
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they formed a distinct group separated fMnothe remaining 27 speakers by

approximately 100 Hz, as illustrated Figure5.23.

5.1.5.5Minimum Band 5: 34 kHz

Minimum frequencymeans weranuch more evenly distributed across the
spectrum in Band 5 than they were Bands 2, 3, and 4. Meanserespread across
739 Hz, from 3102Hz to 3841 Hz. There also appestto be several smaller
groups of speakers, separated by 50 Hz or more, within the whole datalsieh
can be seen ifrigure5.24.

The difference between the highest and lowest ranges (987 Hz and 278 Hz
by speakers 26 and 17 respectivelyps also substantial at 709 Hz. However,
rangewas not highly variable between speakers overall: 26 of the 30 speakers
produced walues spanning 700 Hz or more. This indicates a very high degree of
intra-speaker variability for this parameter, with range not contributing to the total
inter-speaker variability agper a number of the parameters discussed above. A
possible explanatiorior this wide variationmight be the nonlinear relationship
between the location of the first nasal antisonance and the second. As described
in Chapter 3 zeros are predicted to occur im/ at frequencies with a ratio aof:3,
with the first zero at approximately 100200 Hz Stevens, 1998 which would
fall within Band 3 This would result in the second zero occurring between
approximately 3000 and 3600 Hz, in Band 5. However, presuntimgt the
predicted 1:3 relatiogp holds, the high intraspeaker variability observed in
Minimum values in Band 3 may result in increased insgeaker variability in
Band 5 as well. In reality, some of the second nasal-esgbnances may occur at

even higher frequencies than the uppmit of 4 kHz in Band 5. It must be noted
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again that Minmum is not intended to be a measure of the zeros directly, but it is
expected to be heavily influenced by any zeros present irfréguency rangérom

which measurements are obtained.
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Figure 5.24. Mean and range of Minimum frequency of /m/ in Band 5 by speaker,
in descending order of mean.

In spite of thegenerally high degree ofintra-speaker variability, Speaker
was again a highly significarfactor for Minimum in Band 5 ((=5.130, p<.0001).
The relatively low ~ratio, in addition to the 12 speakers who had no significant
posthoc pairwise comparisonsuggests this parametaright not be a particularly
strong speaker discriminator. Of the raming 18 individuals, speaker 12, who
had the lowest mean and one of the lowest ranges, also had the highest number of
significant comparisong10). Speakers 8, 17, and 26 hagight significant pairs

each; speaker 5 had juséven Although speaker 5 ltha more extreme mean than
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speaker 26, he had fewer significant compar.

extremely wide range in addition to his relatively high mean.

5.1.5.6Global Minimum frequency
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Figure5.25. Mean and range of Minimum frequency for /m/ by speaker across the

entire spectrum, @ kHz. Solid lines above and below each marker line signify
speakersd ranges within the Band by indicat
Band 1 was excludedis note in 85.1.5.1.

A global view of Minimum frequency in the four available Bands
(excluding Band 1) is shown irFigure 5.25. Speaker 17 again had the most
notable crosBand pattern for Minimum as he did for COG arndeak. He
produced mean Minimum frequencies near the low extremes in Bands 2 and 4, and
near the high extremes in Bands 3 and 5; he also produced amongst the lowest

ranges in Bands 3 and 5, and amongst the highest in Band 4. Speaker 30 was also
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interestng in that he produced some of the highest means in Bands 2 and 3 and one
of the lowest in Band 4, in addition to one of the lowest ranges in Band 2 and one

of the highest in Band 4.

5.2 Dialect effects

The effect of Dialect on the 19 variables presented ahosxcluding
Minimum in Band 1 and Peak in Band %yas measured using the ngarametric
MannWhitney U test. This was selected as the Dialect sample sizes were
substantially different: the SSBE sample included 21 speakers and 227 tokens,
while the Leedssample contained nine speakers and a total of 116 tokens.
Parametric tests of significanddat are sensitive to unequal sample sizes are not

valid in this case.

Table5.2. MannWhitney U test findings for #ect of Dialect on acoustic features
of /m/. Bold text indicates results significant at the level .05.

Parameter | Band1 | Band2 |Band 3 | Band 4 | Band 5
NormDur .000

COG 713 .082 .011 .000 207

SD .003 .048 .385 .000 .001

Peak 752 - .002 .082 .362

Minimum - .000 .637 .001 .634

Results of the MamWhitney U tests are displayed imable 5.2; results
significant at the 5% level are indicated in bold. Ten of the 19 variables were
found to be significant for Diadct, though no single parameter was significant in all
five Bands, nor were all parameters in a single Band. However, it is unclear
whether the significant findings are actually the result of Dialect differences or if
they areat least partiallyattributéable to the highly significant Speaker effects noted
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in 85.1 The posthoc tests conducted following Speaker ANOVAs did not show a
disproportionate difference between speakers from the two dialect groups.
Significant pairwise comparisons were frequently found both within and between
dialects. Similarly, inspection of thdéigures in 85.1 found that speakers were
relatively well interspersed with each other, with nogyent clustering of either
dialect group. As a result, Dialeffects were not considerefdrther, and SSBE

and Leeds speakers were analysed togathére DA andLR teststhat follow.

5.3 Discriminant analysis

Direct discriminant analyses (DA) were comztad for the 19 available
acoustic parameters (excluding Minimum Band 1 and Peak Band 2), as well as a
number of combinations of these parameter®A methodology is described in
detail in Chapters 2 and.4Discriminantfunctions were first derived, fromvhich
the individual contribution of each predictor in a test could be interpret€doss
validated classificationwas then conductedvith each of the 19 individual
predictors and a number of combinations for a total of gHparate tests, givein
Table 5.3. The classification process assigned each case to its predicted group;
correct classification rates reportesh Table 5.3 indicate the percentage alases
that were asgned to the correcspeakergroup in each test. In this instance, each
6cased i s a sandegch 'group' & kreimdividual speakePredictor
combinationstestedincluded all four spectral parameters in each Baraingle-
B a n dnil pll five Bands for each parametér.g. COG Bands-b), both with and
without normalised duratian Six two-parametercombinations and hie eight
parameters with the highegtratios overall(as calculated in Speaker ANOVAs

were also tested.
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In DA, the number ofcases in the smallest group limits the number of
predictors permitted in the analys{see Chapter 4. In the present dataset, the
smallest group contained nine tokens of /m/; the number of predictors was therefore
limited to a maximum of eight. In some tests, several predictors had to be
eliminated as a result. For the given parameters each test combinatiorthe
predictorswith the highest/~ratios were included, up tthe maximum of eight

The predictors that were inatled in each test arsonotedin Table5.3 below.

Canonical Discriminant Functions
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Figure 5.26. Discriminant function plot for first two discriminant functions in the
@Best 8 FratioH test (CAG 1, 4, 5; SD 1, 3, 4; Peak 1, 4). Individual cases are
indicated by open coloured circles, and group centroids by filled blue squares.

Figure 5.26 displays discriminant scores on the first two discriminant
functions in the 8predictor test of the highest overafiratios: COGBands 1, 4 and
5; SD Bands 1, 3, andl; and PeakBands 1 and 4. Dark blue squarespresent

group centroids for each speaker. Theves a good level of separation between
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groups generallyand a few individualswvere quite well discriminatedoy one or

both of the functions. Speaker Mas separated from the rest of the group by the
first function and speaker 30 by both the first and second functions. In this test, the
first two functions acouned for a total of 49% of the variation. COG and Peak
made the largest contribution to discrimination, as structure coefficients ethow
that COG in Band 1 correlated with the first function, and COG and Peak in Band
4 both correlated with the secondrfction.

Table 5.3 displays all predictors and combinations tested, and results of
crossvalidated classification (chance=3.3%)Of all single-predictor tests, COG in
Band 1(with the highest~ratio overal) produced te highestclassification rate as
14% of cases were assigned to the correct speaker growhile this is not a
particularly high rate, single predictors are not expected to discriminate individuals
exceptionally well, as shown by the discriminant function plots\afyand noted in
§2.3.1.1 A singlefunction does not separate individual speakers very well, but the
addition of a second function corresponding to a second predictor improves
discrimination; the addition of Urther predictors is expectetb continue this
improvement.

In tests of all predictors within a single Band, Bandexcluding Minimum)
produced the highest classification rates both with and without normalised duration
(24% and 25% respectively), despitdnaving one fewer predictor than tests of
Bands 35. Band 4 produced the second highest rates in tests with and without
normalised duratiorwith 20% and 24% of cases bejrcorrectly classified. Band 2
excludingPeak was the least successbiithe single-Band tess$, while Bands 3 and

5 performed similarly
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Table 5.3. Crossvalidated classification rates for DA with-& predictors fo /m/
and 30 speakers; chanc&3%. Asterisks indicate testexcludingPeakBand 2 and

Minimum Band 1.

N % Classification
Parameter(s) Band(s) Band
Pred
1 | 2] 3] a]| s
NormDur - 1 8
COG 1-5 1 14 9 8 8 8
SD 1-5 1 10 7 10 7 8
Peak 1-5excl. 2 1 10 - 7 8 8
Minimum 2-5 1 - 7 10 5 6
SingleBand 1-5 34 25* 12* 13 24 13
Dur+ Band 1-5 4-5 24* 13* 17 20 17
COG 1-5 5 34
SD 1-5 5 30
Peak 1-5 excl. 2 4* 25
Min 2-5 4* 16
Dur+ COG 1-5 36
Dur+ SD 1-5 28
Dur+ Peak 1-5 excl. 2 5* 26
Dur+ Min 2-5 5% 18
COG+SD 1,3,4,5 8 53
COG+Peak 1,3,4,5 8 40
) COG 1, 3,4,5,
COGHMin i 8 39
Min 2, 3,4,5
SD+ Peak 1,3,4,5 8 41
) SD 1, 3, 4,5,
SD+Min ] 8 38
Min2,3,4,5
) Peak 1, 3, 4, 5,
Peak-Min ) 8 29
Min2,3,4,5
) C0OG1,4,5,
Best 8 ~ratios 8 49
SD1,3,4, Peakl,4

Classification rates in singiparameter testse(g. COG 15) were generail

better than in singlBand tests. COG performed best, achieving 34% correct
classification, improving to 36% with the addition of normalised duration. Peak

and Minimum, each with one predictor excluded, produced the lowest rates in
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singleparameter tds with and without normalised duration. Generally, the
addition of duration improved classificatioslightly, exceptfor the SD testwhere

classificationlowered from 30% to 28% when duration was included.

Individual Classification Rates
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Figure 5.27. Individual speaker classification rates for Best Bratios and
COG+SD.

Inthe8pr edi ctForatéo Bédstt est, correctatcl assi fic
49%. This combination of COG+SD+Peak appears promising for speaker
discrimination. However, the highest overall rate of classification was actually
achieved in theeightpredictor test of COG+SD Bands 1, 3, 4, and 5. In this test,
53% of cases were assigned to the corrggeaker groupin DA terms). Correct
classification ratesor all individual speakexin these two tests are given igure
5.27. A number of speakers were quite well discriminated: 21 speakers had at least

50% of tokens correctly classified in one or both tests. Only spedkéad no
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tokens correctly identified in the Best8ratios test. Six individuals had more than
80% correct classification in at least one test, including speaker 30 et 00%
of his tokens classified correctip the COG+SD test. Rates were equahithe two
tests for four individuals. For 17 others COG+SD produced better rates of

classification while the Best 8~ratios produced better resulfsr the final nine.

5.4 Likelihood ratio analysis

LRs were calculated for the same multigbeedictor comkmations tested in
the DA aboveto permit comparison of the results In each test, LRs were
calculated for 30 samspeaker (SS) and 420 differegpeaker (DS) comparisons
using an i mplementation of Ait,kaedinand
84.2.6.1 19 separate tests were conducted:df the 40 DA tests reported i85.3
plus a combination of all available predictors, and another of all spectral predictors
(excluding normalised duration). The predictorgluded in each test are given in
Table 5.4 asterisks indicate tests from which Minimum Band 1 and Peak Band 2
were excluded.

In the twoparameter tests, all five Bands could be included for each
parameter, as the number of predictegsot limited by tre smallest sample size in
LR analysesas itis in DA. Therefore, the COG+SD test, for example, included
10 predictors instead of eightTable 5.4 also shows the proportion of Ig@Rs
with a magnitude of £4 or higher for SS an®S comparisongin shades of blueg)
the proportion of false positives arfdlse negatives(in orange) equal error rates
(EERs in purple), and log likelihood ratio cos{C,, in red) for each test. Within
each column, white indicates the lowest valuwe the given measure, and darker

shades of each colour indicate progressively higher values.
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Table 5.4. Summary of LR performance for /m/ in 19 test combinations, showing
percentage of SS and DS comparisonelding log,l R s#d, percentage of false
positives and negatives, equal error rate (EER), @)d Asterisks indicate tests
where Minimum Band 1 and Peak Band 2 were excludEde darkest shade of

each colour indicates the highest value per column, with progressilighter
shades denoting lower values.

. 4 Log ,LR % | False Neg %| False Pos %
Predictor(s) EER % Clir
SS DS SS DS

Duration 0 0 83 19 !E
Band 1* 0 23 17 21 17 0.54
Band 2* 0 0 33 45 40 1.04
Band 3 0 2 17 38 23 0.74
Band 4 0 15 17 29 26 0.70
Bard 5 0 9 13 35 23 0.69
COG 7 38 10 15 13 0.51
SD 0 22 10 18 16 0.58
Peak* 0 36 13 13 13 0.57
Min* 0 0 23 44 33 0.84
COG+SD 13 56 13 10 13 0.48
COG+Peak* 3 40 3 16 13 0.38
COG+Min* 0 39 7 17 13 0.56
SD+Peak* 0 36 13 13 13 0.57
SD+Min* 0 23 13 18 16 0.68
Peak+Min* 0 12 3 28 20 0.57
All* 3 77 60 4 30 [1219 ]
All excl Dur* 3 74 53 4 24 7.25
Best 8 ~ratios 10 49 7 8 7 0.32

5.4.1+4 log ,,LRs

As noted inChapter 4 84.2.6.2 ideally a highproportion of SS and DS
tests would result in logL R's
though DS comparisons are generally expected to produce stronger evidence than
SS comparisons. In fact, only six of the 19 testanducted for /m/ generated SS
log,,LR scores of magnitude 4 or higher. COG+SD and the Besf8atios tests

had the highest proportions with 13% and 10%, respectively. Howewerests

over
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yielded DS scores of4 or lower. The highest percentages of s@wmnstituting
overy strongo evidendép iwedjed Adrk ddaixceldu dii |
dur atdoOG+5D,, and Best 8 Fratiod  t: &84, 84%, 56%, and 49%
respectively Singleparameter tests of COG and Peas well as several two
parameter comibiations, also producedelatively high proportionsof high-

magnitude logL Rs (36-40%y).

5.4.2False positives and false negatives

All tests had at least a small percentage of false positives fabse
negatives, as shown ihable5.4; the darkest shade of orange indicates the highest
rates of both, with lower rates marked by progressively lighter shaddse lowest
false positive rate was obtained in the test of all 19 predictors: just 4% of the 420
DS comparisons restdd in positive logLR values. The COG+SD and Best &
ratios tests produed relatively low rates as well. However, a number of other
predictor combinations yielded high proportions of false positives, in particular the
singleBand tests. In these test21:45% of DS comparisons resulted in positive
log,LR values, incorrectly indicatinghat the samples were produced by the same
speaker. With the exception of Minimum, singkparameter tests produced fewer
false positiveghan singleBand tests

Despie the small proportion of false positives, thdl-predictor and All
excluding Durationtess also producedrery high rates of false negatives (6% and
53% respectively, somewith extremely high magnitudes afp to-44 log,LR. A
similar discrepancy betaen SS and DS discrimination performance was found in
teds of normalised duration aloneln all three tests, discriminatiowas relatively

good in DS comparisons, but extremely poor in SS comparisolmsmost other
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tests, false negative rates wesabsantially lower, thelowestbeing between -J%

in the COG+Peak, COG+Min, Peak+Min, and Best 8 ~ratios tests.

5.4.3Equal error rate

EERs are also given iTable5.4. EER indicates the point at which the
false acceptamc rate equals the false rejection rate. In the present study, false
acceptance refers to DS pairs being accepted as SS pairs, and false rejection refers
to SS pairs being wrongly judged as DS pairs. A low EER, therefore, signifies a
low proportion of erors. The darkest shade of purple Table 5.4 indicates the
highest EER; dwer rates are marked by progressively lighter shadése highest
EER of 51% occurred in the singlpredictor test of normalised duration. Tests of
Band 2, Minimum, and All 19 predictors also produced fairly high EERs between
30% and 40%. Otherwise, rates waremparativelygood: six tests produced EERs
of 13%, most notably all oneand tweparameter tests involving COG. The lowest
overallwas 7% in theBest 8 ~ratios test. This can be identified in the Tippett plot

below (Figure5.28), at the point where the solid red and blue lines cross.

5.4.4L0g likelihood ratio cost

In Table 5.4, the darkest shade of red highlights the high&$f value
obtained in the 19 test combinations; lighter shadesknpeiogressively lower, thus
better,values(as the closeiC, is to 0, the better The highestC, values of 12.19
and 7.25 were obtained in the Afiredictor and All excludingDuration tests;
normalised duration and Band 2 tests also produckdvalues above 1 (1.25 and
1.04 respectively). On the surface these appear to indieateemely poor results.

However, these do obscure the good performance in DS comparisons in three of the
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tests: normalised duration, All predictors, and All excludibgiration. The vast
majority of errors in these three tests occurred in SS comparisofisn with
extremely high magnitudess noted aboveaesulting in extremely pooC, values.

The lowestC,, overall of 0.32 was obtained in the BestAratios test, in
line with the strong results observed in the three measures of LR performance
discused above. Relatively good results were also achieved in COG+SD and
COG+Peak tests, withC, values of 0.48 and 0.38 respectively. The remaining
tests produced fair results witld, values less than 1, though better values were

generally obtained in orexnd tweparameter tests than in singBand tests.

5.4.5Best performing tests

The predictor combinations that achieved the highest classification rates in
DA were also the best performing combinations in the LR analysis: COG+SD and
the Best 8 Fratios. In his case, all five Bands could be included for each of
COG+SD, as the number of predictors is not limited by the smallest sample size in
LR analyss. The COG+SD test, therefore, included 10 predictors. The Be#t 8
ratios test included the same predicandicated in85.3: COG Bands 1, 4, and 5;
SD Bands 1, 3, and 4; and Peak Bands 1 andHgure 5.28 displays log,LR
results for these two tests. The blue linesmgito the right indicate&SStest results,
and the red lines rising to the lefthe DS results. The Best 8~ratios test is
represented by solid lines and the COG+SD test by dashed lines. The farther
away from vertical the lines are, the stronger thedmrice overall, as a larger
proportion of tests will have scores beyond the +4 IggR threshold. In SS
comparisons, the Best Bratios test performed slightly better than COG+SD, in

that a lower rate of false negatives wabtained (7% versus 13%Additionally,
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the solid blue lingrepresenting the Best Bratios SStests)is slightly farther from
the vertical zero linghan the dashed blue line.isThis indicateshat LR values in
the Best 8 ~ratios SS comparisons were generally higher tiiha COG+SD
comparisonsgiving stronger support for the SS conclusion, though the propastion

of log,,LRs over the +4 thresholdweresimilar in each (10% versus 13%).

LRs for Best 8 F-ratios and COG+ED

(R —
ner —
07k —
=
(=]
£ 06 H - —
= Zero line
DE_ Best 8 DS
= 051 Best8 55 I
= ———C0G+30 D3
=
§ 0.4 H COG+8D 55 _
[}
D3k -
0.2k -

01F

-40 -3 -30 =25 =20 -15 -10 A 0 A 10
Log10 Likelihood Ratio

Figure 5.28. Tippett plot of logLR values in same and differentspeaker
comparisons for Best &ratios and COG+SD tests.

In DS comparisons, the Best/8ratios and COG+SD tests again performed
quite similarly, though in this case, COG+SD gave slightly stronger evidence.
56% of COG+SD comparisonssurpassed the4 loggL R 6évery strong evi d
threshold, compared to 49% of the Best8atios comparisons. For both, the false

positive rate was relatively low: 8% of Best Bratios and 10% of COG+SDDS
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pairs were incorrectly identified aSSpairs. EER, the point at which the blue and
red lines intersect ifFigure 5.28, was lowerin the Best 8F~ratiostest(7%) than in
the COG+SD test (13%), indicatinghat fewer errors were made when the eight
predictors vith the highest~ratios wereanalysed C, was also lower in the Best 8
Fratios test at 0.32ascompared to 0.48 in the COG+SD test. This reflects both
the lower proportion and the lower magnitude of the errors in the Be#tr8tios

test.

5.5 Chapter ammary

In this chapter, the intraand interspeaker variability observed in acoustic
features of /m/ was described in detail, along with results of significance testing for
the effects of both Speaker and Dialect. Speaker was found to be a highly
significant factor for all variables. The effect of Dialect was less claad was
ultimately not pursuedn the DA andLR analyss. DA and LR results showed a
number of promising predictors amongst the acoustic parameters measured for /m/.
Overall, the eightpredictors with the highesfratios (COG Bands 1, 4, and 5 +
SD Bands 1, 3, and 4 + Peak Bands 1 and &)d COG+SD appearedo be the
most promisingcombinationsfor the discrimination of speakers in both DA and

using aLR approach.
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Chapter 6Results: /n/

6.0 Overviav

This chapter examines the intrand interspeaker variability in acoustic
measures of /n/. The 21 acoustic variables selected for nasal consonant analysis are
discussed, and the effects of both Speaker and Dialect on these measures are
described. Rests of both discriminant analysis and likelihood ratio analysis are
then summarised, and the best performing predictor combinations with the greatest

speaker discrimination potential in each statistical analysis are illustrated in detail.

6.1 Intra- and interspeaker variability

This section explores the intrand interspeaker variability observed in the
21 acoustic variables measured for /n/. As@napter 5for /m/, these included
normalised duration and four spectral parameteneasured in each of five
frequency Bands: 600 Hz, 5001000 Hz, 2 kHz, 23 kHz, and 34 kHz. Data
for each are presented separately belowigures 6.16.24di spl ay i ndi vi dual
means and ranges of values for each variable, as well as a globakegpation of
each parameter across the whole spectrum frednkiz.

Univariate ANOVAs were conducted to measure the effect of Speaker
identity on each acoustic variable, and Hochberg fust tests identified
significant comparisons between individual spess. The Hochberg test was
employed as it is recommended in cases where sample sizes are very different
(Field, 2009:375). In the present dataset, individual speaker samples varied from

five to 13 tokens; as the largest sample was more than double iteeof the
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smallest, and all samples were relatively small, the Hochberg-lposttest was
deemed most appropriate. A summary of ANOVA results for all parameters is
provided in Table 6.1, with significant findingsindicated in bold. Empty cells
signify variables that were excluded from analysis as a result of unreliable data;

these are discussed in more detail in the relevant sections below.

Table 6.1. Results of unrariate ANOVAs for SpeakerN= 30) for each acoustic
feature of/n/ (x17). Bold text indicates significanpvalues at the level .05.

Parameter] Band 1 Band 2 ‘ Band 3 ‘ Band 4 ‘ Band 5
NormDur F~=1.137, p=.295
COG F~=10.416 | F~6.883 | =12.528 | =17.856 | F~=4.779
p<.0001 p<.0001 p<.0001 | p<.0001 p<.0001
SD F=12.024 | F=5.017 F~=3.812 | ~10.102 | ~4.371
p<.0001 p<.0001 p<.0001 p<.0001 p<.0001
F=4.396 F=7.555 F=6.430
Peak - -
p<.0001 p<.0001 p<.0001
. F=2.791 F=9.611 F=2.381
Minimum - -
p<.0001 p<.0001 p<.0001

6.1.1Normalised duation

Normalised duration of /n/, measured as a proportion of the local average
syllable duration (ASD), does not appear to be a promising speaker discriminator
on its own. Duration was the only variable for /n/ found not to be significant for
the effectof Speaker in univariate ANOVA results1.137, =.295). Hochberg
posthoc tests, conducted for full exploration of the data, also showed no significant
differences between any individuals. However, the data do provide an indication of
duration norms wthin the relevant populations. Deviations from these norms may
be informative and potentially quite useful for speaker comparison work.

It can be seen inFigure 6.1 that means were not particularly variable

betwea speakers; the distribution was relatively flat and concentrated close to 0.3,
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with two to three speakers at either end diverging from the main group. The
average across all speakers was .325. Range wasewhat more varied than
mean: peaker 17 produak normalised durations over a range of 0.728, i.e.

approximately 73% of his ASD, while the lowest range was 0.158, i.e.

approxi mately 16% of speaker 230s ASD.

produced ranges of between 0.3 and 0.5.

Normalised Duration

0.9
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0.2
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17 52519212714 2 1622261124201 7 308 9 4 101512131823 6 3 2928
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Figure 6.1. Mean and range of normalised /n/ durations by speaker, in descending
order of mean.

6.1.2Centre of gravity
In this section, data for centre of gravify the mean of the distribution of
energyod for /n/ are analysed iachof the five spectral Bands. Further discussion

of this parameter is provided i@hapter 484.2.1.2
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6.1.2.1COG Band 1: @600 Hz

Figure6.2di spl ays speakersd means and r
Hz separated the highest and lowest mean values, at 257 Hz and 144 Hz
respectively, nearly identical to the spread of mean values for COG of /m/ in Band
1 presented irChapter 5(85.1.2.1). Interestingly the five speakers with the lowest
means for /n/ inFigure 6.2 also had the five lowest mean COGlues for /m/.
Similarly, speakers 8, 16, and 19 were amongst those with the highest mean COG
values for both /m/ and /n/. Thisight be a result of individual differences in total
vocal tract length or nasal cavity volume. As Stevens suggests, thestavetural
frequency of the nasal tract and the frequency of pmdeo pairs in nasal
consonants, below approximately 1.3 kHz, is highly dependent on the volume of
the sinuses and the size of the sinus openjngéich may vary considerably
between individals (1998:189190).

Range also contributed to the overall ingyeaker variability in COG in
this frequency Band. Three speakers had rangesver 100 Hz, the highest being
149 Hz (speaker 28); the lowest observed range was just 18oHzpeaker 23.
Several others were also very consistent in their COG productions, as 12 of the 30
speakers had ranges$ under 50 Hz.

ANOVA results showedthat COG in Band 1 was highly significant for
Speaker, with the fourth highestratio overall for /n/ (/~=10.416, p<. 000J).
Posthoc tests revealed three speakers (20, 23, and 27) were significantly different
from one other individual; all others had at least two significant comparisons.
Speaker 30, who was clearly separated from the remaining speakers with the lowest
mean, was significantly different from all others except speakers 14 and 21.

Speakers 1, 12, and 14 each had between 10 and 18 significant pairwise
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comparisons. Importantly, though, multiple significant comparisons were found for
speakers throughout thdistribution, not only those at the extremes. Differences
were also found both within and between dialect groups, so that SSBE speakers had
significant comparisons with both Leeds speakers and other SSBE speakers, and

vice versa.
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Figure 6.2. Mean and range for COG of /n/ in Band 1 by speaker, in descending
order of mean.

6.1.2.2COG Band 2: 504000 Hz

In Band 2, interspeaker variation in mean COG increased from Band 1,
with 224 Hz separating the highest and lest values, as shown frigure6.3. The
slope from the highest mean at 797 Hz (speaker 20) to the lowest at 573 Hz
(speaker 15) was steeper than that in Band 1, showkigare6.2. The relationship

between means was also less linear, with relatively more separation between
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individuals particularly at the high end of the distribution. However, all but two of
the speakersd means were bel Bamd, thdugh Hz,

several maximum COG values did extend above this point.
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Figure 6.3. Mean and range for COG of /n/ in Band 2 by speaker, in descending
order of mean.

The lowest ranges in Band 2 were not emmow as those in Band 1, though
the overall spread of ranges was much higher. The lowest observed range in Band
2 was 59 Hz, and the highest 278 Hz, a difference of 219 Hz. Range values were
very evenly distributed, too: 14 speakers had ranges of2MDHz, eight of less
than 100 Hz, and eight of more than 200 Hz. This distribution of ranges may
contribute to the overall intespeaker variability in COG.

Speaker was a highly significant factor for COG in Band £6.883,

p<.0001); posthoc comparisonshowed one speaker (18) was not significantly
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different from any others, but the remaining 29 had a minimum of one significant
pair. The two individuals with the highest means (both SSBE) also had the most
significant pairs (speaker 5 had 19, and speak@had 22), with several speakers

from both dialect groups.

6.1.2.3COG Band 3: 12 kHz

At the same time ashe frequency span from which acoustic data were
measured increased from 500 Hz in the first two Bands to 1000 Hz in Band 3, the
spread of mean COG valueand ranges also increased. 439 Hz separated the
highest mean of 1609 Hz from the lowest of 1170 Hz. Amongst the speakers with
higher means, there were two small groups of three and six individuals separated
slightly from the remaining speakers by appnotely 5060 Hz, which can be
seen inFigure6.4.

Some degree of intes peaker variability was

ranges in addition to their mean COGs. Ranges varied from 102 Hz (speaker 28) to

53dHz(peaker 2), a difference of 432 Hz.

fairly well: seven speakers had ranges of less than 200 Hz, 14 of betweeBM®D0
Hz, five of 300400 Hz, and 4 of 400 Hz or more.

ANOVA results showed COG in Band 3 to be highlygsificant for Speaker
with the second highestratio of all 21 variables ££12.528, p<.0001). At least
two significant pairs per speaker were found in pbst comparisons, while 14 of
the 30 speakers had a minimum of 10 significant pairs. With the ésgjhmean,
speaker 26 was significantly different from 20 others, followed by speakers 19 and
27, with 18 and 17 significant differences, respectively. It is worth noting that, in

addition to speakers with means at the extremes, those nearer the midtie of
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distribution differed significantly from several others as well. As a result of this
relatively high degree of speaker specificity, COG in Band 3 was predicted to

contribute strongly to discrimination in the analyses presentediB 8nd6.4.
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Figure 6.4. Mean and range for COG of /n/ in Band 3 by speaker, in descending
order of mean.

6.1.2.4COG Band 4: 23 kHz

Figure 6.5 displays mean and range data for COG in Band 4. ANOVA
results showed this variable to be highly significant for Speaker, with the highest
ratio of all the acoustic measures analysed for /A£X7.856, p<.0001). The
highest (2668 Hz) and lowest (2241 Hz) means differed by 427 Which is
comparable to the difference found in Band 3. The distribution of means was

centred near the midpoint of the Band (average across all speakers was 2481 Hz).
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The spread of nages found in Band 4 was much higher than in Band 3. 503
Hz separated the highest and lowest ranges. 23 of 30 were between 100 and 300
Hz, while six speakers produced ranges of 300 Hz or more. However, speakers 11
and 17 stood out most clearly. Speaker produced COG values over a range of
588 Hz, the widest observed in this Band. Speaker 17, on the other hand, produced

the narrowest range of 85 Hz, the only one less than 100 Hz.
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Figure 6.5. Mean andrange for COG of /n/ in Band 4 by speaker, in descending
order of mean.

Each speaker had a minimum of three significant gast comparisons, and
two-thirds had at least 10 significant pairs. Speaker 6, with the lowest mean and a
relatively narrow rangehad the highest number of significant pairs with 25, while
speakers 12, 14, and 20 also had2®significant pairs each. As in Band 3, it is

important to note that speakers throughout the distribution in terms of mean had
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multiple significant differencg; it is not only the speakers at the extremes who
differed from each other. In particular, speaker 11 (with the highest range) had
eight significant pairs, despite being very near the centre of the distribution of
means. Significant differences were alsvenly spread between the two dialect
groups, so that there was no disproportionate difference between SSBE and Leeds

speakers. Differences were found both within and across groups.

6.1.2.5COG Band 5: 4 kHz

Speaker means for COG in Band 5 were again centreghly around the
middle of the Band, as shown iRigure 6.6. Means varied from 3239 Hz (speaker
20) to 3694 Hz (speaker 16), a difference of 455 Hz. Several smaller, distinct
clusters of means each separatgdalpproximately 250 Hz can be seen iRigure
6.6, in particular the lowest mean and the three highest.

Although the difference between the highest and lowest ranges (505 Hz)
was very similar to that found in Band, ranges were generally higher overall in
Band 5. The lowest was 180 Hz (speaker 4), the highest 685 Hz (speaker 3).
Whereas the majority of ranges were between-B00 Hz in Band 4, only 11 of
the 30 were less than 300 Hz in Band 5. While meaight have contributed a
high degree of intespeaker variability, the generally wide ranges which varied
little between speakers suggest that COG in Bandhight not be a particularly
strong speaker discriminator. This is supported by the l&wnatio found inthe
ANOVA results, although Speaker was still found to be a highly significant factor
(F4.779, p<.0001). Posthoc tests revealethat eight of the 30 speakers were
not significantly different from any others; the remaining 22 had a minimum of one

significant comparison. The majority had fewer than five significant differences,
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however. The only individuals with more than five were those at the extremes:

speakers 1, 16, and 2@ho each differed significantly from-Q2 others.
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Figure 6.6. Mean and range for COG of /n/ in Band 5 by speaker, in descending
order of mean.

6.1.2.6Global centre of gravity
An overall view of COG of /n/ is provided inFigure 6.7, showing
indvidual sd means and ranges in each of the
low within each of Bands 1, 2, and 3, and relatively central in Bands 4 and 5.
Ranges were fairly narrow in all Bands, though slightly wider in Band 5, between
3-4 kHz. The most otable crosBand patterns belonged to speakers 13, 16, and
20. Speaker 13 produced mean COGs near the low extremes in Bands 3 and 4 and
near the high extreme in Band 5. He also produced some of the widest ranges in

Bands 1, 2, and 5, and one of the rmaxest in Band 4. Speaker 16 produced
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ranges amongst the widest in Bands 2 and 4, and one of the lowest in Band 3. His

Band 1 and 5 means were also some of the highest, while his Band 4 mean was

amongst the lowest. Additionally, speaker 20 produced tighdst mean COG in

Bands 2 and 4, amongst the lowest in Bands 3 and 5, along with some of the lowest

ranges in Bands 3 and 4.
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Figure 6.7. Mean and range of COG for /n/ by speaker across the entire spectrum
04 kHz.
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The SD data presented below are given as a measure of the spread of energy

around the centre ofrgvity in each frequency Band, for each token of /n/. SD as a

parameter is discussed further@hapter 4 84.2.1.3 Mean and range of SD values

produced by each s@aker are presented below.
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6.1.3.1SD Band 1: 8500 Hz

Means and ranges for SD in Band 1 are displayedFigure 6.8 below.
Means were spread across 67 Hz, from the highest@f Hz to the lowest of 40
Hz. There was a broadly linear relationship between means within the main group
of speakers, although the three individuals at the high extreme and two at the low
extreme were clearly separated from this main group. These $pweakers are
expected to achieve the highest rates of discrimination with the present variable as

a predictor of identity.
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Figure6.8. Mean and range of SD of /n/ in Band 1 by speaker, in descending order
of mean.

A number of speakers were remarkably consistent in their acoustic patterns
for SD: five speakers had ranges of less than 20 Hz, including speaker 10 with the

lowest overall range of 13 Hz (in addition to speakers 9, 11, 16, and 27). Although
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COG values in Band 1 did vary, SD (the spread of energy around the COG) for
realisations of /n/ remained relatively constant, for these five individuals in
particular. Even the highest range of 65 Hz, by speaker 17, sugtfestspeakers
in general were gite consistentwith respect toSD in the lowest Band. This low
intra-speaker variability is desirable in a FSC context, especially in conjunction
with the relatively high level of intesspeaker variabilityn mean SD values.

ANOVA results showed Speakeras a highly significant factor for SD in
Band 1, with the third highesEratio overall (<=12.024, p<.0001). At least two
significant differences per speaker were found in paost comparisons, though
most speakers had four to five. However, four indiwvads had at least 20
significant pairs (speakers 5, 6, 16, and 24). Notably, speaker 16, who had the
lowest mean and a range of less than 20 Hz, was significantly different from all

others except speaker 12.

6.1.3.2SD Band 2: 5001000 Hz

SD in Band 2 showed aincrease in the frequency and spread of mean
values, displayed ifrigure 6.9, from those found in Band 1. Means varied from 89
Hz (speaker 16) to 175 Hz (speaker 6), a difference of 86 Hz. Although there were
no individuals clearly separated from the rest as in Band 1, the spread of means
may still indicate a relatively high level of intespeaker variability.

Ranges were also more variable than those observed in Band 1. In this
case, six speakers produced rangdsless than 50 Hz; the lowest was 32 Hz
produced by speaker 19. The highest was 128 Hz (speaker 15), nearly double the
highest SD range found in Band 1. Ranges were fairly evenly distributed, however.

In addition to the six under 50 Hz, seven speakamsduced ranges of over 100 Hz,
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with the remaining 17 between 50 and 100 Hz. Although the level of ispreaker
variability appears to be higher than in Band 1, both mean and range in Band 2

may be contributing to the overall intespeaker variation irsD.
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Figure6.9. Mean and range of SD of /n/ in Band 2 by speaker, in descending order
of mean.

Speaker was found to be a highly significant factor for SD in Band 2
(F5.017, p<.0001), though poshoc tess revealedthat 10 speakers were not
significantly different from any others. The remaining 20 had at least one
significant comparison, but only three individuals differed significantly from more
than five others (speakers 6, 7, and 9). Speaker 6 (whbtha highest mean and
second highest range) had timghest number ofsignificant pairs(16), equally
divided between SSBE and Leeds speakers. SD in Bamight be somewhat less

speakesspecific than in Band 1, but the intspeaker variability observednd the
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significance of the factor Speaker do suggésat SD mightstill contribute to

discrimination, perhaps in combination with additional acoustic variables.

6.1.3.3SD Band 3: 122 kHz

Figure6.10d i s pl ay s meansarsdkanges @ SD in Band 3. The
spread of means increased again from that found in Band 2: the highest (298 Hz by
speaker 23) and lowest means (144 Hz by speaker 22) were separated by 154 Hz.
Speakers 13 and 22, with the lowest means on the fgintrof the graph, were

separated slightly from the remaining speakers by approximately 25 Hz.
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Figure 6.10. Mean and range of SD of /n/ in Band 3 by speaker, in descending
order of mean.

A wider spread ofanges was found in Band 3 than for SD in Bands 1 and 2

discussed above. 195 Hz separated the highest range (246 Hz, speaker 13) from the
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lowest range (51 Hz, speaker 17). As in the lower Bands, ranges were fairly evenly
distributed: six ranges weref less than 100 Hz, while four weref over 200 Hz,
and the remaining 2@ere between 10200 Hz. This concentration between 100
200 Hz, howevermight mean that range does not contribute greatly to the overall
level of interspeaker variability for this mesare.

Despite being highly significant for Speakef3.812, p<.0001), posthoc
tests for SD in Band 3 found that 18 of the 30 speakers had no significant
comparisons. 10 of the remaining 12 speakers had one to three significant
differences each; only spkers 13 and 22 had more (six and nine significant
comparisons, respectively). As a result, SD in Band 3 appears not to be a

particularly promising speaker discriminator.

6.1.3.4SD Band 4: 23 kHz

SD means in Band 4 were spread across 170 Hz, from the low 5fHDto
the high of 275 Hz, the largest difference between extreme mean values for SD in
all five Bands. Means were well distributed across this frequency range, with four
somewhatdistinct groups visible inFigure 6.11. Small groups of five and two
individuals respectively on the far left of the figure, and a group of five on the far
right, can be seen, in addition to the main group in the centre; each group is
separated from adjacent ones by approximateh3@M™z.

A good degree of intespeaker variation was found in range as well. 184
Hz separated the high of 234 Hz (speaker 9), and the low of 50 Hz (speaker 19).
Only two individuals had ranges over 200 Hz, however, whilehb2l ranges ofess
than 100 Hz, ad 16 between 10@00 Hz. Along with mean SD values, this may

indeed make an important contribution to intgveaker variability, as several
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speakers had relatively narrow ranges, and fewer were concentrated between 100
200 Hz than in Band 3.

ANOVA results showed SD in Band 4 was also highly significant for
Speaker, and had the fifth highes#tratio overall (<=10.102, p<.0001). One
individual (speaker 27) had no significant pdgic comparisons, though all others
had at least one. The speakers with thevést mean (15) and the four highest
means (3, 7, 23, and 30) had the most significant comparisons, with between 12
and 20 each. Speakers 7 and 30 were each significantly different from 20 other

individuals throughout the distribution and across both aibggoups.
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Figure 6.11. Mean and range of SD of /n/ in Band 4 by speaker, in descending
order of mean.
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6.1.3.5SD Band 5: 34 kHz

Figure6.12di s pl ay s s p edcdranges 106SD nmethee fifh Bamd.
The highest and lowest means (294 Hz and 148 Hz respectively) differed by 146
Hz; however, the differences between individuals appeared to be slightly larger
amongst those with lower means, on the far right of the feguhan those with
higher means. In addition to the slight gap between speakers 13 and 7, the two
speakers with the lowest means (1 and 14) were separated from the remaining

individuals andfrom each other by approximately 25 Hz.
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Figure 6.12 Mean and range of SD of /n/ in Band 5 by speaker, in descending
order of mean.

The difference between the highest and lowest ranges was comparatively
high at 221 Hz: speaker 20 produced the widest range of 268 Hidle wheakers 22

and 29 both produced quite narrow ranges of 47 Hz. These extremes would appear
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to indicate a good level of intespeaker variation in range, but in fact, most of
those in between were quite si mileanr .
100-200 Hz; just four had rangesf under 100 Hz, and twof over 200 Hz. Such
similarity amongst the majority of the sampiaight actually reduce intespeaker
variability overall.

Although Speaker was found to be a highly significant factor, SD an& 5

had one of the lowest overak-ratios ((4.371, p<.0001). Posthoc comparisons

also showed that 11 of 30 speakers had no significant differences; the remaining 19
had at least one. Speakers 1 and 14, with the two lowest means, had the highest

numter of significant comparisons, with 17 and 11 respectively. Nonetheless, as in

Band 2, SD in Band 5 did show a degree of speayszcificity that might

contribute to discriminationin combination with other variables.

6.1.3.6 Global standard deviation
S p e a kmean $SD values for all five Bands are displayedFigure 6.13.

Similar to the findings for /m/ Chapter 5 85.1.3.9, SD meansin Bands 1 and 2

were generally lowest, Bands 3 and 5 were comparatively high and fairly similar,

while Band 4 was closer to Band 2 for many speakers. On the whole, Bands 3, 4,

and 5 displayed the highest level of irtgpeaker variability in mean.The two

24

mo st i nteresting individuals were speake

amongst the lowest in Bands 1 and 5 and the highest in Band 2, while his ranges in
Bands 1 and 4 were also amongst the highest in those Bands. Speaker 30 was

notable ashe produced means at or near the high extreme in Bands 3, 4, and 5, as

well as ranges near the low extreme in all Bands except Band 2.
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Global Standard Deviation - /n/
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Figure6.13. Mean SD of /n/ by speaker across the entire spectrushkéiz.

6.1.4Peak frequency

This section presents analysis of the intend interspeaker variability in
Peak frequency of /n/. Peak frequency was measured at the point of maximum
amplitude within the frequency Band; additional details are giverCimapter 4

84.2.1.4

6.1.4.1Peak Band 1: 400 Hz

Mean Peak values in Band 1 varied over 142 Hz, from 144 Hz (speaker 30)
to 286 Hz (speaker 17). It is predicted that the speakéertha extremes will be
discriminated best by this variable. Otherwise, the majority of speakers were fairly
close in terms of mean, often with very little separation between individuals, as can

be seen irFigure6.14.
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Figure 6.14. Mean and range of Peak frequency of /n/ in Band 1 by speaker, in
descending order of mean.

Rangemight be making a greater contribution than mean to the overall
inter-speaker variabilityin Peak in Band 1. Ranges varied from just 15 Hz
(speaker 16) to 284 Hz (speaker 28), a difference of 269 Hz. Compared to the
difference between extreme mean values for the present variable, the difference
between extreme ranges was quite high. Addisitly, more than half the speakers
(17 of 30) produced ranges of less than 100 Hz, including two with extremely
narrow ranges of 125 Hz. Another three had ranges of more than 200 Hz, and
the remaining 10 were between 1200 Hz.

Speaker was a highly smficant factor for Peak in Band 1, although a
similarly low Fratio to that for SD in Band 5 was obtained=<4.396, p<.0001).

The majority of speakers had one to two significant plest pairwise comparisons;

three individuals had more than two signifittapairs, while four were found not to
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be significantly different from any others. As predicted, it was speakers 1, 17, and
30 at the extremes in terms of mean who had the highest number of significant
pairs: 6, 11, and 15, respectively. Despite this,jgtimportant to note that 26
speakers were significantly different from at least one other. Therefore, in
combination with other variables, the intepeaker variability present in Peak

measures in Band thight still contribute to the discrimination ohidividuals.

6.1.4.2Peak Band 2: 504000 Hz

Mean and range data obtained for Peak in Band 2 are showigure6.15.
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Figure 6.15. Mean and range of Peak frequency /of in Band 2 by speaker, in
descending order of mean.

As was the case for the same variable for imChapter 5 datafor many of

the speakers were not reliable. As shown in the figure, the majority of speakers
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had minimumvalues of 550 Hz, including four individuals for whom all tokens
were measured at this frequency (giving them a range of 0 Hz). Manual inspection
showed clearly visible peaks across the spectrum; however, many of the
measurements returned Braardid not correspond to these observed peaks. As a
result, Peak in Band 2 was excluded from all statistical analyses, though the data

are shown here for completeness.

6.1.4.3Peak Band 3: 2 kHz

For Peak in Band 3, there appeared to be good separation between
individual means, as shown iRigure 6.16. Means were spread over 639 Hz, from
1064 Hz to 1703 Hz, though there was slightly more separation amongst the higher
means (on the left of the figure) than the lower ones. Thedpweans were still
somewhat spread apart and a small group of three speakers distinct from the main
group can be seen at the low extreme.

The extreme values for range differed by 749 Hz from the lowest of 137 Hz
(speaker 30) to the highest of 886 Hz (skea3). In total, three speakers produced
ranges of less than 200 Hz, and two of over 800 Hz, while the remaining ranges
were relatively evenly distributed across each of the 100 Hz regions in between (i.e.
200-300 Hz, 300400 Hz, etc). As a result, thenter-speaker variability in range
might be contributing well to the overall intespeaker variability for this feature.

Peak in Band 3 may be predicted to be a fairly strong speaker discriminator
in the statistical analyses in68 and 6.4 ANOVA results revealedhat Speaker
showed a highly significant main effect, with a relatively highratio (/=7.555,
p<.0001), suggesting a good degree of speakpecificity. Although four speakers

were found not to differ significantly from any others in pdsbc comparisons, the
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remaining 26 had at least one significant difference. Additionally, 16 of the 30
speakers had a minimum of five significant comparisons. Five ofs¢hd6
individuals (speakers 3, 6, 19, 26, and 27 who had the five highest means) each had
at least 10 significant pairs. Interestingly, this includes the individual with the
highest range (3) and one with a relatively low range (19), suggedtiag low
intraspeaker variability mightnot always be necessary in order to achieve

successful speaker discrimination.
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Figure 6.16. Mean and range of Peak frequency of /n/ in Band 3 by speaker, in
descending ordesf mean.

6.1.4.4Peak Band 4: B kHz
Mean Peak values at the extremes in Band 4 were separated by 482 Hz, less
than in Band 3, but avide spreadhonetheless. As shown iRigure 6.17, between

the low of 2255 Hz and theigh of 2737 Hz, means were distributed fairly evenly
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with several small groups distinguishable throughout the distribution, each
separated by approximateBb-50 Hz.

The disparity between the highest and lowest ranges in Band 4 was even
higher than thatdund in Band 3. 765 Hz separated the extreme ranges of 157 Hz
(speaker 6) and 922 Hz (speaker 11). As in Band 3, range values were quite evenly
distributed: three speakers produced ranges of less than 200 Hz, three to six
speakers had ranges in each b&t100Hz regions up to 800 Hz, and three had
ranges higher than 800 Hz. This wide variation and even distribution may suggest
a good degree of speakspecificity and good discrimination potential, similar to

Peak in Band 3.
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Figure 6.17. Mean and range of Peak frequency of /n/ in Band 4 by speaker, in
descending order of mean.
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Speaker was a highly significant factor for Peak in Band 4, with a

moderately high~ratio (/~=6.430, p<.0001). Posthoc compariens revealedhat

eight speakers had no significant differendesmn other speakerdhough all others

had at least one. Three speakers had at least 10 significant pairs, including speaker
12 with the highest mean and a relatively low range, who diffefiean 12 other
individuals. Importantly, though, 10 speake¥sncluding some nearer the middle

of the distribution in terms of mean (e.g. speakers 2, 3, and d3yere each
significantly different from six to seven others. This indicates that it is ndydhe
speakers at the extremes who differ, but also those who produced Peak frequencies
near the mean for the entire data set, whitiight point towards strong speaker

discrimination performance in statistical testing.

6.1.4.5Peak Band 5: 3 kHz

Figure 6.18 displaysmean and range data for Peak in Band 5. As in Band
2, Peak measurements in this frequency Band were inaccurate for many speakers,
so this variable was also excluded from all statistical analyses, thoughritluded
here for completeness. Speaker 24's data in particular were highly problematic, as
all of his tokens were measured at 3050 Hz. Others had minimum Peak
frequencies measured at 3050 Hz and maximum values at 3950 Hz, out of line with

actual peks visible in the spectra.
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Figure 6.18 Mean and range of Peak frequency of /n/ in Band 5 by speaker, in
descending order of mean.

6.1.4.6G/obal Peak frequency

Figure 6.19 displays mean and range data by speaker for Peak frequency
across the entire spectrum, froradOkHz, excluding Bands 2 and 5. Peak in Band
1 was noticeably less variable than in Bands 3 and 4, and was fairly central within
the frequency Band. Peak watso relatively centred within Band 4, and mostly in
the lower half of Band 3.

A number of notable crosBand patterns were apparent for Peak. Speaker
19 produced amongst the highest means in Bands 1 and 3, and amongst the lowest
in Band 4, while speake20 did the opposite: his means were near the low extreme
in Bands 1 and 3, and the high extreme in Band 4. Speaker 19 also produced
amongst the highest and lowest ranges in Bands 1 and 3 respectively, and speaker

20 amongst the lowest in the same Ban@peakers 26 and 30 both produced some

229



of the lowest means in Band 1, and amongst the highgstdker26) and lowest
(speaker30) in Band 3; speaker 26 also had one of the lowest mean Peak

frequencies in Band 4.
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Figure6.19. Mean and range of Peak frequency for /n/ by speaker across the entire

spectrum,® kHz. Solid |lines above and bel ow eacl
ranges within the Band by indicating maximum and minimum valu@eak in

Bands 2 ad 5 were excludegas noted in §6.1.4.2 and 86.1.4.5.

6.1.5Minimum frequency

This section presents analysis of the intend interspeaker variability in
Minimum frequency of /n/, measured at the point of lowest amplitude within the
spectral Band specified Further details of this parameter are given@tapter 4

8§4.2.1.5
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6.1.5.1Minimum Band 1: G500 Hz

Minimum in Band 1 was also excluded from all statistical analysesibut
again included here for completeness. A large proportion of the data was
guestionable, as many of the measurements returne@ragivere either 50 Hz or
450 Hz, as shown ifrigure6.20. Seven of the 30 speakerecorded data solely at
frequencies of 450 Hz or 50 Hz. Mo st
between these two frequencies only. As a result, the data were deemed unreliable

and excluded from further analysis.
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Figure 6.20. Mean and range of Minimum frequency of /n/ in Band 1 by speaker,
in descending order of mean.

6.1.5.2Minimum Band 2: 5081000 Hz
Though it is perhaps less evident froRigure 6.21 than from Figure 6.20,

data for Minimum in Band 2 were also problematic for many speakers. 18% of all
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tokens, from 16 different speakers, were measured at 950 Hz despite not
corresponding to an actual peak at this frequeimcthe spectrum following manual

inspection. As in Band 1, as well as Bands 2 and 5 for Peak frequency, such a high
proportion of erroneous data rendered this variable unreliable and therefore not

suitable for inclusion in any further statistical analysis
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Figure 6.21. Mean and range of Minimum frequency of /n/ in Band 2 by speaker,
in descending order of mean.

6.1.5.3Minimum Band 3: 12 kHz

Means for Minimum frequency in Band 3 shown kigure6.22 were widely
variable, spread over 605 Hz. The lowest mean observed was 1266rt$peaker
19; speaker 28 produced the highest mean at 1870 Hz, approximately 100 Hz

higher than the nexhighest A number of small groups caibe distinguished
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throughout the rest of the distribution, with gaps of approximately580 Hz

between speakers 18 and 8, 23 and 26, and 3 and 25.
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Figure 6.22. Mean and range of Minimum frequency of /n/ Band 3 by speaker,
in descending order of mean.

The lowest rangefor speaker 24, was 234 Hz, while the highest was 942
Hz for speaker 3. Despite this disparity between extreme values for range; intra
speaker variability in Minimum frequencies in Bandvas quite high for most
individuals. Only six speakers produced ranges of less than 500 Hz. As a result,
ranges appear unlikely to contribute to overall inggreaker differences for the
present variable, as they are too consistently high across theritgagd speakers.
Although the spread of means is promising, the irgpeaker variability contributed
by mean valuesmight be obscured by the wide ranges employed by many

individuals. If ranges were similar across individuals but generally narrow, the
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inclusion ofthis variable as a predictor mightprove discrimination. However,
generally wide ranges mean that speakers with very different means still overlap
greatly, reducing the overall potential contributiohrangeto discrimination.

Speaker wasdund to be highly significant for Minimum in Band 3, but
with one of the lowest overall ~ratios (~=2.791, p<.0001). Posthoc
comparisons showethat 24 of the 30 speakers had no significant differences.
Speaker 28, with the highest mean and a relatiely range, was significantly
different from four others, and speaker 2 from two others. The four remaining
speakers with one significant comparison each were speakers 3, 12, 19, and 27.
Despite the significant effect of Speaker, the wide variation exédb by the
majority of speakers and few differences between individuals in-posttesting
suggestthat Minimum in Band 3might not be a promising speaker discriminator,

perhaps even in combination with other predictor variables.

6.1.5.4Minimum Band 4: 23 kHz

For Minimum in Band 4, means were again spread across a wide frequency
range of 857 Hz, as shown iRigure6.23. Means extended from 2098 Hz (speaker
24) to 2955 Hz (speaker 5), covering most of the frequencynspithe Band.
There was patrticularly good separation between individuals in the lower half of the
distribution, amongst the speakers on the right side of the figure. Several
individuals and small groups were separated from adjacent speakers by
approximaely 50-120 Hz.

The ranges of Minimum frequencies produced by individual speakers varied
widely, from 25 Hz (speaker 5) to 968 Hz (speaker 12), a difference of 943 Hz.

There did not appear to be a very even distribution of ranges, however: a small
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numberof speakers had very narrow ranges (seven under 200 Hz), while many had
very wide ranges (17 over 600 Hz), with few in between. Interestingly, though, 11
speakers never produced values below 2500 Hz, the midpoint of the Band, and two

speakers never abovkis point.
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Figure 6.23. Mean and range of Minimum frequency of /n/ in Band 4 by speaker,
in descending order of mean.

ANOVA results showedhat Minimum in Band 4 was highly significant for
Speaker, witha relatively high~ratio (/9.611, p<.0001). Posthoc comparisons
showedthat only speaker 23 was not significantly different from any others, and
the remaining 29 speakers had at least two significant comparisons. Six individuals
had a minimum of 10 gnificant pairs, including speakers 12 and 24 who had 20
each. Significant comparisons occurred both within and across dialect groups for

all but one speaker (8, whose significant differences were only within the SSBE
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group). These ANOVA results suggestat Minimum in Band 4 is potentially a

good speaker discriminator, perhaps best in combination with additional predictors.

6.1.5.5Minimum Band 5: 34 kHz

Minimum in Band 5 was quite similar to Band 3, and did not appear to be a
particularly promising speaker stiriminator despite a wide distribution of means
and a significant effect of Speaker. Means and ranges for Band 5 are shown in
Figure 6.24. Means were relatively evenly spread across 574 Hz, from 3243 Hz
(speakerl) to 3817 Hz (speaker 22), with slightly more separation between the

lowest three means than within the main group.
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Figure 6.24. Mean and range of Minimum frequency of /n/ in Band 5 by speaker,
in desceding order of mean.
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Ranges were consistently wide and very similar across the majority of
speakers, however. The lowest range was 316 Hz (speaker 20), one of only three
under 500 Hz. The remaining 27 varied from 501 Hz to the highest range of 948
Hz (speaker 4). As in Band 3, these consistently wide rangaght obscure
differences between speakers with otherwise disparate means, hindering
discrimination.

As stated above, Speaker was a highly significant factor for Minimum in
Band 5, albeit with the semnd lowest~ratio overall ((2.381, p<.0001). Post
hoc tests showethat 24 of the 30 speakers had no significant comparisons with
any other individuals. The only significant differences were between speaker 1

(with the lowest mean and second highestga) and speakers 2, 7, 18, 22, and 28.

6.1.5.6 G/lobal Minimum frequency

In Figure 6.25, means and ranges for Minimum in Bands 3, 4, and 5 are
displayed to provide a global view of this parameter across the spectrum. Bands 1
and 2 are rcluded for the reasons noted i58.5.1and &.1.5.2above. Minimum
ranges in Bands-3 were relatively high overall, though Band 4 ranges appear most
variable between speakers, as a number dividuals can be seen to have quite
narrow ranges. In all three Bands, Minimum data covered most of the frequency
range, with slight concentration in the upper half of each.

Speakers 24 and 28 had interesting crBssd patterns. Speaker 24
produced thehird highest mean in Band 3, the lowest mean in Band 4, and low
ranges in both. Speaker 28 notably produced amongst the highest means and
lowest ranges in Bands 3 and 5, in addition to one of the lowest means and highest

ranges in Band 4.

237



Global Minimum Frequency - /n/
4000

3500 A NN KA e £ A

AT

Minimum {Hz)
[}
Q
Q
<]

1500 - — e T

1000

500

Speaker

1234567 8 9101112131415161718192021222324252627282930

Band 3
=i Band 4

Band 5

Figure 6.25. Mean and range of Minimum frequency for /n/ by speaker across the
entire spectrum, @ kHz. Solid lines above and below each marker line signify
speakersd ranges within the

Bands 1 and 2 were excludeas noted in §.1.5.1and $.1.5.2

6.2 Dialect effects

Bhanm vhlueb. y

The effect ofDialect on all parameters was tested using the Méimtney

U test for nonparametric dataas sample sizes were unequal (21 speakers and 206

tokens for SSBE, 9 speakers and 62 tokens for Leeds). As described above, four of

the 21 predictors were excluded (Peak 2 and 5, Minimum 1 and 2) because of

unreliable data. Of the remaining 17 predi&pf.1 were not significant for Dialect,

while six were. Mann-Whitney U testresults are given imable6.2.

As was the case with /m/ i€hapter 5 despite the statistical significanae,

is not entirely clear whether the effect is actually due to crdsdectal variation in

acoustic productions, or a result of the highly significant Speaker effects observed

for all 16 variables tested. Inspection of the distribution of speakers ftloentwo
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dialect groups irFigures 6.16.24 shows neither group was disproportionately high
or low when compared with the other in terms of mean values. Speakers of the two
dialects were not grouped distinctly either. The nine Leeds speakers were
relativdy evenly interspersed with the SSBE speakers for all variables, including
those found to be significant for Dialect (COG in Bands 4 and 5, SD in 2 and 5,
Peak in 4, and Minimum in } Posthoc comparisons in Speaker ANO\8Alid not
reveal disproportioate differences between SSBE and Leeds speakers either.
Speakers regularly had significardifferences both within and across dialect
groups. It is suspected that strong individual speaker differences are contributing
greatly to the significance of Dialedbr some parameters.This warrants further
exploration in future research, to clarify the role of Dialect; however, in light of the
observations noted here, Dialect was not pursued any further in analysis of /n/ in

the present study.

Table 6.2. MannWhitney U test findings for effect of Dialect on acoustic features
of /n/. Bold text indicates results significant at the level .05.

Parameter | Band 1 ‘ Band 2 ‘ Band 3 ‘ Band 4 ’ Band 5
NormDur .364

COG .400 115 .665 .000 .027
SD .353 .000 .076 172 .000
Peak 724 - 497 .020 -
Minimum - - 742 .036 125

6.3 Discriminant analysis

DA was conductean /n/ acoustic dataas describedn Chapter 4 Peak in
Bands 2 and 5, and Mimum in Bands 1 and 2, were excluded frddA testing for
the reasonsnoted in .1 Normalised duratiorwas also not tested, as it was not
found to be significant for Speaker, and was thus not predicted to contribute to
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spealer discrimination. In addition, two speakers were excluded from the DA
testing data, although they were retained for the discussion of-irgral inter
speaker variability in86.1. Data for speakers 19 and A®ne from each dialect
group) were reliable and worth including ianalysisof the distributions for each
variable, but these two individuals produced five tokens of /n/ eacaking them

the smallest samples in the dataset. This would have limited Do predictors,

as the number of predictors in a single test must be less than the smallest sample
size. However, with speakers 19 and 23 excluded, the next smallest sample was six
tokens, which allowed a maximum of five predictors; this permitted tegstof
combinations of all five Bands for a single parameter (e.g. GCBands 15).

These exclusions resulted in a total of 28 speakers (20 for SSBE, eight for
Leeds) and 16 predictors available for analysis. Each predictor was tested
individually and in a mmber of combinations, for a total of 31 separate DA tests.
As in Chapter 5in combinations where the total number of predictors exceeded the
maximum of five, ~ratios for Speaker reported ifable6.1 were used to select the
five predictors to be included. In twparameter combinations, at least two
predictors from each parameter were selected to enthadests would not consist
entirely of predictors from just one of the parametersTable 6.3 gives the
predictors included in each of the 31 tests, along with ciealgdated classification
rates. The same Band and parameter combinations were tested as for /m/ in
Chapter 5 with the exception of thos¢hat includednormalised duration. The
O0BesAr a3 i osd test w a Pparameter €OG+80adombinationt h e
(COGin Bands 1, 3, and 4, SD in Bands 1 and 4), as indicatelhinie 6.3.

Discriminant functions were derived for each test, allowing interpretation of

the contribution to discrimination of each predictor.Figure 6.26 displays
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discriminant scores on the first two functions for thed 5 ~ratios test. The dark

blue squares indicate group centroids for individual speakers; the vertical and
horizontal spread of these centroids suggests there is a relatively high degree of
separation between speakers with good contributions from thet ftwo
discriminant functions. Speakers 6 on the far left and 12, 18, and 20 on the far
right were separated quite well from the remaining speakers by the first function,
which was strongly correlated with COG in Band 4. The second discriminant
function separated speaker 30 from the main group, and also separated speakers 12,
18, 20, and 21 from each other fairly well. COG in Band 1 and SD in Band 4 had
relatively strong correlations with the second function, although both were more
strongly and signitantly correlated with the fifth discriminant function. In total,

the first two functions accounted for approximately 55% of the variation.

Canconical Discriminant Functions
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Figure 6.26. Discriminant function plot showing the first two istriminant
functions for the Spredictor COG+SD/Best 5F~ratios test. Individual cases and
group centroids are shown.
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Crossvalidated classification rates for all DA tests are givenTiable 6.3;
chance level wa approximately 3.6%. Of the 16 singfgedictor tests, the highest
classification rate was achieved by SD in Band 1, as 17% of cases were assigned to
the correct speaker group. Several predictors produced very low classification
rates, below 10%, partidarly SD in Band 5 and Minimum in Band,3which
achieved just 5% correct classification each, only just above the level of chance.
This is not unexpected, though, given the lof#ratios obtained for these two
predictors, and that a single predictor is likely to produce a high level of
discrimination on its own.

Classification generally improved in multipleredictor tests. 27% of cases
were classified correctly in the Band 1 test despite having fewer predictors than
other singleBand tests, as Minimunmwas excluded. Band 4with all four
predictorg performed fairly well too, with 23% correct classification. Bands 2 and
5 each had one to two predictors excluded and consequently produced relatively
low classification rates.

The singleparameter test rets were also split: COG and SD produced
good results, with 42% and 28% correct classification respectively, but Peak and
Minimum were not as successful in discriminating speakers. However, these two
tests did have two fewer predictors than the fimeedctor COG and SD tests.

COG with Bands 15 in fact achieved the second highest classification rate overall.
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Table 6.3. Crossvalidated classification rates for DA with-& predictors fo /n/
and 28 speakershance=3.6%. Asterisks indicate tests from which Peak in Bands
2 and 5 and Minimum in Bands 1 and 2 were excluded.

Parameter(s) Band N Pred | % Classification
COG 1 1 13
2 1 10
3 1 9
4 1 14
5 1 8
SD 1 1 17
2 1 7
3 1 10
4 1 9
5 1 5
Peak 1 1 11
3 1 7
4 1 8
Minimum 3 1 5
4 1 11
5 1 7
Band 1 excl. Min 3* 27
2 excl. Peak, Min 2% 12
3 4 16
4 4 23
5 excl. Peak 3* 12
COG 1thru5 5 42
SD 1thru5 5 28
Peak 1,34 3* 15
Min 3thrub 3* 10
COG + SD (Best 5 Fratios) C0G1,3,4,SD1,4 5 45
COG + Peak COG 1, 3, 4, Peak 3, 4 5 35
COG + Min CO0G1,3,4,Min 3,4 5 32
SD + Peak SD 1, 2,4, Peak 3,4 5 31
SD + Min SD1,2,4,Min3,4 5 30
Peak + Min Peak 1, 3, 4, Min 3, 4 5 19

The best performing combinains generally were the twparameter tests.

All but Peak+Min achieved between 30% and 45% correct classification, well
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above chance level, particularly considering the fpredictor limit. The highest
overall rate of 45% was obtained in the Best/ratos/COG+SD test; this is
similar to the DA results for /m/ presented i@hapter 5where the two highest
classification rates overall were produced by the COG+SD and BesEi@&tios
tests. Higher rategnight be achieved for /n/with increased token numbers
allowing the inclusion of morepredictors, as demonstrated by the eigheédictor
DA results for /m/ which reached 53% correct classification. Although 45% might
not appearto be a remarkable result, it should be noted fokr RA results that
classification is not necessarily expected to reach 100% when so many speakers are
included and a small number of predictors is usedWith 30 speakers and a
maximum of five predictors, the rates achieved for /n/ simply serve to highligét
most promising predictor combinations for speaker discrimination.

Individual crossvalidated classification rates for the two highest scoring
tests were generally quite good-igure 6.27 showscorrect classitation rates for
individual speakers in the tests of BestFratios and CO@Bands 15. For 16 of
the 30 speakers, at least 50% of tokens were correctly classified in one or both
tests. Six of these 16 individuals reached at least 80%, including three w
achieved 100% classification in at least one of tlests. For 11 speakers, COG
Bands 15 produced better classification than the BestFBatios test. For 12
speakers, higher rates were achieved in the Be&iratios test, while results of the
two tests were equal for the remaining five individuals. Only speaker 11 had no
tokens correctly classified with either combination of predictors. On the other
hand, speaker 30 was extremely well discriminated from the group, being the only
speaker to achiev&00% classification in both tests. Inspection of the errors (not

shown) revealedthat four tokens were incorrectly agpied to speaker 30 in the
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COG Bands 15 test, and hewas selected incorrectly only once in the Bestb
ratios test. This indicates ery high level of discrimination, as not only were all
of speaker 3006s tokens <correctly <cl assi

individuals.

Individual Classification Rates
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Figure®6.27. Individual crossvalidated classification tas in the Best 5~ratios test
(COG in Bands 1, 3, and 4 + SD in Bands 1 and 4) and COG Banels fbr /n/,
with 28 speakers (chance=3.6%).

6.4 Likelihood ratio analysis

LR analysis was conducted as describecCimapter 4 Peak h Bands 2 and
5, and Minimum in Bands 1 and, 2vere againexcluded. Normalised duration was
also not tested as it was found not to be significarfor the effect of Speaker.
Additionally, all data for speakers 19 and 23 were exclugeda result of small

sample sizesas in the DA above. Although this reduced the size of the reference
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sample, it allowed for consistency between the DA and LR analyses. The
exclusion of these two speakers, with just five tokens each, increased the smallest
sample size toig tokens. The smallest samples coultherefore be divided evenly

to create the two separate samptequiredfor comparison.

Table 6.4. Summary of LR performance for /n/ in 17 test combinations, showing
percentage of samspeaker (SS) and differespeaker (DS) comparisons yielding
log, L R s#9, percentage of false positives and negatives, equal error rates (EER),
and C,. Asterisks indicate tests from which Peak in Bands 2 and 5, and Minimum
in Bands 1 ad 2 were excluded.

) +4 LoglOLR % | False Neg %| False Pos %| EER
Predictors Cir
SS DS SS DS %

Band 1* 0 17 18 27 21 0.70
Band 2* 0 2 21 41 29 0.87
Band 3 0 11 29 33 29 0.77
Band 4 0 27 18 21 19 0.65
Band 5* 0 2 57 16 860 098 |
COG 4 39 25 12 14 0.50
SD 0 18 29 24 25 0.66
Peak* 0 8 18 29 25 0.75
Min* 0 7 57 17 82 o9 |
COG+SD 4 61 36 7 18 1.45
COG+Peak* 0 46 25 8 11 0.47
COG+Min* 0 46 29 11 14 0.55
SD+Peak* 0 33 32 15 18 0.61
SD+Min* 0 34 29 12 18 0.66
Peak+Min* 0 18 39 14 25 0.86
All* 14 73 50 10 24
Best 5~ratios 4 46 14 11 14 0.47

28 samespeaker (SS) comparisons and 364 differgpeéaker (DS)
comparisons were performed. Individual Bands and parameters were tested as well
as combinations of two parametges in the DA above, for total of 17 tests. For
two-parameter combinations, however, all available predictors were included as LR
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analysis is not limited by sample sizas DA is. A separate Best 5ratios test was
also conducted, as in this case the COG+SD test included fdlgtors instead of
the five tested in the DA. Finally, all available predictors were combined in a
single test. Table 6.4 provides a summary of LR results for all 17 tests, showing
the proportion of SS and DSomparisons withog,LR s ¢ o r+d, sa@s of false

positives and negatives, equal error rates, ajyddetailed inChapter 4 84.2.6.9.

6.4.1+4 log ,LRs

The proportion oflog,LR scores at or beyond the +4 threshold providas
indication of the strength of the evidence obtained in the LR analffsisfurther
details, seeChapter 4 84.2.6.9. The All-predictor test achieved the highes
proportion of both SS and DSomparisong14% and 73% respectively) aboyer
below) this threshold, equalent to a raw LR score of 1000 in support of either
hypothesis. In DS comparisons, the Best5atios, COG+SD, COG+Peak, and
COG+Min all achieved very high rates as well, up to 61%. In SS comparisons,
COG, COG+SD, and the Best F~ratios tests were the only additial tests with
scores above the4 threshold. These SS results are not unexpected, however. DS
pairs are expected to achieve higlsmores overall than SS pairs, teere is a limit
to how similar speakermay be, though the degree to which they may differ can be

greater

6.4.2False positives and false negatives
The false negative column ihable 6.4 indicates the percentage of SS pairs
that were wrongly identified as DS pairsse. thosewith a negativdog, LR value @

raw LR of less than 1). The darkest shade of orange indicates the highest false
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