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companion perceptual study, [3]). All words had frequencies of
ABSTRACT less than 50 per million (mean 4.41 in [4]), and frequency was
) ) ) ) ~_ matched in each pair. Syllable onsets wereWl/, /pl/, Igl/, K1/,
This study investigates durational and spectral variation /. fsl/: vowels wereil, i/, leil, leal, el lel, lail, 131, fa, I/,
syllable-onset /I/s dependent on voicing in the coda. 1560 pa}g, Ioul, Iul.

of (C)IVC monosyllables differing in the voicing of the final
stop were read by 4 British English speakers. Onset /Il wgs o Speakers
longer before voiced than voiceless codas, and darker (for 3
speakers) as measured by F2 frequency and spectral centrdloé 4 subjects were all native speakers of British English, with
gravity. Differences due to other variables (lexical statusyon-rhotic accentshbught to exhibit systematic spectral and
isolation/carrier context, syllable onset, vowel quality andurational variations in onset/d. S1, the second author, a
regional accent) are outlined. It isoposed that coda voicing is woman in her 40s, has lived in several different regions of
a feature associated with the whole syllable, phoneticallgngland and the USA. For this experiment she maintained an
implemented as a variety of properties spread throughout thecent reasonably described as Educated Northern British, with
syllabic domain. Implications for word recognition are outlined.clear initial 1/. S2-S4 were males aged mid-20s to early 30s. S2
is mildly RP with Manchester attributes including dark initial
1. INTRODUCTION /l/. S3 has a strong northeastern (Yorkshar&dent with fairly
. dark initial A/. S4 has a strong regionatcent from the north
It is well knoyvn that syliables hz_ave longer vowels when thewvest (St. Helens, Lancashire). His is the only accent of the four
codas are voiced rather than voiceless. Recent work [1] Sho%srealise the contrast in darkness between onset /I/s and /r/s in
that syllablg-onsgt /i7:and other sonoranFs can also be Iongerﬂq?e opposite way to that of most Engliabcents: a relatively
syllables with voiced c_odas co_mp_areq with voiceless codas. Vggrker onset /I/ than /r/. All except S4 have some phonetic
asked how general this new finding is, and whether syStemaﬂ‘%&ining, and all except S1 were naive as to the purpose of the

spectral differences accompany durational differences in on%%dy. All were eachers or students at Cambridge University.
/I conditioned by the voicing of the coda. Impressionistically,

onset /l/s seem darker before voiced than voiceless codasz'r:g' Procedure

many accents of English, but this could be an illusion since

synthetic (intervocalic) /I/s sound darker when they are longeThe recordings were made in a sound-treated room using high-
even when there is no spectral difference [2]. A contrast in &uality equipment. Each speaker read the monosyllables in
onset segment caused by coda voicing has implications fieindom order, five times in isolation, and five times in a carrier

linguistic and psycholinguistic models, as developed below. phrase. The carrier phraeut up a ... above 3lwas designed

. . . . . . to minimize potential lingual coarticulatory interactions between
Although regionalaccent is not our main concern, it prowdes;< P 9 ry

additional interest. Accents of English maintain a (:Iear/darhe critical monosyliable and the flanking sounds. The material

. Lo be read appeared on a computer screen in front of the subject
contrast with onset liquids (/I r/), but whereas most have clear 9 : pp -omp : ject,
one item or item-plus-carrier at a time. Speakers were told to

and dark /r/, others have dark /Il and clear /r/. Conceivablg eak naturally, but to keep the rate, f0 contour, and stress

then, voiced codas may condition relatively darker onset /I/s i cady throughout the recording. (Nuclemcent was orall.)

”?OSt accents but clearer /l/s |n.others. So, whereas [1] use@gch utterance was low-pass filtered, digitized at 16 kHz SR,
single speaker of General American, we used 4 speakers chose

to represent 4 accents of Northern Englamaught to exhibit and its v_vavefor_m dlspla_lyed n real time on a Silicon G_raphlcs
" . . workstation. This, and listening, allowed us to ask for disfluent
coda-conditioned spectral differences in onset /I/.

or otherwise unsatisfactory items to be repeated immediately.
2. METHOD

2.4. Segmentation criteria

2.1. Material The data were segmented by hand from waveforms and wide-
Th . | il isted of . ¢ IOV and spectrograms. For each item, we marked the onskt of /
e experimental material consisted of 39 pairs of /(C) he start of its periodic part (where this was different from its

monosyllables differing in the voicing of the final stop (voice bnset, as when clustered with a voiceless obstruent#)gand

for_ onehmem_be:jof thebpair and voiéelel_sshfor tze other). l;or % offset. Criteria for defining /I/ onset depended on the syllable
pairs, the voiced member was an English word (eag)) an onset, as follows. Singld//preceded by a vowel (i.e. in the

the voiceless membe_r a non-_wotda([), while the reverse was carrier): the abrupt fall in overall intensity and formant
true for the other pairs. (Lexical status was manipulated for a



frequencies. Singld//in isolated items: the start of periodicity. 3.2. F1 frequency
Stop+l/ clusters: stop release burst. ki [clusters: an abrupt
decrease in intensity of aperiodic noise and change in spectfa - - -

: . : . . . speaker voiced coda voiceless coda diff.
shape, sometimes immediately after a high-amplitude transient:

In /fl/ clusters: typically, an abrupt increase in noise intensity 1 g;g g;g _10
and associated spectral changes. For all items, /I/ offset was at 3 315 301 6
an abrupt rise in formant amplitudes and, usually, frequencies. 4 306 313 7

3. RESULTS Table 3: Mean F1 frequency (Hz) of onsét in voiced-coda

. . . Gand voiceless-coda monosyllables, &ach S. “Diff” column
Preliminary analyses showed no differences in any measure dye

: N . . dS ows differences between contexts v(voieaiceless coda).
to lexical status, confirming our impression that the non-words

were read fluently. The vowels were grouped into 4 classes as in ) ) o
Table 1, except that S1's//was classed as low/back-or-central. F1 frequency was measured at the mid-point of the periodic part
of /l/ usingxwaves'automatic formant tracker with 49-ms and

100-ms windows. The value from the 49-ms window was used

Vowel category Vowels when the difference between the two measures was less than 50
high/front i, 1, letl, fat/ Hz and both measures fell between 200 Hz and 1000 Hz.
low/front lel Jea]. ll Measures which did not meet these criteria (22%) were

discarded. Table 3 gives the mean frequency of F1 in voiced-
coda and voiceless-coda monosyllables. Vowel and Syllable-
back/rounded o, loul, Iul, Inf onset ANOVAs confirmed that the small differences in F1

low/back-or-central 9, la/

Table 1: Vowel categories used in the statistical analyses frequency dependent on coda voicing were not significant.

3.3. F2frequency

3.1. Duration

Durations of ¥/ were analysed for each speaker (S) separately, Speaker voiced coda voiceless coda diff.

using two repeated-measures ANOVAs, the vowel ANOVA and 1 1534 1536 -2

the syllable-onset ANOVA. Independent variables (IVs) in the 2 1292 1306 -14

vowel ANOVA were context (with or without carrier), vowel 3 1002 1033 =31

category (as in Table 1), and coda voicing (voiced or voiceless). 4 1112 1108 +4

IVs in the syllable-onset ANOVA were context, syllable onsetT
and coda voicing. Vowel Category and Syllable Onset could nof o'° e
be part of the same ANOVA because our corpus did not have &ld Voiceless-coda monosyllables, &ach S. “Diff” column
possible syllable-onset x vowel category combinations. In aﬁhows differences between contexts (voicaaiceless coda).

ANOVAs, the monosyllabic pairs were a random factor.

ble 4: Mean F2 frequency (Hz) of onsét in voiced-coda

F2 frequency was interpreted as indicating degree of darkness. It
was measured as described in 83.2, except that the

speaker voiced coda voiceless coda diff. automatically-tracked frequency was rejected if either value
1 90.3 85.9 +4.4 from the two window sizes was more than 1800 Hz. For the
2 78.8 74.6 +4.2 33% of cases that did not meet the measurement criteria, F2
3 78.4 74.2 +4.2 frequency was measured manually from DFT spectra
4 86.8 83.0 +3.8 supplemented by LPC spectra and spectrograms. Thus we had a

complete set of measures for F2 frequency. Table 4 shows the

Table 2: Mean duration (ms) of onself in voiced-coda and mean F2 frequency at the midpoint of the voiced pait.of /

voiceless-coda monosyllables, feach S. Rightmost column
shows differences between contexts (voieaaiceless coda).  For S1-3, /I/ was slightly darker in voiced-coda syllables than
voiceless-coda syllables, the difference being significant for S2

Table 2 shows that, as expected, the mean duration of dhseffd S3. (S2: vowel ANOVA, F(1,35) = 6.788, 9 0.02;
was longer before voiced codas than before voiceless ones. Fifiable-onset ANOVA, F(1,32) = 8.129,90.01. S3: vowel
mean difference was small, but highly significant in botd"NOVA, F(1,35) = 36.658, p 0.001; syllable-onset ANOVA,

ANOVAs, and independent of all other IVs (except for & (1:32) =39.965, g 0.001). For S2 the syllable onset affected
significant interaction with syllable onset for S3). the magnitude of the difference slightly (Syllable Onset x Coda

Voicing (F(6,32) = 2.536, g 0.05). S1's data included some
As expected,l/ was longer for monosyllables in isolation thanlarge differences between voiced-voiceless pairs, but there was
the carrier phrase (p < 0.001 in both ANOVAs for S1, S3, & S4nore variability than in the other Ss’ speech, reflected in bigger
and in the syllable-onset ANOVA for S2<u01). The duration standard deviations and only a nonsignificant trend for F2 to be
of /I/ depended on syllable onset € 0.001 for each S), lower in voiced-coda contexts than in voiceless-coda contexts. It
interacting strongly with context for S1, S2, and S4 (p001). s interesting that S4's difference is in the opposite direction,



albeit nonsignificantly. Since hiaccent isunusual in having Conversely, S4’s distinction seems to develop gradually from
relatively darker /I/ than /r/ onsets, his realisation of codahe beginning of the vowel. These findings agree well with [5]'s
conditioned differences in darkness amongst onset /l/s may alsgpothesis that spectral differences associated with stop voicing
be the opposite to that of mastcents of English. affect the precedingosorant+vowel sequence unevenly, and

may be confined to a specific temporal region of this sequence.
3.4. Spectral centre of gravity

Slater and Coleman [5] found that temporal differences in tl
acoustic structure of a syllable as a function of coda voicing ¢
not uniform throughout the syllable. They used dynamic tin 1050
warping to compare pairs of monosyllabic words differing in th '§

voicing of the final stop. For each of a number of acoust~

parameters, they identified a region of maximal expansion 81000
each voiced-coda word, relative to its voiceless-coda pet
Accordingly, we asked whether spectral differences in our ded
are confined to the onset /I/, or extend into the following vowe ©

voiceless

950 .
Vo voiced
The spectral centre of gravity (COG) was computed at 3 plac

the mid-point of the voiced part of /I/, /I offset, and 40 ms afte 900 : : :

/I offset (roughly at the end of the /I/-to-V transition). Tc 100 . 0 ) 100 200

calculate the COG, a DFT spectrum (49-ms Hanning windcw time (ms, re: /i offset)

centred at the specified place) wameerted into an auditory _ . .

excitation pattern ([6], programmed by Zheng et al. [7]). ThEigure 1: Mean spectral ce_ntre qf gravity dgrlng onset _/I/ and
COG was computed from this excitation pattern in the range 5§2Wel. for monosyllables with voiced (dark line) and voiceless
3500 Hz. COG was used instead of F2 frequeremabise COG (light line) codas. Data for S3, averaged over all items, aligned
can be derived entirely automatically, whereas F2 needs man@hf!/ offset.

checking (see 8§3.3), which is impractical for large datasets.

A lower COG within a voiced-voiceless pair was interpreted as

reflecting darker /l/s and vowels. Table 5 shows the mean

difference in the COG frequency between voiced-coda and 4. DISCUSSION

voiceless-coda syllables at each of the three places. Differenaggs study confirms other findings that onset /I/ differs in length

that were S|gn|f|cant (g 0.05) in both vowel and syllable-onset 5,4 darkness depending on the voicing of the syllable coda [1],

ANOVAs are in bold. and that the changes are not evenly distributed, but localized to
a particular region of the sonorant+vowel sequence [5]. It

extends these observations from American English to four

Speaker voiced /I/ /\f offset  onsetof V accents of British English (albeit one speaker each), and shows
mid-point stable part that the details of the distinction can differ with regional accent.
1 =7 -4 -3 The general pattern is for onset /l/s to be relatively long and
2 -13 +1 +2 dark when the coda of the same syllable is voiced, and relatively
2 ‘1‘(‘) '+24 Ii short and light when the coda is voiceless. For other accents,

other patterns may hold. In this study, S4’s /I/s were longer but

Table 5 Mean differences in COG (Hz) between voiced- anglightly clearer before voiced codas, and the significant spectral
voiceless-coda syllables at three places in the syllable. NegatRifferences appeared during the vowel rather than in onset /I/.

differences mean COG was lower when the coda was voiced. The spectral differences show that the impression of darkness

does not arise only because the /l/osder (contra [2]). It has
Table 5 shows that at the mid-point of voic#dthe COG was peen argued, [8], that the main cause of the correlation between
significantly lower in frequency in voiced-coda syllables than igjarkness and duration fapost-vocalic /I/ is coarticulatory
voiceless-coda syllables for S1-S3. In contrast, S4 had R@dershoot: when /I/ is short, the tongue has less time to take up
difference in COG at the midpoint of the /I/, but a small positivg more extreme position. This explanation does not account for
difference appeared by the end of /I/, which achieved wear data, for there seems no reason to assume coarticulatory
statistical significance 40 ms into the vowel. These opposinghdershoot in onséis that are clearly spoken in citation form.
trends are consistent with our data on F2 frequency; they
provide further evidence that, for most speakers, onset /I/s drBe properties we have identified are in noreeet segments.
darker in syllables ending in a voiced coda as opposed tolfathe onset properties were articulatorily and acoustically
voiceless one. Table 5 also suggests that, for S1-S3, differentitsdependent of the coda properties, then this case would be
in COG dependent on coda voicing are essentially restricted@gite different from better-known instances of nomadjt
the medial part of onset// and fade away in the transition influences, such as vowel-to-vowel coarticulation or spread of

between I/ and the following vowel as shown in Fig. 1.lip-rounding, in which essential attributes spread. Such an
outcome would have far-reaching theoretical implications.IThus



it is worth considering whether these onset properties areflecting centre of gravity in the mid-frequency range (cf.
independent of the physical adjustments needed to produmguments for brightness as a dimension of vowel quality [10]).

voiced and voiceless obstruents i.e. that they do not result from . developed further i q ib d .
anticipatory coarticulation of an essential attribute of the cada, OUr view, developed further in [3], describes word recognition

in terms of activation and decay of excitation. It assumes words
The articulatory independence of the durational adjustments acah be recognised from relatively weak auditory information
coda voicing seems indisputable. There is more room for doutpread across more than one acoustic-phonetic segment, as long
with the spectral adjustments. For example, whereas velarisatias it is consistent [cf. 11, 12]. The non-segmental view is also
seems to be articulatorily independent of coda voicingsompatible with the stronger claim that the initial contact phase
manoeuvres to enlarge the oral cavity need not be. On balanek|exical accessnivolves matching the spch signal, analysed
enlargment of the oral cavity to anticipate coda voicing seeni3o auditory streams but otherwise unsegmented, with words in
unlikely: changes in larynx height or jaw height in anticipatiorihe lexicon which, for initial contact, are themselves unanalysed
of coda voicing should affect F1 frequency, but no differencegatterns of auditory streams.

e e e, et We hnk Seasan et for i
fortis/lenis is arguably an enhancing rather than an essential
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