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In this study the effects of accent and prosodic boundaries on the production of English vowels
(/a,i/), by concurrently examining acoustic vowel formants and articulatory maxima of the tongue,
jaw, and lips obtained with EMAElectromagnetic Articulographyare investigated. The results
demonstrate that prosodic strengthenidge to accent and/or prosodic boundariess differential
effects depending on the source of prominefineaccented syllables versus at edges of prosodic
domains; domain initially versus domain fingllyThe results are interpreted in terms of how the
prosodic strengthening is related to phonetic realization of vowel features. For example, when
accented, i/ was fronter in both acoustic and articulatory vowel spa@shancing[—back]),
accompanied by an increase in both lip and jaw openiegeancing sonoriy By contrast, at edges

of prosodic domains(especially domain-finally /i/ was not necessarily fronter, but higher
(enhancind +high]), accompanied by an increase only in the(lipt jaw) opening. This suggests

that the two aspects of prosodic struct@aecent versus boundarare differentiated by distinct
phonetic patterns. Further, it implies that prosodic strengthening, though manifested in fine-grained
phonetic details, is not simply a low-level phonetic event but a complex linguistic phenomenon,
closely linked to the enhancement of phonological features and positional strength that may license
phonological contrasts. @005 Acoustical Society of AmericdDOI: 10.1121/1.1861893

PACS numbers: 43.70.Aj, 43.70.E4L | Pages: 3867-3878

I. INTRODUCTION Beckman, 1988; Jun, 1993, and Beckman, 1996e model
of prosodic structure in this approach generally assumes that

One of the fundamental presuppositions shared amongwer domains(e.g., Prosodic Wordsare grouped into im-
researchers in the fields of prosodic phonology and thenediately higher levelge.g., the Intermediate Phrasis)],
phonetics—prosody interface is that speech utterances agwentually forming the Intonational Phrad@), the highest
produced in a “hierarchically organized structure of phono-phonological constituent.
logically defined constituents and head®8eckman, 1996 In seeking the phonetic correlates of prosodic structure,
with higher constituents being decomposed into lower conresearchers have traditionally paid special attention to the
stituents. The prosodic structure has been considered as afd of prosodic domains. For example, prosodic units larger
essential element in speech production, as it is not only gan a(phonological word are generally defined in terms of
source of subphonemic variation, but also it constrains theénhe distribution of phrase-final intonational contragsg.,
phonological shape of a segment by forming different do-Bolinger, 1970; Pierrehumbert, 1980; Pierrehumbert and
mains of application of phonological rulésf. Selkirk, 1986;  Beckman, 198Band final lengtheninge.g., Edwardst al.,
Jun, 1998 The present study explores how prosodic struc-1991; Beckmaret al, 1992; Wightmaret al, 1992. As for
ture influences the production of the English vowels//  other phonetic events at the end of prosodic domains, it has
and how prosodic strengthenifige., temporal and/or spatial peen suggested that domain-final vowels may be produced
expansion of articulation due to accent and/or prosodiyith greater articulatory magnitude, resulting in greater
boundariescan be related to the enhancement of phonologiy/tg-C displacement(Fougeron and Keating, 1997; Cho,
cal vowel features such as sonority and place features, WhiC@ooz; in-press; Tabain, 20p3Moreover, Cho(2004 has
may ultimately shed light on the relationship between pro-shown that boundary strength is reflected in cumulative
sodic strengthening and linguistic contrast. V-to-V coarticulatory resistance: domain-final vowels resist

There are various approaches to determining prosodigparticulation with the following vowels to a greater degree
groupings[see Shattuck-Hufnagel and Tufk996 and Jun  across a higher prosodic boundary than across a lower one.
(1998 for a general review and a discussjo®ne line of  These studies suggest that lengthening is just one of many
research assumes that the prosodic structure of an utteranggonetic phenomena occurring at the ends of phrases, which,
is a grammatical entity in its own right, and it is realized ongken together, may be thought of as a type of prosodic
the surface by distinctive phonetic patterns, primarily via SUsstrengthening to mark the ends of prosodic domaiSge
prasegmental featl_Jres such as pitch and.temporal SUUCtUESrd and Saltzmari2003 for simulations in the framework
(Beckman and Pierrehumbert, 1986; Pierrehumbert angf ihe mass-spring gestural model, which demonstrated that a
clock-slowing implementation may induce both temporal
dElectronic mail: tcho@hanyang.ac.kr and spatial expansion at a stronger prosodic boundary.
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Other recent studies, however, have shown that prosodi,i/, which could result in linguistic contrast being maxi-
domains may also be signaled by extreme articulation at thenized, but possibly differentially depending on the source of
left edges of the domains. For instance, consonants at th@ominence(e.g., in accented syllables versus at edges of
beginnings of phrases are more constricted than consonamsosodic domains; domain initially versus domain finally
in the middle of phrases. This phenomenon, known a®elow are some specific hypotheses to be assessed in con-
domain-initial strengtheninghas been documented in a se- nection with the two main research questions outlined above.
ries of electropalatographic studies in English, French, Ko-  With respect to accent-induced prominence, Edwards
rean, and Taiwaned&ougeron and Keating, 1997; Cho and and Beckman(1988 and Beckmaret al. (1992 proposed
Keating, 2001; Fougeron, 2001; see also Keati#tgal. that an accent has the effect of enhancing a segment’s intrin-
(1999 for a cross-linguistic comparis@n(See also Cho and sic sonority(the Sonority Expansion Hypothegsi§éJnder this
Jun, 2000 and Cho and McQueen, in press, for differentiahccount, the influence of accent on vowels is to make them
phonetic effects of domain-initial strengthening in connec-more vowel-like by opening the vocal tract more; the influ-
tion with language-specific phonetic feature systems, in Koence on consonants is to make them more consonant-like by
rean and Dutch, respectivelyDomain-initial strengthening closing the vocal tract more tightly. Subsequently, de Jong
on a word level has also been observed acoustically by Turkl995a proposed that stress leads to hyperarticulation, en-
and Shattuck-HufnagéR000. hancing the distinctive features of segments in a way that

Finally, prosodic strengthening effects can also be foundnay maximize lexical distinctions, and sonority is just one of
in accented syllables, which may be thought of as the headwany distinctive features that are enhanced. In support of
of Intermediate Phrasdsee Beckman and Edwards, 1994 this localized hyperarticulation hypothesis, he showed that
In addition to receiving distinctive tonal propertiésuch as the tongue position for an English vowel is backer, being
pitch accents segments in accented syllables are also moraccompanied by a lower jaw positidnyhich indicates both
strongly articulated(e.g., Beckmaret al, 1992; de Jong, sonority expansiorijaw lowering and the enhancement of
1995a, b; Erickson, 2002; Cho, in prgss place featureg[ +back] by the tongue backing

These three strong prosodic positidne., domain-final, Under this hypothesis, it is of particular interest to ex-
domain-initial, and accented positionall of which are sub- amine 4/ and I/ at the same time because tongue lowering
ject to prosodic strengthening, are the loci of the presentor /a/ could be interpreted as suggesting an enhancement of
investigation: it examines the phonetic realization of theboth nonsonorityplace feature(e.g.,[+low]) and sonority
vowels h,i/ both acoustically(as reflected in the F1-F2 feature, whereas tongue raising fdrdould be interpreted as
vowel spacgand articulatorily(as reflected in the maxima of an enhancement of the place feat[itehigh], but in conflict
the tongue, the jaw, and the lip openjingNote that the jaw  with enhancement of the sonority feature as it reduces the
and lip opening maxima are likely to represent the degree ofize of the vocal track opening. In the latter case, however,
the vocal track opening that is related to sonority expansionsonority expansion may still be attained by making the jaw
whereas the tongue maxima together with the acoustic datnd the lip openings larger independently of the tongue rais-
can be interpreted primarily as an index of how place feaing. Thus, under the hyperarticulation hypothesis, it is pre-
tures are phonetically realized dicted that the tongue is involved primarily in the enhance-

While segments in prosodically strong positions are genment of the nonsonorityplace features, whereas the jaw
erally taken to be characterized by distinct phonetic patternsand the lips are involved primarily to achieve sonority fea-
most previous studies discussed above have focused on juste enhancement, independently of the tongue.
one articulator or one or two prosodic positions, leaving it ~ With respect to boundary-induced prominence, Farnet-
not entirely clear whether the phonetic signatures of prosodiani and Vayra1996 hypothesize that while prominence un-
structure differ in kind depending on the prosodic position.der accent fits the localized hyperarticulation hypothesis,
This leads to questions regarding whether and how articulggrominence at edges fits sonority expansion, which would
tion under accent differs from articulation at the edges ofheighten#CV or V#C contrast(where #=some prosodic
prosodic domains, and whether and how domain-initial arboundary. Thus, one can predict that prosodic strengthening
ticulation differs from domain-final articulation. at the edges of prosodic domains is different in kind from

The second question is related to prosodic strengthenintipat associated with an accent, such that the former is driven
and linguistic contrast. Although prosodically strong posi-primarily by the sonority expansion, but not by the enhance-
tions have been regarded as “prominent” or “privileged” ment of place features. If this were the case, all three articu-
positions in which sonority is expande@.g., Beckman lators would converge on sonority expansion to be reflected
et al, 1992 and phonemic contrasts are likely to be maxi-in increased lip/jaw opening and tongue lowering for both
mized (e.g., de Jong, 1995a) lor maintained(e.g., Beck-  vowels &/ or /i/ at a higher prosodic boundary. It should be
man, 1998; Barnes, 2002; cf. Steriade, 1992r knowledge noted, however, that place features may still be opportunis-
on the relationship between the actual phonetic consequenctsally enhanced to the extent that is not in conflict with
of prosodic strengthening and linguistic contrast has beesonority expansion. The enhancement of the fedtitggh]
extremely limited. The present study therefore sets out tdor /i/ (as may be reflected in tongue raising together with
determine how prosodic strengthening is related to linguisticlecreased lip and jaw openingsould be suppressed, as it
contrast. Specifically, it investigates how prosodic strengthwould result in affecting the sonority expansion antagonisti-
ening associated with different prosodic positions is relatectally. On the other hand, the enhancement of the place fea-
to the enhancement of phonological features of the vowelture [+low] for /a/ goes hand in hand with sonority expan-
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sion: the articu|atory maneuvers for Sonority expansiombf/ TABLE |. Sample sentences containing the sequebegbia/ with different
(e increased lio and iaw openinas and the tongue |Owelgrosodic boundariefP,ip,Wd) and accentual patterns. The words receiving
\e-g., P jaw op g g accent are highlighted in bold.
ing) would effectively result in the enhancement[eflow].

This hypothesis will be tested separately for domain-#=Word boundary:
initial and domain-final vowels since there have been differ- fjar)o’:s;t-ju“"*csi- d you just say “LittieBoo bopped the girl last night?
ent predictions made in the literature. For example, FOUGeron et No, “Little Bah # bopped the girl
and Keating1997 speculate that strengthening may be very  rendition (L+)H* L—L%
local to the domain edge such that the boundary-induce(ﬂ='ntb’efn“ec“fclte or Intonational Phrase boundafipsor IP):
strengthening effect may be evident primarily in the domain- E:’I’)O?ﬂcgt.'_UNAClgi.d you say “LittleBoo bopped theboy last night'2
final vowel and the domain-initial consonant, resulting in a  Target: No, “Little Bah # bopped thegirl .”
greater V-to-C displacement across a larger prosodic bound- rendition I (LH)H*L- (LH)H* L-L%

. . e . . . HY x| _ * _

ary. Since a domain-initial vowel irtCV is not strictly rendition 2 LHHL-L% (LH)H L-L%
domain-initial, the sonority expansion effect might be
smaller, or even absent, for domain-initial vowels.

In a traditional phonological frameworke.g., SPE,

syllables adjacent to the boundafgccented, unaccented

Chomsky and Halle 1968vowels have often been defined () Position-in-domain of test syllablesnitial, final). This
in terms of the height and backness of the tonges., yielded a total of 48 different sequencd8 prosodic

[+high, -bacR for /i/ and [ +low, -+bacK for /a/). However boundariex 2 accentual pattern& accentual patterns in the

some researchers have proposed that vowel features may Bs'gh,bo””g vowek2 edges2 voyvel types.' . ,
better understood in acoustic/auditory terms, for example in  SiX native speakers of American English participated in
a F1-F2 plane(e.g., Neary, 1977, Flemming, 1995, Lade- the expe_rlment, but only five Were_lqcluded in thls_study_ due
foged, 2000. However, it should be noted here that in somel© _te(_:hmcal errorgsee below Participants were either lin-
other frameworks, vowels are described in terms of constricJUIStics students or postdoctoral fellows at UCLA. In order
tion degree and locatiofWood, 1979, 1982; Jackson, 1988: to control for the _vanauon in rounding in the low vowel,
cf. Browman and Goldstein, 1982n this framework, i/ is speakers whose d|§1lect lacked the phoneshevére chosen,
characterized as having a narrow constriction in the region of® that the vowel in the test wordop was produced as
the hard palate and/ as having a narrow constriction in the unrounded !OW back vc_)weh/. Speaker.s were all trained in
lower pharynx. As described below, the articulatory compo-the production of English sent'ences in the TdBone and
nent of the present study has been designed to identify thg'€aK Index framework(see Silvermaret al, 1992; Beck-
tongue position in a maxilla-based coordinate system define@@n and Ayers, 1997prior to the experiment. Before the
by the occlusal plane without making specific reference tgctudl recording date, each speaker participated in an ap-
the opposing walls. Thus, it will be difficult to evaluate the Proximately two-hour long practice session.
prosodic strengthening effect on articulation in terms of the
constriction degree and location. Similarly, the articulatoryB. Procedures
data in the present study provide positions of pellets attached
on the tongue dorsum area, but not the tongue root are
S

\k’)\'hiih allo:c/vsdf/or_r(;nly iﬂdire? alsstessn;e?t ofﬂ:he tongtute’ sequence isbatbal in Little Bah bopped the girl(/bitbi/
ackness foral. Thus, the articulatory data with respect o sequence tokens were produced in similar discourse frames

the tongue’s physical backness in this study must be interés in Donna B. beeped at hinThe words highlighted in
preted as being indicative rather than conclusive.

bold in the table received the accent. The prompt was read
silently by the speaker to cue the intended accent patterns,
1. EXPERIMENT which were provided using partial ToBI transcriptions in the
script (see below. For a balanced number of tokens for ip
and IP, speakers were asked to produce two different rendi-
Each sentence in the corpus included two test syllablesons for each sentence designed for inducing phrasal bound-
(domain-final/domain-initial yielding a GV,#C,V, se- aries as shown irib) in Table I: one with an ip boundary
guence (#=some prosodic boundaryacross two English (rendition 1) and one with and IP boundaryendition 2.
words, as seen in sample sentences given in Tablg &an@  Speakers had no difficulty producing two versions of each
C, were always W/, whose articulation is known to mini- sentencedip and IP, given the practice session and previous
mally interfere with the vocalic lingual articulation, and, V phonetic training. Each sentence was read twice in succes-
and \, were homorganid/i#bi/ and k#ba/). As for pro-  sion at their comfortable rate of speech and the entire list was
sodic variables, the boundary between the test syllables wasad twice, for a total of four repetitions per sentence. This
varied from the Intonational Phrase boundaly), to the yielded a total of 960 sentence tokens for analy4® sen-
Intermediate Phrase boundafip), to the Word boundary tence typex5 speakers4 repetitions.
(Wd). Accentuation was also manipulated in preboundary = An EMA system(Carstens Articulograph AG 10@as
and postboundary syllables, resulting in four pairs:used with seven transducer coils to track articulatory move-
ACCH#ACC, ACCHUNACC, UNACCH#ACC, UNACCHUNACC. Such  ments (cf. Hoole, 1996. Two reference transducers were
a manipulation of prosodic factors yields three prosodic variplaced on the nose and upper gumline, or maxillary incisor,
ables:(a) strength of prosodic boundargh) accentuation of both of which were used by the EMA analyzing software to

Accent patterns were recorded in lexically contrasting
Biscourse frames, as in Table I, in which the two word target

A. Speech material and speakers

J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 T. Cho: Prosodic strengthening and featural enhancement 3869



establish a maxilla-based coordinate system and to correatent, leading to a meart8.9 ms temporal offset for the
for head movement inside the helmet. The remaining fiveentire tokens.
transducers were located on articulators: Two transducer The measurements for the tongue midsection and dor-
coils were placed on the tongue: one at the tongue dorsursum transducers were always taken at the same point in time.
(TD) about 5 cm from the tongue tip and one at the tongudn most cases, the tangential velocity minima for the two
midsection(TM), about 2.5 cm from the tongue tip. transducers were synchronized. But, for the sake of consis-
Next, in order to align the articulatory space to the max-tency, the dorsum maxima were taken in synchrony with the
illary occlusal plane, a flat plastic bite platapproximately —midsection maxima. The extraction of the extreme points for
the size of bank card, custom-fit to the size of the subject'she jaw during vowels was performed by taking the maxi-
mouth was used with two transducer coils attached alongnum Euclidean distance between the transducer at the lower
the midline that corresponds to the midsagittal line. The argumline and the transducer at the upper gumiirederence
ticulatory space was rotated so that thaxis was the max- point). Similarly, the extreme points for the lips during vow-
illary occlusal plane. Based on such a rotation, a maxilla€ls were taken from the lip aperture profile as the maximum
based coordinate system was established in whick tods ~ Euclidean distance between the upper and lower lip trans-
is parallel to the maxillary occlusal plane with tlyeaxis  ducers. The jaw and lip opening measurements were aligned
being perpendicular to that at the junction of the occlusaln time. Finally, the formant values were obtained from the
plane and the central maxillary incisor, and this is consistengcoustic signals sampled at 16 000 Hz in synchrony with
across speaker$A similar data processing procedure was tongue maximum points. F1 and F2 were determined from
employed by Tabairf2003; see Westbury1994 for a fur-  the LPC spectréwith 18 or 20 coefficienfssuperimposed on
ther discussion about the usefulness of the occlusal glaneFFT spectra with a 512-poinB2 mg frame window cen-
The EMA data were sampled at 500 Hz. The obtained kinetered around the tongue maximum points.
matic signals were then submitted to low-pass filtering with a  Statistical evaluation of the systematic influence of pro-
filter cutoff of 50 Hz, using TailoCarstens’ data processing sodic factors was primarily based on repeated measures
program; see http:/linguistics.ucla.edu/faciliti/facilities/ (RM) Analyses of Variance. The within-subject factors con-
physiology/ema.htm. sidered were Prosodic BoundaryP,ip,Wd and Accent
The relevant gV, # C,V, portion of the audio recording (Acc, UNACC). The factor Speaker was added as a between-
was transcribed, with the aid of an acoustic display, by twosubject factor to the analysis in order to take into account the
trained ToBI transcriberfone the authorfollowing the cri- ~ SPeakers’ contribution to any observed significance effect.
teria set forth in the ToBI transcription system. In general,Thus, a significant interaction between a prosodic factor and
accents receive either *Hor L+H*, and three prosodic the factor Speaker would imply speaker-by-speaker differ-
boundaries were identified: the IP boundargarked by a  €nces. Therefore, whenever there is suc.h a sjgnificant intgr—
boundary tone and a break index the ip boundarymarked ~ action, remark; on each speaker behavior will be made, in
by a break index 3, a phrasal tone, and no boundary)tonecomparison with the overall pattern across speakers. How-
the Word boundary(marked by a break index 1, in the €Ver, adding the between-subject factor Speaker requires that
middle of an Intermediate PhraseThe two transcribers €ach speaker contributes multiple scores per condition, mak-
identified identical locations of accent in every token of theld it impractical to average the data over repetitions. To
entire dataset. The only difference between the two transcrigcompensate for this, the alpha level for significance was set
ers came from a choice between the Intonational Phrag@Ore conservatively at 1%p(<0.01). Finally, to avoid vio-

boundary and the Intermediate Phrase boundary, and plating the sphericity assumption, Huynh—Feldt corrected de-
tween L.+H* and H* for accented words. Because the dif- 9rees of freedonithus, often fractional valugsvere used in

ference between IP and ip boundaries is an important experfl€nerating F ratio ang values.

mental variable in this study, only tokens whose renditions
were agreed on by the two transcribé®gl.3%9 were used ||| RESULTS
for analysis?

The extreme points of the tongue n(l‘ﬂM) anq.tongue A. Domain-final vowels  (V, #)
dorsum (TD) transducers were primarily identified from
minima in the tangential velocity signal, following fauist, 1. Effect of accent on V,
Gracco, and Ny€1993 and Ldqvist (1999. These points a. Accent effect ov; F1 and F2 and tongue maxima
were cross-checked by inspecting a sagittal display of th&he results are summarized in Fig. 1. Before delving into the
tongue movement trajectories, in which “turn-around” detailed results, a few notes regarding the figure formats are
points could be found. In the usual case, these correspond to order. Each value in the figutand other figures belows
the tangential velocity minima. However, cross-checkingthe mean of speaker means with data pooled across other
was especially useful when there was more than one tangependitions(in this case, Boundary Type and Accent of the
tial velocity minimum or when there was a temporal offsetadjacent vowel The F1-F2 formant plots shown in Figal
between thex andy maxima. In such cases, as suggested byand elsewhere have been drawn with the UCLA PlotFor-
a reviewer, the maxima in theandy dimensions were taken mants software. The scales are in accordance with the Bark
separately at different times to record the actual extreme scale, and the ellipses are drawn with radii of two standard
andy position values during vowel articulation. Out of 960 deviations of the raw data along the axes of the first two
tokens, 247 token$25.7%9 showedx—y timing misalign-  principal components.
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ACCENT EFFECTS: PRE-BOUNDARY VOWELS only in the articulatory(TD) dimension. On the other hand,
two other speakertS4,S5 showed the opposite pattefice.,
30?025'00 2°|°° . ‘5|°0 N I”’fo( |7°° raising in the acoustidF1) dimension, but not in the corre-
it F2 (H2) R0 sponding articulatory dimension.
L — L300 For /a#/, there were reliable acoustic and articulatory
| FLOFFILISI22 ns oo lowering effects when accentddFigs. 1a), 1(c)] with no
interactions with the Speaker. Contrary to the robust lower-
ing effect, however, in the horizontal dimensiar#/ showed
fat] - no consistent backing effe¢Figs. 1a), 1(c)]. The backing
_ effect was found in two speakefS1,S3 only in the acoustic
dimension (F2), while no speakers showed corresponding
2 P15t 2 e backing in the articulat.ory dimension. _

FI(): FLLIS}=3Lag#% <) - 900 In summary, the high/fronti#/, when accented, is con-
(b) fi#! 1000 sistently fronter in both acoustic and articulatory vowel
10 X:F“TIZ'::E&‘D“M’ ;?j‘;fs‘zo“w GL spaces but not necessarily higher: Only two speal@tsS2
| s s | yirusi0061 s showed accent-induced raising in both acoustic and articula-

tory dimensions and two othe(S4,S5 showed the opposite
1 g | rER in the acoustic dimension. The low/back vowetl/ is con-
7 4 sistently lower when accented, but backer in two speakers
(S1,S3 only in the acoustic dimensiofi2). (See Sec. IVA
for a discussion on thjs
S R T S R U N TR "N " W | b. Accent effect orv1 lip and jaw opening maxima
(c) /a#l TONGUE MID (TM) NG DORSUN D) Both lip and jaw opening maxima were reliably larger when
accented than unaccented regardless of the vowel[fige

(a) F1 & F2 | 00

(zH) 14

700

800

higher —

Tongue Height (mm)

x: F[1,15]=10.688 n.s. x: F[1,15]=9.24 n.s.
y: F[1,15]=93.23%% y: F[1,15]=30.39%*

g 9 T 1(d)]. There were no interactions with the Speaker, showing
£ 10 - "% P a consistent pattern across speakers.
T - =
§° . }_% i + 2. Effect of boundary type on V;
= + a. Boundary effect on F1 and F2 and tongue maxima in
18 S — T T V, For fA#/, there were significant accent-induced raising
35 36 37 38 39 40 46 47 48 49 50 51

(@ Lip & Jaw openings Toneue Backness (mm)  backer — effects [Figs. 2a), 2(b)]. /i/ was higher before a higher
P [|)_|POP§N|NG T boundary in both acousti¢F1) and articulatory(tongue
34 heighy dimensions(IP=ip>Wd, p<0.01). There were no

F[1,15]=138.49** F[1,15]=142.14** F[1,15]=10.19*  F[1,15]=87.81**

significant interactions with the SpeakgAll five speakers
showed either a two-wa§fP>Wd or ip>Wd or IP>ip) or a
three-way(IP>ip>Wd) distinction]

As for the fronting effects, inconsistency was found be-
- . tween the acousti¢F2) and the articulatoryx) dimensions
/i#/ /a#/ i/ /a#/

FIG. 1. Effect of Accent on F1 and R2), the tongue maxima##/ and a#/ [Figs. 2a), 2(b)] There was a_§|gn|f|cant fronting e.ﬁeCt n
(b), (c), and the lip and jaw opening maxinte) in the domain-final posi- _':2 befolre a h|gher bounda(iP=ip>Wd, p<0-01)!. with no ]
tion. (* refers top<0.01** refers top<0.001; N=30.) Note that each interaction with the Speaker. On the other hand, in the articu-
value in the figurgand other figures belows the mean of speaker means |atory (x) dimension, there were no main effects but signifi-

with data pooled across other conditiofia this case, across prosodic ; ; ; _ <
boundary conditions and accent conditions of the adjacent domain-initi ant interactions with Speaké 8,30]=12.23,p<0.001 for

vowel). Thus,N is 30 (5 speakers3 prosodic boundaries2 accent condi- M; F[8,30]=9.39, p<0.01 for TD such that only one
tions of the adjacent vowgl speaker(S5 showed a significant fronting effect in TM.

For /a#/, there was significant lowering and backing in
both the acoustic and the articulatory vowel spaldess.

Now considerif/. Results of RM ANOVAs showed that 2(a), 2(c)]. In the acoustic space, boundary-induced lowering
lig/ was significantly fronter when accented versus unacand backing ofd#/ was found in three speake(S1, S2, S5
cented in both the acousti1-F2 and the articulatory for lowering; S3, S4, S5 for backingIn the articulatory
vowel spacegFigs. Xa), 1(b)]. There were no interactions dimension, the lowering and backing effect becomes even
with Speaker(showing consistency across speakers clearer: four speaker@xcluding S1 showed tongue lower-

In the vertical dimension, however, there was no maining in either TM or TD and all five showed tongue backing
accent effect oni#/ in either the acoustic or the articulatory before a higher prosodic boundary in both TD and TM.
vowel spacqgFigs. 1a), 1(b)]. However, there were signifi- In summary, in the vertical dimension, there was a con-
cant interactions with Speakéf 8,30/=32.12,p<<0.001 for  sistent boundary-induced raising effect fas// in both
F1; H8,30]=8.21,p<0.01 for TM; H8,30]=6.39,p<0.01  acoustic and articulatory spaces; in the horizontal dimension,
for TD). Two speakers showed lowering effe€®l, in both  a fronting effect for 4/ was found primarily in the acoustic
the acoustiqF1) and the articulatoryTM) dimensions; S2, dimension.(See Sec. IV B for a discussion on thiThese

Opening (mm)
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BOUNDARY EFFECTS: PRE-BOUNDARY VOWELS was a symmetry in the jaw opening maxima betweeit /

(Wr Ep 0w and 4#/. On the one hand, as shown in the right panel of
30p02e00 200 | 10 - lopo - TOD Fig. 2(d), /i#/ showed a small but significantismaller jaw
il F2 (Hz2) 200 opening before a higher boundagyp or IP) than before a

B O AT - 300 lower one(Wd) (p<0.01), with no significant interaction

FIOpFEsLs s | 200 with the Speaker(All five speakers showed the same pat-

tern) On the other handa#/ showed no main effect on the
jaw opening but a significant interaction with the Speaker
L 600 (F[8,301=11.98, p<0.01). Notably, only one speaké¢gh
| 700 showed an increase in the jaw opening at a higher boundary
and two speakerns$s2,S4 showed a decrease in the jaw open-
ing at a higher boundary, as was the case ifpf. /

In summary, domain-final vowels were produced with a
larger lip opening before higher prosodic boundaries, but not
necessarily with a larger jaw opening. In fact, fo#// the
jaw opening was reliablsmaller at a higher boundary, as
opposed to the accent-induced increase in the jaw opening
for /ig/. (See Sec. IV B for a relevant discussion on the dis-
crepancy between the jaw and the lip openipgs.
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() /#CI/8 TONGUE MID (TM) TONGUE DORSUM (TD) B. Articulatory maxima in domain-initial

s s T (post-boundary ) vowels (#CV,)
E ] 1=
‘Eo -10 - E 5
. . ] —— ] 1. Effect of accent on C,V, _ _
g a. Accent effect on F1 and F2 and tongue maxima in
g 12- o . Lo C,V, For /4bi/, there were consistent fronting effects, with
5 R '_i_.' . no interactions with the Speaker, in both the acoustic and the
35 36 37 38 39 40 46 47 48 49 SO Sl articulatory dimension$Figs. 3a), 3(b)]. However, as was
@) Lip&Jawopaiingy o oDIAISS(nT)  tacer — the case for the domain-final accent effect, there were unex-
LIP OPENING JAW OPENING pected accent-induced lowering effects in both the acoustic
_ 33 TFRa0RIoLss 20172+ FI230}=4231%*  F230]=8.12 ns and articulatory dimensions; for the latter the effect was evi-
£ dent in TM. Only one speakdfS4) showed accent-induced
é raising for 4/ in both the acoustic and the articulatory vowel
g space. Conversely, four speakésd,S2,S3,SB6showed low-
ering in the acoustic dimensiofF1), with two speakers
Jit/ Jat/ Jith/ (S1,S5 also showing lowering in the articulatory dimension.
FIG. 2. Effect of Prosodic Boundary on F1 and &2, the tongue maxima For /#bal/, accent entailed significant lowering and back-

fit/ and big/ (b), (c), and the lip and jaw opening maxintd) in the domain-  ing in the acoustic dimension with no interaction with the
final_position.(* refers top<0.01;** refers top_<_0.001;N=20.) Note that Speaker{Fig. 3@]. The articulatory data showed a corre-
in this caseN is 20(5 speakers 2 accent conditions2 accent conditions of . . .
the adjacent vowsl. spond!ng tongue lowering effeffig. 3(c)], but not a corre-
sponding backing effect. Only one speak®B showed sig-
nificant tongue backing and tw{52,S4 tongue fronting.
boundary effects oni#/ differed from the accent effects in (See Sec. IV A for possible explanations for the discrepancy
that the former induced consistent acoustic/articulatory raisbetween the acoustic and the articulatory data.
ing whereas the latter induced consistent acoustic/ In summary, as was for domain-final vowels, in the
articulatory fronting. For the low/back voweb#/, there backness dimension domain-initiai/ /was consistently
were consistent boundary-induced lowering and backing irironter when accented in both acoustic and articulatory
both the acoustic and the articulatory vowel spaces. In parspaces, but in the vertical dimension, it was actulalyer, at
ticular, the boundary effect on backing af#/ was more least in the acoustic dimension. The low/bagkwas gener-
consistent than was the accent effect, while both the boundlly lower and backer when accented, although the backing
ary and the accent effects showed similar acoustickffect for b/ was primarily evident in the acoustic dimen-
articulatory lowering of d#/. sion.
b. Boundary effect on lip and jaw opening maxima/in b. Accent effect o2 lip and jaw opening maximaAs
As shown in Fig. 2d), the lip opening was signifi- shown in Fig. 8d), accented VY is associated with greater
cantly larger for both vowels before a higher prosodicjaw and lip openings than unaccented,\fegardless of the
boundary(IP=ip>Wd, p<<0.01). There were no interactions vowel type. All speakers showed significantly greater jaw
with the Speaker. In contrast to the lip opening pattern, therand lip opening patterns for accented domain-initial vowels.
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ACCENT EFFECTS: POST-BOUNDARY VOWELS BOUNDARY EFFECTS: POST-BOUNDARY VOWELS
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FIG. 3. Effect of Accent on F1 and Ra), the tongue maximagi/ and #a/ FIG. 4. Effect of Prosodic Boundary on F1 and &2, the tongue maxima
(b), (c), and the lip and jaw opening maxingd) in the domain-initial posi-  /#1/ and #a/ (b), (c), and the lip and jaw opening maxini@ in the domain-
tion. (* refers top<0.01** refers top<<0.001; N=30.) initial position. (* refers top<<0.01;** refers top<<0.001;N=20.)

2. Effect of boundary type on domain-initial ~ C,V, boundary-induced tongue fronting: only one spealk®b

a. Boundary effect orC,V, F1 and F2 and tongue showed a tongue fronting effect but two otheiS3,S4
maxima The results with respect to the boundary effect onshowed the opposite.
the domain-initial vowels are not as robust and consistent as  Turning to Aba/, as shown in Figs. (4), 4(c), both
the boundary effect on the domain-final vowels. Considercoustic and articulatory data showed no main effect but sig-
/#bi/ in the acoustic F1-F2 vowel spafEig. 4a)]. There nificant interactions with the Speaker in all cases. In the
was no main effect of Boundary in the acoustic dimensionpackness dimension, two speaké®3,S5 showed acoustic
but significant interactions with Speaké¥f[8,30|=5.77, p and articulatory backing fora/ after a higher prosodic
<0.01 in F1; F8,30]=6.68, p<0.01 in F3. Only one boundary, and an additional speak&d) showed articulatory
speaker(S5 showed boundary-induced raising and backingbacking only. In the height dimension, only one spedfsd)
(not fronting for /i/, and all others showed no significant showed the lowering ofa/ in the acoustic dimension and
differences. On the other hand, in the articulatory dimentwo (S3,S5 in the articulatory dimension. Interestingly, the
sions, there was significant tongue raising idiv At a higher  two speaker$S3,S5 who showed tongue lowering were the
boundary(IP>Wd, p<0.01), as reflected in TM in Fig.(4). ones who showed acousfiand articulatory backing for &/.
[Four speaker$S1,52,S4,95showed a articulatory raising In summary, domain-initiali/ was higher at a higher
effect at a higher boundary, and one spedk& showed the boundary, more so in the articulatory than in the acoustic
opposite trend. By contrast, there was no evidence for dimension. One speaké85 showed both acoustic and ar-
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ticulatory raising and three speakdf$1,S2,S% showed ar- TABLI_E II_. A summary of the_ m_ai_n_ effects of Accent and Eoundary_Type on
ticulatory raising only. Unlike the domain-final/however, ~domain-final(_#) and domain-initial(#.) vowels. Cells with descriptions
there was no consistent evidence of either an acoustic or a'ﬂld'cate that the main effects are significantpat 0.01 with " and p

. . - 0.001 with “** " When there are significant interactions between a pro-
articulatory fronting effect: only S5 showed a fronting effect sqgic factor and the factor Speaker, the individual speaker’s contribution to
only in the articulatory dimension. The effect of Boundary the observed pattern is also noted parenthetically based on the results of a
on domain-initial &/ was less clear. Notably, however, two series oft-tests conducted between conditions with each speaker.

speakergS3,S5 showed boundary-induced backing in both

the acoustic and the articulatory dimensions, and the same. dﬁ}';‘;ﬁiffn Accent effect Boundary effect
two speakers also showed articulatory tongue loweringtype s # (VD #_(V2) _# (VD #_(V2)
which was not coupled with acoustic lowerin@See Sec. F1 ns. ns. - ns.
IV A for a discussion on thi$. 1il H (Ss45 H(S2 H H (S5

b. Boundary effect of,V, lip and jaw maxima There LY L(Ss1345 N
was a significant main effect of Boundary on the maximum Tonguey " (Ss13 H (S2 H H (Ss1.2.45
lip opening for #bi/ (IP>ip=Wd, p<0.01) seen in Fig. " L(ssL L3y
4(d). But there was a significant interaction with Speaker F2. = > ** ns.
(F8,301=19.77,p<0.001): two speakerts1,S5 showed a Tonguex F 5 nF.S. ESS)
significantly larger lip opening after a higher boundary F F F(SH F (S5
(IP=ip>Wd), while two others(S2,S4 showed nonsignifi- g o o B (Ssl.4 B (Ss3g
cant trends in the same direction. The jaw opening data for P LG e LG LG (SsL5
/#bi/ also showed a significant main effect, as shown in the Jaw  ** i ok ok
right panel of Fig. 4d), but in the opposite direction: the jaw LG LG SM SM (Ss1,2,3,5
opening was smaller for IP and ip than for Wd<(0.01). F1 ok ok ok n.s.
Four speakers indeed showed a decreased jaw opening at/a L L L (Ss1.25 L(SD
higher boundary(IP=ip<Wd, p<0.01). (Recall that the Tonguey ** . ok ?stz)
same four speakers showed a boundary-induced decrease in L L L L (Ss3,5
the jaw opening for the domain-finail/.) o o o H (Ss2,4

As for /gbal, there was a main effect of Boundary, F2 B (Ss13 B B (Ss3.45 2'5(533,5
showing a significantly larger lip opening at a higher pro- F (S
sodic boundary(IP>ip=Wd, p<0.01), as shown in Fig. Tonguex n.s. n.s. * *
4(d). There was, however, a significant interaction with E((Sg)z 4 B B (Ss3.4.3
Speaker(F[8,30|=11.21,p<0.01) due to one speakéB3), Lp  * o ' ok ok
who showed the opposite pattelifrour speakers showed a LG LG LG LG (Ss1,5
similar pattern, but only significantly so for S1,)Skor the Jaw . ok ﬁ'! 53
jaw opening for #ba/, there were no effects of Boundary. LG LG LG (S5

In summary, for domain-initiali/, the lip opening is SM (Ss2,4
generally larger at a higher prosodic boundgound in four Note: H=higher, L=lower, F=fronter, B=backer, SM-smaller, LG
speakers but the jaw opening issmaller (found in four  —jarger; Ss-Speakers. Numbers in parentheses indicate speaker IDs.

speakers at higher prosodic boundaries; for domain-initial
/al, the lip opening was generally larger at higher boundarie

but there was no boundary effect at all on the jaw opening%'gh front vowel 1/ is consistently fronter in domain-final

‘positions primarily in the acoustic space. In domain-initial
positions, it is hardly fronter(5) the low back voweld/ is
consistently lower in domain-final positions. In domain-
The results are recapitulated below and in Table Il.  initial positions, there is no significant lowering effect for
A summary of accent effects (when accentgd)as fol-  /a/; and (6) the low back vowel d/ is consistently backer,
lows: (1) Both the lip and the jaw openings for bot’ #s i/ though the effect is more consistently so in domain-final than
are generally larger(2) the high front vowel il is consis- in domain-initial position.
tently fronter but not necessarily highénly two speakers
showed raising effects only in the acoustic dimengsi@md
(3) the low back vowel d/ is generally lower, but backer It was hypothesized that under accent, the maximum po-
only in the acoustic vowel space. sition of the tongue should increase in a direction to enhance
A summary of boundary effects (at a higher boundary)place features, whereas the jaw and lip openings should be
are as follows:(1) The lip opening for both voweld,f/ is  expanded in order to increase sonority. As far as the opening
generally larger, but more consistently so in domain-finalof the vocal tract is concerned, the results showed that ac-
positions than in domain-initial one&2) the jaw opening is cented vowels are produced with an increase in jaw and lip
not larger. Instead, it is significantly and consistently smalleropenings for both vowelsufi/, which is taken to be an en-
for /i/, while there is no consistent jaw opening pattern forhancement of the sonority feature.
lal; (3) the high front vowel il is consistently higher in As for place featureghigh, low, back, defined in the
domain-final positions. But in domain-initial positions, it is acoustic F1-F2 vowel space, the results showed thas/
generally higher only in the articulatory vowel spat®;the  generally lower and backer when accented versus unac-

IV. SUMMARY AND DISCUSSION

A. Accent and featural enhancement
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cented, which can be interpreted as an enhancement of bodmhancement, but simply as a byproduct due to the tongue
[+low] and[+back for /a/. For the high front vowelil, shifting to achieve a proper constriction degree and location
however, it is consistently fronter, but not necessarily higherjn the area of the palate. However, these two alternatives do
suggesting that accentuation induces an enhancement bt fully explain why there is also a corresponding acoustic
[—back], but not a consistent enhancemenf ¢high] inso-  lowering effect(F1 raising in the acoustic dimension. In-
far as the features are defined in the acoustic vowel spacstead, the acoustic and articulatory lowering effects observed
This suggests that not all nonsonorifylace features de- in some speakers may be interpreted as a result of the articu-
fined in the acoustic dimension are enhanced uniformly unkatory maneuver coupled with the jaw lowerifgnd the lip

der accent. opening to increase sonority.

Now, let us consider how the acoustic results can be These hypotheses lead to an interesting observation. In
linked to the articulatory results. Fau// the acoustic lower- the height dimension in both acoustic and articulatory, when
ing effect (enhancement of+low]) was further evident in a vowel has a place feature whose enhancement is in direct
the articulatory space. The enhancemen{-efow] as re-  conflict with sonority expansiofii.e., [+high] for /i/), the
flected in the raised F1 may be attributable to the articulatorgnhancement of that feature appears to be suppressed, as
maneuvers involving not only the jaw and lip opening butfound in most speakers’ data. What appears to be enhanced
also the tongue lowering, converging on sonority expansioithen is the{ —back feature evident in both the acoustic and
(e.g., Harringtoret al,, 2000; Erickson, 2002 On the other articulatory fronting, which at least has no antagonistic effect
hand, the enhancement [of back evident in backing in the on sonority expansion. On the other hand, when a vowel has
acoustic spacélowered F2 was not consistently accompa- place features whose enhancement is not in conflict with so-
nied by the tongue backing in the articulatory spdeeyile  nority expansiorfin the case of +low] and[+back for /a/),
the tongue lowering was observed in all speakeis the ~ no such constraint applies. This observation is also supported
present study, the articulatory vowel space reflects a Cartdy a finding reported by de Jor(39953, who showed that
sian vowel space defined by the occlusal plane. The acoustife tongue position for English vowed// (with two place
F2 lowering may then not be directly translatable in terms offeatures +high] and[—back) is backer but not necessarily
the tongue backing in an articulatory space defined this wayligher under accerit.

Instead, as Wood1979, 1982 proposed, the observed F2 This account suggests that accent-driven hyperarticula-
lowering for &/ may be better accounted for by an increasetion of vowels in English is achieved by an enhancement of
in the constriction degree in the low pharyngeal area in théome, but not all, place features, with consistent sonority
vicinity of the epiglottis. It is then plausible that the tongue €xpansion. If the ultimate goal of accent is to maximize pho-
lowering in a Cartesian vowel space may indeed increase tHe€Mmic contrast and ultimately lexical distinctions, in the
constriction degree in the low pharyngeal area, which wouldPirit of the hyperarticulation hypothesis, such distinctions
result in backing in the acoustic spadewered F2. Accord- ~ aré not necessarily maximized by enhancement of all the
ing to the nomogram, based on a two-tube mddeg., Fant dlstlnctllve place features, but may actually be pest enhan_ced
1960, it is predicted that F2 as a back-cavity resonance foPY Making segments louder as a result of sonority expansion,
/ol increases as the length of the back-cavity gets shortednd other featural enhancement may enhance the peripheral-
(Stevens, 1989; Ladefoged, 1996: Johnson, 19Bfis pos- ity of_the \_/owels nqt in all d|re_ct|ons_bL_Jt in ways that do not
sibility is indeed further supported by the boundary effectsconflict with sonority expansion. Similarly, Fowlgi993

on /a/ in domain-initial positions. Recall that the two speak- SUggests that that the phonetic goal of accent is to simply
ers(S3,S5 who showed accent-inducéarticulatory tongue maximize prominence in order for listeners to understand
lowering were the ones who also showed backing in thd®tter(the global effect hypothesis

acoustic spacéowered F2 for /a/, which suggests a close
relationship between the articulatory tongue lowering and th
backing in the acoustic space, at least in these two speakers. Another hypothesis set forth for this study was that the

Turning to 1/, there was a closer mapping between thephonetic realization of vowels at domain edges is driven pri-
acoustic and articulatory vowel spaces. The accent-inducesharily by sonority expansion, and not by hyperarticulation,
fronting effect (enhancement of —back]) in the acoustic such that all three articulatofghe tongue, the jaw, and the
space was further manifested in the tongue fronting in thédips) converge on a larger vocal tract opening at higer pro-
articulatoryx dimension, whereas the nonraising effébus  sodic boundaries, resulting in acoustic lowering., F1 rais-
no evidence of +high] enhancemenin F1 was commensu- ing). In this vein, it was also predicted that nonsonority
rate to the nonraising effect in the articulatorgimension.  (place features would not be enhanced if the results would
In fact, two speakers showed accent-induced lowering effectise antagonistic to the sonority expansion. However, the re-
in both the acousti¢F1) and the articulatorTM, tongue  sults revealed that although there is some evidence for
mid) vowel spacegand two others in the acoustic space boundary-induced sonority expansion, this is not the only
only). The tongue lowering fori/ in TM for these speakers effect seen at the boundaries.
might be interpreted as the entire tongue body being shifted The lip opening was found to be generally larger for
forward along the arc of the palat@s evidenced in the both A/ and &/ at a higher boundary in both the domain
tongue fronting, which may rotate the tongue midposition initial and final positions, suggesting that sonority expansion
slightly downward. Alternatively, the lowering of TM for is associated with edges of prosodic domains. Interestingly,
accentedi/ could be interpreted, not in terms of place featurehowever, unlike the accent effect, neithérnor /a/ showed

g. Prosodic boundary and featural enhancement
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any significant increase in the jaw opening at a highemodel) This does not mean to say that there is no domain-
boundary in both the domain initial and final positions. In- initial strengthening effect on the vowel #CV, but to say
stead, i/ showed a significandecreasean jaw opening at a that the effect is less robust as compared to the domain-final
higher boundary. articulation.[Note that Chdin pres$ also showed boundary-
With respect to the enhancement of place featur@s, / induced strengthening iiCV lip opening kinematicg.
showed lowering and backing effects in both the acoustic  Returning to domain-final phenomena, it has been pro-
and the articulatory vowel spacésiore consistently so in posed that domain-final articulation is explained primarily by
domain-final than domain-initial positionwhich could be temporal expansiorie.g., Edwardset al, 1991; Beckman
interpreted as the enhancement[eflow] and[+backl as et al, 1992. However, as described above, the results of the
well as sonority expansion. The vow#ldlso showed acous- present study do indicate that domain-final articulation is
tic raising and fronting and articulatory raisifigut not con-  marked not only by temporal expansion but also by the en-
sistent fronting. This again can be interpreted as the en-hancement of sonority and place features at a higher prosodic
hancement of +high] and [—back] at a higher boundary. boundary—that is, by strengthening as well as lengthening.
Thus, from these results we can postulate that it is not onlyA similar domain-final strengthening effect on Frencit /
sonority-related features but also nonsonority features thavas reported in TabaiR003. However, the results of the
are enhanced at a strong prosodic boundary, even if the efresent study are not fully comparable with previous studies.
hancement of such nonsonority featues).,[ +high] for /i/) ~ For example, consider the remark of Becknedral. (1992
works antagonistically with sonority expansion. This sug-regarding domain-final articulation thafu]nlike the greater
gests that sonority is not the only driving force for strength-length of a nuclear-accented syllalilgith a greater articu-
ening effects at prosodic boundaries, rejecting the hypotheslgtory displacement intonation-phrase-final lengthening is
of boundary phenomena as being governed by Sonority on|90t accompanied by any significant difference in articulator
(e.g., Farnetani and Vayra, 1996¢The tongue raising for displacement.” The basis for this remark was that the jaw
English i/ is compatible with French EPG data reported inclosinggesture for “pop” is temporally longer, but not spa-
Fougeron(2001), in that the Frenchi/ in the /pt_p/ context  tially larger domain-finally. However, this remark does not
tends to have a greater degree of linguopalatal constriction &€€m to pertain to our tongue and lip opening data. One
a higher boundary. possible explanation is that the discrepancy comes from the
It is also noteworthy that théecreasedaw opening at a difference in syllable structure as well as the articulatory
higher boundary fori/ indicates that, if anything, there is an Parameters. The Beckma al. conclusion was based on the
additional adverse effect against boundary-induced sonority-t0-C closing displacement data with closed syllables
expansion fori/. This is especially interesting because therel/Pap/) whereas the data in the present study were obtained
is a discrepancy between the lip and the jaw openin(jrom the art|culatory(st_§t|o_ maxima \{wth open syllables
maxima: i/ is generally associated with a larger lip opening /ba#/). Another possibility is that the jaw may be less sen-
but a smaller jaw opening. One possibility might have to dOS|t|ye to changes in the level of pros'odlc poundary than other
with competing articulatory goals in the production of articulators. The da'ta presented in this paper shqw that
domain-edgeil: boundary-driven sonority expansion versus 2@Mong the t_hree articulators that were examlned, it is only
the enhancement of the proper constriction degree requirdil® jaw maxima that do not show expanded articulation for
for /il. It is plausible that the lip opening satisfies boundary-domain-final &/ (only one out of five speakers showed the
driven sonority expansion while the jaw contributes to an/@W lowering effect, showing less sensitivity of the jaw to
enhancement of+high] for /i/. (Recall that for the accent Prosedic boundaries. This is consistent with Tabai@G03
effect on 1/, there was neither acoustic nor tongue/jaw rais-c/aim that the jaw is less sensitive to prosodic boundaries
ing) The reduced jaw opening may also have an effect than_|s .the tongue. Given these two possible explanations,
reinforcing the unroundedness @f that may be responsible the 'flndlngs of the current study need not be seen as contra-
at least in part for the increased F2 for preboundaty / dicting those of Beckmaat al.,, but as complementing them.
Asymmetry in domain-initial versus domain-final pro- i )
sodic strengtheningAs summarized above, the boundary ef- C. Boundary versus accent-induced strengthening
fect is generally more robust domain-finally than domain-  We have seen that vowels are more extremely articulated
initially. In almost all cases, the observed boundarywhen they are either accented or located at a higher prosodic
phenomena were evident in more speakers domain-finallpoundary, suggesting that there is some sort of prosodic
than domain-initially. The weaker domain-initial results arestrengthening. One of the major goals of this paper was to
roughly consistent with the EPG data in Fougeron and Keatexamine whether the prosodic strengthening that occurs at
ing (1997, which showed that the vocal tract opening for the edges of prosodic domains can be accounted for by the
/no/ (in reiterant speedhwas larger for phrase-initial posi- same principle that governs accent-induced strengthening.
tions than for phrase-medial positions only for one speaker The results suggest that the two aspects of prosodic
out of three. This is presumably because the effect obtructure are indeed differentiated by distinct phonetic pat-
domain-initial strengthening is robust primarily on the terns. One of the most comprehensible differences between
domain-initial consonant ist CV, but the degree of strength- the two effects comes from the way in which the high front
ening may wane when it comes to the vowel articulation.vowel A/ is produced. Accented//was associated primarily
(See Byrd, 2000; Byrd and Saltzman, 2003 for a possiblavith fronting in both the acoustic and the articulatory vowel
explanation in the framework of a mass-spring gesturabpaces, which was accompanied by an increase in both the
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jaw and the lip opening. On the other hand, domain-fiifal / ture system. These findings together suggest that the investi-
at higher boundaries was associated primarily with raising irgation of cross-linguistic phonological patterns is warranted,
both the acoustic and the articulatory spaces, this time aawith special attention paid to whether positional effects on
companied by alecreasan the jaw opening but an increase phonological alternations and contrast maintenance are fur-
in the lip opening. We then infer that phonemic distinction isther conditioned by multiply-layered higher-level prosodic
maximized primarily via enhancement of the frontednessstructure.

([—back)) under accent but via enhancement of the height

([+high]) at higher boundaries, while sonority is expandedg  conclusion

in both contexts. Ford/, the difference between the accent

and the boundary effects was less clear, but the obvious dif- The results of this study suggest that the complexity of
ference was that while there was a clear jaw opening effegerosodic structure reflected in accentuation and hierarchi-
for accentedd/, there was virtually no jaw lowering effect cally nested prosodic constituents appear to be indeed differ-
for domain-final &/. Despite all these differences, however, entiated by speakers, as evident in discrete prosodic strength-
there is one common property that characterizes prosodi2"ing phenomena in different prosodic conteltsaccented
strengthening, regardless of whether it comes from accentu&Yllables versus at edges of prosodic domains; domain-
tion or boundary: vowels are produced with an increase ifnitially versus domain-finally Building on previous find-
sonority as evident in the lip opening, which is taken to be dngs, this implies that not only suprasegmental featides
consistent way of increasing linguistic prominence at profation, pitch, loudnegsbut also fine-grained segmental

sodically strong locations. phonetic cues are all manipulated to signal the linguistic
structure of prosody. Another implication of this study is that
D. Maintenance of phonological contrasts prosodic strengthening is not simply a low-level phonetic

) ) o ) ) event but a complex linguistic phenomenon, giving rise to
Before concluding this paper, it is worth discussing hoWihe enhancement of phonological features. This implies that

the results of the present study can be linked to current phasogqic strengthening is related with linguistic prominence

nological theories with respect to prosodically strong posi-,ch that it makes a sound more distinct from neighboring

tions. In t_h_e recent phonologi(_:al literature, prosodicall_ySegments (syntagmatic enhancementind/or makes the
strcing_ posmo?s h“afve be_en”cong_derefj by some phonologisty,ng distinct from other contrastive sounds in the language
as “privileged” or “licensing” positions in which phonologi-  (aradigmatic/phonemic enhancemefftis, in turn, means
cal contrasts are most often maintained, in which segmentg, o+ the phonological theory of positional strength or licens-

act as triggers of phonological modification such as vowetng may need to be further elaborated by taking a high-level
harmony, and in which they themselves often resist such ﬁrosodic structure into account.

modification (e.g., Beckman, 1998; Steriade, 1999; Barnes,

2002. Although it is still controversial whether such a posi-

tional privilege is phonetically groundeeing attributable ACKNOWLEDGMENTS

to the richness of the phonetic cues associated with that po-  This work has been supported by the Max Planck Insti-
sition) or structurally driven(being purely attributable to the tute for Psycholinguistics, and the NSF doctoral improve-
position itselj, what is clearer is that, cross-linguistically, ment grant(BCS-0001716to the author and Patricia Keat-
phonological contrasts are likely to be maintained in prosodiing. The author would like to thank Pat Keating and Sun-Ah
cally strong positions. This phonological view of strong po- jun for their comments and advice; Adam Albright, Peter
sitions as licensing for phonological contrasts has been at-adefoged, Bruce Hayes, Ken de Jong, and Elizabeth
tested in many languages, and is indeed in line with thelohnson for valuable suggestions on an earlier version of this
prosodic strengthening effects in English observed in theaper. This work has been greatly improved by comments
present study: the prosodically conditioned enhancement &nd criticisms from Anders ifqvist, Mary Beckman, and an
vowel features can be seen as maximally maintaining phoanonymous reviewer. The articulatory data were originally
nological contrasts in prosodically strong positions. The procollected for the author’s 2001 UCLA Ph.D. dissertation, but
pensity of contrast maintenance is also evident in V-to-Vhave been completely reprocessed and reanalyzed along with
coarticulatory resistance in prosodically strong positionsadditional acoustic data. Therefore, the results reported jere
(Cho, 2004. Moreover, such phonological theories may beare different from those in the authors’ dissertation.

further enriched by taking into account two aspects of pro-

sodic Strer.]gthemng .found in the present study.: pr.OSOdlclBut, See Harringtoret al. (2000 in which one speaker showed temporal
strengthening has different phonetic effects depending on sequencing in achieving the sonority expansion first and then the hypera-
prosodic position and the degree of strengthening at domainticulation of the vowel features of accentéflin Australian English.

edges varies with the level of the prosodic boundary. With?Out of 320 sentences that contained a phrase boundary 1P),080@

respect to the interaction between prosodic Strengthening anqsentence$94.3% reached agreement. Each speaker contributed 28 to 32
P sentences and 29 to 31 ip sentences, showing a balanced distribution

Ianguage-spemflcny, Cho and M_CQueén press S_howe(_j_ across boundary types. Furthermore, sentences were also distributed
that VOTSs tend to be shortened in strong prosodic positions roughly equally across accent conditions: ACC#AGE 36 sentencesi//
in Dutch, as opposed to those in similar strong positions in 39 sentences UNA#ACC /a/, 38 sentences;i// 38 sentences

English, which suggests that prosodically driven enhance- UNA#ACC. lal, 36 sentencesj// 39 sentencesand UNA#UNA k/, 38
sentences;i/, 38 sentences

mer_ﬂ OT ph(?nOlOgical contrase.g., voiced/voiced phopgmic 33This parallel should be taken with caution: The tongue height dimension
distinction is further modulated by a language-specific fea- in de Jong(1995a was defined by a line of pellets on the lower molars
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whereas the tongue height dimension in the present was defined by theougeron, C., and Keating, P. A1997. “Articulatory strengthening at
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