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Gradient Reduction of C in /pk/ Sequences*

Minjung Son=*

ABSTRACT

Instrumental studies (e.q., aerodynamic, €PG, and EMMA) have shown that the first of two stops in sequence can be articulatorily
reduced in time and space sometimes; either gradient or categorical. The current EMMA study aims to examine possible factors__linquistic
(e.g., speech rate, word boundary, and prosodic boundary) and paralinguistic (e.q., natural context and repetition)__to induce gradient
reduction of C in /pk/ cluster sequences. EMMA data are collected from five Seoul-Korean speakers. The results show that gradient
reduction of lip aperture seldom occurs, being quite restricted both in speaker frequency and in token Ffrequency. The results also suggest
that the place assimilation is not a lexical process, implying that speakers have not fully developed this process to be phonologized in the

abstract level.
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1. Introduction

Optional place assimilation in Korean between two sequential stops (CC,) in intervocalic position is traditionally viewed as categorical
change of a place feature (Chomsky and Halle, 1968; Kim-Renaud, 1974) or the delinking-reassociation of place features (Clements, 1985;
Cho, 1990). Experimental evidence for this kind of cateqorical assimilation is available from Spanish. Honorof (1999) conducted an articulatory
study and demonstrated that in Spanish, /n#p/ to [mpl is true cateqorical place assimilation where the deleted tonque tip gesture is
replaced by the lip closure gesture in time (e.g., <digan «paja> alto> - [digampaxal, <say (form. pl.) <straw> loudly>). However, in
aerodynamic studies (Jun, 1995, 1996, Silverman and Jun, 1994), /p/ assimilated to the following /k/ involved articulatorily gradient reduction.
In Jun>s (1995, 1996) studies, he measured oral pressure and airflow via a mouth tube connected to an oral pressure transducer. In
interpreting the oral pressure data, the amplitude of air pressure change was measured to estimate gestural magnitude of /p/ in /ipku/ and
/ipk“a/ sequences and gestural overlap between /p/ and /k/. Among a total of 330 tokens u7% of the tokens were categorized as
reduced, where labials were deleted in all the tokens with one exception (gradiently reduced). Gradient reduction was only observed in a

labial-dorsal -glide sequence /pk“/, not occurring in /ipku/ sequences. By hypothesis, gestural magnitude of a coda segment was

* The EMMA experiments were supported by NIH DC 00493 to Haskins Laboratories. | am grateful for Louis M. Goldstein for his comments
and suggestions.
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understood as being on a continuum of gestural reduction. That is, complete reduction (i.e., deletion) of a coda gesture is regarded as one
extreme of the continuum, and the emergence of a coda gesture without reduction is considered as the other extreme. Partial gestural
reduction can lie anywhere between these entremes. Based on the results from his production studies, he further elaborated the impact of
gradient reduction during speakers® production on listeners> perception in the framework of Optimality Theory (Prince and Smolensky, 1993;
McCarthy and Prince, 1995).

The articulation of consonant clusters from other lanquages such as €English, French, German, Georgian, and Aussian has been also
considered in the context of variability (Chitoran et al., 2002; €llis and Hardcastle, 2002; Fowler and Housum, 1987; Goldstein et al., 2007;
Jaeger and Hoole, 2007; Kijhnert and Hoole, 2004; Kyjhnert et al., 2006; Nolan, 1992; Zsiga, 199y, 1995, 2000). Gestural reduction and
overlap have been hypothesized to be a factor to induce phonetic variability, which is observed in allophonic variation in casual speech (e.qg.,
coronal reduction in English (Barry, 1985 from Nolan, 1992; Browman and Goldstein, 1992)). Using various methodologies, coronals have been
examined in terms of reducton frequencies in American English, British English, and German (Ellis and Hardcastle, 2002; Jaeger and Hoole,
2007; Kijhnert and Hoole, 2004; Kjjhnert et al., 2006; Nolan, 1992; Zsiga, 1994, 1995, 2000). For example, in electropalatography (EPG)
studies in Barry (1985 from MNolan, 1992), the results of coronal reduction from British-English data have revealed that about one third of
tokens (30.2%) were cateqorized as gradiently reduced tokens. However, frequent reduction was not observed using different
methodologies (Ellis and Hardcastle, 2002; Jun, 1995, 1996). For a coronal nasal in /nk/ sequences of British English, only few gradiently
reduced tokens were attained with inter-speaker variation in a simultaneous EPG/EMMA study on British English.

Although various instrumental phonetic studies on different lanquages have uncovered gradient and cateqorical reduction in production
(e.q., its nature, frequency, perceptual aspects, rate-dependency, and so forth), the elicitation of gradient reduction in labials for Korean
was not always successful. Using EMMA (Perkell et al., 1992), gestural movement of the lips and the tonque, on which transducers are
attached at roughly equal distances (the tongue tip, anterior tongue body, posterior tongue body, and tonque dorsum), was physically
measured (Son, 2004; Son et al., 2007). In both magnetometry studies labials in /pk/ sequences were cateqorically reduced, without
evidence of gradient reduction being observed. In Son et al. (2007), a total of 133 tokens were available for analysis and 30.8% of the
tokens were cateqorically reduced. This cateqorical labial reduction was always realized as one accentual phrase and the process was
optional in this prosodic domain, having a tendency to occur more frequently at fast speech rate. This result confirmed the reduction
frequency Found in Jun (1995, 1996)___pooled across data, there was cateqorical reduction of labials with great inter-subject variability (18 %
of all /pk/ tokens; 36% of word-internal /pk/ tokens). Unlike Jun>s (1995, 1996) data, labial reduction, however, was confined to occur in
word-internal clusters. Responding to a reviewer>s concern that hyperspeech might have occurred when speakers had produced presented
materials in the EMMA experiments, Son et al. (2007) excluded this possibility by indicating that cateqorical reduction should not have
occurred if the lack of gradient reduction were attributed to hyperspeech (cf., Lindblom, 1990).

For this reason, it is of importance to know why the results from the aerodynamic studies (Jun, 1995, 1996) and the EMMA studies
(Son, 200u; Son et al., 2007) are different only in terms of gradient gestural reduction. One possible reason for the differences might be
the different elicitation methods between Jun’s (1995, 1996) and Son et al.’s (2007) studies; the latter used a less natural elicitation

method, where target words were embedded in a carrier phrase (cf., unusual contents in Bolinger, 1981 from Fowler and Housum, 1987).
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Note though that it is not an uncommon practice to use a short sentence to elicit speakers> production__gradient reduction data was
successfully acquired in American English (Browman and Goldstein, 1995). However, it is possible that the stimuli for Son et al. (2007) were
not as natural as Jun>s (1995, 1996) study which used materials presented in natural sentences composed of three to seven words. Thus, in
our current production study we replicate Son et al.>s (2007) experiment using materials presented in paragraphs.

Another possible reason that Son et al. (2007) failed to acquire gradient reduction could be because every target syllable (UC), with
both heterorganic and homorganic clusters, consistently appeared in the initial position of a phrase (e.g., accentval phrase and intonational
phrase: Jun (1993)). This prosodic condition could have suppressed token-to-token variability in gradient reduction. Thus, the lack of gradient
reduction in production could have been due to the failure of gradient reduction to occur in this position, rather than non-existence of such
a phenomenon altogether. In an effort to elicit token-to-token variability in coda position, both prosodic phrase initial and final position were
strictly avoided.

In addition to using natural sentences which are configured to elicit more token-to-token variability in reduction, a repetition method is
employed that has been claimed to elicit productions with reduced articulatory effort. In an acoustic study of running speech cropped from a
contemporary radio program, Fowler and Housum (1987) showed that repetition resulted in shrinkage in duration and amplitude for a word
repeated within a paragraph (average of three words apart between new and old words). It is plausible that the shrinkage observed in old
words is caused by more gestural overlap between two segments (e.q., /pk/ clusters) and more gestural reduction in space and time. In
our stimuli set, new words refer to the first four times a word is produced in reading. Old words refer to the second four times a word is

produced in reading.

2. Enperiment and data analysis

2.1 Participants and Materials

For our production experiment, a total of seven subjects were employed, five female and two male, but data from two Female
speakers were not available for analysis due to either the chronic failure of transducer coils for tonque dorsum movement or signal
processing problems. Data from five subjects (three females (KI, K3, and Ku) and two males (K2 and K5)) were used in the analysis. All
subjects, none with any speech impairment, were najve to the purpose of the experiment. They all identified themselves as speaking Seoul -
Korean dialect. Speakers were at age thirty-one on average_twenty-seven years in Seoul, Korea and four years abroad. They were
residing in U.S.A. for their graduate studies or post-doctoral research at the time of the experiment.

/pk/ clusters, which is known to be an assimilation content, were collected along with control /pp/ and /kk/ clusters. The three
different cluster types appeared in natural contents presented in a paragraph form. Two different speech rates (either fast or comfortable)
and different word boundary conditions (within-word and across-word conditions) were employed. The stimuli were presented in random
order, but the order of stimuli within a block of presentation remained the same across speakers. Target syllables with C, appeared neither

word initially nor word finally__nor did control syllables. Each target/control word/phrase was repeated four times in the paragraph. All
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speakers were asked to read a presented paragraph on a computer screen two times in a row, abiding by the required speech rate. The
rate and word boundary conditions were blocked and elicited in the same order for each subject_phrase comfortable, phrase fast, word
comfortable, and word fast. A total of thirty-two repetitions of each target word/phrase were rendered. The larger sentential context in
which these occurred could be consistent or varied within a paragraph; a priority of contextual variation was given to natural meaning of
sentences. In (1), the transliteration of target words or word pairs is shown along with its phonetic transcription and gloss. The whole

stimuli set is shown in the endnote'.

(1) Stimuli list for EMMA experiment

(a) Within-word boundary condition

Transliteration  Phonelic transcription Gloss
(i) control /pp/

/j,\n-hap-pan/ [jonhappanl <joint class (o] g}ul)’

(ii) control /kk/

/a-ak-ka/ [aakkal <traditional royal musical song (o}er7})’

(iii) /pk/ cluster

/fn-ap-ka/  lifoapkal or [ifpakkal <low pressure valve (74 q}7})°

(b) Across-word boundary condition

Transliteration Phonetic transcription Gloss
(i) control /p#p/
/nan-hap # pat-a/ [nanhappatal <getting a small bowl coming
with a lid (13} wro})
(ii) control /k#k/
/[j’,\n-hak # ka-taka/ [u’gnhakkataka] <on the way of transferring
schools ()&} 7}t} 7))’
(iii) /p#k/ cluster

/nan-hap # katfi-ko/ [nanhapkatfiko] or [nanhakkatfiko]
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<having a small bowl with a lid and (133} 7}%) 31)°

2.2 Method and Measurements

The Perkell-system electromagnetic midsagittal articulometer system (EMMA) at Haskins Laboratories was used to collect kinematic data
of the lips and the tonque. Two transducers were attached on the upper lip and lower lip, and four transducers on the tonque__the tonque
tip, anterior tonque body, posterior tonque body, and tongue dorsum__at roughly equal distances. They were aligned with each subject’s
vocal tract in the midsagittal plane.

Oral gestures are defined by constriction variables (i.e. degree and location). For this study, spatial and temporal properties of gestures
are measured with respect to the constriction deqree of the lips (LA) and tonque dorsum (TD). These are estimated using a Matlab-based
procedure, muiew (Tiede, 2005). For measurements of lip gesture, lip aperture is measured as the Euclidean distance between the
transducers on the upper and lower lips. For measurements of a dorsal segment, the vertical movement of the tonque dorsum is measured,
since mere vertical movement seems more accurate due to uncertainty about position of the soft palate.

To find the marimally constricted values for lip aperture (during /p/) and to find the highest position of the tonque dorsum (during
/k/), a function (Snapex) was employed that finds the nearest position entremum (velocity zero) to the time location at which the user
clicks. To find the times of gestural onset, target attainment, and release a second function (Findgest) was employed. The gestural onset
was defined when the velocity of the corresponding constrictor exceeded a threshold, defined as a percent of the difference between the local
speed minimum and speed maximum. Time of target attainment and release were measured in similar ways; constrictional threshold values for
each constrictor and for each speaker are determined after qgoing over sample tokens chosen at random. In analyzing data, a 40 % of threshold
is used for lip aperture and a 30% for the tongue dorsum.

Using measurements of gestural landmarks, gestural reduction is defined using the minimum values of constriction degree for lip
aperture and extreme maximum values of vertical movement for the tonque dorsum, as discussed above. Temporal constriction interval is
defined as temporal duration from the target attainment to the release of C (i.e., constriction duration).

Tokens in which both algorithm fail to find any constriction event in the relevant temporal region are considered to be instances of
complete gestural reduction (i.e., deletion). For these tokens, the <constriction> value for ( is measured at the target attainment of C, (see
Son et al., 2007). For control /kk/ sequences, the constriction value for lip aperture was measured at the target attainment of the tonque
dorsum gesture. For /pk/ clusters with cateqorical reduction (deletion) of lip aperture, the same time series were taken and compared to
the values of lip aperture for control /kk/ clusters. For control /pp/ sequences, the constriction value for the tonque dorsum gesture was
measured at the target attainment of lip aperture in order to compare it to the /pk/ clusters with a cateqorically reduced tonque dorsum

gesture. One token was eliminated from a further analysis due to mispronunciations.

3. Results
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3.1 Constriction Degree of Lip fiperture as

fis for the constriction degree of lip aperture in /pk/, an analysis of variance was conducted, including Subject (five speakers),

Boundary (across-word and within-word), Rate (fast and comfortable rate of speech), and Aepetition (first four times a word is produced

in reading vs. second four times). In the overall analysis pooling across all subjects in Table I, there was a main effect of Subject, a main

effect of Boundary, and a main effect of Rate at the significance level of .05. The results showed significant interactions between Subject

and Boundary, and between Subject and Rate.

Table I. A summary of significant main effects of the constriction degree of /p/ as C in /pk/ across subjects.

Main effects ficross subjects Interactions ficross subjects
Subject F oy, 159) = 279.27* Subject and Boundary F (4, 159) = 17.09*
Boundary F (1, 159) = 5.63 Subject and Rate F (4, 159) = 3.u3%
Rate F (1, 159) = 32.603%
Repetition Not significant
(% p < .05)

Since Subject interacted with Boundary and with Rate, an analysis of variance was conducted separately for each speaker and included

three factors: Boundary, Rate, and Repetition. We show the results of a factorial analysis of variance by subject, including the F-values of

significant main effects in Table 2 (p < .05). There was a main effect of Boundary for all subjects, a main effect of Rate for three subjects

(KI, K3, and Ku), and a main effect of Repetition for one subject (KI).

Table 2. A summary of significant main effects of the constriction degree of /p/ as C in /pk/ by subject.

Subject Ki K2 K3 Ky K5
Boundary F (1, 32) = 15.67% F,32) = F (1, 32) = 23.23% F,32) = F,32) =
9.U5% 28.50* 61.80*
Rate F (1, 32) = 88.13% Not sig. F (1, 32) = 117.02% F(,32) = Not sig.
23.60%
Repetition F (1, 32) = 6.76% Not sig. Not sig. Not sig. Not sig.
(% p<.05)

In Figure I.a, the constriction degree of lip aperture for different boundary conditions is shown by subject. Most speakers (KI, K3, Ku,

and K5) consistently showed more constriction in the across-word condition than in the within-word condition, with one exception (K2). This

speaker showed less constriction in the across-word condition. In Figure 1.b, the constriction degree of lip aperture of /p/ as C in /pk/

clusters for different rate conditions is shown by subject. Three subjects (KI, K3, and Ku), who had significant effects, all showed more

constriction in comfortable rate in a consistent way. Two other speakers (K2 and K5) also tended to show more constriction in comfortable

rate.



Gradient Reduction of C; in /pk/ Sequences 49

20
I I :
15
" I I
) I
° .
K1 xz- 36+ Kam Ks*

10
Kan Ks Ke~ K7 x13

(a) across-word vs. within-word conditions (b) fast vs. comfortable rate

Figure I. Means for the constriction degree of lip aperture in /pk/ clusters by subject: The x-anis represents different subjects and the y-
anis the values of constriction degree in millimeters. Smaller numbers indicate more constriction. A bar in black represents the
across-word condition and a bar in gray the within-word condition in Fig. 1.a. A bar in black represents fast rate and a bar in gray

comfortable rate in Fig. 1.b. Statistically significant effects are indicated by an asterisk (p < .05).

For the effect of repetition, one speaker (KI, p < .05) indicated that new words were produced with a more constriction (19.14 (.I5)
ms) compared to old words (19.71 (.I5) ms), which was predicted. For the other speakers, repetition effects were not observed.

With respect to the interaction between Boundary and Rate, between Boundary and Repetition, and between Rate and Repetition, the
results of five speakers are shown in figures 2.a, 2.b, and 2.c, respectively. In Figure 2.a, less constriction was obtained in fast rate
consistently in both boundary conditions for two speakers (KI and K3). Rate effect was greater in the within-word condition (19.7 (.22) mm
in the fast rate of the across-word condition vs. 18.26 (.22) mm in the comfortable rate of the across-word condition vs. 21.21 (.22) mm in
the fast rate of the within-word condition vs. 18.52 (.22) mm in the comfortable rate of the within-word condition for KI; 21.05 (.11) mm in
the fast rate of the across-word condition vs. 20.36 (.11} mm in the comfortable rate of the across-word condition vs. 22.18 (.11) mm in the
fast rate of the within-word condition vs. 20.35 (.II) mm in comfortable rate of the within-word condition for K3). For speaker K5 the
same effect of rate was also observed in the across-word condition (18.83 (.22) mm in fast rate vs. 18.05 (.22) mm in comfortable rate),
while we did not obtain the same pattern in the within-word condition (20.15 (.22) mm in fast rate vs. 20.28 (.22) mm in comfortable rate).

In Figure 2.b, the results of the interaction between Boundary and Repetition showed that less constriction in old words was obtained in
the within-word condition for one speaker (KI) with a significant effect (19.03 (.22) mm in new words vs. 20.7 (.22) mm in old words for
KI). However, in the across-word condition, more constriction was observed in old words, which was not predicted (19.25 (.22) mm in new
words vs. 18.73 (.22) mm in old words).

In Figure 2.c, the results of the interaction between Rate and Repetition showed statistical significance for three speakers with inter-
speaker variation (KI, K3, and Ku; p < .05). One speaker (KI) showed that less constriction in old words was observed exclusively in the
comfortable rate condition (17.68 (.22) mm for new words vs. 19.10 (.22) mm for old words). Another speaker (Ku) indicated less
consrtiction in old words confined to fast rate (I15.06 (.29) mm for new words vs. 15.75 (.27) mm for old words). Unlike these two

speakers, one speaker (K3) did not demonstrate reduction in old words in any rate condition.
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(a) Interaction between Boundary and Rate (b) Interaction between Boundary and Repetition

___

(c) Interaction between Rate and Aepetition

Figure 2. Constriction degree of lip aperture of /p/ in /pk/ clusters. In Fiqure 2.a, a bar represents the across-word condition and a cone

the within-word condition. Black represents fast rate and gray comfortable rate. In Figure 2.b, a bar represents the across-word

condition and a cone the within-word condition. Black represents new words and gray old words. In Figure 2.c, a bar represents

fast rate and a cone comfortable rate. Black represents new words and gray old words. Smaller numbers indicate more constriction

for lip aperture in millimiters. Statistically significant effects are indicated by an asterisk (p < .05).

To sum up, there was inter-speaker variation in both main effects and interactions. For Four out of five speakers with a significant

boundary effect showed more constriction in the across-word condition and all three speakers who had a significant rate effect showed less

constriction in fast rate, not in comfortable rate.

3.2 Gestural Constriction Duration of

The constriction duration of lip aperture in CC, sequences (i.e., time intervals of gestural target to release) was examined using a

factorial analysis of variance: factors included Subject (five speakers), Boundary (across-word and within-word conditions), Rate (fast and

comfortable rate of speech), and Repetition (First Four times a word is produced in reading vs. second four times). The results of the

analysis pooling across all subjects showed a main effect of Subject, a main effect of Boundary, and a main effect of Rate. There were

significant interactions between Subject and Boundary, and between Subject Rate. The F-values of significant main effects and signficant

interactions for the constriction duration are shown in Table 3 (p < .05).

Table 3. A summary of significant main effects and significant interactions of the constriction duration across subjects.

Main effects ficross subjects Interactions Across subjects
Subject F (4, 159) = 7.56% Subject and Boundary F (4, 159) = .52
Boundary F (1, 159) =8.03x% Subject and Rate F (Y, 159) = y.2I%
Rate F (1, 159) =I5.13%

Repetition Not sig.

(% p<.05)
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Since Subject interacted with Boundary and with Rate, an analysis of variance was conducted using three factors: Boundary, Rate, and

Repetition. In Table U, we show the F-values of significant main effects for the constriction duration of /p/ as C (p < .05).

Table U. A summary of significant main effects of the constriction duration of lip aperture in /pk/ clusters by subject.

KI k2 K3 Ky K5
Boundary Not sig. F U, 32) = 26.97% Not sig. F(,31) =5.78% Not sig.
Rate Not sig. F o, 32) = 17.65% Not sig. F (U, 31) = 40.78% Not sig.
Repetition Mot sig. Not sig. Not sig. Mot sig. Not sig.
(* p<.05)

Using bar graphs, the mean values of the constriction duration for /p/ as C in different boundary conditions are shown in Figure 3.a,

and those in different rate conditions in 3.b.

ws s
Ka* — Ke -
o — s
e sco- | —
wr wo

(a) Across-word vs. within-word conditions (b) Fast vs. comfortable conditions

Figure 3. Means for the constriction duration of lip aperture in /pk/ dusters by subject: The k-anis represents constriction duration values in millseconds and the
y-anis different subjects. Bars in black represent the constriction duration of /p/ for the across-word condition in Figure 3.a and for the fast rate
condition in Figure 3.b. Bars in gray represent the constriction duration of /p/ for the within-word condition in Fiqure 3.a, and for the comfortable rate
condition in Fiqure 3.b. Smaller values indicate shorter constriction duration. Statistically significant effects are indicated by an asterisk (p < .05).

For labial stop /p/ in /pk/ clusters, the results of two speakers (K2 and Ku) reached statistical significance at the .05 level. Labial
stop /p/ consistently indicated shorter constriction duration for the across-word condition than for the within-word condition (49.15 (3.87)
ms vs. 77.65 (3.87) ms for K2; 3u.74 (2.77) ms vs. Wy (2.66) ms for Ku). Shorter constriction duration was also observed in the fast rate
condition for these speakers (51.87 (3.87) ms in fast rate vs. 74.90 (3.87) ms in comfortable rate for K2; 27.08 (2.77) ms in fast rate vs.
51.66 (2.66) ms in comfortable rate for Ku).

Given in Table 6 are the F-values and p-values of significant interactions for the constriction duration of /p/ as (. Two subjects showed
a significant interaction between Boundary and Rate (Ku (FLI, 311 = 5.9, p < .05) and K5 (FLI, 321 = .65, p < .05)).

In Figure U, the constriction duration of /p/ as C between the two factors is shown by subject.
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K1 K2 K3 e Ks*

Figure 4. Constriction duration of lip aperture: Interaction between Boundary and Rate by subject. The x-anis represents different subjects
and the y-axis constriction duration values in milliseconds. Bars are for the across-word condition and cones are for the within-
word condition. Black represents fast rate and gray comfortable rate. Smaller values indicate shorter constriction duration.
Statistically significant effects are indicated by an asterisk (p < .05).

Looking at the interaction between Boundary and Rate simultaneously, there was inter-speaker variation. The results of one speaker
(Ku) showed that the rate effect was greater in the within-word condition (27 (3.77) ms in fast rate vs. 61 (3.77) ms in comfortable rate)
than in the across-word condition (27.2 (4.07) ms in Fast rate vs. Y2.32 (3.77) ms in comfortable rate). For K5, the results showed shorter
constriction duration in the fast rate of the across-word boundary condition (u2.56 (4.67) ms) in fast rate vs. 51.5 (4.67) ms in comfortable
rate), but not in the within-word condition (58.75 (4.67) ms in fast rate vs. 47.50 (4.67) ms in comfortable rate).

We found that fast rate and across-word boundaries are conditions for more temporal reduction of /p/ for two speakers (K2 and Ku).
Regarding an interaction between Boundary and Rate, one speaker (K5) showed an aberrant pattern which revealed more temporal reduction
in comfortable rate than in fast rate, although it was confined to the within-word condition.

In section 3, we showed that more spatial reduction occurred in the within-word boundary condition for most speakers except for one
(K2). More spatial reduction was also consistently observed in fast rate for three speakers. Interestingly, more temporal reduction was not
observed in the within-word boundary for any speakers. Rather, two speakers showed more temporal reduction in the across-word boundary
condition. Consistent with the result of spatial reduction, more temporal reduction was observed in fast rate for two speakers. Based on the
results of constriction degree and constriction duration obtained in section 3, we examine the distribution and the frequency of gradient

reduction and categorical reduction in section 4.

4. Coda reduction in UCCD contents

u.1 Token (lassification

Gestural reduction has been hypothesized to occur as a function of temporal duration (cf., vowel reduction: Lindblom, 1963). In contrast,
counterevidence is found in Gay (1978) where unreduced vowels can be attained despite short duration. Independent of spatial reduction,
shorter closure duration is known to influence listeners> perceptibility of stop consonants and induce assimilation (cf., woicing contrast:
Pickett et al., 1995; Ohala, 1990). However, based on gradient reduction data, as we used each variable as a predictor of the other variable
using linear regression, results showed that labial temporal gradient reduction did not eplain a significant proportion of variance in spatial

gradient reduction (A* = .031, F (I, 21) = .6u6, p > .05). Nor did spatial gradient reduction explain a significant proportion of variance in
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temporal gradient reduction (R* = .001, F (I, 1) = .05, p > .01). Therefore, reduction in the current study is defined based on
measurements of both temporal values and spatial values of gesture, partitioning them into three different cateqories, e.q. two extremes on
a gestural scale (full production and categorical reduction), and one occurring anywhere between the two extremes (gradient reduction). The
criteria we use in order to define the three different gestural behaviors in C of heterorganic CC, clusters refer to the interquartile mean and
its standard deviation of the heterorganic cluster type: by definition, 16 tokens out of 32 tokens pooled across conditions (e.q., two rates K
two boundaries H eight repetitions). Reduction was defined within a given cluster type (e.q., lip aperture values of /p/ in /pk/ clusters

without including control /pp/) for each subject. Tokens were classified according to the procedures indicated below.

(2) Token classification

(a) C of heterorganic ((, cluster sequences are unreduced if:
i) Findgest detects gestural landmarks (i.e., gesture onset, target attainment, and release) within a properly selected window, and
ii) temporal values for target-release duration are not smaller than 3 times the standard deviation of the interquartile mean of
heterorganic CC, cluster sequences (cf., Kochetov and Pouplier, to appear), and
iii) spatial valves for maximum constriction are not less constricted than 3 times the standard deviation of the interquartile mean of

heterorganic C(, cluster sequences.

(b) €, of heterorganic C(, cluster sequences are gradiently reduced if:
i) Findgest detects gestural landmarks within a properly selected window, and
ii) temporal values for target-release duration are smaller than 3 times the standard deviation of the interquartile mean of
heterorganic CC, cluster sequences, and
ii) spatial values for maximum constriction are less constricted than 3 times the standard deviation of the interquartile mean of
heterorganic ((, cluster sequences, but more constricted than 3 times standard deviations of the interquartile mean in homorganic
control utterances without the relevant constriction (in C,C, control utterances, a time point of the relevant constriction of C in C,

was measured at the target attainment of homorganic C(, clusters).

(c) € of heterorganic CC, cluster sequences are categorically reduced if :

i) Findgest fails to detect gestural landmarks within a properly selected window, or

ii) temporal values for target-release duration are smaller than 3 times the standard deviation of the interquartile mean of
heterorganic CC, cluster sequences, and

iii) spatial values for maximum constriction are less constricted than 3 times the standard deviation of the interquartile mean of

heterorganic CC, cluster sequences, and not more constricted than 3 times standard deviations of the interquartile mean in

homorganic control utterances (in C(, control utterances, a time point of the relevant constriction of C in (C, was measured at the
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target attainment of homorganic C(C, clusters).

Appropriateness of the criteria can be evaluated qualitatively by looking at the graphs (see Figs. 5), which show bimodal distribution of

constriction values.

4.2 Partially Reduced Tokens Identified

Al total of 159 tokens of /pk/ sequences were analyzed in order to identify which tokens were reduced (five subjects H two rates H
two boundaries H two information H four repetitions). In Figure 5, data for five subjects are shown using scatter plots. In each of the
graphs in Figure 5, lip aperture values from three sets of tokens are plotted: /p/ in /pk/, /p/ in /pp/, and /k/ in /kk/ (for /kk/, the
temporal value is not of lip aperture but tongue dorsum constriction; the temporal value of this control is not relevant to error classification;
it is there just for parallelism). All speech rate, word boundary, and information conditions are pooled together for each speaker. Based on
the compound criteria (see, section U.1), tokens classified as gradient reduction constitute a distinctive distribution from unreduced and
control cluster sequences as is seen in Figure 5.a for K2. There was no categorical reduction for any speakers. The other speakers showed
no gradient reduction. We present the result of K5 in Figure 5.b__the graph clearly shows a bimodal distribution and nothing in between.

The results of the other speakers (KI, K3, and Ku) patterned with that of K5 (Fig. 5.b).

KS: Temporal values - Spatial values (/pk/)

R
;
o,
wt,

P . . . in
= six partially reduced “ia min i fpp/
o L st i e
*® . . ment of /kk/
.
T A PN

o s0 100 150
constriction duration in ms.

(a) Speaker K2: Six gradiently reduced tokens of /pk/

K13: Temporal values - Spatial values (/pk/)

o 4 et

sl wegtmnt

(b) Speaker K5: No gradient reduction of /pk/

Fiqure 5. Distribution of gradiently reduced tokens of /pk/ cluster sequences for K2 and K5. The x-anis represents constriction duration and

the y-anis constriction degree. The distinctive cluster is marked with a circle in bold.

Only one of the speakers produced any gradient reduction of /p/: for this speaker (K2), gradient reduction of the lip aperture gesture
was observed in the across-word boundary condition, having occurred in four tokens of the fast rate and two tokens of the comfortable

rate.
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Using the established compound criteria in section u.I, gradient reduction also occurred in onset in two tokens. Two subjects (K2 and
Ku) had the tonque dorsum gesture of one /pk/ token partially reduced in fast rate. This occurred in the across-word condition for K2 and
in the within-word condition for Ku. However, compared to the reduction of coda in /pk/ clusters (e.q., 3.8% of the productions during

/p/ across subjects), the percentage of partial reduction of onset in /pk/ clusters (e.q., 1.3% during /k/ in /pk/) are much lower.

5. Discussion

fegarding gestural reduction, it is of importance for us to find direct kinematic evidence of gestural reduction in Korean before in-
depth discussion of its implication on phonological alternations. Using the criteria employed in section 4.1, only one subject shows gradient
reduction of labial stops in coda, doing so in six tokens. The results show that gradient reduction of labial stops in coda is quite restricted
as is consistent with data from Jun (1995, 1996). Other instances of reduction in the onset position are quite sporadic and probably reflect
noise in the data.

By strictly avoiding intonational phrase boundary and accentual boundary position, and employing natural sentences, we find one speaker
showing some tokens (sik out of thirty-two) of gradient gestural reduction of the first of /pk/. Since using a compound measure
eliminates some tokens from being counted as gradiently reduced, we examine further the distribution of data in each domain as we apply
an appropriate clause of the established criteria. In three different classifications, gradient reduction of labial stop /p/ in /pk/ clusters is
more common at fast rate compared to comfortable rate (5.1% vs. 2.5% using the compound criteria). This result is compatible with previous
articulatory studies for languages such as English, German, Korean, and Russian (Barry, 1992; Jun, 1995, 1996, Nolan, 1992; Kijhnert and
Hoole, 2004; Kochetov and Goldstein, 200u). However, we do not obtain gradient reduction as a rate-dependant process (Wilcokon signed-
rank tests, p > .05). Looking at the results for individual speakers, there are two qroups of speakers__one group produces either
unreduced or gradiently reduced lip gestures and the other group produces only unreduced lip aperture. Inter-speaker assimilation
differences are also attained in assimilation processes of the other languages listed above (Barry, 1992; Jun, 1995, 1996, Nolan, 1992;
Kijhnert and Hoole, 2004).

Reqarding the grdient reduction of coda in /pk/ clusters (e.q., 3.8% of the productions during /p/ across subjects) which is compared
to lower percentage of gradient reduction of onset in /pk/ clusters (e.q., 1.3% during /k/ in /pk/), it is plausible that we observe this
pattern due to different ranges of standard deviations for /p/ and for /k/. Recall that we use standard deviations within a cluster type
(e.g., /pk/) when it comes to defining gradient reduction. Therefore, it highly depends on how close or far data points are to the mean.
When we calculate the mean of the standard deviation for temporal and spatial values”, numerical values of coda indicate a wider

distribution of /p/ in /pk/ compared to /k/ in /kp/ for one speaker (K2) who produces few gradiently reduced lip gestures (e.qg., 15.49

I) The standard deviations are calculated based on all data points within a cluster type without discriminating between different reduction typ

es.
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ms and 1.03 mm for /p/ of /pk/; Il.u ms and 0.5 mm for /k/ of /pk/). This means that classifying a token as gradient reduction for
dorsals could not require as much reduction as those of labial coda; thereby, it supports our conclusion that gradiently reduced /k/ as (,
probably reflects noise in the data. However, not all comparisons show data points close to the means__onset /k/ in /pk/ for one speaker
(K4) show that data points are as widely distributed as coda /p/ (17.94 ms and 0.96 mm).

flthough there is some evidence for the postlexical status of Korean place assimilation (e.g., speaker variability and rate-relatedness
(see also, Jun 1995, 1996; Kim-Renaud, 1974), Son et al. (2007) find that the Korean cateqorical labial reduction is true deletion, not
applying in the across-word boundaries but in the across-morpheme boundaries within a prosodic word; thereby, the place assimilation rule
is a lenical process (Kiparsky, 1985; Mohanan, 1993). To the contrary, in the current production experiment, we show that most speakers do
not reduce the lip aperture gesture at all with one exception (K2): there are just few instances of gradient reduction confined to the
across-word condition for this particular speaker. Given the results of the current study, it rather seems plausible that place assimilation
occurs as a result of the undershoot of a gesture in the phonetic execution level, not being specified in the input level (Nam and Goldstein,
2007). Another piece of evidence to support its post-lexical status comes from the lack of evidence that no speaker produces categorically
reduced lip aperture in /pk/ cluster sequences in 100% of his/her productions (cf., Ellis and Hardcastle, 2002).

With respect to a repetition effect (Fowler and Housum, 1987), we do not find strong evidence that old words (e.g., second Four times
a word is produced in reading in our study) are articulatorily reduced encept for one subject (KI) who produces less entreme lip aperture in
old words. The results of this particular speaker show an interaction of repetition effects with boundary and rate__within-word boundary
and comfortable rate conditions. A possible reason that we seldom acquire repetition effects in our current study can be attributed to a less
natural environment where the same target word is repeated. This is different from materials used in Fowler and Housum (1987) who
employ spontaneous speech for analysis and reaveal repetition effects.

Note that we fail to elicit a single case of categorical reduction in the coda, although some gradiently reduced productions are attained.
This is the opposite of what Son et al. (2007) obtain in their EMMA experiment in which some cateqorically reduced tokens are observed.
filthough it is not possible for us to pin down the source of different types of reduction (categorical reduction (deletion) vs. gradient
reduction) between two studies, it seems plausible that the difference is related to our using target words in different contents__we
repeat a target word four times in a paragraph in our current production experiment. Due to this particular way of presenting read materials
to five subjects, it is possible that the speakers may be too careful to delete a segment cateqorically. To the contrary, in Son et al. (2007),
three subjects are asked to repeat a short sentence roughly eight times in a row where a target word is embedded__by doing this, this
particular method may be related to mechanical reading by speakers, which in turn influences the emergence of cateqorical deletion of lip
aperture. In addition to possibly different reading styles depending on different presentations of the stimuli, our current results may have
something to do with different prosodic conditionings: a target segment occurs in the initial position of an accentual phrase in Son et al.
(2007), but in the second syllable of an accentual phrase in the current production experiment.

In Jun>s aerodynamic study (1995, 1996), he concludes that perceived assimilation is attributed to gestural reduction (either partial or
gradient), not gestural overlap. However, the way he defines gestural reduction and gestural overlap in the aerodynamic study does not

enable him to directly measure the degree of reduction in time and space. Neither of the time intervals between two successive gestures
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(e.q., intergestural lag and constriction overlap) is measured. One aspect we cannot ignore is that there can be a correlation between more
reduction (in terms of constriction duration and constriction degree as () and more overlap (e.q., shorter intergestural lag). With this in
mind, caution should be taken before anyone makes a claim for the role of each variable in perceived place assimilation (cf., Jun, 1995,
1996; Son et al., 2007). In our future study, we will make use of synthesis (e.q., the Task Dynamics application (Nam and Goldstein,
2007)) to control speech materials in order to thoroughly investigate perceptual consequences of each variable (gestural reduction vs.
gestural overlap).

filthough we suspend judgment until we have better controlled perceptual data using synthesis, the trigger that initiated this change,
we propose, is general principles of gestural overlap and gestural reduction, and their perceptual consequences (Browman and Goldstein, 1990,
1991, 1992; Byrd, 1992; Chen, 2003; Jun, 1995, 1996; Son et al., 2007). ficcording to articulatory phonology (Goldstein and Fowler, 2003),
gestural tasks are perceptual target to be adapted in production and in perception (see, linquistic communication as public actions between
two parties (i.e., speakers and listeners). Through server mis-imitation of such gradient reduction and/or more overlap in the interaction
between speakers and listeners over time (Browman and Goldstein, 1991, 2000; Chen, 2003; Goldstein and Fowler, 2003; Liberman and Whalen, 2000;
Ohala, 1989, 1990, 1993), both parties could have eventually developed entreme reduction (i.e., deletion) and phonologized this (Ellis and Hardcastle,
2002; Son et al., 2007). Therefore, two variables seems to cooperatively lead to the process in the direction of total disappearance of the labial

gesture in /pk/ clusters.
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i Whole stimuii set
Catd /p/: ek i, in I, jnrtegpang ety P . Jnrteppnesnn dhky s in jneppanes, on ffinkutilua sup il ket hes: jo. j rhappan petfa pyilo talin pan tffinkutjikuato
tfinhetfin s o/

<AlUhen | became a sophomore, | was assigned to a joink dass for German and Japanese. People from the other joint dass of German and Japanese joined us for foreign lanquage dasses. Since |
was assigned to the joint dass, | became friends with them too *

olshdo] B3, Eo] Slo] eAghilel w7 ko] & AT AL 2l5te] A7l ThE gkl & ATE} 498
ol gol g Al PO ThE W AT EN}E Aol -

Contro /kk/: /motu ta aakkaji s\ msghamg panhako, motu ta aakkaji sz g q“uihes,\, maoty ta aakkaman Gl s jo. Mot ta aakkaji A ykichame kamt"anhes: p jo/

<<Being fasdnated by the senstiity and absorbed in the melody of the Royal music, everyone listened to it endusively. Everyone was so impressed by the subtiety of the Royal music.”

w3 v} ofeke] AlA| ol vkatan R vk ofelrke] A fol HA), B v ofelbul 90 . B v ofelrbe] A mle]
7+ekglo] 4.

™ A

Ik seqpences:. /ol ok, ek sy, apkenin Hponio s, f apkarin sl pomi n @ s ik, aphari ogun Koppota e, 4, apkenin bl sl
t>e phijohejo/

<dhen you report physics (physics results, low pressure is shown in default. You can get low pressure by reading a thermometer, low pressure is lower than standard pressure, and low pressure is
needed in calaulating high pressure.””

B8 Bk ZA A RE 7R e FAE L YT
Ak7he w7k et i B as) e

e
i

FOFE WW &5 v AR BE 71w
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Conkral /p#p/: /ifipenin Uk a pj 5:njn tfakin kilis nanhapi nghe &2 jo. A mmanjn ke pplumilo nanhap patauas ko, apanin j nmal sajnp'umilo nanhap patauas:ko, A minjn saseyytehoi
sapp'umjlo nanhap patauas ko, op*anjn pomulifatf’k sapypumilo nanhap patauas: A jo/

<There are four small containers with lids, or nanhap, at home. Mommy brought one Nanhap home for an open-business gift, daddy brought one Nanhap for an end-of -year gift, big sister
brought one Nanhap for a prize for a sketch contest, and bigger brother brought one Nanhap home for a prize for a treasure hunt.>>
Pl 7o) gl Ahe 15 el Vbl Qo e vk AYFOR Wt wokskaL opihs A AL FOR U

MobL Q1L APITIE] A O 2 W Mol kL Qs 1 E 3] HE O 2 kil ol fto] 2.

Corkrl /k#tk/: /g nhak bataka fn panin jtfiun n ks he a fin s o, g ahek kakaka s panin fictinheko tfiokuus he a fa s:k0, fa nhak kataka Kx anin ughako
i he fin s, {a nhak ek nanjn kotjhak tfikutihua he A fins:a Jo/

<cjung-fl sad good-bye to friends from her kindergarten diass when switching schoos, Sung-A said good-bye to friends from her Elementary school when swikdhing schooks, Kyung-A sad good-
buye to Fiends from her Jurior high school when suitching schools, and I said good-bue to frends from my high school when suitching schaos.»

A 7hrt ok A1 A5 dloldlal Aot Aok e stal -3 dloixlaL g 7l Aok
T A5 Fo R AL A7t v s sl 53 dlof ol 8.

Ip#h sequences: /nenbapin buk> i - ki KiSgfo. it AP shane rarhap katfho ke ffkpumi menkig. nenbop o tosiakl mantjbo, nenhap kacko
pant'ant’opjl mantjiko, nanhap katfiko pos  khamjl mantjkto hejo/

<lanhap is a container which comes with a lid. In applied pottery dasses, we make various pieces using fanhap. We make lunch bores using Nanhap, containers for side dishes using Nanhap, and
jewely bores using Nanhap.>”

e 7o) Y= AL ol 2 -8
BHE 1, W 7] 3 WS BhE a1, U 1A
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