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ABSTRACT

In listeners' daily communicative exchanges, thestoften hear casual speech, in which
words are often produced with fewer segments, ratren the careful speech used in most

psycholinguistic experiments. Three experimentsremad phonological competition during

the recognition of reduced forms such pgifor] for computerusing a target-absent variant

of the visual world paradigm. Listeners’ eye movatsevere tracked upon hearing canonical
and reduced forms as they looked at displays of fwinted words. One of the words was
phonologically similar to the canonical pronunmatiof the target word, one word was
similar to the reduced pronunciation, and two wosdsved as unrelated distractors. When
spoken targets were presented in isolation (Expmeriml) and in sentential contexts
(Experiment 2), competition was modulated as a tfancof the target word form. When

reduced targets were presented in sentential csntiksteners were probabilistically more

likely to first fixate reduced-form competitors bed shifting their eye gaze to canonical-

form competitors. Experiment 3, in which the orgivp/ from [pjutor] was replaced with a

"real" onset p/, showed an effect of cross-splicing in the lateetwindow. We conjecture

that these results fit best with the notion thaesiin reductions initially activate competitors
which are similar to the phonological surface foohthe reduction, but that listeners
nevertheless can exploit fine phonetic detail twonstruct strongly reduced forms to their

canonical counterparts.
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INTRODUCTION

The speech we encounter most often in daily lifecasual speech. Although there is a
growing interest in studying spoken word recogmitwith this type of speech, it remains a
relatively unexplored area. A critical feature akoal speech is that it contains large amounts
of variation. Any one word is almost always utteifferently on different occasions, and
pronunciations can vary both from one speaker tihen and from one situation to another.

For example, an American-English speaker might pcedhe four-syllable word ‘apparently'

once in its full (henceforth, canonical) fomp?ersntli/ and once aSp[‘er"I]. In the last case,

the word is realized in only two syllables and @m$ fewer phonemes than its canonical
transcription in a dictionary would prescribe. Thiriation in production is called speech
reduction, where segments, syllables and even wholds can be changed and/or deleted
(e.g., Johnson, 2004). Reduction processes cansthgngicantly modify the way words are
produced. Speech reductions are also very comnobinsdn, for example, found in a corpus
of English conversational speech that more than @#%he words deviated from their
citation form by at least one segment, and 28%hefwords even deviated on two or more
segments. The listener's challenge is to recogniaeds in spite of this variability. In the

present study, we examine phonological competitioming the recognition of strongly

reduced forms such ggjutor] from the canonical formkbmpjutor] computerand pes] from

the canonical formugtstreit] wedstrijd‘match’.

Past research on speech reductions in spontanemugecsations
Only few studies have investigated listeners’ cmehpnsion of strongly reduced

forms in spontaneous conversation. Ernestus, Baayeh Schreuder (2002) examined how
listeners recognize highly reduced forms in Dutabhsas {fal] for [ idor yofal] in ieder

geval‘in any case’. They presented such forms in d#ffiércontext sizes. The listeners’ task



was to write down the form they heard. The ressliswed that, in isolation, listeners hardly
recognized these forms. If the forms were preseimed phonetic context, recognition
performance increased, but listeners reached gdéwvel only when the context was several
words long. Their results suggest that highly redulorms cannot be recognized on the basis
of their acoustic forms alone; only when there iseanantic/syntactic context available can
one recognize reduced forms correctly (see alsg A899; Brouwer, Mitterer, & Huettig, in
press). In a subsequent study, Kemps, Ernestuse@tdr, and Baayen (2004) provided

evidence that listeners reconstruct (most likelypconsciously highly reduced forms, i.e.,

they compute their canonical counterparts. Listerded to monitor for the phonemié ih
highly reduced forms such asif] from /eixslok/ eigenlijk ‘actually'. If such forms were
embedded in a sentence context, listeners ofteorrextly reported the phonemé./

However, listeners did not repolt if the reduced forms were presented in isolation.

These two studies suggest that people only rezegtrongly reduced forms within a
context of several words, and when they do so, #iey activate the canonical word forms.
In particular, the results of Kemps et al. (20029 to indicate that reduced forms are linked
to the canonical representation in the mental texiand not to a more veridical reflection of
the actual input, reflecting the acoustic signselit It is, however, possible that these results
reflect their use of offline tasks. Such tasks meglisteners’' meta-linguistic judgments,
which are conscious and controlled and thus take tb develop. Studies using offline tasks
are therefore unable to measure whether listeriees atively consider lexical candidates

compatible with the acoustic structure of reducezhpnciations early on in the recognition
process. For example, listening to the reduced fgijator] of the canonical forncomputer
may activate lexical candidates that sound simitaronset such as 'pupil’ and 'pure'.

Similarly, listening to the reduced forfoes] of the canonical formvedstrijd ‘match’ may



activate a lexical candidate such as ‘west’ moenthearing the canonical formefstreit],

because of the longer onset overlap of the redfaredwith the reduced-form competitor.
Printed-word eye-tracking

A useful technique to investigate tbaline processing of strongly reduced forms is
visual world eye-tracking (Cooper, 1974; Tanenh&syey-Knowlton, Eberhard, & Sedivy,
1995). In this methodology, listeners' eye movememe measured as they listen to speech
and see pictures of objects on a computer screntifing and proportion of fixations to
pictures of objects are typically taken to be edato which lexical candidates the listener is
entertaining as speech unfolds over time (see Hu&bmmers, & Meyer, 2011, for further
discussion). Allopenna, Magnuson, and Tanenhau33(1%or instance, showed that listeners
fixate pictures with names similar to the targetmeamore often than phonologically
unrelated names. In Allopenna et al.'s study, @pgnts saw four pictures on a computer
screen (e.g., a 'beaker’, a 'beetle’, a 'speaked, a 'carriage’) and listened to spoken
instructions such as 'Pick up the beaker'. Pasrtplooked at the pictures of both types of
competitors, but more often to pictures of onsetem@ompetitors (e.g., the 'beetle’) than to
pictures of offset-match competitors (e.g., thedker'). Moreover, looks to ‘beetle’ started
to increase at the onset of the word ‘beaker’, wagilooks to ‘speaker’ started to increase as
the end of the word ‘beaker’ unfolded. Recentlyriated-word version of the visual world
paradigm has been developed (Huettig & McQueen? 20@Queen & Viebahn, 2007).

The printed-word variant has been shown to baquéatly sensitive to observe fine-
grained phonetic and phonological processing Mc@Quemd Viebahn (2007) replicated -
with even tighter experimental control (e.g., colling for degree of phonetic mismatch, no
repetition of stimuli) — the findings of Allopenre al. (1998): their participants looked more
often to onset-matching (e.g., buffer for buffalffialo’) than to offset-matching competitors

(e.g., lotje 'lottery ticket' for rotje ‘fire-craek). It is important to note that McQueen and



Viebahn’s results are consistent with the resultenfa variety of other techniques (cross-
modal priming, Marslen-Wilson & Zwitserlood, 198%honeme monitoring, Connine,

Titone, Deelman & Blasko, 1997), which suggestst thanted-word eye-tracking is a

sensitive and valid method for observing spokenewa@cognition processes. Huettig and
McQueen (2007) used both (printed word and pictusg¥ions of the eye-tracking method
and found the printed-word variant to be more semsto phonological manipulations than
the traditional version using pictures. Resultsaotg#d by Weber, Melinger, and Lara Tapia
(2007) support this view.

In a recent study, Brouwer, Mitterer, and Huetd§11) used the printed-word variant
of the paradigm to examine spoken word recognitionDutch conversational speech
containing many speech reductions. More specificéiie study investigated whether word
recognition processes in casual speech differ fnard recognition processes with carefully
articulated laboratory speech as used in many pénguistic experiments. Following the
example of Ernestus and colleagues (2002; 200d stimulus material was compiled from a
spontaneous speech corpus. However, whereas Esresiucolleagues used an offline task
to study the effect of spontaneous speech on wamrognition, Brouwer and colleagues used
an online task to tap directly into the time courseprocessing. They compared the
recognition of reduced and canonical forms of nmdiigh frequency content words in a
four-word display of which one of the words was theget word. Two types of competitors

were displayed on the screen. The first type wa&amonical-form competitor” (e.g.,
[kompenjon] ‘companion’ for kompjutor]), which phonologically overlapped more at onset
with the canonical form than with the reduced fahthe spoken word. The second type was
a “reduced-form competitor” (e.g.pjupil] 'pupil’ for [pjutor]), which phonologically

overlapped more at onset with the reduced form thigim the canonical form of the spoken

word. In Brouwer et al.'s Experiment 1, listenerected their attention to a similar degree to



both competitors on either hearing the reducedzaadn [pjutor] or the canonical realization

[kompjutor] of computer In their Experiment 2, they did not include amguced forms in

the experiment and compared the recognition of miaabforms in laboratory speech with
the recognition of canonical forms in casual spedalsuch a listening situation listeners
directed significantly more overt attention to ttemonical-form competitor than the reduced-
form competitor in both the laboratory speech ctodiand in the casual speech condition.
In Experiment 3, they intermixed the canonical feraf Experiment 2 with reduced forms,
and found (as in Experiment 1) that there was ifilerénce between listeners’ fixations to
canonical-form and reduced-form competitors. Brauarel colleagues concluded that during
casual speech, which includes a great deal of sgtword forms, listeners are more tolerant
of acoustic mismatches between input and canofocal. These data therefore showed that
speech-intrinsic variation (e.g., the overall reilidy and quality of the phonetic input) can
modulate phonological competition.

Nevertheless, given the earlier visual world stsds@owing increased competition
effects for phonological onset competitors (Alloparet al.,, 1998; McQueen & Viebahn,
2007), it is surprising that there was no prefeeefmr canonical-form competitors over
reduced-form competitors in the Brouwer et al. @0%tudy. There are two possible
explanations why such a result was not observe@. @ssibility is that the task situation
affects phonologically-mediated eye gaze. In trsaial world paradigm, visual and auditory
information jointly determine eye gaze (Huettig,rRuers, & Meyer, 2011). In other words,
listeners’ eye gaze not only reflects the procegsiithe spoken input, but is also affected by
the processing of the stimuli in the visual displayettig and Altmann (2011), for instance,
have shown that the properties of all the (panthgtching objects in the display affect the
magnitude and timing of eye gaze. In the Brouweaal estudy, there were three items in the

display for which there was some phonological a@wvith the spoken word (the target; the



canonical-form competitor; and the reduced-form getitor). Thus, it is possible that the
combination of three at least (partly) matchingnisein the display and the great number of
speech reductions in the spoken stimuli createa$la gituation in which listeners were more
tolerant of phonological mismatches.

There is, however, yet another explanation why itmgut form may not have
influenced differentially the fixations to canonidarm and reduced-form competitors in

Brouwer et al. (2011). It is possible that the @l segments in the reduced forms (e.g.,

[pjuitar] for compute) carried fine phonetic detail that indicated tha [p] is not word-
initial, but that the word starts with a weak shlastarting withv/k/. In fact, Brouwer et al.

observed for the reduced forfpju:tor] for computerthat the closure duration fdp/ was

rather long (> 100 ms) for connected speech. Thay signal that a weak syllable was

literally “swallowed” in this closure; consequentlip/-initial words would not serve as

strong competitors for either reduced or canonwald forms because neither carries

sufficient evidence for g-initial word. While the multitude of reductions the stimulus set

of Brouwer et al. makes it difficult to pinpointl gdossible phonetic details, other research
supports the idea that reduced forms often careg ¢o the full form. Manuel (1992) showed
subphonemic differences between versions of [spdnrgn the intended word waportand
support even if the schwa in the first syllable was dedefi.e., there was no voicing between
the [s] and the [p]). Similar effects have beenorggd for French voicing assimilation
(Snoeren, Hallé, & Segui, 2006), place assimilatioknglish (Gow, 2002, 2003), and voice
assimilation in German (Kuzla, Mitterer, & Ernest@910). Even though not all reduced
forms may carry cues to the canonical form (seek@h® Snoeren, 2008), cues from
phonetic details may be rather ubiquitous in reduicems. This has repercussions for the

interpretation of the eye-tracking study by Brouweg¢ral. Phonetic-detail cues may be the



reason why the fixation patterns did not differvibe¢n canonical and reduced input forms,
because those cues in fact minimize the differdreteveen a full and reduced form, as the
reduced form is only a full form "in disguise”, 8w speak. Note that, if this explanation of
the Brouwer et al. results is correct, changing tagk situation should not influence
competitor activations.

It is conceivable, however, that when hearing reduorms in other task situations,

words (e.g.,pupil) matching the phonological surface form of theegereduction (e.g.,

[pjuitar]) compete more strongly than words matching thenplomical surface form of the

canonical form (e.ggompanion of the target word. The target-absent versiothefvisual
world paradigm (Huettig & Altmann, 2005) for insta in which a fully-matching target
word referent is excluded from the visual displayg(, hearingcomputerand not seeing a
‘computer’ on the screen), has been shown to gréatlease the magnitude of competition
effects for related words (cf. Figure 2 in HuetfgAltmann, 2005). Huettig and Altmann
(2005) found that participants directed their aitento an object in the visual display (e.g.
trumpe) when a semantically related target word (pigno was heard, both in a condition
in which the target (i.e. piano) was co-presentaidndition in which the target (piano) was
absent. Fixation proportions in the target-absenttion however were much greater than in
the target-present condition. In the present sthdyefore we used the target-absent version
of the paradigm because of its greater sensithatyeveal online activation of competitor
representations.
Present study

Here we investigated whether phonological competifor reduced words in casual
speech can ever be influenced by the exact phofeetit of the spoken word. We used the
target-absent version of the visual world paradigtascribed above, to maximize the

likelihood of observing competitor effects and thiéme course. The visual display in the



current study therefore had the following structgieen the target wordomputer(in either
canonical or reduced form), the visual display aor@d a canonical-form competitor
(companion, a reduced-form competitorpypil), and two phonologically unrelated
distractors jewet holiday). Note that the actual items were in Dutch. Wenexad when and
to what extent reduced-form and canonical-form cetitgrs play a role in the online
recognition of naturally reduced words. If we oleethat the overt attention to different
competitors is influenced by the input form, thiaymndicate that reduced forms do not carry
sufficient phonetic-detail cues to prevent the \ation of words that are similar to the

reduced form in the auditory input.

EXPERIMENT 1

METHOD

Participants

Twenty-four participants from the Max Planck Inst&'s subject pool, undergraduates at the
Radboud University Nijmegen, were paid to partitgpen this experiment. All were native

speakers of Dutch and reported normal hearing anaal or corrected-to-normal vision.

Materials

We selected 32 polysyllabic, mid-to-high frequemontent words from the Spoken Dutch
Corpus (Oostdijk, 2000). We took both a canonieal.([baneds] for benederiddownwards’)
and a reduced realisation (e.gnones]) of every target word (see Appendix). Recordings

with background noise, overlapping speech, or witfamiliar dialects such as Flemish were
excluded. The target words were transcribed byihdependent raters to observe the signal

in auditory and visual spectrographic form. Theejpehdent transcriptions were compared to
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verify agreement between the transcriptions. Ie @dslisagreement, the transcribers reached
CONSensus.

The segments of the canonical forms were almostyaviully realized, whereas their
reduced counterparts missed one or more segmdmscritical criterion for a reduced form

to be included in the study was that it shared moiteal segments with another existing
Dutch word than with its own canonical form. Taugltrate this, the reduced formetstrei]

for the canonical fornfuetstreit] wedstrijd'match’, in which the finak/is deleted, does not
live up to the criterion. In this case, no othertduword exists that phonologically matches
the reduced fornfivetstrei] except its own canonical formedstrijd As a consequence, the
reduced formfuetstrei] could not be included in our material. An examgii@ reduced form
that would live up to our criterion i®gs] for wedstrijd In this case, for example, the Dutch

word wesp'wasp' matches phonologically better with the ceduform fves] than with the

canonical fornuetstreit].

There was considerable variation in the reductiGteduced forms either differed in

the initial part (i.e., first or second segmentlswas[monea] from [boneds] for beneden

‘downwards’, or in a later part (i.e., third, fdudr fifth segment) such dses] for [vetstreit]

wedstrijd'match’ from the canonical form. The Appendixsliatl target items including their
canonical and reduced transcriptions. Note that sudegree of variability in the materials is
the norm in work on spontaneous speech. Such ralsteriten lead to greater variability in
results, but it is necessary in order to study spaintaneous speech (see Warner, to appear,
for a discussion of this trade-off).

For each trial, the computer screen displayed ttiféerent word types: a canonical-

form competitor (e.g.pbeneden‘downwards’), a reduced-form competitor (e.gqgeneer
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‘mister’) and two phonologically unrelated distrarst (e.g.,juweel ‘jewel’ and vakantie

‘holiday’; see Figure 1). Note that in 75% of thases (24 out of 32, see Appendix) the
canonical-form competitor and the reduced-form cetmgr overlap phonologically at onset.
Some reduced-form competitors are therefore alsa tertain degree competitors of the
target word's citation form. They thus functionaset overlap competitors. However, the
canonical-form competitor always overlapped moremdet with the canonical form than
with the reduced form, and the reduced-form congretilways overlapped more at onset

with the reduced form than with the canonical foFar example, the wordredstrijd'match’

was realized canonically asefstreit] and in a reduced way asef]. The first three segments

of the canonical-form competitavetboek[vetbuk] are shared with the canonical form, but

only the first two segments are shared with theiced form. The first three segments of the
reduced-form competitovesp[vesp], however, are shared with the reduced form, lmly o
the first two segments are shared with the canbraan. It is therefore important to
compare the relative strength of the two typesoofijgetitors under different conditions.

We carefully selected competitors that were equakyl-matched to the canonical
form and to the reduced form. To rule out that ¢aeonical-form competitors have more
phonemes in common with the intended target woedh tthe reduced-form competitors to
their targets, we analyzed whether the canonicahfand the reduced-form competitors
differ with respect to their total segmental ovpriaith the target forms. This analysis took

the segmental order into account, but did not megan exact match of the position. For

example, the reduced-form competip@rsoon’person’ parson] - matching the reduced form
[pasipa] - shares 3 out of 6 phonemes with its target fprincipe 'principle’ prisips]. The
shared phonemes between the reduced-form compatitbthe target form are][ [r], and

[s], which appear in the same order in both wordghdf order of the phonemes were not

12



taken into account, the segment as well as the schwa would also have been indude

this calculation. The number of matching phonemas then divided by the total number of
phonemes of the reduced-form competitor. Similamgarisons were made between the
canonical-form competitors and their target formds.t-test showed no differences in
segmental overlap between the overlap values ®reduced-form and the canonical-form
competitors t(62) = -0.18,p > 0.1 ). This result thus excludes the potent@ifound that
there is a difference in the amount of phonologmatrlap between competitors and their
targets.

The target word mentioned in the casual speechmieags was absent from the visual
display (cf. Huettig & Altmann, 2005). The displays the experimental trials never
contained printed target words corresponding ftdlyhe spoken target words. In these cases
the participants' task was to click in the middiehe screen. To decrease the likelihood that
participants would use a strategic form of progggshat might be more indicative of post-
lexical processing we added filler items in whicheoof the visual words on the screen
matched with the auditory target stimulus. We @datwice as many filler (128) as
experimental items (64). Thus, in 2/3 of the cgsasicipants had to click on one of the four
visually presented words on the screen, wheredg3irof the cases listeners had to click in
the middle of the screen. Since the display for éx@erimental trials contained two
phonologically related words (i.e., the two comimeti), we masked this pattern in the filler
items in which a visual target was always predeatticipants had to click half of the time on
one of the phonologically similar words and half tfe time on a word that was
phonologically unrelated. In this way, the fillggsevented participants from developing any
expectation that items sharing certain phonologtizibutes would be mentioned.

The experimental and filler items were put into tiseand the order was randomized,

so that each participant got a different orderreSpntation. The position of the three types of

13



printed words was randomized over the four quadrantthe screen. That is, the reduced-
form competitor, the canonical-form competitor atd distractors appeared with equal
probability on each of the four screen position rottee course of an experimental run.
Besides experimental and filler items, we alsodete six practice items from the Spoken
Dutch Corpus (Oostdijk, 2000) to familiarize paents with the task. Half of the practice

items contained a target on the screen, the otiledia not.

*** Insert Figure 1 here ***

Procedure

Participants were tested individually. They werated in a sound-attenuated booth at a
comfortable viewing distance from the computer screThe eye-tracking system was
mounted and calibrated. Eye movements were moditostng an SMI EyelLinkll system,
sampling at 250 Hz. Auditory stimuli were presentedthe participants over headphones
using the NESU software.

Participants received written instructions on sheeen. Participants had to click with
the computer's mouse on the printed word in thaabislisplay representing the word they
heard in the auditory stimulus. If none of the f@th words matched with the auditory
stimulus - as for all experimental trials - pagients had to click in the middle of the screen.

Each trial had the following structure. First, dgwith four printed words appeared
in a 24-point Courier font on the screen. The @mwf the printed words corresponded,
independently of the length of the words, to theties of the quadrants on the screen. After
2500 ms the auditory stimulus was presentéak preview time in the current study thus was
longer than the one second preview typically usedye-tracking studies with lab speech (e.qg.

McQueen & Viebahn, 2007). There are two reasons whychose to use this longpreview
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time. First, our target sentences are more contpi@x target sentences often used in lab studies
(e.g.,'t ergste is nog als de wedstrijd dus afgeloperthe worst thing is if the match is
finished'versusKIlik op hetwoord X'Click on the word X’). Second, the position of ttagget
was unpredictable in our sentences, whereas irstiates the target word often follows the
sentence frame 'Click on the word'. We chose thgdo preview time to ensure that participants
would have enough time to read the four printeddsoA longer preview time is less critical in
‘Click on the word X'-lab studies because simpleriea sentences and predictable target word
positions allow for more concurrent processinghef tlisplay.The next trial was initiated after
participants clicked with the mouse on the scrdearticipants were put under no time
pressure to perform this action. Every five trialsentral fixation cross appeared centered on
the screen, permitting for drift correction in ttedibration.

After the six practice trials, the 64 experimerstatl 128 filler items were presented in

random order. The experimental session took apprately 15 minutes.

Design and analysis
The dependent variables were click-responses aadmyvements. For the click-responses
we calculated the percentage of correct rejectioasthe percentage of clicks in the middle
of the screen, and the percentage of incorreckslan the three word types. A statistical
analysis of the error pattern was carried out \Wwitear mixed effects models using a logistic
linking function (cf. Dixon, 2008). We did not agaé response times. Response times are an
uninformative measure because the auditory targed was never present on the screen for
the experimental trials.

For the eye-tracking data, we discarded blinks saxctades and analyzed the data
from the right eye of the participants. As it takiese to program and initiate a saccadic eye
movement (typically about 100 to 200 ms, cf. Ma@8hao, & Boff, 1993), we analyzed

successive 100 ms time windows from 200 ms aftgetanset.
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For the analysis, we transformed the proporticia eath the empirical logit function
(cf. Barr, 2008). From these data we constructed liwearly independent measures: 1)
overall competition effects: mean of looks to battmpetitors vs. mean of looks to both
distractors; and 2) specificity of the competitefifects: mean of looks to the canonical-form
competitor vs. mean of looks to the reduced-forrmpetitor. All measures are difference
measures, so that a difference from zero indicaf@®ference for one type of stimulus.

We tested whether these measures were influenga®drd Form (i.e., canonical
forms versus reduced forms) using linear mixedot$fenodels (Baayen, Davidson, & Bates,
2008) with participants and items as random effantsin which Word Form was coded as a
numeric contrast (-0.5 and 0.5, cf. Barr, 2008)n@acal forms were coded as -0.5 and
reduced forms as 0.5. A negative beta indicatasiieadependent variable has a higher value
for the canonical form condition whereas a posibega indicates that the dependent variable
has a higher value for the reduced form conditiate that the interpretation of the beta
depends on the dependent measure. In the cases @fctturacy measure, a positive beta
reveals more errors in the reduced form conditi@ntin the canonical form condition—and
hence that recognizing reduced forms is more diffithan recognizing canonical forms. In
the case of the overall competition measure, atipesibeta indicates more overall
competition in the reduced form condition than e ttanonical form condition. A similar
interpretation holds for the specific competitioreasure: a positive beta implies more
specific competition in the reduced form conditiban in the canonical form condition. We

estimated-values by using Markov Chain Monte Carlo simulasi¢Baayen et al., 2008).

RESULTS

Table 1 shows the percentage of correct rejectans the percentage of incorrect click

responses to the three word types. An analysisheretror rates showed a main effect of
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Word Form fword Form= -4.26,p < 0.0001), indicating that listeners made morersrin the
reduced form condition than in the canonical foromdition. Listeners clicked 31% of the

time on the reduced-form competitor when listerimgeduced forms.

*** Insert Table 1 here ***

For the eye movement data, we plot the fixatiorppproons of all trials (including the correct

and incorrect responses) as well as for corregoreses separately. In typical eye-tracking
experiments with careful speech, error rates tendet low (< 5%) and errors are typically
discarded. In the current case, however, with nizae 30% of errors, simply discarding the
errors is problematic, because it would exclude(émpparently) most difficult trials with the

most severe reductions. Nevertheless, misidertiibics obviously lead to prolonged looks at
a competitor, simply because the competitor iskelicon. Therefore, Figure 2 shows the
mean fixation proportion to the two types of conipes and the averaged distractors from
acoustic target onset (0 ms) to 1400 ms theretdftgA) Canonical forms (all trials); and in

three different plots for Reduced forms. Figure2Bws the data for all trials, Figure 2C for
correct trials only and Figure 2D for incorrectats. These additional plots give us insight
into how the competition pattern changes dependmgarticipants' performance on a trial.
Fixation proportions were analyzed during an e§0-800 ms) and a late time window

(800-1200 ms).

***|nsert Figure 2 about here***

All trials
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We first analyzed whether there was an effect oéralV competition (competitors -
distractors). Figure 3 shows the beta weights e dliferent time windows. Note that the
error bars show confidence intervals, so that a betight for which the error bars do not
include the x-axis are significant. The top parfdrigure 3 shows that an overall competition
effect arises in the time window starting 400 nisrafarget onset, and participants look more
at competitors than at distractors in all lateretimindows. Overall competition was also
dependent on Word Form. In the early time windo®B0¢600 ms), overall competition was
stronger in the canonical form condition as indddaby the negative regression weights. In
the late time windows (900-1200 ms), however, dverampetition was strongest in the
reduced form condition as indicated by the positegression weights.

Second, we analyzed whether listeners looked nudten to canonical-form
competitors than to reduced-form competitors (caabform competitor - reduced-form
competitor). As the bottom panel of Figure 3 shows,found an overall effect of specific
competition in the 300-500 ms time window. Thiseffwas modulated by Word Form. That
is, it varied over conditions whether canonicalfoor reduced-form competitors received
more looks.

To further investigate this pattern, we analyzeel ¢ffect of specific competition in
each condition separately for those time windowsvimch there was a significant effect of
word form on the specific competition measure. Tirategy is analogous to the breaking-
down of an interaction in factorial ANOVA designihat is, we tested whether there was a
significant preference for one of the competiterdoth the reduced and the canonical form
condition. Note that the measure is defined as miaabform competitor - reduced-form
competitor. A positive intercept hence means mookd to the canonical-form competitor.
The results of these analyses are added as subdoripigure 3 (bottom panel). If there was a

significant difference in the canonical form coalt, this is indicated by a "C", if there was
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a significant difference in the reduced form coiadif this is indicated by an "R". Signs are
used to indicate the direction of the difference.ah inspection of the figure then reveals that
there was a preference for the canonical-form camopen the canonical form condition in
the early time windows (the "C+" subscripts for tirme windows 400 ms - 700 ms) and a
preference for the reduced-form competitor in #duced form competition in the late time

windows (> 700 ms).

*** Insert Figure 3 about here ***

Correct trials
For the correct trials, we used the same stratedgraall trials. First, it was analyzed whether
listeners looked more often at competitors thagisitactors (overall competition). As Figure
4 (top panel) shows, participants looked more atpetitors than at distractors from 400 ms
onwards. In two time windows (500-700 ms) there wame competition in the canonical
form condition, as indicated by the negative regjegsweights.

Second, we analyzed whether there was an effegpeaxfific competition (see Figure
4, bottom panel). These analyses showed an owdfalit in the time windows from 400 to
700 ms, which was modulated by Word Form in thre¢hese four time windows. When
analyzing this effect in each condition separate¢here was only a preference for the
canonical-form competitor in the canonical form @ibion in the time windows from 400 to
600 ms after target onset. The specific competiéffact was not significant in the reduced
form condition in any time window.

These results suggests that even in the trialshich participants made the correct
decision they may not (or not always) have recagmithe target word. Participants may

instead have based their decision on overlap iogpegd phonemes without making contact
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with the lexicon. By contrast, for the incorreabls, we observe a clear preference for the
reduced-form competitors, suggesting that incortdets reveal numerous and sustained
fixations to the word type that was chosen (i.educed-form competitor), as people guide

the mouse cursor toward the object they intendetidk on.

*** Insert Figure 4 about here ***

DISCUSSION

In Experiment 1, we observed that overt attentioncanonical-form and reduced-form
competitors in a printed-word display can be inflced by the exact form of the acoustic
input. This therefore suggests that (at least 8k tsituations such as the present which
maximize the opportunity for competition) canonif@ims can activate different competitors
more strongly than reduced forms. This suggeststhieaprevious findings by Brouwer et al.
(2011) were most likely due to the task situatiather than phonetic detail in the stimuli.
There is, however, one alternative interpretatibrs conceivable that by presenting isolated

fragments, we limited the listeners' ability to Bipthe phonetic detail. Consider the

example of the reduced form (e.gjutor] for computey we used in the Introduction. We

had thought that the long closure duration mighaloeie that tells listeners that thpé is not

(underlyingly) word-initial. However, with a singlegord presentation, the closure duration is
not even audible, making it unlikely that this pbba detail could influence the competition
process. In addition to this, listeners might neddrmation about the surrounding speech
rate, or coarticulation with preceding sounds,ritheo to interpret the reductions.

Moreover, the click-responses showed that liseengde more errors in the reduced
form condition than in the canonical form conditiduisteners often clicked on the reduced-

form competitor in the reduced form condition. Thifline preference for the reduced-form
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competitor is in line with the online eye movemeata. Listeners looked most often at the
reduced-form competitor when listening to reducednf. These results accord with the
findings of Ernestus et al. (2002) and of Arai (39%ho showed that reduced forms are
difficult to recognize on the basis of the acoustitn alone.

These two observations pave the way for the sulesggxperiments. Given the fact
that performance for reduced forms in isolatiorsesiously compromised (34% error rate),
the question arises how much context is neceseaafaw recognition. In Experiment 2, we
examined phonological competition processes wheunced forms (and canonical forms) are
presented in a sentential context. Previous wookveld that in such a situation, performance
increases considerably (Kemps et al., 2004). Txpeement therefore allows us to examine
the phonological competition process during theuactecognition of strongly reduced
forms. For canonical forms, we predict the same p&imon pattern as in Experiment 1:
more looks to the canonical-form competitor thanthe reduced-form competitor (cf.
Allopenna et al., 1998; McQueen & Viebahn, 2007voToutcomes are conceivable for
reduced forms. If listeners in Experiment 1 wera@y unable to make use of the phonetic
detail when they hear short fragments (cf. Ernestusl, 2002), we should now again
replicate the pattern observed in Brouwer et a01(3: Competitor fixations are not
modulated by the input form. If, however, it wae ttask situation (i.e. the absence of the
target word in the display) which resulted in iraged competition effects, we should still

observe differences in competitor fixations congimgupon the input form.

EXPERIMENT 2
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METHOD

Participants

Twenty-four undergraduates were paid to particiratiis experiment. All participants were
native speakers of Dutch. They reported no hegomodplems and normal or corrected-to-
normal vision. None of the listeners participatedhe previous experiment.
Materials
We used the same 32 canonical and 32 reducedatsahis as in Experiment 1, but they were
now embedded in a context of several words. As rseguence of the nature of these
materials, the amount of reduction was also redkabot only in the target word, but
throughout the sentence, so that the phoneme aeletite was higher for the sentences
containing reduced forms (22%) than for sentenoesaming the canonical forms (6%).

Note that the context for a canonical form (eogk naar beneden die sluit dan aan
'the one going downwards, as well, this connects tto') always differed from that of a
reduced form (e.douigt het zo af en dan valt het naar beneden, slathtit bends like this
and then it falls down, that's really’) becausey thecurred in different corpus utterances. We
therefore conducted a (web-based) cloze test testipate whether the different contexts
induced a preferential bias for certain word tygies., target, canonical-form competitor,
reduced-form competitor, and one of the distragtarhich might have caused confounds in
our material. This test measured the predictaboitythe target word given the preceding
context in canonical and reduced utterances. Fah lgpes of utterances, the words
preceding the target were presented on the sdreéme first part, participants (n = 35) had to
finish the sentence freely with three to seven wauitable to the context. In the second part

the sentence was again shown on the screen, butheweventual target, the two types of
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competitors and one of the distractors were prakidéhe participants had to rank these
words in the order of how likely they completed samtence.

In the first open-ended part of the cloze testfigpants named the target word on
5.8% of the trials (6.2% in the canonical form seces, 5.4% in the reduced form
sentences). These results suggest that some tange$ were indeed somewhat predictable
given their preceding linguistic context. The tdrgeords were, however, not more
predictable in the sentences in which they happeodee reduced. The participants never
named a competitor with the exception of one oenge of a reduced-form competitor (<
1%).

In the second part, participants rated the tavgmtd as the most likely option (in
81.6% of the trials). The mean rank of the targetdwvas hence close to 1 and this did not
differ between sentences with canonical forms (L&% sentences with reduced forms
(1.30). We compared the mean rank of both compstitor both types of sentences (i.e.,
sentences with canonical forms and sentences wdlilnced forms) to test whether there was a
difference in terms of semantic compatibility ofetltanonical-form competitor and the
reduced-form competitor. The mean rank in all foases was around 3 (canonical-form
competitors: 3.07 in the canonical form sentences 294 in the reduced form sentences;
reduced-form competitors: 2.94 in the canonicatf@entences and 2.84 in the reduced form
sentences). It is hence unsurprising that theree wer significant differences as evaluated
with to a two-by-two repeated measures ANOVA witimpetitor type and sentence type as

predictors Esentencetyfd,.30) = 1.67p > 0.1, the otheFs > 1).

Procedure, design and analysis

The procedure and design were identical to theigusvexperiment. For the analysis, we

used the same two measures as in the previousimegmer(i.e., overall competition and
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specific competition), but we analyzed the cortaets instead of all trials. The experimental

session took approximately 25 minutes.

RESULTS

Table 2 shows the percentage of correct rejectans the percentage of incorrect click
responses for the three word types. An analysithererror rates showed a main effect of
Word Form fword Form= -2.83,p < 0.0001), indicating that listeners performedtdrein the

canonical form (99.5%) than in the reduced formdiioon (93.8%).

*** Insert Table 2 here ***

For the eye movement data, we plot and analyzéxagon proportions of correct trials only
for the canonical and reduced forms, since thene wely few errors. Figure 5 shows the
mean fixation proportion to the two types of conipes and the averaged distractors from
acoustic target onset (0 ms) to 1400 ms theresftgiA) Canonical forms and (B) Reduced
forms in a sentential context. As in the previoupeziment, we analyzed fixations in

successive 100 ms time windows.

*** Insert Figure 5 about here ***

We first analyzed whether there was an effectvetall competition (competitors -
distractors). Figure 6 (top panel) shows the betmkts and their confidence intervals for all
time windows. An inspection of the time course shdlat an overall effect of competition
was significant in the time windows from 300 mal@®0 ms after target onset. The amount

of overall competition was not dependent on Worthim any of the time windows.
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Second, the bottom panel of Figure 6 shows thepamison of looks to the canonical-
form competitors versus the reduced-form competitdrhis contrast shows no overall
significant effect. However, there are significarggression weights for Word Form,
indicating that the preference for one of the cothps over the other differed between
conditions. The negative betas indicate that spe@bmpetition was strongest in the
canonical form condition. Importantly, the resutsm the reduced form condition patterned
similarly to the results in the canonical form citiweh in the later time windows (>800 ms).

As in the previous experiment, we further analyttezl effect of specific competition
in each condition separately. This showed thathencanonical-form condition, there was a
significant preference for the canonical-form cofitpe in the time-windows 400-600 ms
after target onset (indicated by the "C+" subssriptFigure 6, bottom panel). There was no
significant preference for any competitor in thdueed-form condition, although there is a
numerical preference for the reduced-form compeiitothe earlier time windows and a

preference for the canonical-form competitor inldter time windows.

*** Insert Figure 6 about here ***

DISCUSSION

Experiment 2 investigated phonological competitiuring listening to strongly reduced
forms in a sentential context. The error patterowsdd that reduction still inhibits word
recognition (6% error rate), but to a much less¢erd than in Experiment 1 (34% error rate).
This result is in line with the findings by Arai9q29) and Ernestus and colleagues (2002):
listeners benefit from phonetic and semantic/syitacontext during the recognition of

strongly reduced forms.
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The eye movement data revealed that the compep@biern for canonical forms in
Experiment 1 was replicated: the canonical-form getitors attracted more attention than
the reduced-form competitors in the early time wivd These results are similar to the
competitor effects that have been found by Allogerst al. (1998) and McQueen and
Viebahn (2007) because our canonical-form compstitode similar to the phonological
"cohort" competitors in those studies. Over timetlee acoustic form of the canonical-form
competitor became inconsistent with the acoustmutinthe preference of looks to the
canonical-form competitor disappeared.

When the input was a reduced form, however, we rgbdethat, in the early time
window, the reduced-form competitors attracted mbyeks than the canonical-form
competitors. Note, however, that the interactions wagnificant, but that the specific
competition effect did not reach significance ie teduced form condition separately. There
was a numerical preference for the reduced-formpatitor even though participants heard a
complete dialogue fragment, that is, additional n@i context enabling participants to
better exploit any fine phonetic detail cues. Tuggests that reduced-form competitors (i.e.,
unrelated words overlapping in phonemes with tlteiced form of the spoken target word)

can compete early during the recognition of reduoechs. In other words, there is a better

match of the acoustic signal, (i.emdnes]) with the phonological representation activated

from the reduced-form competitor (i.enenee), than with the canonical-form competitor
(i.e.,benadelen

In contrast, later in time canonical-form competstalid attract numerically more
attention than phonologically unrelated distractosgmilar to the offset-matching (or
"rhyme") competitor effects that have been repobtgdliopenna et al. (1998) and McQueen
& Viebahn (2007). Importantly, however, the offseatching competitors in the Allopenna

et al. and McQueen and Viebahn's studies alwayactdtllesslooks than the onset overlap
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competitors. This, however, is not the case ingady time window in our Experiment 2.
This suggests that late looks to our canonical-foampetitor (i.e.penadelehreflects more

than just overlapping phonemes. It suggests thaiciants reconstructed the reduced form

[monea] to its canonical (or "citation™) form (i.e[banedsa]). Such a reconstruction process

may be time-consuming, therefore resulting in terl shift in eye gaze to the canonical-
form competitor. This also explains why the pregiauork using offline tasks always only
documented a role for the citation form when listsnvere confronted with strongly reduced
forms. Kemps et al. (2004), for instance, foundt thsteners judge phonemes that are

phonetically absent in reduced forms as preseatphoneme monitoring task. That is, when

asked to monitor forl/, they responded with 'yes' to the phonetic fotgk][ which is a

reduced form ofrlatyrlyk/ natuurlijk 'naturally’. This result is in line with the assution of

a late reconstruction process. The offline taskdusg Kemps et al. only revealed what
happens late in time when the acoustic input foach o longer any influence.

Experiment 2 revealed that reduced-form competitansipeted for eye gaze even
when participants had the opportunity to make dselditional phonetic context indicating a
speech reduction. Does this mean that there lis ptionetic detail to exploit? Experiment 3
tests this directly. We examined whether listenars sensitive to fine phonetic detail
information in interpreting whether a reduced fowas heard or not. Previous research
showed that listeners are good at exploiting the fhonetic detail of utterances to recognize
intended words even when spontaneous speech pesckase changed them so that they
deviate from their canonical form. Gow (2002), é@ample, showed that listeners make use
of fine phonetic detail to solve the lexical ambiguproduced by place assimilation. He

showed, for example, if the compound naight berriesis assimilated taipe berries the

assimilated ] differs from the unassimilated forrfraipberiz] from 'ripe berries’. The
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assimilatedp] still bears some cues for an alveolar place t¢@ation. This finding has two
consequences. First, if the listener is presentiéd & strong p] in the phraserfipberiz],
ripe is accessed; however, a slightly weakdrdlso activatesight. In addition, the slightly

weaker p] facilitates the recognition of the upcoming ldsagment (see also Gow, 2001;

2003). If listeners make use of fine phonetic ddtaistrongly reduced forms, this could
potentially help them in interpreting whether aueedd form was heard or not, and thus
whether they should attempt a reconstruction tossiple canonical form.

In Experiment 3,we take a similar approach as in Gow's (2002) enjymts.
Analogous to the use of assimilated and intendgdheats in Gow's experiments, we used

cross-splicing to replace the acoustic realisatbma "surface"” segment in a reduced form

with an "intended" segment. For example, in thaiced form[monea] from the canonical
form [boneds] beneden'downwards' the "underlying” segmeri] [has changed into the
"surface” segmentij]. We replaced this "surface" segmeni] [with an "intended" segment

/m/ from the same speaker which did not arise froduectons (e.g.,rhet] met'with’). We

examined whether listeners are sensitive to thdlesubfference between the "surface"

segmentin] and an "intended" segmemh/. In other words, will the "surface" segment]|
be comparable to an "intended” segmemt dr will the "surface” segmenin] still contain
traces of the "underlying" segmeb]? We predicted that the cues of the "intendedfrsayg

/m/ would bias listeners' interpretation of the reztliform[mones] toward the reduced-form

competitor (e.g.meneermister’).

EXPERIMENT 3
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METHOD

Participants
We tested 33 Dutch native speakers, who were maitheir participation. The participants
reported normal hearing and normal or correctedetonal vision. None of the participants

took part in the previous experiments.

Materials and procedure

We searched for the same segment from the samd&espeathe Spoken Dutch Corpus
(Oostdijk, 2000) to replace the "surface" segmetip the reduced fornimoanesa] with an
"intended" segmentnt/. Additionally, we attempted to find the same segtal context

surrounding a "surface" segment as in the origgpakch fragment.
For 23 out of the 32 reduced forms, we found gppate "intended” segments to do

the cross-splicing manipulation. This experimentstiused a subset of the same materials

used in the previous experiments. For exampletherreduced formmones] (from the

context:buigt het zo af en dan valt het naar beneden, glathtit bends like this and then it

falls down, that's really’) we found an onset in the wordmet/met/ ‘with' in the contexfe

kan altijd een keer met korting reiz&fou can always travel sometime with discountthi

crucial reduction in a word form occurred in medialoffset position, such as iwoef] for
[vetstreit] wedstrijd 'match’, we looked for the critical segments ie #ame position. Thus,
for the reduced forrfues] (from the contextt ergste is nog als de wedstrijd dus afgelopen is

'the worst thing is if the match is finished') veaeihd the "intended” segments//in the word

blessuretijd 'injury time' in the conteah uh en en blessuretijgnd uh and and injury time'.
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After finding the appropriate "intended" segmemis, for example, deleted the

"surface” segment/ in [monea] and replaced this segment by an "intended” onsefrom
met 'with?. Similarly, for the "surface” segmentss/ in [ves] we replaced this by an

"intended" mid ¢s/ from blessuretijd'injury time'. However, before replacing the "swod"

segment with the "intended" segment, we edited"itmended" segment with the PSOLA

component of the PRAAT software package (Boersnd@1pto make the fit as good as
possible. First, we made the "intended" segmetbrasg as the "surface” segment. Secondly,
we re-synthesized the "intended" segment with thgiral pitch contour of the "surface"

segment. Additionally, we gave the "intended" segintbe same amplitude as the "surface"
segment. In case it was necessary, we also addeé tm the "intended" segment to
approximate the noise level of the "surface" sednfsee Figure 7). The segments were
spliced at zero-crossings and we kept the glott@sps intact to avoid splicing problems.
Following these manipulations, we performed infdriistening tests on the original and the
transformed sound files to ensure that the stitndintained their naturalness after signal

processing.

*** Insert Figure 7 about here ***

As in Experiment 2, the cross-spliced forms wersented in a sentential context. We used
the same eye-tracking display as in the previoysments. Note that the experimental
items consisted only of the 23 cross-spliced forive also selected 36 filler items. The
procedure was identical to the previous experimeiiise experimental session took

approximately 10 minutes.

Design and analysis

30



This experiment consisted of only one conditior, the cross-spliced form condition. A
comparison was made between this condition andeitheced form condition of Experiment
2 to investigate whether competition works difféhgrfor both forms. Note that the non-
spliced reduced form data in this experiment isilasst (23 items) of the data in Experiment
2 (see Fig. 5B). In the analysis we therefore camegbdhese cross-spliced items with the
same 23 reduced forms of Experiment 2. Thus, tladyses are primarily a reanalysis of a
subset of Experiment 2's reduced tokens. Word Feam coded as a numeric contrasts, in
which reduced forms were coded as -0.5 and crdgseddorms as 0.5. The same analysis

was performed as in Experiment 2.

RESULTSand DISCUSSION

Table 3 shows the percentage of correct rejectans the percentage of incorrect click
responses for the three word types. An analysithererror rates showed a main effect of
Word Form fword Form = -1.25, p < 0.0001), indicating that listeners performed enor
accurately in the reduced form condition (93.7%@nthn the cross-spliced form condition

(88%).

*** Insert Table 3 here ***

For the eye movement data, we plot and analyzéxaeon proportions of correct trials only
for the cross-spliced and the reduced forms, stheee were only few errors. Figure 8A
shows the mean fixation proportion to the two tym#scompetitors and the averaged
distractors from acoustic target onset (0 ms) t00l4s thereafter for the cross-spliced form
condition. In addition, we plotted the same 23 #eof the reduced form condition of

Experiment 2 in Figure 8B. Note that this subsewsha similar competition pattern as the

31



32 reduced items in Experiment 2 (see Fig. 5Bjhénanalysis, we compared fixations in the
cross-spliced form condition with the reduced faromdition containing only those 23 items.
As in the previous experiments, we analyzed fixetim successive 100 ms time windows.

We first analyzed whether there was an effectwadral competition (see Figure 9,
top panel). We found an overall effect from 500 orsvards. Overall competition was
dependent on Word Form in early time windows, vettonger competition for the original
forms in the time windows starting 300 ms and 4@0after target onset.

Second, we analyzed whether listeners looked nudten to canonical-form
competitors than reduced-form competitors (see rEidgy bottom panel). We found no
overall effect of specific competition in any timeindow. Specific competition was,
however, modulated by Word Form in the time windstarting 900 ms and 1000 ms after
target onset. Further analysis showed that thisdviaen by a preference for reduced-form
competitors in the cross-spliced form condition aadpreference for canonical-form
competitors in the original reduced form conditiddoth preferences were, however, not
significant by themselves. To further analyze tpattern, we compared eye gaze on the
reduced-form competitor across the reduced formthacdcross-spliced form condition. We
found that splicing significantly increased eye gg&z reduced-form competitors in the time
windows starting 900 and 1000 ms after target offs@td Form= 0.42,p < 0.05, anBword Form

= 0.47,p < 0.05).

*** Insert Figure 8 about here ***

*** Insert Figure 9 about here ***

In sum, Experiment 3 examined whether phonologmahpetition is modulated if we

purposely change segmental information in the reddorm itself. The error pattern showed
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that listeners made more errors in the cross-splioen condition than in the reduced form

condition. Participants often clicked on the redlstmm competitors during listening to

cross-spliced forms, indicating that listenersriptet the cross-splicedn] more often as the

"intended" segmentj] than as the "surface"” segment]]

The eye movement data showed that the late ritgeotanonical-form competitor in
the reduced form condition was less present irctbes-spliced form condition. Instead, the
reduced-form competitor attracted numerically mloks in the cross-spliced form than in
the reduced form condition. This may indicate tlla¢ cross-spliced segments were
interpreted as real segments, and that reducedsfoomtain residual cues with fine phonetic
information of the canonical form. Thus listenere #ikely to be more sensitive of fine
phonetic information in interpreting whether a nestouction process is likely to be involved
or not. The initial onset /m/ suggests thahedens unlikely to have been intended and thus
no (or a reduced) late reconstruction process tpkes.

Note that it is difficult to establish what thetésers were exactly picking up from the
cross-spliced segments. The differences betweemrigaal and the spliced stimuli were
very small because we matched their duration, pitcid amplitude. We therefore only
showed that these cues do not contribute signtlicém the present findings. It is most likely
that spectral differences influenced the resultehdifferences also appear to be important
for the interpretation of assimilated segments. (€&gw, 2002). For further research it would
be interesting to investigate the role of duratmare explicitly. This is difficult to achieve
for the current purposes because the durationrdiftes between the reduced and canonical
utterances not only differed by being reduced anceduced, but also by position in the
sentence, speaker differences, and many othersa¢timm an experimental point of view, it
was therefore best to keep the duration similaween the original and the cross-spliced

segments.
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GENERAL DISCUSSION

Three eye-tracking experiments were conducted vesitigate the nature of phonological
competition during the recognition of strongly redd forms. Competition processes were
measured using a printed-word, target-absent taoiathe visual world paradigm (Huettig &
McQueen, 2007). Participants' looks were trackeouo printed words on a computer screen
(a canonical-form competitor (e.penadelento disadvantage’, phonologically similar to the
canonical form), a reduced-form competitor (engeneermister’, phonologically similar to

the reduced form), and two phonologically unrelatistractors) while they listened to
canonical (e.g.,bHoneds]) and strongly reduced forms (e.gndneo]) of a spoken target word

(e.g.,benederdownwards’).

A recent study (Brouwer et al., 2011) demonstrdted listeners penalize acoustic
mismatches less strongly when listening to reduseeech than when listening to fully
articulated speech. When faced with a listeningasibn in which phonological reductions
frequently occurred, listeners directed their egeegto a similar degree to both competitors
("canonical form" or reduced-form competitors) ipdadent of the targetesxact spoken
form. In the present research we examined whethengdogical competition during casual
speech, containing many phonological reductions, @ar be modulated by the exact
phonetic form of the spoken word.

In contrast to the experiments in Brouwer et al1@®), the printed target word was
removed from the visual display in the experimentals of the experiments in the current
study: during filler trials the (printed) target wdowas present, but in one third of the trials
(the experimental trials) the target word was abfem the visual displays. When the target

word was absent participants were required to alickthe middle of the screen. Such an
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experimental set up has been shown to greatly aser&ompetition effects in the visual
world paradigm (Huettig & Altmann, 2005; Huettigadt, 2011, for discussion).

By creating a task situation which maximized thé&elihood of observing
phonological competition, we found that eye gazth&odifferent competitors was modulated
by the input form. In Experiment 1, when a canonicput form was presented in isolation,
participants made few errors and the canonical-foompetitor attracted more overt attention
than the reduced-form competitor. When a reducguitiform was heard in isolation,
participants were incorrect on 34% of the trialbu3, recognizing isolated reduced forms
was, unsurprisingly, harder than recognizing ismlatanonical forms. Overall, participants
looked more at the reduced-form competitor thath@tcanonical-form competitor. On trials
in which participants made no errors, there wassigaificant difference in overt attention
between reduced-form and canonical-form competifmabably because these trials contain
forms in which the phonetic distance between th#uced form and the reduced-form
competitor is larger. In sum, when listeners healated canonical forms, they look more to
canonical-form competitors, but when they hearainl reduced forms (and made the correct
mouse click response), they do not differ in th@dks to any of the competitor types.

In Experiment 2, we presented the spoken targedsvam a context of several
surrounding words. As in Experiment 1, when caranforms were heard, canonical-form
competitors attracted more overt attention tharuced-form competitors. The pattern of
competition was statistically different in the redd form condition, where the reduced-form
competitors attracted (numerically but not sigmifily) more attention. In a later time
window however, as in Experiment 1, there was goiicant difference in overt attention
between reduced-form and canonical-form competitors

Therefore, when participants encountered reducedsfan the present experimental

set-up, early on during the acoustic duration ef tbduced form, phonological competitors

35



with a quite different surface form from the caraahi counterpart competed for visual
attention. In other words, we observed that caraniorms of other words, which are
acoustically similar to the reductions occurring aasual speech, were activated. Such
activation may underlie the delays reported foogaition of reduced forms in prior studies
using offline techniques (Ernestus et al, 2002; Kerat al., 2004). The results in our study
are additional evidence for such "reduction codisteners made more errors in the reduced
form condition than in the canonical form conditioRerformance, however, improved
considerably compared to performance in Experirient

"Late" in time, however, the competition pattermebed when participants had heard
reduced forms. We observed that during 800 to 12@0after the acoustic onset of the
reduced form, the canonical-form competitor atedatumerically more visual attention than
the reduced-form competitors. One way to interpingt pattern of results is that reduced
forms can be successfully reconstructed to themoeial forms. We conjecture that this
process is time-consuming due to the early, momgmietivation of unwanted competitors;
competitors which in contrast are not strongly\atgd by a canonical pronunciation of the
same word.

The results of Experiment 2 thus suggested thahgbgical reductions do not carry
sufficient fine phonetic detail to block such cortifpen. Experiment 3 examined whether

fine phonetic detail nevertheless plays a rolderecognition of reduced forms. To this end,

the "surface" segment/ from [monea] was replaced with an "intended” segment from a

canonical form, and these cross-spliced forms vpeesented to listeners. The early eye
movement data showed the same rise of fixationthéoreduced-form competitors as in
Experiment 2. However, the late eye movements wdéheenced by the cross-splicing: the
late rise of the canonical-form competitor obserire@Experiment 2 was less pronounced in

Experiment 3. This seems to indicate that the espfising impeded the reconstruction

36



process and therefore the recognition of the irgdn@ord. Consistent with this account,
participants also made more errors with the crpéised than with the original stimuli. Note

that the later result cannot be explained as aisgliartifact, as participants more often
(falsely) recognized the cross-spliced reduced fasna different intended word. The results

of Experiment 3 then revealed that there are sytiilenetic differences between a given

phoneme in a reduced form (e.g., th& in the reduced form odbenedeh and the same

phoneme when produced as part of an intended czaldorm (e.g., thent/ in the canonical

form of me). Listeners thus appear to be sensitive to thé$erehces when listening to
cross-spliced forms.

The results of Experiment 3 also rule out an adteve explanation for the pattern of
results in Experiment 2 (i.e., early rise of thdueed-form competitor, and late rise of the
canonical-form competitor). It could be argued that pattern simply reflects a "form
matching"” strategy. It is conceivable that listengist match the strongly reduced form they
hear with the first best-matching word they sedhenscreen (i.e., reduced-form competitor)
and then they look at the second best-matching wordhe screen (i.e., canonical-form
competitor). In other words, listeners may havatsetyically cut the lexicon down to the four
items on the screen. In Experiment 3, we only sliygimanipulated the acoustic input, but this
manipulation had a great influence on the resutisks to the canonical-form competitor did
not increase over time, whereas this did happe¢hamreduced form condition of Experiment
2. It is difficult to see how a simple "form-matofl' strategy would be influenced by such a
subtle phonetic manipulation that it could explaime difference in results between
Experiment 2 and 3. Additionally, the results ofpExment 2 themselves also provide an
argument that invalidates such a strategic accaifnthe results of Experiment 2. If
participants were using a simple "form-matchingatggy, we would have found a similar

pattern in the canonical form condition, with lodksthe reduced-form competitor rising late
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in time when the canonical-form competitor has baded out as a potential target. In the
canonical form condition we observed instead that ¢anonical-form competitor attracted
more overt attention than the reduced-form comgeitit both time windows.

How do our results relate to the ongoing debat@&a pronunciation variants are
recognized? Different views on how listeners recgmeduced forms are postulated in the
literature. Two main classes of accounts focus dferdnt mechanisms. One class of
accounts proposes that a reconstruction processat a prelexical level, which mediates
between the speech signal and the lexicon, ondbkes lof fine phonetic detail in the signal,

phonological context (e.g., Gaskell, 2003), or tyy-tlown restoration (McClelland & Elman,

1986; Warren, 1970). For example, upon hearing riguced pronunciationniones],

listeners may reconstruct the corresponding caabpionunciatiorbenedenThis full form

then activates the representation of the widedernn the lexicon, and competes with other
/bl-initial words for recognition.

Given the ubiquity of reductions in spontaneousespge one may wonder if it is
useful to even entertain the notion of "canonicaifs” in spoken word recognition. After all,
the definition may be tied to visual word recogmitionly, where words tend to be perceived
in a canonical form. Experimental evidence withlkgyomaterials has, however, repeatedly
shown that recognition is easiest if words are gl in their full (and hence assumed
canonical) form, even if this form is not the mésguently heard form (e.g., Pitt, Dilley, &
Tat, 2011).

A second class of accounts assumes that phonologacents are stored in the
mental lexicon. Two different versions of this agobexist. According to the episodic view,
the entry for a given word in the mental lexicomsists of detailed and concrete episodic
memories of pronunciations of that word that hagerbencountered previously (e.g., Bybee,

2001; Goldinger, 1998; Johnson, 1997; Pierrehumi#901). More precisely, a "grainy
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spectrogram™ of such variants would be stored enrttental lexicon. Such episodic traces of

phonological variants are stored in the mentalclexinext to traces of canonical forms of

those words. For example, episodic traces suchmasep] for benedenare stored in the

mental lexicon next to traces of canonical formghafse words. Proponents of the second
lexical-storage account argue that different pramtion variants are stored as abstract

phonological forms (e.g., Connine, 2004; Ranbomdaine, 2007). According to this view,

both the phonological variants (e.gndnes]) and the canonical form (e.ghdneds]) would

be stored, but as abstracted variants of the cealonepresentation that do not include
indexical properties of spoken words such as vqigaity, speech rate, pitch, and so on, as
would be the case for episodic traces of each naria

It may well be the case that both mechanisms pasrin the recognition of reduced
forms. Gaskell and Marslen-Wilson (1998) alreadynid that phonological reconstruction of
pronunciation variants is more efficient for wottian nonwords. Recently, more evidence is
accruing that even for the same pronunciation agriphonological and lexical processes
may operate together. Snoeren, Gaskell, and DiaB@009) showed that phonological
reconstruction for variants with place assimilatiwarks more efficiently on known words
than for nonwords. In a similar vein, Pitt (2009pyided evidence that variants with nasal
flaps (enter pronounced ascennej are recognized by a combination of lexical and
phonological processes. He taught participants m@nds with medial /t/ that could be
flapped (e.g.senty. Participant did not accept flapped variargsnpy as instances of the
same word unless they had previously been exposte tvariant form. While this highlights
the importance of lexical storage of variant forras, additional experiment showed that
phonological processing plays a role as well. N8aagbing is much more likely to occur if
the /t/ is followed by a reduced vowel (eaente) then if it is followed by a full vowel (e.q.,

contenj. Pitt showed that this phonological conditionimgtters. Variants with nasal flaps

39



were only accepted if followed by a reduced vowel,that exposure to a variant form was
not sufficient for recognition.

Although the current data cannot distinguish cosiglkly among these alternative
accounts, they appear to be more in line with ansttuction mechanism. The late looks to
the canonical-form competitors in Experiment 2 Wigst with the notion that listeners
reconstruct canonical forms from reduced formsaddition, Experiment 3 revealed that this
late rise of the canonical-form competitor only @ggs when fine phonetic detail is preserved
in the signal. It is important to note here that mesults cannot distinguish whether reduced
forms are stored in the mental lexicon or not. Settrage may greatly depend on, for
example, how strongly reduced a word form is or Hi@guent it is. We cannot rule out, for
instance, that phonological reduction increasesctmpetitor space (in line with exemplar-
storage account§)Reduced forms may be more likely to activate mmepetitors than
canonical forms because they contain somewhat arobgy segments. In other words,
listeners could be activating veridical represeotst of reduced forms, but experiencing
more competition when this happens. Further rebaarcequired to clarify the contributions
of the two mechanisms during the comprehensiorohgly reduced forms.

To conclude, the current study addressed the iapbics of reduction processes for
phonological competition in spontaneous convergatldsing an experimental set-up that
maximizes the opportunity to measure phonologicahgetition, we observed that strongly
reduced forms in casual speech can activate comosetwhich are similar to the
phonological surface form of the reduction. Thesenes competitors are not strongly
activated by a canonical pronunciation of the samoed. We conjecture that this added
competition is one of the causes of the delay duthre recognition of strongly reduced
forms. Although this delay demonstrates that preiogsspeech reductions is cognitively

costly, our results also show that listeners caplagixfine phonetic detail to reconstruct
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strongly reduced forms to their canonical countggpd his provides further evidence for the

efficiency of the spoken word recognition system.
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Footnotes

! Note however that eye movement behavior in botkiees reflects complex mapping
processes between spoken words and printed wortisgs. Past research (see Huettig,
Mishra, & Olivers, 2012, for detailed discussioasishown that with picture displays,
fixations can be determined by matches between launge retrieved on the basis of
information in the linguistic and in the visual urtpat phonological, semantic, and visual
levels of representation. With printed word disglayxations are determined by online
matches at phonological, semantic, and orthogrdpheds. The exact dynamics of the
representational level at which such mapping ockavgever is co-determined by the timing
of cascaded processing in the spoken word and tbhg@l word recognition systems, by
the temporal unfolding of the spoken language,anthe nature of the visual environment
(e.g., which other representational matches arseptg

%Note that it is problematic to do controlled ac@zisteasurements on the "surface" and the
"Intended" segments. Obviously, it is possibledanteasurements, but there is a need for
good control tokens. All segments come out of difife contexts; therefore, any obtained
measure depends on different speakers, differesbgres, and different quality of the
sounds. Most of the sentences contain quite somse,nghich also prevented us from doing
good controlled measurements on the segments.

3We thank an anonymous reviewer for this suggestion.
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Appendix

Experimental items: canonical and reduced reatimatiwith their canonical-form and

reduced-form competitors respectively.

Target items Canonical  canonical-form Reduced reduced-form
form competitor form competitor
afspraak'appointment’ [afspraik] [afspreika] [aspua:] [aspira:tsi]
apparaatapparatus’ [apa:ra:t] [aparitif] [opra:t] [opra:pa]
benederndownwards' [bone:da] [bona:de:la] [mone:o] [mone:r]
bijvoorbeeldfor example'  [bovourbelt] [bavoireyton] [volt] [volt]
computer [kompjutar] [kompatent] [pjutar] [putss]
concert [konsert] [konjak] [kozer] [kostbair]
concurrentcompetitor’ [konkyrent] [konkur] [k3krent] Tkonkre:t]
constantconstant' [konstant] [konsentra:tsi] Tkozon] [kozein]
cultuur ‘culture’ [kvltyr] [kyltys] [komtym] [komst]
december [de:rsemboar] [detka:n] [e:semoar] [eitai39]
dinsdagTuesday’ [dinsday] [dman] [diza] [dizajn]
directeur'director’ [direktor] [driyeran] [dikto] [diktaztor]
kweekschodkchool [kvetksyol] [kve:kon] [kve:syol] [kve:st]
maandagMonday' [ma:nday] [ma:nd] [manz] [ma:nza:t]
ogenblikmoment' [0ryabliK] [orykas] [blik] [blik]
oktober'October’ [okto:bar] [okto:pys] [tozvar] [to:vara]
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overheidgovernment'

parlementparliament'

plaatsento place'

positie'position’

prestatie'performance’

principe'principle’

publiek'audience’
redelijk 'reasonable’
rekenerito count'
rotzooi'garbage’

standaarddefault'

standpunt'point of view'

station'station’

tandarts'dentist’

wedstrijd'match’

winter

[o:varheit]
[parloment]
[pla:tso]
[po:zitsi]
[prostatsi]
[prmsipa]

[pyblik]
[re:dolok]
[rekona]
[rotsoi]
[standa:rt]
[stantpynt]
[statfon]
[tandarts]
[vetstreit]

[vintar]

[ovarhemt]
[parke:rs]
[pla:tsna:m]
[po:zeira]
[prestizo]
[prms]
[pybliseira]
[re:dorei]
[reiks]
[rots]
[standpla:ts]
[stantfastoy]
[staitys]
[tandpasta:]
[vetbuk]

[vintstil]

[osvorei]
[palomen]
[pla:s]
[psitsi]
[postasi]
[pesipa]
[vlik]
[re:lok]
[rerxon]
[rosi]
[stdad]
[stampy]
[safon]
[taz]
[ves]

[vindo]

[orvorgint]
[palet]
[plazse:bo]
[psixa]
[pesimist]
[parson]
[vil]
[re:likui]
[renxon]
[rosiy]
[stap]
[stampot]
[sa:tein]
[tas]
[vesp]

[vindo]
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Table 1:Task performance in Experiment 1.

Forms presented in isolation

% Click responses Canonical forms Reduced forms
Correct rejections 97.1 65.9
Canonical-form competitor1.6 2.7
Reduced-form competitor 1.3 31
Distractors 0 0.4

Note that ‘Correct rejections’ correspond to cligksthe middle of the screen.
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Table 2:Task performance in Experiment 2.

Forms presented in a sentential context

% Click responses Canonical forms Reduced forms
Correct rejections 99.5 93.8
Canonical-form competitor0.1 1.8
Reduced-form competitor 0.3 4.4
Distractors 0 0

Note that ‘Correct rejections’ correspond to cligksthe middle of the screen.
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Table 3:Task performance in Experiment 3.

Forms presented in a sentential context

% Click responses Exp. 3: Exp. 2:

Cross-spliced forms  Reduced forms (23 items)

Correct rejections 88 93.7
Canonical-form competitor1.8 1.4
Reduced-form competitor  10.2 4.9
Distractors 0 0

Note that ‘Correct rejections’ correspond to cligksthe middle of the screen.
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Figure captions

Figure 1. Example of a printed-word display without a vistaaget presented to participants
(the spoken target word in this exampléénederndownwards').

Figure 2. Mean fixation proportions to the "canonical formsbmpetitor (Ccomp), the
"reduced form" competitor (Rcomp), and the averagjsttactors, in (A) Canonical forms in
isolation (all trials); (B) Reduced forms in isotat (all trials); (C) Reduced forms in isolation
(correct trials); and (D) Reduced forms in isolat{ocorrect trials).

Figure 3: Time window analysis of the eye-tracking data @s&ioh condition, all trials) based on the
beta weights (logistic units). The top panel sheowestketa weights in different time windows for
the measure overall competition and the bottom Ipgtr@wvs the beta weights for the measure
specific competition.

Figure 4: Time window analysis of the eye-tracking data @sioh condition, correct trials) based on
the beta weights (logistic units). The top panevehthe leta weights in different time windows
for the measure overall competition and the botfmanel shows the beta weights for the
measure specific competition.

Figure 5. Mean fixation proportions to the "canonical formsbmpetitor (Ccomp), the
"reduced form" competitor (Rcomp), and the averadestiractors, in (A) Canonical forms
and (B) Reduced forms for the correct trials présgim a sentential context

Figure 6: Time window analysis of the eye-tracking data (Beo¢ condition, correct trials) based
on the beta weights (logistic units). The top pasiebws the éta weights in different time
windows for the measure overall competition andlib#om panel shows the beta weights

for the measure specific competition.

Figure 7: Realisations of the "surface" segmemi [(Fig. 4A), the "intended" segment/

(Fig. 4B), and the cross-splicea] (Fig. 4C). See text for details.
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Figure 8. Mean fixation proportions to the "canonical formsbmpetitor (Ccomp), the
"reduced form" competitor (Rcomp), and the averageddractors, in (A) Cross-spliced
forms, and (B) Reduced forms for the correct trakssented in a sentential context (a subset
of 23 reduced tokens of Experiment 2).

Figure 9: Time window analysis of the eye-tracking data (8pf condition, correct trials) based on
the beta weights (logistic units). The top panevehthe leta weights in different time windows
for the measure overall competition and the botfmanel shows the beta weights for the

measure specific competition.
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Figure8
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