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Abstract
The acoustic realization of a speech sound vaoitsn showing allophonic variation triggered by
surrounding sounds. Listeners recognize words andds well despite such variation, and even
make use of allophonic variability in processingisIstudy reports five experiments on
processing of the reduced/unreduced allophonicralt®n of Japanese high vowels. The results
show that listeners use phonological knowledgéeif thative language during phoneme
processing and word recognition. However, inteoastiof the phonological and acoustic effects
differ in these two processes. A facilitatory phlogical effect and an inhibitory acoustic effect
cancel one another out in phoneme processing; whierd recognition, the facilitatory
phonological effect overrides the inhibitory acaustffect. Four potential models of the
processing of allophonic variation are discusséw fEsults can be accommodated in two of
them, but require additional assumptions or modaliftms to the models, and primarily support

lexical specification of allophonic variability. 4Z words)
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Introduction
The /k/s in the English wordst andskit are acoustically rather different, yet listeneleniify
both sounds as /k/ and successfully recognize wandiaining both types of /k/. In Japanese,
allophonic variation leads to reduction or everetleh of the high vowels /i, u/ when they occur
between two voiceless consonants (Figure 1). Taeviowel in the word [k(i)td]'North' often
consists only of palatalized voiceless noise ar¢tease of the [K], while a full [i] vowel is
present in [kinoo] 'yesterday." When listeners teemustically different allophones, such as the
two kinds of English /k/ or reduced vs. full Japseé/, do they map the allophones onto a single,
more abstract phonemic category? Do listenersitageaccount the conditioning environment
that determines which allophone will occur? Do snoh-distinctive, low-level alternations
affect recognition of words as well as of sounddtatWmechanism in the spoken word

recognition or speech perception system is respten&r processing allophonic variability?

(FIGURE 1 ABOUT HERE)

The alternation in Japanese vowels is traditionafgrred to as vowel devoicing, rather
than reduction. The high vowels /i, u/ are expetbele devoiced between voiceless consonants
(e.g..kita [k(i)ta] ‘North’) or between a voiceless consonant the end of the utterance (e.g.,
aki [ak(i)] ‘"autumn’) (Vance, 1987). We refer to these “devoicing environments.” Phonetically,
so-called devoiced vowels are often deleted (Vab@87, in press; Yuen, 2000), or a short, low-
amplitude vowel may remain (Yuen, 2000). We retealt such vowels as “reduced” to avoid
the debate over devoicing vs. deletiafapanese vowels, both unreduced and reduced, cause

coarticulation in the preceding consonant, whidbved identification of the /i/ or /u/ even if the
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vowel itself is deleted (Ostreicher & Sharf, 197B)e reduced vowels are considered to be
present at least in the underlying form, becausg thuse coarticulation, and because, if they
were not present at all, this would leave consonkusters (e.g. /kt/ in [K(i)ta] ‘North’) that are
otherwise phonotactically impossible in Japanese.iWestigate how listeners process these
reduced vowels at the sound level and during spaked recognition.

Allophonic variability is rampant in the world’sriguages. Listeners’ allophonic
processing has been most extensively investigatealstimilation across word boundaries in
English or Dutch, as in “garde[m] bench” for “gandeench” (Gaskell, Hare, & Marslen-Wilson,
1995; Gaskell & Marslen-Wilson, 1998; Gow, 2001020Mitterer & Blomert, 2003). Mitterer,
Csépe, and Blomert (2006) extend this work to maaasimilation in Hungarian, and Gow and
Im (2004) examine across-word boundary assimiladiovoicing or place in Hungarian and
Korean. Widely varying tasks (phoneme monitoriegjdal decision, priming, and even EEG
measurement of mismatch negativity) have genesfibyvn inhibited processing when
allophones are placed in inappropriate environm@nis “garde[m]” before a velar rather than a
labial consonant). Results have been somewhat noimedhether the effect applies equally in
words and non-words or more strongly in words. fif@n question for this line of research is
how listeners map a sound that is acousticallyagoatch to one phoneme (e.g. /m/) onto a
different phoneme (e.g. /n/), and do so only whesis phonologically appropriate. This
guestion of mapping one phoneme onto anotherfisrdiit from the situation in the current
study, though. In the case of vowel reduction,ttye allophones, [(i)] and [i], correspond only
to a single phoneme /i/. The question is how listeiprocess a single sound with more than one
realization, rather than how listeners convert emend into another, and processing is within a

word. However, the issue of appropriateness ofrenuent is the same.
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This literature on processing of across-word-bomdasimilation shows that native
listeners of a language are able to process sdbhatleccur as various allophones, and that
listeners take the phonological environment anduage-specific allophonic alternations into
account when doing so. There are several posg@bifior how to model this. Mitterer and
colleagues (Mitterer & Blomert, 2003; Mitterer &t 2006) suggest that compensation for
coarticulation across word boundaries occurs asopdow-level auditory processing, based
partly on a finding of an MMN (EEG mismatch negayiyresponse to inappropriate allophones
at a very early time point in the signal. Gaskehle (1995) and Gaskell and Marslen-Wilson
(1998) discuss a higher level phonological infeeemechanism, in which the listener uses
knowledge of phonological patterns of the languagefer the underlying form from the
allophone. This might work by listeners recognizangontext after the allophone and
regressively deducing the identity of the allophéag. recognizing /b/ in “garde[m] bench” and
inferring that the [m] is underlyingly /n/). Mitter and McQueen (submitted) find evidence for
such a mechanism for processing of reduced oretklgord-final consonants. Gow (2001)
argues that cues to the following segment are ptesé¢he assimilated segment, instead.

A third possibility is that the lexicon containgarmation about allophones rather than
underlying segments (so that “garde[m]” in facbige of the underlying representations of
“garden”). Spinelli, McQueen, and Cutler (2003)cdiss such a solution for an alternation
involving French [R]. Finally, an exemplar modelspleech perception (e.g. Goldinger, 1998)
provides a fourth possible solution, in which affetences in sounds would be represented in
the lexicon, because acoustic traces of previdusdyd exemplars would be stored. Mitterer and
McQueen (submitted) review these models and somigi@thl variations on them, dividing

them into lexical (allomorph or exemplar listings)d prelexical (auditory or phonological



Processing Missing Vowels 7

inference) methods. The current study providestadithese four ways to explain allophonic
processing, and does so for a different languadeaarery different type of alternation than the
extensively studied across-word-boundary assiroitati

Although the phonetics of Japanese reduced vovesldbbaen well studied (as discussed
above), the processing of them has not. DupouxyddirPallier and Mehler (1999) and Dupoux,
Pallier, Kakehi, and Mehler (2001), however, fihdttJapanese listeners are more likely than
French listeners to hear an /u/ in sequencesditi@ijzo/ even if the /u/ is completely absent
(where /bz/ would be an impossible cluster in Jagah This shows listeners’ sensitivity to
phonotactic patterns. However, their stimuli in@usbth devoicing and voicing environments
(e.g. /eb(u)zo/ with voiced consonants), so thdigapions for processing of vowel reduction are
not clear. Cutler, Otake, and McQueen (submittedgstigate listeners' recognition of words
embedded next to consonants in Japanese, e.gnigoo@f /sake/ 'salmon’ in a sequence such
as /nyaksake/. This sequence is only possiblepanise if the listener assumes there to be a
reduced /u/, making the form /nyakusake/. Cutleal.efsubmitted) find that listeners do not
restore reduced vowels at an early, automatic sibgeocessing. Furthermore, they find that the
number of words in the lexicon containing a giveimg with a reduced vowel affects how likely
listeners are to assume a reduced vowel is preBeay. conclude that Japanese listeners'
restoration of reduced vowels happens during Iéxiather than prelexical, processing.

Using phoneme monitoring and lexical decision tasksinvestigate processing of
reduced vowels themselves, rather than their sndiog environment. Reduced vowels are
acoustically weak, which might make them hardeprtecess. However, phonotactic knowledge
(which indicates that a vowel must be present bezafithe consonant cluster) should facilitate

the recognition even of reduced vowels. Moreoagliage-specific knowledge of the
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allophonic alternation should facilitate recognitiof reduced and unreduced vowels in their

appropriate environments (e.g., [()] k(Dta] ‘North’ and [i] in [itfigo] ‘strawberry’).

The question is how these three effects (acousgagth, phonotactic knowledge, and
allophonic appropriateness) interact. If the infloe of allophonic appropriateness is stronger
than other effects, for example, then reduced vewiebduld be easier to process in the
appropriate environment than unreduced vowels,ideSeir acoustic weakness. Five
experiments were conducted: Experiments 1 and Riexa detection of the vowel /i/ by
Japanese listeners, using phoneme monitoring. Ewxeet 2 tested American English listeners,
who lack Japanese phonological knowledge. Expeitsnéand 5 explored Japanese listeners’
ability to recognize words containing allophonicigdion, using a lexical decision task. By
comparing the results from the two tasks, we candeether the effects of acoustic cues and
phonological knowledge are consistent in the preingsof both sounds and words. This allows a

new test of the four models of allophonic procegslascribed above.

Experiment 1
This experiment tests processing of reduced aneduced /i/ in appropriate and inappropriate
environments. Japanese listeners monitored foplb@eeme /i/ (realized as either full [i] or
reduced [(i)]) in nonsense words in three phonalaigenvironments: the devoicing environment

(between two voiceless consonants, e.gitiod), the voicing environment (after the voiced
consonant [¢g], e.g. /talzsiga?), and the nasal environment (after /n/, e.q. /kit). If
knowledge of allophonic alternations affects preees, each allophone should be easier to

recognize in its appropriate environment. Howexeduced [(i)] has weaker acoustic cues than

unreduced [i], which might make [(i)] more diffi¢wdverall. Furthermore, reduced vowels have
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shorter durations than unreduced vowels, sincecestiuowels in this study have no voiced part
associated with the vowel. Cutler, van Ooijen, omind Sdnchez-Casas (1996) have shown
that RTs in phoneme monitoring correlate inverseth vowel duration, which would also lead
to faster RTs for unreduced vowels. Thus, the iveadtrength of the allophonic effect vs. the
acoustic strength/duration effect can be judgedijqudarly in the devoicing environment, where

these effects conflict: allophonic knowledge favibvs appropriate, reduced, vowel, but acoustic

strength/duration favors the unreduced vowel. éwbicing environment (e.g., figiga/), both

effects favor the unreduced vowel (it is approprand has stronger acoustic cues).

The nasal condition, although it is also a voicmyironment because of the voiced nasal
consonant, separates the effects of listenergdladloic vs. phonotactic knowledge. NC (Nasal-
Consonant) clusters are phonotactically legal padase (e.g. /Nt/ in /haNtai/ ‘'opposite’),

whereas clusters of two non-nasal consonants an@p */hakdai/). Therefore, listeners are not

forced to identify an /i when they hear a sequeswszh as [keddi)da] (perhaps with deleted /i/),

since /kedaNda/ is phonotactically possible. Is ttundition, we predict that the disadvantage
for the reduced vowel will be even greater thaathrer conditions, because listeners receive no

help from phonotactics in identifying the reducedvel.

Methods

Materials. This experiment tests two factors (Table 1): ctidm of the vowel /i/ (reduced
vs. unreduced), and phonological environment (dswgj voicing, and nasallReduced [(i)] is
the appropriate allophone in the devoicing envireniat least for careful speech in the Tokyo

dialect. Unreduced [i] is the appropriate allophanthe voicing and nasal environments.
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(TABLE 1 ABOUT HERE)

Thirty test items, phonotactically legal Japanese-words with 3 or 4 moras, were created
for each environment (Appendix A). Each item wadized once with an unreduced [i] and once
with a reduced [(i)]. The phoneme /il appeared @mlge in each item, in the penultimate mora
(CVCICV or CVCVCICV). There were 30 fillers contamg an unreduced [i] in other positions,
300 fillers without /i/, and 10 similar practicerhs, all with 2-4 moras. Syllable structures in the
fillers and practice items were varied, contairsiogne geminates, coda nasals, and long vowels,
to make the materials more word-like for Japanese.

The first author, a female native speaker of thieydalialect, recorded the stimuli in a
recording booth using a high quality microphone ar€D recorder sampling at 44.1 kHz. All
items were produced naturally without any subseeeiting of the recording. Waveforms and
spectrograms of all experimental items were exathineconfirm that formants and a periodic
wave were visible for the [i] in the unreduced dbinds, but not for [(i)] in the reduced
conditions. Appendix A provides information abolug tacoustics of the stimuli.

Participants Forty nine native speakers of the Tokyo dialestipipated. They were
students at universities in Tokyo or acquaintamdehe first author, 18-42 years old, without
speech or hearing disorders. They received a gifiair payment for participating. All but four
also took part in Experiment 4 before Experimenwith a short break in between. Experiment 4
(lexical decision) was ordered first to avoid traglisteners to focus on a particular phoneme
before doing the more general lexical decision.task

Proceduresltems were counterbalanced for the reductiorofaand placed in two

counterbalanced lists with the fillers. Each ligtdra different order of stimuli with at least two
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non-/i/ fillers between items containing /i/. Theperiment took place in quiet locations such as
classrooms or libraries in five universities in ffekyo area, and in private homes. The E-Prime
software (Psychology Software Tools, Inc.), runmamga laptop, controlled the experiment, and
stimuli were presented over headphones. Partigpaete instructed orally and in writing to

press a button on the response box as quickly ssigge when they heard a syllable which

contained the vowel /i/, as /i, ki, {i, tfi, ni, hi, mi, ri, gi, dzi, bi, pi’. This instruction was

necessary because of kenasyllabary system in Japanese: if participants westeucted to
respond to /i/, they would only respond to the tlase V syllable /i/, not to CV syllables
containing /i/. Participants were presented with phactice test and then with one of the two
experimental lists. Afterwards, participants filledt a language background questionnaire and
read some Japanese sentences aloud, but this spaeciot recorded. The experimenter

confirmed auditorily that participants produceduesdd vowels in devoicing environments.

Results

RTs were measured from the offset of the /i/. Foeduced [i], as in [hako], this was the end

of voicing, or the end of the second formant if thkkowing consonant was voiced. For reduced
[()], as in [hoKi)to], the end of [(i)] was taken to occur at the efhthe preceding consonant

and onset of the following consonant (which aresdse point), since there was no portion of
the signal uniquely associated with /i/ and distisgable from the surrounding consonants.
Acoustic cues to [(i)] may be located in both thhegeding and following consonants, but cues to
unreduced [i] can also spread into neighboring cnasts. Any RTs outside of 200-1500 ms
were treated as errors, which excluded 8.4% ofitita. Three subjects’ data were excluded from

the by-subjects analysis because they failed fmoresto any items in one condition.
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Analyses of variance were carried out on the RTsearor rates, by subjectis;j and by
items ¢2). Each ANOVA had the factors environment (devai¢imoicing, and nasal), reduction
(reduced and unreduced), and (for subjects anatyggscounterbalanced group. In the subjects
analyses, environment and reduction were withifjesiig factors and counterbalanced group
was a between-subjects factor. In the items ans|ys®e/ironment was a between-items factor
and reduction was a within-items factor. The Greeiske-Geisser correction was applied
whenever the sphericity assumption was violated.

Results appear in Figure 2. For RTs, the main effetenvironmentK;(2, 88) = 6.3,

p < .005;F,(2, 87) = 6.3p < .005) and reductior{(1, 44) = 19.1, p < .00E(1, 87) = 11.1,

p < .005) were significant, as was their interac(bi(2, 88) = 4.2, p < .05»(2, 87) = 3.4,

p < .05). Therefore, the simple effects of reductiere tested. In the devoicing environment,
reduction had no significant effedt;(andF, <1), but in the voicing environment, RTs were
faster to unreduced [i] than to reduced [(i)] ($sigant by subjects and nearly by itenfs(1,

44) = 18.4p < .001;F4(1, 29) = 4.1p = .052). The nasal environment also showed sld&ier

for reduced [(i)] F1(1, 44) = 13.4p < .005;F,(1, 29) = 9.2p < .01). Thus, reduced vowels were
detected slowly in both environments where theyeweappropriate, but where they were
appropriate, they were detected as quickly as weestivowels. The pattern of results was the
same even when RTs were measured from the onseadhsf the end of the target mora, which

demonstrates that the results do not depend ochtiiee of measurement time point.

(FIGURE 2A AND 2B ABOUT HERE)
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For error rates (Figure 2b), the main effects airmment (2, 88) = 43.1p < .001;
F2(2, 87) = 42.3p <.001) and reductior~{(1, 44) = 54.7p < .001;F,(1, 87) = 26.5p< .001)
and their interactionH;(2, 88) = 51.1p < .001;F,(2, 87) = 26.6p < .001) were all significant.
Tests of the simple effect of reduction showed ffiecein the devoicing environmenE{ andF;
<1), or, unlike the RT data, in the voicing envinment &, andF, <1). Only the nasal
environment showed a significant effect of reduciie;(1, 44) = 75.9p < .001;F»(1, 29) = 33.8,
p < .001), with performance less accurate, butattve 50% correct, for reduced [(i)]. The fact
that listeners still responded relatively ofteméduced [(i)] suggests that the stimuli did sound

like possible Japanese pronunciations of the dmsonant sequence.

Discussion

Three phenomena might affect detection of the vofehcoustic cues are stronger and
durations longer for unreduced vowels, which cded#d! to faster responses for unreduced
vowels in all environments (Cutler et al., 1996)Appropriateness of the allophone should
favor the unreduced vowel in the voicing and nasaironments and the reduced vowel in the
devoicing environment. 3) Phonotactic constraintsusd lead listeners to detect a vowel in the
devoicing and voicing environments, but shouldheote any influence in the nasal environment,
where phonotactic constraints do not require a VoWe results show that Japanese listeners
process both allophones equally quickly and acely @t the devoicing environment: /i/ in
[hokito] and [hok(i)to] is recognized equally wdlh the voicing environment, listeners detect

reduced and unreduced vowels equally accuratetythiey detect the reduced vowels more

slowly. That is, /il in [tagiga] is recognized more quickly, but no more actlyathan /i/ in
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[tadz(i)ga]. Finally, in the nasal environment, listemare both slower and far less accurate to

detect reduced vowels (i.e. [kexfada] is more difficult than [kedada].)

For the nasal environment, this result is stragmard: with weak acoustic cues, no

phonotactic support for presence of a vowel, anshappropriate allophone, reduced [(i)] in

strings like [keda(i)da] is very difficult to detect. The voicing eémmnment, in comparison,

shows no effect of reduction on error rates, b@sdghow one for RTs. We propose that

listeners' phonotactic knowledge forces them toge&ze a vowel in the reduction condition (e.g.

in [tads(i)ga]), despite weak acoustic cues and allophow@ppropriateness, but these factors do

slow processing. Finally, we propose that the laickn effect of reduction in the devoicing
environment (e.g. [hok(i)to]) reflects a cancellimgt of effects: phonotactic knowledge forces
recognition of a vowel, and allophonic appropriasnfavors the reduced vowel. However, the
weak acoustic cues and shorter duration for thecsal vowel inhibit detection, cancelling out
the facilitation one might otherwise see. Becatgerepresents a null effect in the devoicing
environment, this interpretation will be revisitedsed on comparison with Experiment 4.

Experiment 1 indicates that Japanese listenertangeage-specific knowledge of both
allophonic and phonotactic patterns to process imvaad this knowledge interacts with the
effect of acoustic strength and vowel duration.c@aofirm the role of language-specific

phonological knowledge, we replicated the experimeéth English-speaking listeners.

Experiment 2
We replicated Experiment 1 with American Engligtdners who had no knowledge of Japanese.

Because stimuli are non-words, listeners with noviledge of Japanese can do the task. English
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does not have high-vowel reduction or a phonotaditstraint against consonant clusters like

Japanese, so English listeners should not displegte of Japanese phonological patterns.

English does have deletion ef,/as inparade([p"aréd]=>[p"réd]) (Hammond, 1999; Patterson,

LoCasto, & Connine, 2003), but since it is schwat tteletes, this will not lead English listeners
to interpret a deleted vowel as /i/. They are diklgly to respond based on acoustic cues.

Therefore, slower RTs and higher error rates fduced [(i)] are predicted in all environments.

Method

Participants Forty-five native speakers of American Englisthaio reported hearing
problems were recruited from introductory linguistcourses at the University of Arizona. None
of the participants had any knowledge of Japaridest had experience studying a foreign
language, but none were fluent bilinguals. Thegnexd a small amount of course credit.

Materials and ProceduredMaterials and procedures were the same as inrtExpet 1
except that the instructions and the questionvedne given in English. The task was conducted
in a phonetics lab at the University of Arizonaaiguiet room but not in a sound attenuated

booth, so as to create a testing environment ginaléhat of Experiment 1.

Results

The data were analyzed in the same way as in BExpatil. Responses outside 200-2000 ms,
constituting 8.1% of the data, were treated ag®rithis range is wider than in Experiment 1
because the task was more difficult, since therists were hearing stimuli pronounced in an
unfamiliar language. 14 subjects failed to respinany items in at least one reduced [(i)]

condition. Seven items also elicited no respongbarreduced condition. Because of the low
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response rate, for RTs, only the averages ratherdrstatistical analysis are presented.
ANOVAs on the error rates are more reliable fos #xperiment. The subjects and items without
responses are included in the graphs and in tbe &te statistical analysis because their lack of
responses is meaningful.

Figure 3 shows the RTs and error rates for the Avaerdisteners. Reduced [(i)] was
detected more slowly than unreduced [i] in all eawiments. For errors, the main effects of
environment [f1(2, 86) = 18.1p < .001;F,(2, 87) = 9.7p < .001) and reductior{(1, 43) =
362.1,p <.001;F»(1, 87) = 527.0p < .001) were significant, with a significant irdetion E1(2,

86) = 25.1p <.001;F,(2, 87) = 10.1p < .001). Reduced [(i)] was recognized significailss
accurately in each environment (devoicifg(l, 43) = 137.6p < .001;F,(1, 29) = 74.1p
<.001); voicingF1(1, 43) = 186.2p < .001;F,(1, 29) = 233.1p < .001; nasalFi(1, 43) = 451.2,
p < .001;F,(1, 29) = 301.8p < .001). The significant interaction, however,igades that this

effect is smaller for the devoicing environmentrtiiar the other two.

(FIGURE 3A AND 3B ABOUT HERE)

Discussion
In general, English listeners had higher errors#ten Japanese listeners. The American English

subjects missed even unreduced vowels more thano2@8é time, while the mean error rates of
the Japanese subjects never surpassed 15% evenmost difficult environment. This might be
simply because American English subjects wereamoilfar with sounds in Japanese; therefore,
they had more difficulty isolating the vowel frolretsurrounding sounds. Alternatively,

Japanese /il might not be a perfect match to tlyhidbr/i/ category.
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The high error rates of American English listerferseduced [(i)] in all environments
confirm that they were not influenced by Japandlsplaonic or phonotactic patterns, and
confirm that [(i)] is harder to detect than [i] lealson acoustic cues alone. Interestingly, despite
the lack of phonological knowledge, the effecteduction is largest for the nasal condition and
smallest for the devoicing condition. This mayeeflthe strength of acoustic cues for reduced
vowels in the various environments. In the nasairenment, the only acoustic cue to [(i)] is
palatalization of the preceding nasal and perhagsecfollowing consonant, which can be very
difficult to perceive. In the devoicing environmetite consonant before [(i)] is often a voiceless
stop or affricate, so that the release noise pesvidrong coarticulatory information. The voicing
environment is intermediate in acoustic strengtbaarticulation. Thus, the pattern of results for

American listeners mirrors the likely availabiliby acoustic cues.

Experiment 3
Experiment 3 extends Experiment 1 in two waysratadens the range of environments tested in

the voicing condition, and it utilizes cross-spigi In Experiment 1, all voicing environment

stimuli had the consonantzfdbefore the target vowel, because this is the woiyed non-nasal

consonant which the speaker found easy to prodefceebinappropriately reduced [(i)]. To rule

out the possibility that there is something patéicto the /d-/ environment, Experiment 3 used

some stimuli which had a voiced consonaiiter the target vowel, instead. This allows for a

more general test of the voicing environment, batso introduces a new aspect to what kind of

processing is tested: when listeners hegrbidfore a vowel (e.qg. /tgd./, they already have

enough information to know a reduced vowel is imappate. When they hear a voiceless
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consonant before a vowel (e.g. /kek.../), they canumle out the possibility of reduction until
they hear the following consonant (e.g. /kekiz.THus, in Experiment 3, the voicing
environment contains some stimuli that provide linfation about appropriateness of the target
before it occurs, and others that only do so atheds.

Furthermore, in Experiment 1, there could be syatenacoustic differences between the
reduced and unreduced vowel stimuli other thanrtemnded difference in vowel reduction.
Therefore, in Experiment 3, the mora containingttnget /i/ (i.e. the Ci sequence) was spliced
between the two reduction conditions to createstimuli, so that there were no acoustic

differences between reduction conditions outsidé mfora.

Methods

Materials The same six (2 x 3) conditions as in Experinfewiere created in the current

experiment. In the voicing environment 10 items tdgd before /i/ (e.g. tdgiga/) and 10 had a

voiced consonant after /i/ (e.g. Kieo/) (Appendix B). Half of the stimuli in each ermirment
were created by splicing the mora containing thgetavowel from the reduced recording into
the unreduced recording, and half were createglyirsg that mora from the unreduced
recording into the reduced recording. That is,aoreenvironment, half of the stimuli were an

unmanipulated recording for the unreduced condibiainspliced for the reduced condition, and
the other half were the reverse. The mora contgithie target /i/ (e.g. #il ki/) was used for
splicing, rather than just the vowel, because tkegaling consonant is, in these materials, longer

when a vowel is reduced (cf. Han, 1994), and ghigkely to be a perceptual cue to vowel

reduction. Materials were otherwise similar to #hnasExperiment 1.
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Participants Forty-seven university students similar to thmsExperiment 1 were
recruited. All but one participated in Experimenfiéxical decision) prior to this experiment.

Proceduresinstructions and procedures were identical to thog&xperiment 1.

Results

RTs were measured from the onset of the followimigsonant, as in Experiment 1. Any RTs
outside the range between 200 ms to 1800 ms weatett as errors, which excluded 5.9% of the
data. One subject’s data were removed from theubjests analyses due to failure to respond in
the nasal condition. ANOVAs used the same design Bgperiment 1. For RTs (Figure 4a), the
main effect of reduction was significami;(1, 44) = 6.40p < .05;F»(1, 56) = 4.50p < .05); but
that of environment was ndt{(2, 88) = 1.07p > .1;F, < 1). The interaction was significant by-
subjects onlyK(2, 88) = 3.75p < .05;F,(2, 56) = 1.42p > .1). Because of the partially
significant interaction, the effect of reductionsatasted for each environment. It was significant
only for the nasal environment (devoicikg(1, 44) = 2.61p > .1,F,(1, 19) = 1.18p > .1;

voicing: F1 andF; <1; nasalFi(1, 44) = 7.63p < .005;F,(1, 18) = 3.27p > .05), with the
reduced vowel detected more slowly. In the errte eanalysis (Figure 4b), the main effects of
environment [£1(2, 88) = 39.61p < .001;F»(2, 56) = 21.08p < .001) and reductior{(1, 44) =
29.1,p <.001;F2(1, 56) = 13.89p < .001) and their interactiofr{(2, 88) = 47.03p < .001;

F2(2, 56) = 17.64p < .001) were all significant. The effect of redantwas significant only in

the nasal environment (devoicirfg; andF, <1; voicing:F; andF; <1; nasalfFi(1, 44) = 59.83,

p < .001;F5(1, 18) = 19.03p < .001).

(FIGURE 4A AND 4B ABOUT HERE)
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These results differ from Experiment 1 in showimgeffect of reduction even on RTs for

the voicing environment. Because this might stesmfthe division of voiced environment

stimuli into those with a precedings/de.g. /tagiga/) and those with a following voiced

consonant (e.g. /kekizo/), RTs were examined fesé¢liwo sub-environments (Figure 5). Post-
hoc ANOVAs were carried out with type of voicingvonment (preceding vs. following
voiced consonant) and the reduction of the targeteV as factors, for just the voicing
environment data. No significant effects were fogmaeceding consonarf; andF; <1;

reduction:F; andF; <1, interaction: £1(1, 44) = 1.20p > .1;F»(1, 18) = 1.27p > .1). However,

there was a trend toward slower detection of redigg only when it followed the voiced .

(FIGURE 5 ABOUT HERE)

Discussion

The results of this experiment confirm that theef§ in Experiment 1 do not stem from
uncontrolled acoustic differences between reduceduareduced vowel stimuli in some other
part of the item. With the exception of RTs for thecing environment, the same pattern of
effects holds as in Experiment 1. For the voicingienment, the crucial difference between the

two experiments is the division of voicing envirogmh stimuli into items with a voiced

consonant before vs. after the target vowel (&adzika/ vs. /kekizo/). When voiced /gl occurs

before the target, listeners already know by timetihey detect [(i)] that it is allophonically

inappropriate. However, when the following consdnanvhat makes the environment a voicing
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environment, listeners may detect the [(i)] befivey have enough information about the
following consonant to realize that vowel reductisimappropriate. Although the difference
between the two types of voicing environment itesnsot significant, this is probably because
the number of items in this post hoc comparisdnassmall for sufficient statistical power. The
trend in reaction times is for items with a preogdvoiced consonant to show slower reaction
times for reduced vowels, as in Experiment 1. Wép@01) also discusses the issue of
information about appropriateness of an allophawiwing before or after a target.
Experiments 1-3 have addressed effects of acopstomological, and phonotactic
knowledge on processing of sounds through the phemaonitoring task. With Experiments 4-5,

we turn to word-level processing.

Experiment 4
Experiment 4 extends the above findings by usitexiaal decision task. The stimuli and

conditions are similar to those in the earlier ekpents, except that /i/ occurs in real words, e.g.

lyakisoba/ 'fried noodles' for the devoicing environméadgzisan/ 'uncle’ for the voicing

environment, and /butéku/ ‘pork’ for the nasal environment.

Method

Participants. Forty-seven native listeners of the Tokyo dialeattipipated. All but two
subsequently participated in Experiment 1.

Materials. The conditions parallel those for Experiment 1, &utarget items were 3-6
mora real words. Twenty words were chosen for easironment (Appendix C), and each was

recorded with reduced and unreduced /i/ as for &x@at 1. The vowel /i/ appeared only once,
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in word-medial position, in most target items. Wéf occurred more than once (e.g. /onigi

‘rice ball,” as was necessary to find enough iteras)y the target /i/ (the /i/ following the nasal

in /onigici/) was varied for the reduction conditions. Altiteeed vowels in all environments were

phonetically deleted, with coarticulation with nieligpring consonants. In the nasal environment,
where /i/ could, phonotactically, be deleted, detevf /i/ from the items does not create an
alternative real word. For example, if the /i/ gahimata/ '‘bowlegged' is missed, there is no real
word /gaNmata/ that could lead to a correct lexaeadision response through recognition of the
wrong word. There were 30 real-word fillers (somataining unreduced [i]), 200 non-word
fillers (some containing appropriate reduced vojyelad 10 similar practice items.

Procedures. Procedures were the same as in Experiment 1 efargibie instructions.
Participants were informed that they would heal aed nonsense words, and were asked to

press a button on a response box as quickly asbposgen they heard a real word.

Results
RTs were measured from the end of the word, ané excluded if faster than 50 ms or slower
than 800 ms (7.6% of the data). One item in theimgienvironment was excluded because it
failed to elicit a response from any subject. Tteans in the voicing environment were excluded
because their target vowels were later found td@ainisome voicing .

ANOVAs were carried out as in Experiment 1. RTg(fe 6a) showed significant
effects of environment=(2, 90) = 56.52p < .001;F,(2, 54) = 6.57p < .005), reductionKy(1,
45) = 49.39p < .001;F»(1, 54) = 10.02p < .005), and their interactiofr{(2, 90) = 102.32p
<.001;F,(2, 54) = 18.51p < .001). In the devoicing environment, RTs wetdafor reduced

than unreduced form&{(1, 45) = 50.1p < .001;F,(1, 19) = 11.3p < .01). That is, [yak(i)soba]
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fried noodles' is easier to recognize than [ydiadpeven with the /i/ phonetically deleted. In the
other environments, the reverse was true (voidit, 45) = 47.07p < .001;Fx(1, 16) = 4.57,

p < .05; nasalF;(1, 45) = 123.1p < .001;F2(1, 19) = 31.1p < .001). The effect of reduction
was greater in the nasal than in the voicing emvivent. The results were similar for error rates
(Figure 6b) (environmenE(2, 90) = 48.95p < .001;F,(2, 54) = 11.05p < .001; reduction:

F1(1, 45) = 57.27p < .001;F4(1, 54) = 18.72p < .001; interactionE;(2, 90) = 56.65p < .001;
F2(2, 54) = 21.96p < .001). In the devoicing environment, subjectsenaore accurate for
words with a reduced [(i)JHi(1, 45) = 19.27p < .001;F,(1, 19) = 3.55p = .075). The opposite
was true in voicing and nasal environments (voick@l, 45) = 14.92p < .001;F,(1, 16) =

8.10,p < .02; nasalFi(1, 45) = 78.9p < .001;F,(1, 19) = 34.47p < .001).

(FIGURE 6A AND 6B ABOUT HERE)

Discussion
In all environments, use of the appropriate alloghted to faster word recognition, even when
the appropriate allophone had the weaker acousgs. cThis indicates that, for word recognition,
the facilitatory effect of phonological appropriaéss not only canceled out but even surpassed
any inhibitory effect of weaker cues for reduceavets. Words like /yakisoba/ were easier to
recognize with the underlying /i/ reduced than wiitittully present. This differs from the
phoneme monitoring results (Experiment 1), where@npltogical appropriateness and weak
acoustic cues cancel each other out in the deg@nvironment, leaving no effect of reduction.
One additional difference is that Experiment 1 (pme monitoring) showed faster, but

not more accurate, processing of the approprié&plane in the voicing environment (e.qg.
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ltadziga/). In Experiment 4, reduction in the voicingreanment affected both RTs and errors.

For Experiment 1, we argued that that the phoniostaonstraint against consonant clusters
forced listeners to perceive the reduced [(i)]he voicing environment, albeit slowly. This
suggests that phonotactic knowledge plays a greafeem processing sounds, as in phoneme
monitoring, than it does in processing words indakdecision. When monitoring for a
particular sound, it is not surprising if listenenake strong use of phonotactic knowledge to
help them determine where that sound is likelydouo. When trying to decide simply whether a
whole stimulus is a real word or not, however, they not realize exactly what is strange about
a word containing just one inappropriate allophdr®s, phonotactic knowledge may allow
listeners to avoid errors, if slowly, at the souewk| but not at the word level.

As with Experiment 1 above, there could be othstesyatic acoustic differences between

reduced and unreduced vowel conditions. Furthermbeevoicing environment stimuli for

Experiment 4 also all had the consonanst hfore the /i/, creating a restricted set of

environments. Experiment 5 addresses these issues.

Experiment 5

Experiment 5 parallels Experiment 3 above, forléxécal decision task.

Method

Materials. The materials (Appendix D) were as in Experimenvidh the same
modifications applied as between Experiments 13aadove (splicing and replacement of half
the voicing environment stimuli with pre-voiced-somant stimuli). Thus, half the voicing

environment stimuli had a voiced consonant aftead in /sekidome/ ‘cough syrup.’
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Participants.The participants were 46 of the 47 participantsifil&xperiment 3.

ProceduresThe procedure was the same as in Experiment 4.

Results

RTs (Figure 7a) were measured from the end of i@ WRTs outside the range between
0-900 ms were treated as errors, which excludei 4Bthe data. One subject’s data were
removed from the by-subjects analyses due to @tlirespond in one condition. ANOVAs
confirmed that the main effects of environmefi(2, 86) = 32.12p < .001;F,(2, 57) = 4.39,
p < .05) and reductior(1, 43) = 49.96p < .001;F,(1, 57) = 22.51p < .001) and their
interaction F1(2, 86) = 67.82p < .001;F»(2, 57) = 24.22p < .001) were all significant. Each
environment showed a significant effect of reduttiith faster responses for words containing
the appropriate allophone in all conditions (dewcF1(1, 43) = 32.06p < .001;F,(1, 19) =
6.52,p < .05; voicing:F1(1, 43) = 27.49p < .001;F,(1, 19) = 10.92p < .005; nasalFi(1, 43) =
93.13,p <.001;F,(1, 19) = 40.88p < .001). For error rates (Figure 7b), the maie&# of
environment [£1(2, 86) = 76.93p < .001;F»(2, 57) = 14.42p < .001) and reductior{(1, 43) =
68.81,p < .001;F,(1, 57) =19.07p < .001) and their interactior{(2, 86) = 47.02p < .001;
F2(2, 57) = 15.97p < .001) were all significant. The effect of redantwas significant in each
environment (devoicingz1(1, 43) = 15.71p < .001,F,(1, 19) = 9.85p < .05; voicing:Fi(1, 43)
= 18.55,p < .001,F5(1, 19) = 6.88p < .05; nasalF(1, 43) = 72.69p < .001;F5(1, 19) = 20.46,

p <.001), and largely paralleled the RT patterns.

(FIGURE 7A AND 7B ABOUT HERE)



Processing Missing Vowels 26

As in Experiment 3, RTs for the voicing environmemre divided (Figure 8) by whether

the voiced consonant preceded or followed thee/d.(/ogisan/ 'uncle' vs. /sekidome/ 'cough

syrup'). Post-hoc ANOVAs were carried out for jtret voicing environment. The effect of the
voicing environment type was significant by sulbge@(1, 43) = 7.43p < .01;F»(1, 18) = 1.07,
p > .1), with pre-voiced-consonant items (e.g. /sekid/) showing slightly slower RTs. The
main effect of the reduction was significant, shagvslower recognition for words with reduced
vowels F1(1, 43) = 22.44p < .001;F»(1, 18) = 10.44p < .01), but the interaction was not
significant ¢ andF, <1). Unlike in Experiment 3, for lexical decisidisteners were slower to
respond to words with inappropriately reduced vewdhether the information about

inappropriate allophonic environment appeared leeforafter the vowel itself.

(FIGURE 8 ABOUT HERE)

Discussion

The results of Experiment 5 were similar to thoSExperiment 4, even for both types of
voicing environment stimuli separately. The simfiadings despite the use of splicing confirm
that the results in Experiment 4 derive from theammontaining the reduced/unreduced vowel,
not from uncontrolled acoustic differences elsewh&urthermore, when the two sub-types of
voicing environment are examined, both show singféects of reduction. Thus, when listeners
are processing words for lexical decision, thegtréainappropriate allophones in the same way
regardless of when the information about inappadpriess becomes available. When listeners
are monitoring for phonemes, however, their reacdsanfluenced by whether information about

inappropriateness comes before or after the alloplitself. This difference reflects the time
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course of processing words vs. sounds in thess.t&shce the /i/ is near the middle of each
stimulus, for lexical decision, listeners must heath the preceding and following consonant as
well as other sounds after that before they caogm®ize the word. When monitoring for /i/,
though, listeners can begin to respond as sodmegdiave enough acoustic information to detect

an /i/, which may be before they hear much inforomébout the following consonant.

General Discussion
The Interaction of Acoustic Cues and KnowledgelloipAonic Variation
In lexical decision, the results showed quicker made accurate processing of words containing
the appropriate allophone, even when that allopheagereduced and thus had weak acoustic
cues. That is, listeners found words easier togeize when allophonic patterns of the language
were followed. However, in phoneme monitoring,distrs found the appropriate allophone
easier to detect only when the unreduced alloph@sethe appropriate one. In the devoicing
environment, they found both allophones equally ¢agletect.

We believe this shows that in processing of bothds@nd sounds, there is an effect of
appropriateness of allophones. However, in proogssi sounds (as for phoneme monitoring on
non-words), listeners pay more attention to acowstes than they do during lexical processing.
In all environments, unreduced [i] has strongematio cues than reduced [(i)]. Unreduced
vowels also have greater duration, and previousares (Cutler et al., 1996) shows that vowels
with longer duration have faster RTs. Thereforgh&phoneme monitoring experiment, the
devoicing environment shows no difference betwdleplaones because the appropriateness

effect (in favor of [(i)]) cancels out the acoustize strength and duration effect (in favor of.[i])
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Differentiating Two Kinds of Phonological Knowledge

Many previous studies have shown that languageifgppbonological knowledge affects
processing (McQueen, 2007). The current study s¢gmtwo kinds of phonological knowledge:
knowledge of allophonic variation, and knowledgghbbnotactic patterns. Several comparisons
show this distinction. First, in the basic phonamanitoring experiment (Experiment 1),
Japanese listeners respond differently to the ngienvironment vs. the nasal environment. In

the nasal environment, where phonotactic knowletties not force recognition of a vowel (e.qg.

[kedan(i)da] could be interpreted as /kedaNda/), listerae both inaccurate and slow to detect

reduced [(i)]. However, in the voicing environmenthere phonotactic knowledge forces

recognition of a vowel (e.g. [tgfl)ga] cannot be interpreted as illegahtizga/), they are slow

but accurate in detecting it. Because the reduoggelis inappropriate for both of these
conditions, allophonic knowledge about reductionldamot lead to this result.

Second, comparing the voicing and the devoicingrenmnents, for both tasks
(Experiments 1 and 4) it is clear that appropriassrof allophonic variation also affects
processing. Although the devoicing environment dussshow an effect of reduction in
Experiment 1, it does in Experiment 4, and eveBxperiment 1 this environment clearly elicits

different results from the voicing environment. Bolie voicing and devoicing environments
share the phonotactic property of requiring a vol@ed. */hokto/, */tagga/), so phonotactic
knowledge cannot account for this effect. Thirdnparing Japanese and American listeners

(Experiments 1 and 2) further demonstrates thagage-specific phonological knowledge is

involved, because American listeners show a diffepattern. Thus, the current results show that
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listeners can make use of two separate types gtige-specific phonological knowledge in

processing speech: knowledge of both allophonérméitions and phonotactic constraints.

Better Performance for a Non-underlying Form

Previous studies of processing of allophonic vammathat used across-word-boundary place
assimilation (e.g. “garde[m] bench” for “garden blef) show that allophonic variation in an
inappropriate environment hinders processing, hatllisteners can use allophones to predict
upcoming sounds in some cases (e.g. Gow & Im, 204)hey do not necessarily show that
appropriately realized allophonic variation actyddicilitates processing of the allophone itself
(Gaskell et al., 1995; Gaskell & Marslen-Wilson989Gow, 2001, 2002; Mitterer & Blomert,
2003). Similarly, Ranbom and Connine (2007) shoat #ithough listeners are tolerant of
appropriate reductions of [nt] to nasal flap (égge[nt]le” vs. a production that rhymes with
"kennel"), they still find it easier to process th@educed, underlying form. There is even some
evidence of appropriate allophonic change hinder@ggnition (Gaskell & Marslen-Wilson,
1998). The current study shows that a reducedumoierlying form can actually be easier to
process than a clear, underlying form. This mapdisause across-word-boundary assimilation
and nasal flapping are optional, so that the ugatey] unaltered form (e.g. "garde[n] bench,
ge[nt]le") is always a possible pronunciation.

Although there is variability in Japanese voweluettbn (Kitahara, 1988; Vance, 1987,
in press), it is much closer to obligatory tharoasrword assimilation or nasal flapping is in
English. Hence, a reduced vowel is the only appatgrealization in the devoicing environment,
at least for the Tokyo dialect. [kita] ‘'North' witim unreduced vowel is simply wrong, unlike

“garde[n] bench.” The current study shows partidylan Experiments 4 and 5 (lexical decision)
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that listeners actually recognize words with anrappately reduced vowel more easily than
words with an inappropriate but unreduced voweis Thnotable both because the reduced
vowels are not the underlying form, and becausg haee weaker acoustic cues than the
unreduced vowels. A form further from the underlynepresentation can be easier to process if
it is the most appropriate form. This is a veryetiént result from the findings on cross-word
place assimilation, and it suggests a strongerfoolphonological knowledge in environment-

dependent processing than has previously been derated.

The Mechanism for Processing Allophonic Alternation
Four potential ways to model the processing ofpditmic alternations were introduced above:
1) an auditory processing account that attribulieplaonic effects to a very early, automatic
processing stage, 2) a phonological inference nmesimethat allows listeners to apply abstract
knowledge to infer which allophones are appropyidjeutting allophonic information into
lexical representations, and 4) an exemplar maalgihg on reference to past exemplars.

All of these except the phonological inference apph could model the appropriateness
effect found in the current lexical decision déageriments 4 and 5). An auditory processing

account might suggest that listeners’ processirgpeéch is slowed when they hear unfamiliar

sequences containing inappropriate allophones gt or [d3(i)g]. A lexical representation

account would involve the lexical representationtaming the allophone [(i)], where

appropriate, rather than the phoneme /i/: the #xiepresentation of /kita/ ‘North’ would be

[k(i)ta], with no abstraction across [(i)] and [i]h& input k(i)ta] would activate the lexical

representation of the word for ‘North’ more strontilan kita] would, since the latter would not
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entirely match the lexical representation. An exammodel would suggest that appropriate
allophones in real words are recognized more etsly inappropriate allophones simply
because listeners have heard the words far moes tmith the appropriate allophone, so the
perceptual system contains many exemplars of thidswoith the appropriate allophones (e.qg.
[k(i)ta]) and only a few with the inappropriatecghones (e.g. [kita]). The phonological
inference method, however, cannot account foredeced, non-underlying vowel leading to
easier word recognition (in the appropriate envinent) than productions containing the
unreduced, underlying vowel. The phonological iafere model is about how listeners infer
what the underlying segment is, so the underlyimgltered segment should always be at least
as easy to process as the non-underlying varidat. i$, an allophonic variant should never lead
to improvedrecognition in the phonological inference modsliwe find.

Turning to the phoneme monitoring results, the liaing three models cannot all explain
the results of Experiments 1 and 3. In phoneme toong, as in lexical decision, there was a
difference between the devoicing and the voicingrenments, suggesting that appropriateness
of allophones does matter. However, in the devgieinvironment, there was no difference in
responses to the appropriate and inappropriatptadloes, which we interpret as showing that the
unreduced allophone is easier to recognize ovieeakuse of its short duration (Cutler et al.,
1996) and stronger acoustic cues. There are thes things any model needs to account for: 1)
facilitation of appropriate allophones even in meords, 2) slower processing of allophones with
weaker acoustic cues, and 3) limitation of thisgignfor weak acoustic cues to processing of
non-words or to a phoneme monitoring task.

The auditory processing mechanism can easily ircrdallophonic appropriateness

effect (1), along with a separate effect of ovedéficulty in detecting reduced vowels (2), even
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in non-word strings. However, it could not limitetlcoustic weakness effect to non-word or
sound-level processing (3). Auditory processingn®tolely to processing of strings of sounds,
so it should apply in the same way in non-wordsraadiwords, and regardless of whether the
task involves sounds or words. Because the audit@mgessing account posits that allophonic
processing takes place early and automaticalghauld apply regardless of task. The
phonological inference method, already ruled outhigylexical decision results, would have the
same problem with the phoneme monitoring resul@uaitory processing does, because it also
refers only to strings of sounds regardless otkbstatus or task. The phoneme monitoring data
also pose a further problem for the auditory prsicgsaccount: low-level auditory processing
cannot account for English listeners' failure tovglappropriateness effects (Experiment 2).
The lexical representation mechanism would need@ifioation in order to explain the
phoneme monitoring results, since representing svalidphonically in the lexicon would not
influence processing in non-words. One could pa#ptaccommodate the phoneme monitoring
results in the Merge Model (Norris, McQueen, & @ut000), for example, by including both [i]
and [(i)] as categories in the phoneme decisionuigdf Merge, so that responses to the two
allophones could differ even in non-words. The appateness effect in non-words (1 above)
could stem from comparison to real words that haséerial in common with the non-words.
For example, if a listener hears the non-word gtfirok(i)to], the string [k(i)t] would partially
activate the real word [k(i)ta] ‘North.” The acti@n from this word would then spread
activation to the [(i)] category in the phonemeidien module (thus actually an allophone
decision module) of Merge. The preference for appate allophones at the lexical level would
thus spread to similar non-word strings. The onlyHer assumptions necessary in Merge are

that allophone categories with weak acoustic coeslecided upon more slowly (2 above), and
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that this only affects categories in the phonenesien module, not word-level categories at the
lexical level (3 above), or that this is specificthe phoneme-monitoring task. Thus, the Merge
Model can account for the current results, if lakiepresentations contain allophonic
information (as proposed by Spinelli, et al. (2008)the phoneme decision module contains
allophone categories rather than strictly phonenespand if allophone categories with weak
acoustic cues are recognized more slowly in thenpin@ decision module.

This approach could become unwieldy if appliedltéhe allophonic variation of a
language, though. There are a great many allopladt@mations, and also many smaller
environmentally determined sound differences, &edé would all have to be included in the
lexical representation. Spinelli et al. (2003), veluggest a lexical representation mechanism,
find allophonic processing effects based on diffees in duration of /R/ depending on word
boundary location, for example. Thus, a lexicafespntation mechanism that included all
allophonic differences, even very low-level onesuld have to include very detailed lexical
representations for every sound in every word,andxtreme number of “allophones” in the
phoneme decision module. It would still differ fran exemplar model in that individual
exemplars heard in the past would not be stored.

How an exemplar model might account for the nonenzitoneme-monitoring data
would depend on the types of units the model iredudf only whole words were recognized by
the model, the appropriateness effect in non-w(tdgbove) could only be explained by
reference to similar real words (e.g. [hok(i)toftgly activating exemplars of [k(i)ta] ‘North’),
as in the Merge explanation above. This wouldt@gxplain the limitation of the acoustic
strength effect to non-word experiments. It mightdossible to account for the results in an

exemplar model with both allophones and words segoaies, though. When recognizing
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allophone-sized categories (e.g. [(i)]), the prefiee for appropriate allophones would reflect the

preponderance of past exemplars with that alloposenilar environments (e.g. more

exemplars of [(i)] in [k_t] environment than ingdg] environment). The overall preference for

allophones with stronger acoustic cues could beeteddas higher baseline activation. To limit
the acoustic strength effect to the phoneme-mangaesults, one would have to assume that
word-level categories have no such higher activafobo the form containing allophones with
stronger acoustic cues. That is, the higher basealuivation for stronger allophones would only
apply to allophone-level categories, which is &deatrbitrary stipulation. Exemplar models
allow considerable flexibility in what the categesimight be (Goldinger & Azuma, 2003;
Johnson, 1997; Pierrehumbert, 2002), so such guatdm of the model might be possible.
Thus, only two of the four models (lexical repras¢ion and exemplars) could account
for the current results, even with modificatione$h two require an assumption that allophones
with stronger acoustic cues or greater duratioagpescessed more easily overall, and they
require a way to limit this acoustic strength efffiecsound-level or non-word processing. The
Merge model already includes a separate sound-tgs$ion module, making this limitation
less arbitrary in that model. The similarity, a@asodels, of the modifications needed leads to a
further conclusion: it is not necessary for listesn® remember individual past exemplars in
order to account for what are sometimes callece“phonetic detail” effects. The lexical
specification method assumes fine acoustic spatiiic in the lexicon, but does not refer to
individual past tokens. The current results arartyea case of fine phonetic detail affecting
processing, but memory for individual past exengplamot necessary to model these results.
The past literature suggests that many factorsinfayence how allophones are

processed (e.g. across word boundary vs. withidwaeutralizing a distinction vs. not,
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complete vs. partial assimilation (Gow & Im, 200@)egressive vs. regressive effects (Weber,
2001)). It is therefore quite possible that dififigrtypes of allophonic alternations involve
differing mechanisms for processing. Japanese veedeiction within a word, which does not
neutralize any distinction (does not turn one pheménto what sounds like another), presents a
very different problem to the listener than acrassd-boundary place assimilation does, so the
listeners may reasonably use a different mechatospnocess it. Recent evidence by Cutler et al.
(submitted) indicates strongly that the Japanedeced vowel alternation is processed at a
lexical rather than a prelexical level, while Mige and McQueen (submitted) find evidence for
prelexical processing of word-final consonant-auseduction. Specifically, Cutler et al.
(submitted) find that listeners are more likelyaBsume a consonant-consonant string contains a
reduced (deleted) vowel if the lexicon containgeater number of words with vowel reduction
between those two consonants. For example, litenere easily assume a reduced /u/ is

present in a string [ksa], for which there aretreddy many words in the lexicon containing the

string /kusa/ with reduction, than they do in angtifha/, for which there are few words in the

lexicon containingfuha/ with reduction. Cutler et al. (submitted) &gt this, together with

further evidence that Japanese listeners do nmreaseduced vowels automatically in devoicing
environments, shows that listeners restore Japaadseed vowels through reference to lexical
representations that specify vowel reduction. endtrrrent data, the difference between lexical
decision processing of real words and phoneme mamif processing of non-words also leads

to this conclusion. Since the results rule outghenological inference model and the auditory
processing model, this only leaves support foxede solution (either lexical listing of

allophonic forms, or an exemplar-based lexical soh). Together, the current results and others'

work indicate that Japanese vowel reduction isgssed at the lexical level through lexical
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representations that contain allophonic informatwhile some other types of allophonic
variability are processed through other mechanisisteners do not use a single mechanism for

processing of all types of allophonic variability.

Conclusion
The current study investigates listeners’ procgssim particular type of allophonic variation,
high vowel reduction in Japanese, through phonematoring and lexical decision experiments.
The results indicate that the strength of acoustés combines with knowledge of allophonic
variation to affect recognition of sounds and woili®e results show separate influences of
listeners’ language-specific knowledge of alloplecamnd phonotactic patterns. This study shows
that in some cases, processing is actually faigtiktdy allophonic variation, even if the
appropriate allophone is the one less similar éouthderlying form and the one with weaker
acoustic cues. The results can be modelled byngutigtailed allophonic information into lexical
listsings, either through relatively abstract aftiopic lexical representations or through an
exemplar model, but they rule out an auditory psstey or phonological inference model for
processing of this alternation. It is likely thsténers employ more than one processing method

because of the wide range of types of allophoni@tian in human language.
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Figure Captions
Figure 1. Waveforms and spectrograms of a non-vaykito/ with reduction of the vowel [(i)]
(left) and with an unreduced vowel [i] (right). Theduced vowel has no periodic wave or

formants, thus the vowel was deleted. Fricatios@dollows the burst of the [K].

Figure 2. A: Experiment 1 RT results (Japaneserists, phoneme monitoring). Stars indicate
statistically significant differences between regllland unreduced vowels, and error bars

display 95% confidence intervals. B: Percentagersrr

Figure 3. A: Experiment 2 RT results (Americandrgtrs, phoneme monitoring). Error bars are

omitted because RTs are not analyzed statisticlgxplained in the text. B: Percentage errors.

Figure 4. A: Experiment 3: RTs (ms) by Japaneseners, with broader variety of voicing

environments. B: Percentage errors.

Figure 5. Voicing environment RTs divided by preogdvs. following voiced consonant.

Figure 6. A: Experiment 4: RTs (ms) for Japanesteriers, for lexical decision. B: Percentage

errors.

Figure 7. A: Experiment 5: RTs (ms) for Japanesteriers, for lexical decision with a broader

range of voicing environments. B: Percentage errors

Figure 8. Voicing environment RTs divided by preogdvs. following voiced consonant.
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Endnotes

1 We will use the “(V)” notation for devoiced/reduteowels throughoui.
2 Thus we refer to the environment as a “devoicinig“voicing” environment, but the vowel
itself as “reduced” or “unreduced” in order to aleonfusion about whether we are referring to

the environment or the vowel.

% The sequence i in Japanese is considered to consist of /zihemaically (Vance, 1987).

However, we will write “d” even in phonemic transcriptions to avoid switchiretween “g”

and “z.”
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Appendix A: Stimuli and acoustic information for g&ciments 1 and 2 (phoneme monitoring).

Devoicing Environment

hokito sekite
wachika machike
nehisa mukito
kutekito hasechito
yawachike motahike

Voicing Environment

tajida
tajiga
hojido
ketajiba

kanajida

nujida
tejiba
mejina
mokojibe
warejina

Nasal Environment

wanide
tanimo
sunigo

nasaniba
tasonibe

tenido

yunida

tonize
fukonino
kasonide

nuhika
nokita
yuchite
tadahika*
nosahiko

wajide
kojiba
yujima
narajizo
tasajiba

saniza

waniba

meniga
ketanime
samonina

seshita
mahiko

sumokika
saneshita
kotashike

tejido

sojime

natajiba
merajime
yatejima

kunima

nenigo

hasanina
kutonino
yuranide

moshito meshite
tekisa kachiho
toyakiko nagahita
moneshito agashite*
notochiko nahésa
yajido wajina
mojiza kejizo
kunojime sasajina
warejida M|
yotajino tama]
nanime tanina
soniba hanina
yosanine kedanida
wasenida tdoen
nuraniza W&o n

Pitch accent for all items was realized with acaanthe antepenultimate mora, except for
starred items, for which the reduced version ordg nealized as unaccented.

Durations: Total stimulus duration and target naweation are given for all categories, in
milliseconds. For the unreduced stimuli only, tlheation of the target [i] and of its preceding
consonant can be measured separately.

Environ- | Reduced| Stim. Target | Unre- Stim. | Target | Preced.| [i] dur.
ment dur. mora duced dur. mora | C dur.
dur. dur.
Devoic. 3-mora 494 132 3-mora 519 14% 60 85
4-mora 611 120 4-morg g7g 145 66 79
Voicing 3-mora 471 110 3-mora 476 121 42 78
4-mora 591 99 4-mord 630 113 49 64
Nasal | 3-mora| 469 158 | 3-Mora | 458 | 159 51 108
4-mora | 571 144 | 4Mora | 578 | 140 51 90

In the nasal environment, for the 7 stimuli contagnn(i)n] the reduced version had one long

nasal ([hana]) in the spectrogram. Identification of the &trghora (h(i)]) separately from the
following the alveolar nasal was achieved primabiylistening rather than by spectral cues.
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Appendix B:Materials and acoustic information for Experiment 3

Devoicing Environment

hokito seshita moshito meshite wachika machike
mahiko tekisa kachiho mukito nagahita hasechito
tadahika moneshito wagashite yawachike  motahike taskike
notochiko menahisa

Voicing Environment

wajide teshido wajina tajiga teshiba toshiba
mojiza kekizo hojido mechina kanajida kunoshime
sasajina ketajiba mokojibe natakiba merahime vialas
tanachida tasajiba

Nasal Environment

tenido saniza kunima nanime tanina tanimo
soniba sunigo tonize meniga kedanida nasaniba
fukonino ketanime wasenida tarenido tasonibe kedson
samonina yuranide

Pitch accent patterns for the devoicing environmegre H(L)L for 3-mora stimuli and LH(H)H
or LH(L)L for 4-mora stimuli. For the voicing andsal environments, some 3-mora stimuli had
were L(H)H. The pitch patterns were identical betwéhe reduced vowel stimuli and the full
vowel stimuli except the lack of pitch for the redd vowel.

Durations: Total stimulus duration and target naweation after splicing are given for all
categories, in milliseconds. For the unreducedudtianly, the duration of the target [i] and of
its preceding consonant can be measured separately.

Environ- | Reduced| Stim. Target | Unre- Stim. | Target | Preced.| [i] dur.
ment dur. mora duced dur. mora C dur.
dur. dur.
Devoic. 3-mora 521 140 3-mora 536 156 60 95
4-mora 626 128 4-mora 658 160 62 098
Voicing 3-mora 496 145 3-mora 525 167 60 108
4-mora 599 129 4-mora 609 137 53 84
Nasal 3-mora | 473 160 | 3-mora | g4 170 52 117
4-mora | 5gg 151 | 4-mora | gop 168 52 117
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Appendix C: Materials and acoustic information Eoperiment 4.

Devoicing Environment

akikan‘empty can’
tsukisasustub’
ashita‘tomorrow’
onshitsua green house’
mushisasarénsect bite’
ochikomu'to get depressed’
tekitoo‘reasonable’
Voicing Environment
mijikai ‘short’
akijikan ‘free time’
genjitsu‘real world’

tejina ‘conjuring tricks’

tatejima‘vertical stripe’
mijime ‘miserable’

nekojita‘sensitive to hot food’

Nasal Environment
onigiri* ‘rice ball’
gyuuniku‘beef’

ganimata‘bowlegged’
kaniza‘Cancer sign’

kunizukuri‘to form a nation’
hiniku ‘sarcasm’
yonige‘to flee by night’

kachiku‘domestic animals’
oshikakerugo uninvited’
yakitori ‘grilled chicken’
hakike‘nausea’

hashika'measles’
akisu‘robber’

fukitsu ‘ill omen’
koshitsu‘a single room’
kakikomu'to write down’  sekikomuto cough’
yakisobafried noodle’ soshitsunature’
washitsu'Japanese-style room’

ojisan‘uncle’ kujibiki ‘lottery’

kejime'to be distinguishablenodojiman*‘singing contest’
kujikeru‘to be discouraged’hajimeru‘to begin’

majime ‘serious’ fujisan ‘Mt. Fuji’

hajiku* ‘to snap’ najimu* ‘to become familiar’
kokugojiten**Japanese dictionary’

tanigoe‘over a valley’
nanimono'whoever’
inisharu* ‘initial’
onigokko'playing tag’
aniki ‘elder brother’ banira ‘vanilla’
minikui ‘ugly’ monitaa‘monitor’
kuinige‘to run away without paying one’s bill’

tenimotsuluggage’
wanigawa‘crocodile skin’
tanima‘ravine’
butaniku‘pork’

Pitch patterns of all stimuli were appropriate tloe Tokyo dialect according to the NHK Accent
Dictionary (1985). Pitch patterns for reduced anceduced stimuli were identical except for the
lack of pitch in reduced vowels. Starred stimulil lzareduced vowel in an accented syllable.

Durations: Total stimulus duration and target naweation are given for all categories, in
milliseconds. For the unreduced stimuli only, tlheation of the target [i] and of its preceding
consonant can be measured separately.

Environ- Stim. | Target Stim. | Target | Preced.| [i] dur.
ment dur. mora dur. mora C dur.
dur. dur.
Devoic. Reduced 616 130 Unreduced 654 165 66 99
Voicing | Reduced 581 122 Unreduced 609 137 46 91
Nasal Reduced 553 190 Unreduced 626 187 68 119




Appendix D: Materials and acoustic information Experiment 5.

Devoicing Environment
akikan‘empty can’
akisu‘robber’
yakitori ‘grilled chicken’
hakike'nausea’
soshitsunature’
sekitori‘sumo wrestler’
machikaddstreet corner’

Voicing Environment
mijikai ‘short’
soojiki ‘vacuum cleaner’
ichigo ‘strawberry’
tejina ‘conjuring tricks’
hajiku* ‘to snap’
sashimi'sliced raw fish’
daijiken* ‘big incident’

Nasal Environment
onigiri* ‘rice ball’
gyuuniku‘beef’
haniwa'‘clay figure’
kaniza‘the Cancer’
kunizukuri‘to form a nation’
hiniku ‘sarcasm’
yonige‘to flee by night’

hashika‘measles’

tekitoo‘reasonable’
ekitai ‘liquid’

ojisan‘uncle’

majime ‘serious’
techigai* ‘mistake’

tenisu‘tennis’
inisharu* ‘initial’
onigokko'playing tag
aniki ‘elder brother’
minikui ‘ugly’

oshikakerugo uninvited’
onshitsua green house’
ochikomu'to get depressed’yakisobafried noodle’

kakikotobawritten language’

oshidasuto push out’
nekojita‘sensitive to hot food’

tanigoe‘over a valley’
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kachiku‘domestic animals’

ashita‘tomorrow’
koshitsu'a single room’

sekihan'red rice’

washitsuJapanese-style room’

takibi ‘bonfire’

kejime'to be distinguishabletachiba‘standpoint’
kujikeru‘to be discouraged’akirameru‘to give up’
sashidasustretch out’

sekidomeécough syrup’
dekigoto*‘incident’

tenimotsuluggage’
wanigawa‘crocodile skin’
tanima‘ravine’
butaniku‘pork’
banira ‘vanilla’
monitaa‘monitor’

kuinige‘to run away without paying one’s bill’

Pitch patterns of all stimuli were appropriate thoe Tokyo dialect according to the NHK Accent
Dictionary (1985). Pitch patterns for reduced anceduced stimuli were identical except for the
lack of pitch in reduced vowels. Starred stimulil lzareduced vowel in an accented syllable.

Durations: Total stimulus duration and target naweation after splicing are given for all
categories, in milliseconds. For the unreducedudtianly, the duration of the target [i] and of

its preceding consonant can be measured separately.

Environ- | Stimuli Stim. | Target| Stimuli Stim. | Target | Preced.| [i] dur.
ment dur. mora dur. mora C dur.
dur. dur.
Devoic. Reduced 615 136 Unreduced 645 167 107
Voicing | Reduced 603 145 Unreduced 618 15 5 94
Nasal Reduced 570 188 Unreduced 582 200 67 119




