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ABSTRACT recordings were made at Queen Margaret College, Edinburgh
(QMC), using the Carstens AG100 Articulograph (sampling rate
This study explores the production of long-domain coarticulatory 500 Hz) and Reading EPG system (sampling rate 200 Hz). The
patterns associated with English /I/ and /r/ by investigating theaudio signal was recorded using a Shure 849 electret microphone
extent and nature of differences in articulation and acoustics. Adirectly connected to a SoundBlaster analogue-to-digital
speaker of Southern British English was recorded usingconverter in a PC and digitised with 16 bit resolution at 16kHz.
simultaneous EPG and EMA. Six I/r minimal word pairs were The audio, EPG and EMA signals are synchronised to within the
recorded in a frame sentence. Strong local coarticulatory effect$ ms accuracy imposed by the EPG sampling rate. A second
were found in the vowels atjent to the liquid. Non-local audio recording was made with an Audio Technica AT803B
anticipatory differences insFlip and tongue position were found electret lapel microphone attached to the helmet worn by the
in vowels not adjacent to the liquid, with loweg, Fnore lip subject, an Alice Mic-Amp-Pack 2 preamplifier and a Sony
rounding and backer and higher tongue position preceding an /r[DTC690 DAT player. This recording was used for the
Non-local perseverative differences proved more elusive. EPGsubsequent acoustic analysis; all acoustic interpretation of
data showed significant differences in contact patterns forarticulatory data is based on the synchronised recordings made

consonants up to two syllables before the liquid. using the PC, including the first audio recording, as the quality of
that recording was more than adequate to identify acoustic
1. INTRODUCTION landmarks.

Three EMA coils were placed on the subject's tongue
English /Il and /r/ have secondary articulations, whose (approximately 1 cm, 3.5 cm and 5.5 cm back from the tip) and
coarticulatory effects have been claimed to have temporal extenbne each on the upper lip, lower lip and the gum beneath the
longer than the phonological foot [5]. These patterns of long-lower incisors. Reference coils were placed on the bridge of the
domain coarticulation, largely manifested i Bnd R, are nose and the gum above the upper incisors. A plastic T-bar was
perceptually available to listeners [13]. Whilst claims about theused to approximate the subject's occlusal plane, and to
articulatory settings of long-domain patterns have been madedetermine a co-ordinate system in which to situate the EMA data
little articulatory study has been undertaken. Studies of long-[14]. 7 repeats of each utterance were obtained and analysed.
distance coarticulation have been primarily acoustic [6, 8], Immediate post-processing of the EMA data was done at
although some articulatory results have been reported [10]. ThiQMC by Alan Wrench. The reference coil positions were
study explores the production of long-domain coarticulatory smoothed by filtering, and the data was corrected for head
patterns associated with English /I/ and /r/ by investigating themovement. The post-processed data was rotated so that the x axis
extent and nature of differences in articulation and acousticswas parallel to the subject’s occlusal plane, with the origin of the
using electromagnetic articulography (EMA) [9] and system at the junction of the central-maxillary incisor diastema
electropalatography (EPG) [1]. EMA is an effective tool for and the incisors’ exposed tips (estimated using the T-bar). Coil
investigating coarticulation, in particular lingual coarticulation positions should be interpreted as follows: x values increase with
[2]. Most studies to date have concentrated on local effectsfronting, and y values increase with raising.
although longer domain anticipatory lip-rounding at least a
syllable before a rounded vowel has been reported [4]. Some 3. RESULTS
studies report the use of EPG in conjunction with EMA to
investigate coarticulatiore[g.3], and the reliability of such data The EMA and EPG data were processedMatlab, using
acquired simultaneously has been investigated [11]. Themodifications of a set of Matlab macros written by Noel Nguyen
experiment reported here demonstrates that simultaneous EMA7], and routines written by the author. EMA and EPG data were
and EPG recordings provide complementary data helpful inextracted from the relevant data matrices at points of interest
building up a fuller picture of the nature and extent of identified from the acoustic signal. The first three formant
coarticulation. frequencies and (x,y) co-ordinates of all the coils were measured
at the midpoint of the vowels adjent to the liquid (local effects)
2. PROCEDURE and the schwas of ‘uttered’ and ‘at’ (non-local). EPG contact
data was examined for the alveolar consonants in ‘uttered’.
A male speaker of standard Southern British English wasAcoustic measurements, unless otherwise stated, were made in
recorded producing six I/r pairs (leap/reap, lip/rip, lap/wrap, Wavesusing 18 pole Burg spectra with a 50 ms Hanning
lope/rope, lobe/robe, lob/rob) in the frame sentence ‘Have youwindow, checked manually against wide-band spectrograms and
uttered a __ at home?’. Simultaneous acoustic, EMA and EP@FT spectra.
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Most of the data is modelled using multivariate general F, F, Fs
linear models (GLMs) inSPSSas the variables are inter- 0 p< o p< o p<
correlatedMeasurements are assumed to be independent, i.e. the

: . LIX -.302 | 0.005 | n.s. n.s. n.s. n.s.

error term is assumed to be a vector of independent errors. ULX 579 10010 | n . 266 0o
Equivalence of the variance-covariance matrices was checked X -.298 01006 -S. S. — -

where possible, using BoxM test, supplemented by Levene’s — : n.s. n.s. n.s. n.s.

TTX | ns. n.s. n.s. n.s. 515  0.0(

test. Multivariate normality of distribution is difficult to check 1
and the test is robust provided the data exhibits symmetry, so | TMX | n.s. n.s. ns. | ns. | 491 0.0q1
each variable was tested separately for the normal distribution, | TBX | n.s. | n.s ns. | ns. | .510 0.041

with the one-sample Kolmogorov-Smirnov test. The data | LIY ]-288 | 0.008 | .427 | 0.001 ns.| ns.
modelled by multivariate GLMs in this paper met the required | ULY |.341 | 0.001 | ns. | ns. | .477] 0.041
assumptions as far as they could be tested, and the results of thd LLY |-293 | 0.007 | .349 | 0.001 -.324 0.00

=

tests will not be reported here. Tlke statistics reported are TTY |ns. n.s. 430 0.001 ns. n.s.
estimated by Pillai’s test. TMY | n.s. n.s. 476 | 0.001 n.s. n.s.

TBY | n.s. n.s. 545 | 0.001 n.s. n.s.
3.1. Local coarticulation
Strong coarticulatory effects were found in vowelsaeent to Table 1. Significant Spearman correlations=(0.01) for EMA
the liquid, for both the acoustic and EMA data. Consistent effects ¢l positions and formant frequencies for the vowel before the
are lowered k rounded lips and retracted tongue in /r/ contexts, liquid. N =84 for g and i, N = 77 for i

reflecting the speaker’s production of /r/ with labialization and a
strongly retracted tongue position. EPG data was not examined a3 1 2 perseverative coarticulationPerseverative effects were

these points, due to minimal tongue-palate contact. examined in the monophthongs f=/ and b/ (/i/ was excluded
due to extensive devoicing). Acoustic measurements proved
more difficult as many of the vowels were nasalized, displaying
prominent nasal formants, so 22 pole Burg spectra with 25 ms
windows were used in an attempt to pick oyt and k. F;
could not be consistently measured fow/,/ and these
measurements were omitted. A multivariate GLM constructed for
the EMA variables, with liquid and word pair as factors, showed
a significant interaction between liquid and word p&{24,52)
=5.941,p < 0.001), with both factors liquid and word pair highly

3.1.1 Anticipatory coarticulation. A multivariate GLM was
constructed for the acoustic and EMA data from the midpoint of
the schwa preceding the liquid, with word pair and liquid as
factors. Both factors were highly significaf(15,51)= 45.557,
p < 0.001 and~(75,275)= 2.445,p < 0.001 for liquid and word
pair respectively), and there was no interaction between them
Univariate tests show that the factor liquid was significant (
0.01) for all of the acoustic and articulatory variables except

tongue back y and,FThe upper and lower lip, jaw and tongue 77 N _
positions of the schwa before the liquid differ significantly Significant €(12,25)= 16.834,p < 0.001 and=(24,52)= 88.224,

between /I/ and /r/ contexts, with differences in means rangingp_ < _9'001 r_espectively). Tamhane’s T2 post-hoc tests _showed
from 1.1 mm for jaw x and upper lip y to 3.6 mm for tongue tip x significant differenceso( = 0.01) between all three vowels in all
position. The tongue is backed and raised, the jaw and lower ligout a few variables. For lower incisor x and tongue tipey.ahd

raised and protruded and the upper lip lowered and protrudedp/ are not significantly differenty//and b/ are not significantly
(evidence of lip rounding) before the /r/ relative to the /I/. The different in lower lip y.

acoustic manifestation of this is a difference inaRd k, with To investigate the interaction between word pair and liquid,
both R and F lower before /r/, with differences in means of 18 independent sampléstests were conducted separately dach
and 195 Hz respectively. vowel (variables did not differ significantly from the normal

Spearman correlations were calculated between the EMAdistribution, and homogeneity of variance was tested for). There
coil positions and formant frequencies. Significant correlations were several significant differences between the liquid contexts
(2-tailed) are shown in table 1; K5 negatively correlated with  at the 1% level (2-tailed test). These results are shown in table 2.
upper lip x, lower lip and lower incisor x and y, and positively ggih vowels for which Fwas measuredy//and fe/, showed a
correlated with upper lip y. Thus the decrease;iis Eorrelated significantly lower third formant in the /r/ context, with
with lip rounding. k is positively correlated with jaw, lower lip  gigtarences in means of 128 and 443 Hz respectivelgl. Lower
and fongue raising (y data).;Fhas significant positive incisor and lip positions were significantly different far /

correlations with tongue tip, mid and back x, and upper lip y. Itis .
negatively correlated with upper lip x and lower lip y. Thus, F (fronter/more protruded by about 2.9 and 2.8 mm respectively)

lowers with tongue retraction and lip rounding (protrusion and @nd b/ (higher by about 2.3 and 2.1 mm respectively) in the /r/
lowering of the upper lip, raising of the lower lip). This context. The speaker produces /r/ with a strongly retracted
corresponds exactly to the articulatory behaviour expected for thdongue, and the tongue middle is significantly backer after /r/ for
It/ context in which Fis lower: Fk lowering is an expected /@/ (by about 2.4 mm) and fom// (3.3 mm). The tip is also
outcome of lip rounding. significantly retracted forof after /r/ (by about 3.2 mm). For' /

Partial correlations controlling for variation due to liquid and fe/ the tongue back was significantly lowered in the /r/

and word pair show only one significant resulj:i§ positively . .
correlated with lower incisor yr & 0.3786,p < 0.001), and thus context relative to the /I/ context (by apprOX|mater.1.9. .mm and
increases with jaw raising. This suggests that most of thel-3 M), whereas forof the tongue back was significantly

Spearman correlations can be partly attributed to liquid context. lowered (by approximately 3.5 mm) in the /I/ context. This
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difference is perhaps attributable to strong coarticulation of thewhole. Tests carried out for each word pair separately showed a
/Il with the following vowel and suggests that /r/, whose few significant results in some EMA variables, but nothing

articulatory configuration has lower tongue back height tian / systematic. Spearmangsshows significant positive correlations

and £/, but higher tongue back height than the low vowelis (2-tailed testp = 0.01) between all three formants and many of
less strongly coarticulated. the EMA variables; formants increase with fronting and raising

of the articulators. The results are presented in Table 3.

n/ e/ o/
t(12) | p< t(12) | p< t(12) | p<
F3 3.76 | 0.003| 9.50| 0.00L nla n/a

Fy F2 F3
P p< P p< P p<

TTX | 465 | 0.001 | .488] 0001 .414] 0.041
'[:é -6.71 1 0001 | ns. | ns. nésde 8'361 TMX | 322 | 0.003 | 554 | 0.001 .371] 0.0d1
ns._ | Nns. ns. | NS | -o : TBX |ns. | ns. 594 | 0.001 .352] o0.0d1

LLX |-4.26 | 0.001 | n.s. n.s. n.s. n.s.
LLY |n.s. n.s. n.s. n.s. -3.44 0.006
TTX | n.s. n.s. n.s. n.s. 3.90 0.0q2
1
1

LIY 394 | 0.001 | 576 | 0.001 n.s. n.s.
LLY |.538 0.001 | .587 | 0.001 .349| 0.0
ULY | .411 0.001 | .601 0.001 n.s. n.s.

TMX | n.s. n.s. 3.57 0.004 6.42 0.00

TBY | 552 | 0.001| 4.96| 0001 -5.08 0.0 TTY |ns. n.s. .593 | 0.001 .452] 0.041
Table 2. Significant results of independent samptest @ = Table 3. Significant Spearman correlations=(0.01) for EMA
0.01) on EMA and acoustic data divided by liquid context for ~ coil positions and formant frequencies for the vowel of ‘at’. N =

three of the vowels after the liquid. 84 for R and i, N =79 for k5,

Spearman correlations for acoustic and EMA data were Partial correlations controlling for variation due to vowel
calculated for each vowel, with some significant results, mainly and liquid showed fpositively correlated with tongue tip y and
correlations between sFand articulatory variables. A partial tongue middle and tongue backmx< .363, .411 and .52 <
correlation analysis controlling for vowel and liquid showed no 0.001) and Epositively correlated with tongue tip x € .394,p
significant correlations between the formants and any EMA coil < 0.001). Thus Fincreases with tongue fronting and tip raising,
positions. Most of the variability is amented for by the  and Rincreases with fronting of the tongue tip.
combination of vowel and liquid. Within these categories there is
no correlation between formant frequency variation and 3.2.2. ConsonantsEPG data, extracted at the point of maximal

articulatory variation as measured by EMA. contact, was examined for two consonants: the /t/ and /d/ of

‘uttered’. Data is missing from the subject's leftmost contact five
3.2. Long-domain coarticulation rows from the front, as the contact on the artificial palate was
Distant coarticulatory effects were found in thel/ of ‘uttered’, broken. Figure 1 summarises the contact patterns for each

which differs systematically depending on the following liquid consonant in the two contexts, asterisks mark areas of difference.

exhibiting lip rounding and a higher and backer tongue position JI/ context /r/ context
before an /r/.

3.2.1. Vowels Anticipatory coarticulatory effects were found in 1 oF o o o
the schwa of ‘uttered’, a vowel not adjacent to the liquid. A o . o .
multivariate GLM with liquid and word pair as factors was o ° o oe
constructed for the EMA and acoustic data. Both factors were

significant £(15,53)= 5.638,p < 0.001,F(75,285)= 1.742,p < Jroooo bo2200
0.001) with no interaction between them. Univariate tests show il ° 0o *o
that the significance of the factor liquid is due to differences in ° o ° .
F3, tongue mid y, upper lip x and y. Tongue mid y is higher in /r/ . : : :
than in /I/ contexts and upper lip is fronter, i.e. more protruded, oo oo oo oo

a_nd_l_ower in /rf co_ntexts, agan evidence of_hp rou_ndmgnsF_ Figure 1. EPG contact patterns for the /t/ and /d/ of ‘uttered’ in /I/
significanty lower in /t/ than in /If contexts, with a difference in and /r/ contexts. Open circles show contacts made consistently in

means (.)f 51 Hz. The artlculatory_ differences are less than 1 mm each context, asterisks mark contacts different across contexts.
in magnitude. Spearman correlations calculated for the EMA and

acoustic data were not significant far = 0.001. Partial
correlations controlling for liquid and word pair showed a
significant correlation between Bnd tongue tip yr(= —0.3613,

Non-parametric two-sample Kolmogorov-Smirn@vtests
conducted for various summary measures showed significant
differences in the different liquid contexts. /t/ exhibited more
p<0.001). contact in the front region (first three rows) in an /I/ than an /r/

. There were no significgnt acoustic diﬁerencgs in the SChwacontext Z = 1.855,p < 0.002), whereas /d/ showed less contact
in the perseverative domain. The non-parametric Kolmogorov-i, ihe /I/ context for row 27=1.637,p < 0.009).

Smirnov Z test (used because of unequal variances) showed no Kolmogorov-SmimovZ tests conducted on EMA data at
significant differences due to liquid context in the data set as &peaqe points did not show significant differences in tongue tip
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position. This is unsurprising, as the ‘tongue tip’ coil was 1 cm mainly in F;, which is lower in /r/ contexts. Correlations between
behind the tip of the tongue, and not measuring movement of thé&EMA articulatory data and acoustic data are significant in some
part of the tongue which made contact with the front of the EPGcases, largely due to variation associated with liquid and word
palate. For /t/ the tongue back was significantly higher in the /r/pair. Partial correlations, controlling for variation due to the
context Z = 1.530,p < 0.018) with a difference in mean position liquid, produced fewer significant results, showing that the
of 0.7 mm. For /d/ upper lip x and y placement differed relationship between EMA and acoustic data is complex. The
significantly between the two contex® £ 1.789,p < 0.003 and lack of correlations may be due to the magnitude of the
Z =1.541p < 0.017), being more protruded and lower in the /r/ differences being measured (often under 1 mm for the EMA

context by 0.5 mm in each direction. data), the limited nature of the EMA data and to inherent
measurement error. Those articulatory-acoustic correlations
3.3. The extent of coarticulation found tend to confirm the predictions of acoustic theory about

Dynamic time warping (DTW) is a method of non-linearly correlations between vocal tract configurations and formant
aligning two signals [12]. The technique was used to align thefrequencies. The experiment confirms that phonological
multiple repetitions of EMA data, so that comparisons of distinctions are not just made locally, and that both the tongue
articulatory events could be made across the naturally producednd lips can play a role in long-distance coarticulation.

repeats which varied slightly in timing. The analysis is
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