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Tongue palate contact timing during /s/ and /Zmglish
Abstract
Although numerous studies have investigated supttadktrategies for signaling voicing in
fricatives, there is still no agreement about thexise characteristics of tongue-to-palate
contact timing during voiced as opposed to voicefasatives.

In this study we use electropalatography (EPG)vestigate articulatory and
coarticulatory characteristics of tongue-to-pataiatact timing during /s/ and /z/ in English.
Five typically-speaking participants, speakers adt8ern British English, produced 500
trochaic words containing intervocalic alveolacé#tives /s/ or /z/. The time between the start
of the frication and the maximum contact at theelaf articulation was expressed as a
percentage of each fricative’s total duration (TTHis measure was used to analyse
articulatory and coarticulatory timing during /s/d/z/. Data for absolute timing was also
presented.

The results showed that the time between the aténe frication and the maximum
contact point was longer for /s/ than for /z/. Tdiference was consistent across speakers,
but was not significant for all of them. The resudf the coarticulatory effects showed that the
influence of vowel context on TT values for /s/ dmbdid not differ significantly, but there

was a tendency for /z/ to be more resistant toticodaition effects than /s/.

Key words: fricatives, voicing, tongue-to-palatetarct timing, electropalatography (EPG)



Introduction

Several studies have shown that supraglottal giestdor signalling voicing difference in
fricatives are quite complex and ample evidenceetily exists detailing various articulatory
aspects of this difference (Dagenais, Lorendo, Mcion, 1994; Dixit & Hoffman, 2004;
Fuchs, Brunner, Busler, 2007; Koenig, Lucero, Pann2008; Liker & Gibbon, 2011; Liker,
Horga, Mildner, 2012; McLeod, Roberts, Sita, 200@rayanan, Alwan, Haker, 1995;
Proctor, Shadle, Iskarous, 2010; Recasens & Espjra®7; Scully, 1971; Skarnitzl, Sturm,
Macha, 2013; Tabain, 2000; Yoshioka, 2008). Availabléeadaave suggested that important
clues for understanding the difference betweenedand voiceless fricatives can be found in
the temporal characteristics of fricative articidat(e.g. Koenig et al. 2008; Fuchs et al.
2007), but the issue is still relatively underiniggted and there is no agreement among
authors about the precise characteristics of datiory timing in voiced as opposed to
voiceless fricatives (e.g. compare Scully, 197IgHauet al. 2007). This is especially true for
one of the most important aspects of supraglottaludation - tongue-to-palate contact
(Fuchs et al. 2007; McLeod et al. 2006), whichuiscessfully investigated using
electropalatography (EPG, Gibbon & Nicolaidis, 199fbne, 2010). The present study,
therefore, explores this issue and uses EPG tatigate the characteristics of tongue-to-
palate contact timing during voiced and voicelelsdast fricatives in English. Other
correlates of voicing contrast in fricatives, sashthe duration of the previous vowel, or
shapes and sizes of oral constrictions, and swerg not investigated here, as these could be
best addressed in a separate study.

The complexity of the phenomenon of articulatamyinig in voiced and voiceless
fricatives mostly stems from three well establiskazts: 1) lingual fricatives are precisely

controlled segments (e.g. Recasens, 1999; Sh&1@),12) simultaneous voicing and



frication require complex and often opposite sufwidgl production strategies (e. g. Fuchs et
al. 2007; Ohala & Solé, 2010), and 3) languages speakers within languages, differ in how
they typically achieve voicing and frication (e.Lgdefoged & Maddieson, 1996). We shall
briefly examine each of these three points anchegethey relate to the issue of tongue-to-
palate contact timing during voiced and voicel@sgual fricatives.

Fricatives are acquired relatively late in spegetelopment and they are relatively
difficult to produce, which is commonly attributeaithe complexity and precise control of
their articulation (Grunwell, 1987; Koenig et ad(B; Ladefoged & Maddieson, 1996).
Successful fricative production requires a contiaitonstriction small enough to produce a
turbulent sound, but large enough to prevent thaddion of a closure (Iskarous, Shadle &
Proctor, 2011). In order to control the constriotia precise relationship between the active
and the passive articulator needs to be maintalmedighout the fricative. Careful control of
the constriction depends on the configuration efwbcal tract behind the place of articulation
(demands placed on the tongue dorsum to channaihend in front of the place of
articulation of the lingual fricative (the positiog of the obstacle towards which the air is
channelled) (Catford, 1977; Hardcastle & Gibbor§Z;Hardcastle & Edwards, 1992;
McLeod et al. 2006). Research showed that in dalaraintain these complex relationships
between several articulatory and aerodynamic factdcative productions were temporally
structured, i.e. their articulatory characteristbanged during their productions (Iskarous et
al. 2011; Mooshammer, Hoole & Geumann, 2007). Tlaeskors found that jaw and tongue
motion had specific trajectories and that varispih jaw motion was often compensated by
the tongue tip in order to maintain articulatorgla®rodynamic conditions for fricative
production.

Voicing further complicates the precise articutgtiiming in fricatives. In order to

maintain voicing, subglottal air pressure needsettigher than supraglottal pressure and the



vocal folds must be adducted with appropriate tandif the supraglottal pressure rises too
much, vocal fold vibrations will stop, and if thepsaglottal pressure drops too much,
frication will cease. This is particularly importdor voiced stops in which supraglottal air
pressure rises fast due to airstream being bloakéuk place of articulation (Westbury,
1983). Therefore, voiced stops employ cavity erdargnt strategies, whereby the cavity
behind the place of articulation expands durindussen in order to postpone supraglottal
pressure build-up (Docherty, 1992; Fuchs, 2003;tieyg, 1983).

Voiced fricatives are even more complex than v st®ps because they need to
increase supraglottal pressure sufficiently to poedfrication, and at the same time keep the
supraglottal pressure low enough to allow voicifigis complex glottal-supraglottal
coordination employed during voiced fricativesplained by Ohala and Solé (2010), who
noted that there was a narrow range of pressuveebet3 and 5.6 cmJ@ in which both
voicing and frication could be maintained. The austelaborated on this, saying that in
voiced fricatives vibrating vocal folds reducedsglottal flow, which impaired frication, and
if strong frication occured, a high intraoral pragswould stop vocal fold vibration.
Furthermore, it seems that the supraglottal predsuild-up in fricatives is so strong that
articulatory strategies similar to those observestops need to be employed to regulate
voicing during frication. Possible cavity enlargemprocesses in voiced fricatives have been
reported in previous studies (e.g. Liker & Gibb@12; Narayanan et al. 1995). Voiceless
fricative production, on the other hand, does equire vocal fold vibration, so their
articulatory timing has a different set of requiesits, when compared with their voiced
counterparts. It is, therefore, reasonable to exgh@t voiceless lingual fricatives should show
lower articulatory variability and relatively staliongue-to-palate configuration during their
production, while voiced fricatives should be muagiable and have relatively less stable

tongue-to-palate configuration throughout due tordquirement of regulating two complex



processes - voicing and frication. Despite appérératving simpler constraints affecting
voicing and frication, recent EPG data publishedComatian anterior lingual fricatives /s/ and
/z/ suggested that voiceless fricative /s/ needgdfieantly more time to reach its articulatory
target than /z/, relative to the start of fricatituiker & Gibbon, 2013). The results from this
study were partially explained by biomechanics aadynamic processes, which might be
expected to be language universal and not spécibime language: Croatian. The authors
concluded that voicing difference in fricatives twboot be fully captured by static
measurements alone and that the timing of artionjatharacteristics must be taken into
account. It should be kept in mind, as the authoted, that speech material used in their
study consisted of nonsense sequences spoken htidirepeakers. Therefore, more research
is needed to investigate whether similar tongupétiate processes during fricatives can be
observed in real words and in languages other@maatian, i.e. whether the finding that
voiceless fricative /s/ needs significantly moradithan /z/ to reach its articulatory target may
be a universal phenomenon in languages with /sfefatrast.

Acoustic and articulatory characteristics of vogcdiffer from one language to
another (Browman & Goldstein, 1986; Dagenais e12@4; Liker et al. 2012; McLeod et al.
2006; Docherty, 1992; Fuchs, 2005; Fuchs et al72G@rdeeva & Scobbie, 2007; Pinho,
Jesus, Barney, 2012). For example, in language<inglish or German it is common for
phonologically voiced obstruents to be partiall)completely voiceless phonetically, while in
languages like Czech or Croatian this process shrtess common (Skarnitzl et al. 2013;
Bakran, 1996). These language differences suglgaisthe articulatory phenomena
associated with voicing observed in Croatian frieet reported by Liker and Gibbon (2013)
may not be observed in English fricatives investdahere. Nevertheless, Liker and Gibbon

explained their results from the Croatian studigast in part by language universal



phenomena, raising the possibility that similarngmaena would also be found in English
fricatives.

From the review above it is clear that voiced woeless lingual fricatives are
temporally structured sounds and that they diffeglottal-supraglottal coordination, which
may result in different timing of supraglottal artiatory gestures. The linguopalatal
correlates of this difference are still to a lasg¢ent unknown and available data allow for
different hypotheses. It is therefore our aim te E®G to investigate tongue-to-palate contact
timing during lingual fricatives /s/ and /z/ in Hisdp and see whether voiced or voiceless
fricatives achieve faster target acquisition reato the start of frication. We shall also
investigate whether the characteristics of tongdpalate contact timing differ in various
vowel contexts. We shall compare the results tdégree of Articulatory Constraint model
(DAC, Recasens, 1999; Recasens & Pallares, 20@bsRas, Pallares & Fontdevila, 1997),
which predicts that fricatives in general will shoslatively high coarticulatory resistance and
that voicing will decrease this resistance to tiieience of neighbouring vowels. Based on
the findings from these studies, we could hypotteethat the voiceless fricative in the present
study will show more coarticulatory resistance thamwoiced counterpart. However, it is
often reported in the literature that the voicedaftive shows increased EPG contact and
smaller groove width (Dagenais et al. 1994; DixiH&ffman, 2004; McLeod et al. 2006;

Liker & Gibbon, 2011) which might perhaps warrdm bpposite hypothesis: that the voiced
fricative will be more resistant to coarticulatitran the voiceless fricative, due to increased

constraints exerted on tongue dorsum (Farneta@D)19



Method

Speech material

Speech material was extracted from the EUR-ACCCQRIdse (Marchal & Hardcastle,
1993). The fricative targets included in the stugye phonologically/phonetically classified
as alveolar articulations. Simultaneous EPG andst@ndata were recorded as the
participants read out loud a list of real wordskswoin isolation, in which alveolar fricatives
/sl and /z/ were in ‘phonologically symmetrical aasymmetrical’ vowel contexts and at the
beginning of an unstressed syllable (Table 1). Msuvethe unstressed position undergo
vowel reduction so true symmetrical vowel conteaswot possible. Also, the mid central

vowel schwa @/) is a phoneme in Southern British English, se debatable whether it can
be treated as some sort of an underlyaigf /a/ in words like “Lisa”. However, we do this
because it is the closest possible alternative@ghonologically symmetricadfa/ in real

trochaic words. Therefore, in this paper terms fpiogically symmetrical’ and
‘phonologically asymmetrical’ are used for conveie, to easily distinguish between the
two types of contexts, and they are always predentscare quotes. Phonetic transcription is
provided to avoid misunderstanding. Also, the aiaswo use words with equivalent vowel
context for the two fricatives wherever possibletamuse nearest equivalents provided by the
corpus (e.g. “Lisa” and “freezer”). Note that thare no two syllable English words in which

Izl is in the ‘phonologically symmetrical’ vowel//oontext in this corpus. Also, there are no

two syllable words with fricatives /s/ or /z/ iretlcontextd_u/ in the corpus. Therefore, these

two contexts were not included in the analysis.hesggeaker repeated the wordlist 10 times,

providing 500 words for analysis.



Insert Table 1 about here.

Participants

Five English speakers were included in the study«{S5). Speakers were male (S1, S4, S5)
and female (S2, S3), aged between 24 and 47 y&tattse time of the recording they were all
faculty members of the University of Reading in thi€ and they all spoke a variety of
Southern British English accent.

Speakers involved in this investigation reportedistory of speech or hearing

impairments.

Instrumentation and recording

The data in the EUR-ACCOR database were recordad tise Reading Multi-channel
System. In this investigation only the audio arel BPG signal were used. The Reading
palate was used to obtain EPG data (Hardcastldo@i& Jones, 1991; Wrench, 2007). The
palate is made of thin acrylic resin and coverspdiatal surface. It is constructed
individually for each speaker according to his er &natomical landmarks and has 62
electrodes, each of which is aligned with the amatal features of the speaker. The acoustic
signal was captured via a high quality microphd®enpheiser MKH 40 P48). Data were
digitised and imported into the Articulate Assidtaoftware (Wrench, Gibbon, McNeill, &
Wood, 2002), which was used for segmentation, atioot and analysis. The sampling rate
for the EPG data was 100 Hz and for the acoust& 22050 Hz. IBM SPSS Statistics 20 was
used for statistical analyses and MS Excel was fegedhata visualisation.

Praat software (Boersma & Weenink, 2012) was @setheasuring voicing duration

in voiced fricatives. This is described in sectionsannotation and segmentation reliability.



Prior to recording all speakers underwent a desgatson period, whereby their
articulation was adjusted to the presence of th@& B&ate in the mouth. Speakers were
instructed to wear the palate for at least 2 hbafsre the EPG recording as they went about
their day to day business. This period has beewrsho be sufficient according to McLeod

and Searl (2006).

Segmentation and annotation

Annotation and segmentation of fricatives were guened according to established acoustic
criteria (Jesus & Shadle, 2002, Mitani, Kitama &&&006). The acoustic criterion for the
beginning of a fricative was the start of high-fuiegcy noise and/or the absence of the second
formant in the preceding vowel on the spectrogréine end of the fricative was the absence
of high-frequency noise and/or the presence oéarly visible second formant (figures 1 and
2). If the high frequency noise and the clearlyblessecond formant did not coincide in time,
the criterion was the high-frequency noise. Theuatio criterion for fricative segmentation

was chosen because to our knowledge there wadiableewidely accepted EPG criterion

for fricative segmentation and annotation.

Insert figure 1 about here.

Insert figure 2 about here.

Data analysis

Articulatory and coarticulatory timing during /gidh/z/ were analysed in order to compare the

time taken to reach target and to measure coatanyl effects.



Articulatory timing

1. Time-to-target (TT) at the place of articulat&lmows how long it takes for each fricative to
reach its target - the point of maximum EPG conf&€twas calculated by measuring the
time needed for each fricative in each speakeedolr the point of maximum EPG contact at
the place of articulation and by expressing it ae@entage of the total duration of the
fricative. It can be shown as a formula:

TT = (%Dj x100

where MCP is the amount of time between the begmof a fricative and the earliest time at
which maximum contact point is achieved and TOhestbtal duration of a fricative.

Since places of articulation in this investigatranged between rows 1 and 4, the point of
maximum EPG contact was located in the front hidhe palate (front four rows) during
each fricative production.

Absolute durations for /s/ and /z/ for each spealere also presented and data were
aligned at the time at which maximum EPG contad achieved for each fricative (marked
as MCP in figure 6).

Statistical analysis was performed on TT values@mfricative duration values using
repeated measures ANOVA with speakers as experahemts, while fricative type and
vowel context were factors varying within each $gedqrepeated measures). Differences
between /s/ and /z/ within each speaker were tdstedeans of a paired t-test. Alpha was set
at 0.05.

2. TT visualization was performed by measuringah®unt of contact in each row of
electrodes during each fricative. The amount otactrequals the number of contacted

electrodes in each row, divided by the total nunddfezlectrodes in that particular row of

10



electrodes. A higher contact value means more tipglatal contact in a particular
articulatory region.

In order to average productions of different dioret and visualise them, measured
durations were normalised. The normalisation watbpaed by measuring the amount of
contact in each row of electrodes at a predeteimenber of sample points {lNduring /s/

and /z/. The ly, was determined by the formula:

where t was the duration of the shortest fricativéhe whole speech material in milliseconds
and 10 represented the number of milliseconds leetwaccessive EPG frames, determined
by the EPG sampling frequency (100 Hz) (Liker & b, 2013). It was important to choose
the shortest fricative in the whole speech samplader to prevent over-sampling, because
multiple sampling of the same EPG frame would h@gelted in the impression of stability
where it did not necessarily exist. The shortestasbfricative in the whole speech sample
was 52 ms, so data were sampled at five sampléspioinall voiced fricatives. The shortest
duration of a voiceless fricative was 84 ms, sosd@pling was set at 8 sample points for all
voiceless fricatives (figure 3). The figure showatt/z/ is relatively shorter (5 sample points)
than /s/ (8 sample points) and the darkest shaddigates that the average amount of contact
in both fricatives is greatest around row 3. The&kdashading in row 3, that increases from
column 2 onwards for /s/ and from column 1 onwdodgz/, indicates that the maximum

contact is reached relatively earlier in /z/ thausi.

Insert figure 3 about here.
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Coarticulatory timing

1. In order to determine how different vowel cotsexfluence the lag in target acquisition in
the two fricatives, TT was calculated for each vbeantext for each speaker. The
significance of differences was tested using regzeateasures 2 (fricatives) x 5 (vowel
contexts) ANOVA. Alpha was set at 0.05.

2. The relative amount of coarticulation was viseal by plotting the difference in the
amount of contact between the ‘phonologically syitnioal’ vowel context a-a and every
other vowel context at each sample point duringpfives /s/ and /z/. The difference in the
amount of contact was calculated by subtractingatlegage amount of contact on the whole
palate in each sample point of a fricative in fleonologically symmetrical’ vowel context a-
F-a from the same fricative in every other vowelteah

For example, the difference in the amount of ccni@ar fricative /s/ when it is

produced in the vowel context-5-o/ and the amount of contact in /s/ when it is pistlin
the vowel contextifs-o/ shows the relative amount of carryover coarticoiteallowed by /s/

from the preceding vowel /i/. When the same diffiereis calculated for /z/, carryover
coarticulation in /s/ and /z/ can be compared Vigifigure 4). It can be observed that /s/
coarticulates more at the beginning of its produrc{indicated by the large difference in the
amount of contact in the first two sample pointgrt in the middle and the end of its
production. A similar coarticulation pattern candieserved in /z/, but /z/ coarticulates
relatively less at the beginning of its durationemtcompared with /s/ (there is a small

difference in the amount of contact in the inisample points).

Insert figure 4 about here.
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Data showing relative amounts of coarticulationimiyieach production of /s/ and /z/
were compared via regression lines. The relativeuannof coarticulation for /s/ was
compared with the relative amount of coarticulatimn/z/ using linear regression analysis.
This analysis is inspired by the locus equatiorwdation extensively used in acoustic
analyses to quantify coarticulation (e.g. Lindbldi63; Tabain, 2000). In this investigation
the relative amount of coarticulation at the begigrof the fricative was plotted as a function
of the relative amount of coarticulation at thedtive mid-point. Increased slope values
indicate that the degree of coarticulation at tthges of the fricative is strongly correlated
with the degree of coarticulation at the middlehaf fricative (see figures 11 and 12 in the

Results).

Segmentation reliability

Annotation reliability was confirmed via an annaiatverification procedure. A trained
phonetician re-annotated 20% of data using thetatina and segmentation criteria described
above. The average difference in annotation duratias less than 3% (about 3 ms) in the
voiced fricative and 1.7% (a little over 2 ms) i@ tvoiceless fricative (table 2), which was
well below the time difference between the two emousive EPG frames at 100 Hz framerate

(10 ms).

Insert table 2 about here.

Annotation reliability

Before proceeding to the analysis of articulatamjrig, we wanted to confirm the
voiced/voiceless status of the fricatives undeestigation. The annotation verification
procedure also confirmed that voiceless fricativese significantly longer than voiced

fricatives (Appendix 1). Repeated measures ANOVévgtd that the difference between the

13



voiced and the voiceless fricative was statistycsilfjnificant (F(1,4) = 78.35, p=0.001). The
range was between 73 and 101 ms for voiced (mea8B390) and between 120 and 187 ms
for voiceless fricatives (mean 159, SD 25). Intgeaker variability was relatively low (12%
for voiced and 18% for voiceless fricatives).

In order to further verify the annotations usedhia experiment, we measured the
duration of voicing in voiced fricatives (Append2}. The purpose of this was to check
whether phonologically voiced targets were phoadtidully voiced or not. This was
performed by visual inspection of the waveforms Hmspectrograms using Praat software
(Boersma & Weenink, 2012), whereby the duratiothefperiodicity and the voice bar were
measured. The duration of voicing was expressedpescentage of the total duration of a
fricative. Averaged across speakers 58% (SD 2h68)e duration of the voiced fricatives
was voiced, ranging between 92% (SD 17.24) fori@ll35% (SD 22.54) for S4. The initial
portion of the fricatives was always voiced and¢h&as no example of voicing existing only
in the final part of the fricative and very few exales of voicing stopping and restarting mid-
fricative. This is consistent with patterns of vag reported for English fricatives (Docherty,
1992; Stephenson, 2015). Inter-speaker varialildag 37.26%.

Voiceless fricatives were fully voiceless, whichssthe consequence of segmentation
and annotation criteria for voiceless fricatived @&nwas consistent with data from English

(Docherty, 1992). No medial voicing in voicelessdtives was found.

Results

Articulatory timing

The data showed that productions of voicelesstivieds/ by all speakers had larger TT when

compared with their respective productions ofi/e/, it took longer for /s/ to reach its

14



maximum constriction (mean TT 50%, SD 4.97) thatdtfor /z/ (mean TT 40%, SD 4.61)
(figure 5). TT values for /s/ ranged between 42% {86, speaker S1) and 54% (SD 11.54,
speaker S2), while TT values for /z/ ranged betwas (SD 14.65, speaker S4) and 46%
(SD 18.91, speaker S5). The difference in TT wasllest for speakers S1 and S5 (TT/s/ -
TT/z/ = 4%) and the largest difference in TT wasdpeaker S3 (TT/s/ - TT/z/ = 15%). The
observed difference in TT values between /s/ ahd#s not an artefact of durational
differences between the two fricatives, becauseva3 calculated as the percentage of the
total duration of the fricative.

Repeated measures ANOVA showed that the differen€@ between /s/ and /z/ was
statistically significant (F(1, 4)=16.59, p=0.01%he statistical analysis for each speaker
showed that the difference in TT between /s/ ahd/&s significant for three speakers (S2:
t(49)=3.76, p<0.0001, S3: t(49)=6.21, p<0.0001,t6"M)=5.24, p<0.0001) and non-

significant for two speakers (S1: t(49)=1.91, p82,0S5: t1(49)=1.17, p=0.25).

Insert figure 5 about here.

In order to present differences in absolute tinm#,just relative time shown by TT,
absolute durations of each fricative aligned atpghieit of maximum constriction (MCP) are
presented in figure 6. Negative values show thateur of target acquisition, i.e. the time
between the start of the fricative annotation ar@dRViPositive values show the time between
MCP and the end of fricative annotation. All MCRe aligned at zero value. The data
showed that differences in target acquisition betws/ and /z/ were reflected in absolute
timing as well (average value for /s/ was 85 ms EB16), while for /z/ was 40 ms (SD 6.2)).
Repeated measures ANOVA showed that the differerasestatistically significant (F(1,

4)=78.35, p=0.001).

15



Insert figure 6 about here.

Places of articulation and tongue-to-palate cdrttanng these two fricatives for each
speaker are visualised in figure 7. The figurestitates the difference in target acquisition
between /s/ and /z/, but it also shows individu#iécences in the amount of contact, place of
articulation and contact timing. For example, alittjo speakers S4 and S5 produced their
fricatives with a relatively low amount of contattthe place of articulation when compared
with other speakers, the difference in target asgjon time between /s/ and /z/ was just as
observable as in productions from other speakeavs. goints should be noted here: 1. that
these figures do not show the difference betweerdtieral and the medial tongue-to-palate
contact, because the amount of contact is averageds the whole row of electrodes, and 2.
that a low amount of contact in fricatives can gatg be understood as showing a wide
central groove.

Speakers with the smallest difference in TT valoetsveen /s/ and /z/ produced their
fricatives at the most posterior place of articolat{S1 and S5: row 4), while other speakers

had a more fronted place of articulation (S2: rq®2: row 3, S4: rows 2 in/s/ and 1 in /z/).

Insert figure 7 about here.

Coarticulatory timing

The data in figure 8 show that TT values are hidgbers/ than for /z/ in all vowel contexts,
but statistical analysis reveals that the diffeesbetween /s/ and /z/ is not significant (F(4,
16)=0.37, p=0.826). Figure 8 also shows that TTeslfor /s/ and /z/ vary as a function of

16



vowel context. However, statistical analysis of ititeraction between fricative type and
vowel context showed that differences did not restahistical significance (F(4, 16)=0.435,

p=0.781).

Insert figure 8 about here.

Coarticulatory effects during the production of tivo fricatives are visualised in

figures 9 and 10. The amount of contact measuredat sample point for the

‘phonologically symmetrical’ vowel contextfa (/a_a/) was subtracted from the amount of

contact measured at each sample point in eacte aéthaining vowel contexts

(/i_1/,/a_il,[isl,lu_al). Therefore, values of data points in figures8 &0 are the values for

the vowel context represented in the particulaepaninus the equivalent value for thé&a
context in each EPG sample point.

The extent of coarticulatory effects at the begugrof the fricative was overall larger
for voiceless /s/ than for voiced /z/, which carsken in increased differences in the amount
of contact in /s/ relative to /z/. Increased caailtition at the beginning of /s/ can be explained
by its significantly longer target acquisition tijaes shown by the analysis of TT values
presented in figure 5. It could be argued thatrdutheir target acquisition fricatives were not
as resistant to coarticulation as they were duthieg' mid portions, so coarticulatory effects
were more pronounced during their target acquisitime. During /s/, carryover
coarticulation was stronger than anticipatory doalation (figure 9), in that the differences
in the amount of contact were greater in the tamd the fourth column and lower in the
second column. Voiced /z/ (figure 10) showed sintl@articulatory patterns to /s/, but
coarticulatory effects were more evenly distribuéedoss its duration in all four conditions,
when compared with /s/ (i.e. differences betweenpda points were higher for /s/ than for
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/zl, especially when edges of fricatives were camgp#o fricative mid-points). The difference
between the carryover (the third and the fourtluewl of charts) and the anticipatory
coarticulation (the second column of charts) invas also observable, although to a lesser
extent than in the case of /s/. Data presenteidumds 9 and 10 also illustrate individual
differences between speakers. Although all spedi#osved similar trends described above,
some speakers’ productions evidenced very littlrtoculatory effects from neighbouring

vowels (e.g. S5) when compared with other spedleegs S1).

Insert figure 9 about here.

Insert figure 10 about here.

Regression analysis relating the amount of cadaion at the edges of fricative
duration (at the beginning for the ‘phonologicalymmetrical’ vowel context and carryover
effects; at the end for anticipatory effects) amel amount of coarticulation at the middle of
the fricative showed that the slope value was Idieers/ (0.0684) than /z/ (0.4799) (figures
11 and 12). This meant that the edges of /s/ were strongly coarticulated with the adjacent
vowel than was the mid-point of /s/. The steepepeland the increased slope value for the /z/
data meant that the degree of coarticulation aetlyes of the fricative was fairly predictive
of the degree of coarticulation at the middle & tticative (and vice versa), whereas the two
were much less strongly correlated in the case/of /

The difference in coarticulation between /s/ aidvas probably connected with the

finding that frication in voiceless fricatives aftstarted before the maximum constriction was

reached (Docherty, 1992, Hoole, Gobl & Ghasaide, 1999), which resulted in increased

coarticulation with the preceding vowel at the astmally determined beginning of /s/. The
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results of the coarticulatory timing analysis adgpeed with the prediction from the Degree of
Articulatory Constraint model of coarticulation (@ARecasens, 1999; Recasens & Pallarés,
2001; Recasens et al. 1997). The early occurrehteation in voiceless fricatives and the
prediction of the DAC model will be discussed ie thiscussion. The negative y-intercept
value in /z/ (-0.0039) indicated that in some cdeesamount of coarticulation at the
beginning of the fricative was lower than at thel+point (e.g. carryover coarticulation effect
of vowel /u/ for S5 as observed in figure 10).

Coefficients of determination Rwere very low for both /s/ and /z/ data, thus
indicating that data were not closely clustereah@lthe line-of-best-fit. This means that
regression lines in both fricatives poorly approaimto data points (that the proportion of the
variance in the data presented in the horizontalaas not successfully predicted by the
proportion of the variance in the data presenteatianvertical axis). Therefore, the results of

the regression analysis should be used with caution

Insert figure 11 about here.

Insert figure 12 about here.

Discussion

The results of this study showed that voiced andeless anterior lingual fricatives differ in
articulatory timing of tongue-to-palate contactteats. The differences in coarticulatory
effects of neighbouring vowels on the timing ofgae-to-palate contacts were not
significant, but certain tendencies could be obseia the presented data.

The articulatory timing data showed that the porof the voiceless fricative /s/

between the start of the frication and its targagtie-to-palate configuration (the point of
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maximum EPG contact at the place of articulatioay Wonger than the same portion of
voiced fricative /z/. This was either due to thet flnat voiceless fricatives took longer to
reach their tongue-to-palate target or due todbethat frication in voiceless fricatives
started earlier than frication in voiced fricativé@$is phenomenon did not appear to be an
artefact of durational differences between /s//ahdoecause the time fricatives took to reach
their target was expressed as a percentage dftdledtiration of the fricative. This effect was
consistent across speakers, although the statiatiedysis showed that the difference was not
significant for all speakers. The same effect waseoved when the absolute time from the
start of the frication to the point of maximum E@ntact was analysed and the differences
were significant. The results from the present stigation were consistent with the data
recently published on anterior lingual fricativeéadnd /z/ produced by Croatian speakers,
which showed that voiceless fricatives took sigraifitly more time to reach their target
configuration than voiced fricatives (Liker & Gibbo2013). The relatively fast target
acquisition in voiced /z/ produced by Croatian geeswas explained by highly controlled
and precise articulatory mechanisms employed torabcomplex aerodynamic conditions in
voiced fricatives resulting in possible cavity eglment strategy. Liker and Gibbon
explained the relatively long target acquisitiog ia voiceless /s/ in the Croatian study with
reference to the air-pressure control hypothesisc{Br et al. 2010), whereby the back of the
tongue in voiceless fricatives was advanced inrai@eontrol the airstream and once the
airstream was successfully controlled the tongoftatnina was precisely positioned to
produce the constriction at the place of articolati

Evidence of precise articulatory control and polsstavity enlargement strategy in
voiced fricatives had been found in other studigisef & Gibbon 2011; Narayanan et al.
1995), so this explanation is consistent with taggresented in the present investigation. On

the other hand, the air-pressure control mechaonsad by Liker and Gibbon (2013) to
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explain the relatively long target acquisition lagsoiceless fricatives in Croatian is a
hypothesis and the present investigation doesff@ataata on the relationship between the
back of the tongue and the rear pharyngeal walbioeless fricatives. Therefore, the air-
pressure control hypothesis cannot be utilizedkpdagn the data on the voiceless fricative
from the present study. However, the relative tatarget acquisition in the voiceless fricative
presented in the present study could be accouatduy/fthe fact that frication in sibilant
fricatives often began before the maximum constmctvas reached (Docherty, 1992). This
was especially so with the so-called ‘obstacledtives like /s/ and /z/ in which the fricative
noise is produced not at the point of maximum adsigin, but at the obstacle anterior to the

constriction (i.e. front teeth), if the jet of dias sufficient velocity (Docherty, 1992). Since

the early increase of intraoral pressure in vogfeicatives is needed (Hoole, Gobl & N

Chasaide, 1999), the mismatch between the sténmkedfication and the maximum
constriction was expected to be larger in voicelbas in voiced fricatives. The early onset of

glottal abduction as well as early build-up of guedssure in voiceless consonants is

confirmed by research on the timing of vocal fatdlaction (Hoole, Gobl & NChasaide,

1999). This facilitated the early occurrence afdtion in voiceless fricatives, even before the
maximum constriction at the place of articulatioasweached.

There are studies which report no differencariiculatory timing between /s/ and /z/
(e.g. Scully, 1971) and there are studies whiclwvséadence of very small variability in /s/
productions (e.g. Iskarous et al. 2011). Scully7@3nvestigated the productions of /s/ and
/z/ by one English speaker measuring oral pressudesolume of airflow through the mouth.
She found no evidence of the difference betweeant$//z/ in cross-section area of the tongue
constriction or tongue constriction flow resistaarel concluded that the only difference

between the two fricatives was in glottal adjustm&he difference in findings between
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Scully’s study and the present investigation caeXained by the segmentation procedure.
In Scully’s study segmentation was performed adegrtb aerodynamic data (labelling peaks
in tongue constriction flow resistance) and arasoity approximations (labelling peaks in
cross-section area of the tongue constriction)lenhithe present study annotation and
segmentation was performed according to acousterier- the start and end of the frication.
Since frication in the voiceless fricative can sfaror to the formation of the maximum
constriction, the time it took for the voicelesgditive to reach its maximum constriction was
relatively long. However, if the segmentation wase without reference to the acoustic
signal, this target acquisition lag could be smadleeven non-existent. Also, the present
investigation showed that these differences betu&eand /z/ were not significant for all
speakers, indicating that the issue was to sonemegpeaker-specific. The issue might also
be related to the place of articulation, becausalsgrs with the most posterior place of
articulation showed the least difference betweéarid /z/ in TT values.

Iskarous and colleagues (2011) analysed x-rayabé&m and acoustic data from 24
subjects to investigate the production of /s/ \ fsnd /sC/ conditions. Among other findings
the authors reported that the variability due to faotion was sometimes compensated by the
tongue tip motion and tongue bracing against the&t@#o maintain a stable constriction. The
authors also showed that the tongue tip had vetlg liariability when compared with the
tongue dorsum. This finding does not necessarihtredlict our findings, because in this
investigation we analysed the relative differeneeneen /s/ and /z/ and found that /s/ took a
longer time to reach its target. The absolute amofichange in constriction during the two
fricatives was not investigated in the present papewever, differences in the amount of
contact at the place of articulation between the sind the maximum contact zone, as
visualised in figures 6, 8 and 9, were about 20%iclwwas less than 2 electrodes in a row.

This showed that the difference in constrictioniiyifricative production was generally low.
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It should also be taken into account that fricatiwethe Iskarous and colleagues’ study were
in the stressed syllable, while fricatives in tsigsdy were in the unstressed syllable. Stress
and prosodic conditions influence fricative produas, especially their duration (Silbert & de
Jong, 2008), so results from this investigationuhde interpreted with this in mind.
Coatrticulatory timing investigated in the presstoidy showed that the difference in
target acquisition lag between /s/ and /z/ wasister® across vowel contexts and that vowel
context did not influence target acquisition lagnsicantly. Although there was no evidence
of significant differences in coarticulatory timidgtween /s/ and /z/, certain tendencies could
clearly be observed. Generally, the results shawatvoiceless /s/ coarticulated more at its
edges (at the beginning for the ‘phonologically syetrical’ vowel context and carryover
effects; at the end for anticipatory effects) tirmathe middle, while such coarticulatory timing
patterns were less pronounced during /z/. The ss@gre analysis confirmed this, showing a
slight tendency for /z/ to be slightly more resmtep coarticulatory effects than /s/ at their
edges. However, the results of the regression sealghowed low coefficients of
determination (B, so caution is needed when drawing conclusicoms the analysis. The
results of the coarticulatory timing analyses carekplained by the Degree of Articulatory
Constraint model (DAC, Recasens, 1999; Recasensll&rPs, 2001; Recasens et al. 1997)

and by the already mentioned mismatch betweest#reof frication and maximum

constriction in voiceless fricatives (Docherty, 2981oole, Gobl & N Chasaide, 1999.

The DAC states that articulatory gestures whicolve tongue dorsum in constriction
formation show increased coarticulatory resistandée influence of neighbouring sounds.
Sibilant fricatives require precise tongue bodyfprations, thus manifesting a high degree
of articulatory constraint. This is reflected imststent differences in TT values between /s/
and /z/ across vowel contexts. Voiced consonaetsfen described as less resistant to

coarticulation than their voiceless counterpartsictvis explained by lower tongue-to-palate
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contact in voiced tokens (Recasens, 1999). Howevany EPG studies showed that voiced
fricatives had increased tongue-to-palate contadtaasmaller groove than voiceless
fricatives (Dagenais et al. 1994; Dixit & Hoffma004; Liker & Gibbon, 2011; Liker et al.
2012), although this issue can be related to tiséipo in the syllable (McLeod et al. 2006).
The finding that voiceless fricatives showed lowergue-to-palate contact and wider groove
than their voiced counterparts was mostly explaimgderodynamic factors, whereby the air
pressure during voiceless fricatives was so highithpushed out the lateral edges of the
tongue, thus creating wider groove and less tongymalate contact in the voiceless than in
the voiced fricative. Another explanation was titre was a trade-off between airflow and
aperture (McLeod et al. 2006) - decreased airflownd) the voiced when compared with the
voiceless required a narrower groove to achiewation, while in the voiceless fricative
frication could be achieved with a relatively widgpove due to increased airflow in the
voiceless. Findings on coatrticulatory timing durisgand /z/ in the present study are
consistent with previously discussed studies shgwhat /z/ was produced with increased
tongue-to-palate contact when compared with /¢l ,therefore its tongue dorsum was more
constrained and more resistant to coarticulation.

This difference in coarticulatory timing betwesh&nd /z/ can also be attributed to the
already discussed fact that frication in fricaticas start well before the maximum
constriction was reached. This mismatch betweesttn of frication and the characteristic
tongue-to-palate configuration was more pronourfceds/ than for /z/. Therefore, at the
acoustically determined beginning of the voicelesative (at the start of the frication), the
characteristic tongue-to-palate configuration waisyet achieved, so coarticulatory effects at
the edges of /s/ were much more pronounced thidme adges of /z/.

The results of coarticulatory timing analysis adéomwed slightly larger carryover than

anticipatory effects in both fricatives. This candxplained by the fact that the vowel
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preceding the fricative was always stressed, whaevowel following the fricative was
always unstressed in our speech material. Resalts frevious research showed that
unstressed vowels were much more sensitive toicokatory effects and their coarticulatory
pressure on surrounding sounds was inversely ptiopaf to their coarticulatory sensitivity
(Recasens, 1999). Also, if stress and other prosmhditions influence fricative duration
(Silbert & de Jong, 2008), it remains to be seeertiwr changes in duration have any
repercussions on fricative target acquisition tand consequently on coarticulatory
sensitivity at the edges of fricatives.

The results of this study have certain limitatierigch should be kept in mind when
comparing them to findings from other studies. Titst is the low number of speakers. While
sample sizes between 5 and 10 are quite commaueeth production research, a sample of
that size does not allow for generalizations to lpmpulations. The second limitation which
should be kept in mind is that fricatives in thpgeech sample were placed in the onset
position of an unaccented syllable, and other rekeshowed that syllable position and
prosody can have an impact on the production catives (Docherty, 1992; Silbert & de
Jong, 2008; Stephenson, 2015). Lastly, readerddkeap in mind that other prosodic
conditions may yield different results from thosegented here. For example, fricatives in
stressed syllables might show greater coarticylagsistance, but they could also be under
greater coarticulatory pressure from stressed wy{gele Recasens, 1999).

This investigation brings previously unreportethde of tongue-to-palate contact
timing during /s/ and /z/ in English, which are quarable to results already published on
Croatian anterior lingual fricatives (Liker & Gibbp2013). Despite limitations of the study,
the results show tendencies which raise questmmfsifther research. Future work should be
directed at addressing the limitations of this gtadd at investigating this phenomenon in

other languages.
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Tables

Table 1

Table 2

Vowel context

Words

s/

1z/

a-F-ala_o/ sparser'épa:so/ parser '‘pa:za/
i-F-i /i_i/ greasy gri:si/ easy 'i:zi/
aF-i/a_i/ grassy gra:si/ Khazi /ka:zi/
i-F-a fi_o/ Lisa /lisa/ freezer fri:zol

u-F-a fu_sf looser Musa/ boozer 'bu:za/

Isl Izl

annotated 165 ms (SD 16)) 91 ms (SD 11
re-annotated 168 ms (SD 17 94 ms (SD 11
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Table headings

Table 1. Words containing alveolar fricativéy (s/ and /z/ used in this investigation.

Table 2. Average durations and standard deviabbasnotated and re-annotated fricatives.
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Figure legends

Figure 1. An illustration of the segmentation aideused for the voiceless fricative /s/

produced in the word “sparser” by the speaker &fhiq&tion duration: 109 ms).

il
23°STEEE
—

Figure 2. An illustration of the segmentation aideused for the voiced fricative /z/ produced

in the word “parser” by the speaker S1 (annotatiioration: 72 ms).

FARAEAR AR AR AR AL Ak

Figure 3. The amount of EPG contact during fricagivs/ (left) and /z/ (right) averaged across
all productions by speaker S3. Horizontal axis sheample points during fricative

production, vertical axis shows rows of electrod€sow is the most anterior row"8ow is
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the most posterior row), while the amount of contashown by shades of grey (darker the

shade, higher the amount of contact).

Rows of electrodes

Amount of
contact:
m0.6-0.8
m0.4-0.6
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0-0.2

Sample points during /s/

Rows of electrodes

Amount of
contact:
m0.6-0.8
m0.4-0.6
0.2-0.4
0-0.2

1 2 3 4 5

Sample points during /z/

Figure 4. Difference in the amount of contact athesample point between the fricative

produced in the vowel contextRaa (la_o/) and i+-i (/i_i/) by speaker S3.

Difference in amount of contact

0.4

0.3

0.2

0.1

Sample points during /s/

Difference in amount of contact

0.4

0.3

0.2

0.1

o

Sample points during /z/

36



Figure 5. Time to target (TT) values for fricativesand /z/ for each speaker averaged across

vowel contexts. Error bars show standard deviations
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Figure 6. Absolute durations of each fricative agerd across each speaker aligned at
maximum contact point (MCP). Negative values intidhe time between the start of
fricative annotation and MCP, while positive valuedicate the time between the MCP and

the end of fricative annotation.
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Figure 7. Amount of EPG contact during fricatives(left) and /z/ (right) averaged across all
productions for each speaker. Horizontal axis sheamsple points during fricative

production, vertical axis shows rows of electrod€sow is the most anterior row and tHé 8
row is the most posterior), while the amount ofteshis shown by shades of grey (darker the

shade, higher the amount of contact).

38



S1

S2

S3

S4

S5

Rows of electrodes Rows of electrodes Rows of electrodes Rows of electrodes

Rows of electrodes

/s/

1 2 3 4 5 6

~

EPG sample points

[any
N
w
N
wu
2}

EPG sample points

EPG sample points

1 2 3 4 5 6
EPG sample points

7

8

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

0 N U AW

00 -

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

1
[y

w

m0.6-0.8

®0.4-0.6
0.2-0.4
0-0.2

9,

~

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

1 2 3 4 5 6

EPG sample points

Rows of electrodes

Rows of electrodes Rows of electrodes
Rows of electrodes

Rows of electrodes

/z/

0w N s W N

4

Al

1 2 3 4

EPG sample points
1

EPG sample points

1 2 3 4 5

EPG sample points

1 2 3 4 5
EPG sample points

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

m0.6-0.8

m0.4-0.6
0.2-0.4
0-0.2

m0.6-0.8

®0.4-0.6
0.2-04
0-0.2

m0.6-0.8

m0.4-0.6
0.2-04
0-0.2



Figure 8. TT values for fricatives /s/ and /z/ atk vowel context averaged across speakers.

Error bars show standard deviations.
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Figure 9. The amount of coarticulation during s/ dach of the vowel contexts

(/11/,Ja il fisl,lu_al), calculated as the difference in amount of canita/s/ between the

particular vowel context indicated and the voweiteat 1_o/ at each EPG sample point for

each speaker. Coarticulation in ‘phonologically systrical’ vowel contexts is shown in the
first column of panels, and anticipatory in thes®t column, while the carryover effects are

shown in the third and the fourth columns.
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Figure 10. The amount of coarticulation duringféz/each of the vowel contexts

(/i_1/,/a_i/,fisl,lu_al), calculated as the difference in amount of canita/z/ between the
particular vowel context indicated and the voweiteat 1_o/ at each EPG sample point for

each speaker. Coarticulation in ‘phonologically syetrical’ vowel contexts is shown in the
first column of panels, and anticipatory in thes®t column, while the carryover effects are

shown in the third and the fourth columns.
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Figure 11. Regression analysis relating the amotiobarticulation at the edges of /s/ (at the

beginning for the ‘phonologically symmetrical’ volnmntext and carryover effects; at the

end for anticipatory effects) and the amount oftoaation at fricative /s/ mid-point. Slope

value, y-intercept and the coefficient of deterrtiora (R) are also shown.
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Figure 12. Regression analysis relating the amoticbarticulation at the edges of /z/ (in the

beginning for the ‘phonologically symmetrical’ volnmntext and carryover effects; in the

end for anticipatory effects) and the amount oftoaation at fricative /s/ mid-point. Slope

value, y-intercept and the coefficient of deterrtioma (R) are also shown.
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Appendix 1. Duration of voiced and voiceless fricas for each speaker. Error bars show

standard deviations.
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Appendix 2. Voicing duration in voiced fricative gessed as percentage of total duration for

each speaker. Error bars show standard deviations.
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