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A prominent pitch accentis known to trigger immediate contrastive interpretation of the accented
referential expression. Previous experimental demonstrations of this effect, where [L+H*
unaccented] contours led to an increase in earlier responses than [H* !H*] contours in contrastive
context, may have benefited from the use of laboratory speech with stylized, homogenous pitch
contours as well as data collected from a uniform participant group—college students. The
present study tested visitors to a science museum, who better represent the general public,
comparing lab and spontaneous speech to replicate the contrast-evoking effect of prominent
pitch accent. Across two eye-tracking experiments where participants followed spoken instruc-
tions to decorate Christmas trees, spontaneous two-word [L+H* unaccented] contours led to
faster eye-movements to contrastive ornament sets than [H* !H*] contours with no delay as
compared to lab speech. The differences in the fixation functions were overall smaller than those
in a previous study that used clear lab speech in richer contexts. Detailed acoustic analyses
indicated that the lab speech tune types were distinguishable by any of several independent
FO measures on the adjective and by FO slope. In contrast, no single phonetic measure on the
spontaneous speech adjective distinguished between tune types, which were best classified
according to independent noun-based measures. However, a non-linear combination of the
adjective measures was shown to be equal to the noun measures in distinguishing between the
[H* IH*] and [L+H* unaccented] tunes. The eye-movement data suggest that naive listeners were
comparably sensitive to both lab and spontaneous prosodic cues on the adjective and made
anticipatory eye-movements accordingly.

Keywords: online prosodic processing; eye-tracking; spontaneous speech stimuli

1. Introduction
1.1. Invariance in lab-based studies: Stimuli and participants

Laboratory investigation of speech perception or comprehension is often bound to two
types of invariance: One comes by choice and another as a practical constraint. The
former is the set of stimuli researchers use: Under a traditional factorial design, research-
ers typically manipulate some aspect of the speech signal and make sure that their stimuli
exhibit intended difference(s) across the levels of the manipulated factor. In practice,
stimuli are carefully handpicked such that all items in an experimental condition con-
form to the intended sound pattern and differ from the items of a comparison condi-
tion in a consistent manner. Thus, any given item from a particular condition should
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sound equally different from any given item from the comparison condition. Since the
effect of the manipulation should be attributed only to the manipulated factor (in princi-
ple), researchers pay close attention to the potential confounding factors and often try to
demonstrate that their stimuli bear a statistically valid variation only along the targeted
acoustic dimension and not along the others. In order to clear this non-trivial require-
ment, researchers often ask highly trained laboratory personnel to produce the stimuli
(or synthesize/artificially modulate particular acoustic parameters of natural speech) for
their experiments.

The second type of invariance results from conventionalized participant recruitment.
Many experimental behavioral studies, including those that investigate speech compre-
hension, collect data from students of the institutes that the researchers are affiliated
with because that is the most convenient way to recruit participants. Students can make a
great participant group because they come from a narrow age range, are assumed to have
similar educational and socio-economical background, have an easy access to the lab, do
not need to be instructed on how to use a computer mouse, and do not generally exhibit
much anxiety for participating in a study (as they get multiple opportunities to do so for
course credit). These factors are often taken for granted while researchers assume that
their rather homogeneous participant sample represents a much more general population
such as ‘native speakers of language X.’

These conventions for experiment designing and participant recruitment are so com-
monly practiced that they almost serve as the field’s norms. However, in terms of scientific
validity, such methodological routines come at a price. Researchers of speech processing
who practice these conventions are faced with questions such as Did we obtain the effect
because of the extreme clarity and predictability of lab speech? Can we generalize our results to
real world speech processing? Do most people really make use of the acoustic cues we manipu-
lated in their daily conversations? Addressing these questions is important especially for the
investigation of prosody, an aspect of spoken language known to be highly variable within
and across productions by individual speakers and comprehension by individual listen-
ers (e.g., Speer et al, 2011; Speer & Foltz, 2015). The current study aims to make a small
step toward the generalization of laboratory findings about the interpretation of prosodic
prominence to the every-day communicative function of interpreting contrast. In particu-
lar, we try to achieve this goal by introducing two types of variability: One in stimuli for
an eye-tracking experiment, and another in the participants, recruited at a local science
museum.! With non-laboratory speech and non-institution-bound participants, we test
whether spontaneously produced intonation contours lead to contrastive interpretation of
speech in participants who may better represent the general public than a pool of college
students from a particular university.

1.2. Contrastive prosody: categorical distinction despite variant phonetic cues

The phenomenon that the present study investigates is the processing of prosodic
prominence that expresses contrast in American English. The present study follows the
terminology of the autosegmental metrical theory of prosody (e.g., Bruce, 1977; Goldsmith,
1976, 1990; Pierrehumbert, 1980; Beckman and Pierrehumbert, 1986; Ladd, 1996, 2008;

! Generally, experiments in a museum must be brief and cannot include detailed questionnaires and addi-
tional behavioral assessments. Thus, we cannot test hypotheses such as how participants’ general cogni-
tive function and verbal skills are related to their prosodic processing abilities (e.g., Stojanovik, 2010;
Diehl & Paul, 2013) or how their socioeconomic status affects prosodic processing in the current study. It
is left to future studies to explore these important factors that lead to variability in responses to prosodic
cues in speech.
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Gussenhoven, 2004) and the prosodic annotation system ToBI (Tones and Break Indices:
Beckman & Ayers, 1997; Beckman et al., 2005), which distinguishes pitch accents, the local
pitch excursions that lead to the perception of prominence, from phrasal or boundary tones
that mark the edges of prosodic phrases. The inventories of pitch accents and boundary
tones are known to be highly language specific (see Jun, 2005, 2014 for the intonational
cross-linguistic typology). As for American English, pitch accents (as well as boundary
tones) are assumed to be functionally distinct prosodic categories. Since Pierrehumbert and
Hirschberg’s description of pragmatic meaning of pitch accents (1990), it has been widely
assumed that pitch accents are prosodic morphemes, which bear communicative function
for expressing informational status of words or phrases within a mutual belief space. The
important implication of this view is that the ultimate pragmatic interpretation of a given
intonation pattern is computed by combining the function of all pitch accents and phrasal
tones that participate in the contour. While Pierrehumbert and Hirschberg (and developers
of ToBI annotation systems) have explicitly stated that any given pitch accent can convey
multiple meanings and there is no one-to-one mapping between tune and meaning, the
general assumption is that the intonational meaning of an utterance can be derived from
basic pragmatic functions unique to local prosodic events, such as pitch accents.

While the field seems to have achieved a gross agreement as to what phonological
elements (such as pitch accent and phrasal/boundary tones) participate in an intona-
tion contour of an utterance (e.g., English pitch accents align to stressed syllables while
edge tones may be realized across multiple segments that occupy the space between the
accented syllable and the end of the phrase), researchers do not always agree on how
listeners achieve categorical distinctions among particular sets of pitch accents (cf. Braun
& Tagliapietra, 2010; Calhoun, 2012; Krahmer & Swerts, 2001; Watson et al., 2008). For
example, Ladd and Morton (1997) showed that listeners could assign degree of emphasis
in a gradient manner consistent with a continuum of FO excursions that varied in the
peak height between two rise-fall contours, which respectively represented a canonical
H* accent and a L+ H* accent. However, when listeners were asked to make a choice
between ‘everyday event’ and ‘unusual event’ for each FO contour, their responses showed
a sharp switch from one interpretation to another in the middle of the same continuum.
Thus, results from Ladd and Morton suggest that gradient levels of prominence among
similar pitch contours are perceivable yet they may fall into two interpretational catego-
ries. According to Ladd and Morton, the categorical distinction between the two types of
pitch accents is made not at the phonetic level, but at the level where an interpretation is
assigned to the tune.

Results of recent research suggest that listeners are sensitive to the shape of FO curvatures
and their alignment to aspects of the stress-carrying syllable, and they may make use of these
cues together with segmental makeup of the utterance for distinguishing pitch accents. A
recent study by Barnes et al. (2015) showed that the shape of a rise toward the FO peak and
the shape of a fall thereafter interact with the peak alignment for the perception of accent
categories. For example, when the FO peak is aligned within the stressed syllable onset
and nucleus, a domed rise or a scooped fall is perceived more often as H+ !H* whereas a
scooped rise or a domed fall is perceived more often as L+ H*. Barnes et al. also report that
the sonority of tone-hosting segments and FO curvature of rise and fall affect the categori-
cal distinction that has been annotated as an alignment difference (e.g., L+H* vs. L* +H).
While the distributions of the domed and scooped rises and falls in spontaneous speech
are yet to be catalogued, Barnes et al. clearly demonstrate that the processing of prosodic
morphemes may not rely solely on the detection of point targets such as FO minima and
maxima, and propose Tonal Center of Gravity (TCoG) as a model of FO contour perception.
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1.3. Prominence perception of spontaneous speech: Turnbull et al. (2014, 2017)

While the findings of Ladd and Morton (1997) and Barnes et al. (2015) together suggest
that phonetic variability in FO height and contour shape can be perceived (or interpreted)
categorically, another recent study by Turnbull et al. (2014, 2017) adds to the complexity
of prominence perception by showing that both the listener’s belief about the discourse
status of stimuli and the FO level of an adjacent word may matter for the assignment of
prominence. Turnbull et al. adapted the prominence-marking task of Cole et al. (2010)
where listeners hear auditory stimuli and mark the words that sound prominent on a tran-
script. The stimuli of Turnbull et al. were taken from the spontaneous speech production
corpus of Ito and Speer (2006), where naive participants were asked to give instructions
on how to decorate Christmas trees according to the visual slides that specified the orna-
ment and its location on the tree (see Figure 1). All recordings of target noun phrases
(e.g., brown drum) had been ToBI-annotated by blind labelers in this corpus.

Using the transcribed spontaneous speech produced by a female undergraduate student,
Turnbull et al. created four types of noun phrase pairs by crossing the two sequence
types (contrastive and non-contrastive) with the two pitch contour types ([L+H* unac-
cented] and [H* 'H*]). In the contrastive sequences, the noun was repeated across the
two phrases, leading to contrast on the color adjective (e.g., blue drum, green drum).
Non-contrastive sequences did not have any repetition (e.g., grey house, brown drum).
The second ‘adjective + noun’ phrase had been annotated as either [L+H* unaccented]
or [H* 'H*]. Turnbull et al. found that the adjectives produced in the [L+H* unaccented]
contours were more likely to be marked as prominent than the adjectives produced in the
[H* 'H*] contours, irrespective of the sequence type. Interestingly, the sequence type (i.e.,
whether the adjective was contrastive or not) did not affect the prominence rating, unless
listeners were explicitly told that stimuli sequences with an intervening confederate’s
speech (e.g., “Blue drum.” “O.K. Next?” “Green drum.”) were extracted from a dialogue
that actually took place between the two speakers. When the same Speaker A-Speaker
B-Speaker A sequences were presented without the background information about the
discourse context (i.e., the nature of the conversation from which the utterances were
extracted), the repetition of the noun (e.g., drum in the above example) did not give rise
to higher prominence rating on the second adjective (e.g., green). Turnbull et al.’s find-
ings therefore suggest that the mere sequence of phrases would not evoke the notion of
contrast in listeners when the communicative purposes of the utterances are unclear to
them.

As for the effect of pitch contour type, Turnbull et al. confirmed that the distinction
between [L+H* unaccented] and [H* !H*] that ToBI annotators had made had some per-
ceptual bearing in naive listeners’ speech processing. To find out what acoustic features
most reliably distinguished the two contours, Turnbull et al. entered a total of 14 acoustic

Figure 1: Spontaneous speech elicitation (Ito & Speer, 2006).
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measures (each word’s duration, each vowel’s duration, each word’s FO peak, the mean FO
of the vowel, two measures of spectral tilt,> the FO slope from the adjective’s peak to the
noun’s peak, and the FO slope from the adjective vowel mean to the noun vowel mean)
into a classification tree analysis (Therneau & Atkinson, 1997). Surprisingly, it was nei-
ther the FO values of the adjectives nor the FO slopes, but was the noun’s FO peak that best
differentiated the contour types. When the noun’s FO peak replaced the contour type as a
continuous predictor factor in the logistic mixed effects model that tested the likelihood of
prominence assignment, it showed a reliable effect (i.e., the lower the noun FO peak was,
the more likely the preceding adjective was marked as prominent).

Turnbull et al.’s findings are not completely in line with the past prominence perception
studies such as Gussenhoven et al.’s (1997), which reports that the prominence rating of
earlier word correlates with its FO peak while it is not affected much by the contour-offset
FO value. Given the similarity in the task between Turnbull et al. and Gussenhoven et al.
(where participants reported which word in each utterance sounded emphasized), the dis-
crepancy in their findings may have resulted from the difference in the nature of stimuli
(natural, spontaneous speech in Turnbull et al. vs. synthesized FO contours in Gussenhoven
et al.) and also from the structure of stimuli (two consecutive phrases in Turnbull et al. vs.
isolated sentences in Gussenhoven et al.). Crucially, Turnbull et al. report that the abso-
lute values of adjective’s FO peak were not consistently higher for [L+H* unaccented]
than [H* 'H*], indicating the possibility that the two contours were not readily distin-
guishable up to the noun’s FO peak. That is, in spontaneous speech, distinctive phonetic
differences between the contours that could be annotated as [L + H* unaccented] and [H*
'H*] may not be observed within the words that are labeled with different pitch accents
(e.g., adjective with L+H* vs adjective with H*). In a nutshell, Turnbull et al.’s findings
suggest that the perception of prominence of a phrase-initial word may be affected largely
by the level of tonal and vowel reduction of the following word, whereas the contextual
factor such as phrase sequence may trigger contrastive interpretation only when listeners
process the sequence as a meaningful discourse rather than isolated word pairs.

1.4. Testing the online response to spontaneous prosody: An eye-tracking paradigm

The present study makes use of the spontaneous speech from Turnbull et al. (2014, 2017)
to compare the responses to [L.+H* unaccented] and [H* 'H*] patterns between sponta-
neous and typical laboratory speech. The two types of speech were used as instructions
for a Christmas tree decoration task, adapted from a previous eye-tracking study by Ito
and Speer (2008). In Ito and Speer, which used typical lab speech, a large FO excursion
over the adjective and following pitch range compression over the noun led to faster
looks to the target ornament set in a contrastive sequence such as “Hang a blue drum.”
“Now, to its right, hang a GREEN , . drum _ .” This [L+H* unaccented] pattern induced
incorrect fixations to the just-mentioned ornament set in non-contrastive sequences such
as “Hang a blue drum.” “Now hang a GREEN, _ , onion _ .” (i.e., upon hearing GREEN,
participants often looked at drums first). Because the looks to the preceding ornament set
increased from the end of the prominent color adjective to the beginning of the noun, Ito
and Speer argued that the prosodic prominence of the adjective is processed immediately
and can lead to anticipatory eye-movements. The present study tests whether spontaneous
[L+ H* unaccented] sequences, which do not show an overt FO excursion for L +H* like

the stimuli in Ito and Speer (2008), can lead to similar anticipatory responses.

2 The spectral tilt measures were the difference between the mean intensity of two different spectral
bands, either 2kHz in bandwidth (i.e., 0-2kHz minus 2—4kHz) or 4kHz in bandwidth (i.e., 0—4kHz minus
4-8kHz).
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While the procedure of the present study is overall very similar to that of Ito and Speer
(2008) (i.e., participants sat in front of a real-world board with an array of ornament sets and
decorated a tree following the pre-recorded instructions), the present study differs largely
from Ito and Speer (2008) in the degree of interactivity. In Ito and Speer, the pre-recorded
instructions included many conversational utterances for filler trials such as “So to its left,
hang a red onion, ... it looks like jewelry.” According to the authors, such extra speech was
included to blend the strictly controlled critical prosodic contours into a naturalistic interac-
tive set of instructions. In the present study, we used only isolated bare noun phrases such
as ‘grey house’ and ‘brown drum,’ without any surrounding context. This was due to the fact
that many of the phrases used by Turnbull et al. were produced spontaneously as isolated
utterances, and because we decided to test whether the anticipatory effect reported by Ito
and Speer can be replicated even with minimally engaging speech input. If the anticipa-
tory effect is confirmed with the spontaneous speech that does not have either the distinct
FO excursion like lab speech or conversational context phrases, such effect may serve as a
stronger evidence for the listeners’ sensitivity to subtle prosodic cues to prominence that
can be interpreted contrastively. Alternatively, the mere sequential presentation of noun
phrases may not replicate the anticipatory effect if, as Turnbull et al. suggest contrastive
interpretation of a phrase is achieved only in a coherent communicative discourse context.

2. Experiment 1
2.1. Participants

A total of 160 participants (age range: 18-65, average 28;04) were recruited at a local
science museum. These participants were recruited by four undergraduate assistants, who
were trained to interact with the museum visitors as part of an outreach program of a
language science laboratory. Participants volunteered to take part in the experiment and
did not receive any incentives. A total of 79 participants were assigned to the list that
presented lab speech as stimuli, while a total of 81 participants were assigned to the list
with spontaneous speech stimuli such that the two groups’ age ranges roughly match.

2.2. Materials and design

A subset of the stimuli from Turnbull et al. was combined to create a total of 24 critical
sequences across four conditions (2 contour types x 2 sequence types) for each type of
speech: Lab and spontaneous (See Table 1 for the design). Due to the restricted avail-
ability of phrases from the spontaneous speech corpus (Ito & Speer, 2006; Turnbull et al.,
2014, 2017), the words participating in the critical phrase sequences could not be matched
between the [L+H* unaccented] and the [H* !H*] sets. However, the entire sequence of
phrases experienced within an experiment was identical between the lab speech and spon-
taneous speech sessions (See Appendix A for the entire sequence of presentation): After
the entire phrase sequence was constructed with the spontaneous utterances, a trained
female phonetician, who often has served as a trained speaker for experiments in our lab-
oratory, recorded the same sequence, with canonical [L+H* unaccented] and [H* 'H*].
The phonetician’s productions were prompted by text and ToBI annotations; she was not
presented with examples from the spontaneous talker.

Contrastive Non-Contrastive
[L+H* unaccented] blue drum, GREEN drum clear house, BROWN ball
[H* 1H*] grey house, orange house green bell, navy onion

Table 1: Four conditions (2 contour types for the target phrase x 2 sequence types).
The phrase preceding the critical phrase always had a [H !H*] contour.
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The acoustic analysis of the critical stimuli is summarized in Table 2. While most of the
measures are self-explanatory, some require further explanation. FO peak alignment was
defined as the time of the FO peak relative to the onset of the vowel. Spectral tilt refers
to the difference in dB between the lower and upper halves of the (low-pass filtered)
spectrum; for the 2 kHz bandwidth the measure is thus a comparison of the mean dB of
the 0-2 kHz bin with that of the 2-4 kHz bin, and for the 4 kHz bandwidth the measure
compares the 0-4 kHz bin to the 4-8 kHz bin. The peak-to-peak and vowel-to-vowel FO
slopes are taken from Turnbull et al. (2017), described above in section 1.3.

Following Turnbull et al. (2014, 2017), a classification tree analysis was carried out to
determine which acoustic cues could reliably linearly discriminate between the two tune
types, [H* 'H*] and [L+ H* unaccented]. Due to the small sample size (only 14 [H* !H*]
tokens and 8 [L+H™* unaccented] tokens for each talker), there was little chance of
finding significant differences between mean values (A power analysis shows that for
a sample of this size and an alpha value of .05, the power of finding an effect size of
d=1 is only .574. For reference, note that Cohen regarded an effect size of d=0.8 to
be ‘large.”’). We know from phonetic studies of segmental phonetic features (e.g., the
beat~bit contrast) that overlap and variability is the norm. Surprisingly, then, the tune
type distinction was perfectly linearly separable in the lab speech. The four variables—
adjective peak FO, adjective vowel mean FO, vowel-to-vowel mean FO slope, and peak-to-
peak FO slope—were individually and independently able to provide 100% classification
accuracy.

While the spontaneous speech was more variable than the lab speech, above-chance
prediction of category from acoustic features was still observed. The best classifier in
this case was the FO peak of the noun, which correctly classifies 19 out of the 22 tokens
(86.3%). Other effective measures are the mean-to-mean FO slope (17 correct, 77.3%)
and the adjective 2 kHz bandwidth spectral balance (16 correct, 72.7%). As the best
classifier is a noun-based measure, it could be argued that the brunt of the contrast is
being carried on the noun, while the L+H* vs H* distinction, which is carried on the
adjective, is worth little. However, this is not the case: A support vector machine® was
constructed to predict category using acoustic features from the adjective alone (that
is, adjective FO peak height, adjective vowel mean FO height, adjective word duration,
adjective vowel duration, adjective excursion size, adjective spectral tilt [2 kHz band-
width], and adjective spectral tilt [4 kHz bandwidth]). This support vector machine was
tuned using 10-fold cross-validation to prevent overfitting. The resulting model correctly
predicted the category of 19 (86.3%) out of the 22 tokens, performance equal to that of
the noun peak FO measure. Informal inspection of the model suggested that of the 7 input
variables, the adjective peak FO and both spectral tilt measures were particularly impor-
tant to ensuring correct predictions. This finding suggests that while none of the acoustic
variables that were measured provide a perfect linear separation, non-linear transforma-
tions of the variables are able to predict the contour categories at levels significantly
greater than chance.

Taken together, then, despite the small sample size, despite the phonetic overlap com-
mon between phonological categories (especially prosodic categories), and despite the
intrinsic variability inherent to spontaneous and natural speech, all the evidence suggests
that these two categories are acoustically distinct, and that furthermore, the adjectives in
particular are acoustically distinct in meaningful ways.

3 Support vector machines are machine learning models which convert variables into high-dimensional
vector spaces and find a best-fitting hyperplane(s) to divide the space into predicted categories.
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Figure 2: Experiment 1 and 2 ornament set.

2.3. Procedure

The experiment took place in a laboratory space located in the science museum (Center of
Science and Industry: http://bln.osu.edu/LanguagePod.php). Each participant was seated
in front of a 36 x 48 inch (approximately 91 x 122cm) corkboard on which a total of 93
ornaments were sorted into six 15.6 inch by 13.8 inch (approximately 40 x 35cm) cells
by object type (candy, bell, onion, drum, ball and house: See Figure 2). The critical 24
sequences were embedded in a larger sequence with 13 filler utterances that together
mentioned a total of 37 ornaments.

Participants were asked to wear a head-mounted ASL EyeVision XG 6.0.7.3 system.
After a quick calibration, participants were told that they would hear names of ornaments
one by one, and after hearing each name, they should locate and choose the correspond-
ing ornament from the board and place it on the artificial tree that was next to the board.
Participants were asked to face back to the board and look at a small red star on the center
of the black border between the two central cells after placing each ornament on the
tree to indicate they were ready for the next trial. After the experimenter confirmed that
the participant understood the task, headphones (Bose Quiet Comfort 15 Acoustic Noise
Cancelling Headphones) were placed over the participant’s headgear and the experiment
started. Each session was completed within 15 minutes (average duration of the task:
7min 45 sec). Participants’ eye movements were recorded at 30Hz throughout the tree
decoration task.

2.4, Results: Experiment 1

Data from twenty-eight participants were excluded from the analysis due to frequent track
loss (15), calibration problems (4), other system failure (3), and other reasons such as a
participant being a non-native speaker of American English, color blind, under age, etc.
(4), leaving 66 participants in each speech type group (lab speech: Age 18-63, average
27;06, spontaneous speech: Age 18-65, average 29;01). The data in the following figures
are aligned from the noun onset. The average duration of the noun in the two contour
types are indicated with vertical lines, with a red line for [H* !H*] and a blue line for
[L+H* unaccented].

The data from the two speech types showed the expected faster looks to the target
ornament set for [L+H* unaccented] than for [H* !H*] contour type for the Contrastive
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sequences. Figure 3 shows the proportion of fixations to the target ornament cell in the
Contrastive sequences for the two groups. In both groups, the fixation proportions started
increasing about 200ms after the noun onset, and reached ceiling level by around 1400-
1600ms post noun onset. Importantly, the two groups showed faster looks to the target
cell when the phrase with a repeated noun had the [L+ H* unaccented] contour (e.g., blue
drum, GREEN drum) than when it had the [H* 'H*] contour (green drum).

For the statistical testing, participants’ fixation proportion functions were submitted to
growth curve analyses (GCA), which has been adapted to eye-tracking data analysis by
Mirman and colleagues (Mirman et al., 2008; Mirman, 2014). Each participant’s aver-
age fixation proportion across trials of a particular condition was calculated for each
time point with 20ms intervals. The changes in the fixation proportions as a function of
time (80 time bins for 0-1600ms from the onset of the noun) were submitted to a mixed
effects model that included orthogonal polynomials of time bins as predictive factors
together with sum-coded pitch accent type (PA: L+ H* unaccented vs. H* !H*) and sum-
coded Speech Type (lab vs. spontaneous). The models included participant random effects
on polynomial terms and participant-by-PA random effects on the first two polynomial
terms (higher order polynomials were excluded from the random effect calculation as
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Figure 3: Experiment 1: Fixations to the target ornament cell in Contrastive sequences for Lab and
Spontaneous speech.
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they increase the computational cost and would capture less relevant variation in the tails
(see Mirman, 2014, for details). Although the fixation proportions for the target grossly
showed typical sigmoid functions in Figure 3, a model comparison revealed that a model
that includes up to the quartic polynomial term better fit the data than a model with up to
the cubic term. Thus, the full models used in the present study included up to the fourth
order orthogonal polynomials (ot1-4) for both the target and the competitor analyses
unless specified otherwise.

The output of a model for the target fixations in the Contrastive sequences is shown in
Table 3. There was a main effect of pitch accent type (PA), which indicates the overall
higher fixations to the target with [L+H* unaccented] than with [H* !'H*]. The pitch
accent type interacted with the second, third, and fourth order polynomials, showing
that the difference in the prosodic contour led to changes in quadratic, cubic and quartic
components of the functions. There was no main effect of Speech Type, i.e., the lab speech
and spontaneous speech groups had overall similar amounts of fixations to the target.
The lack of interaction between pitch accent type (PA) and Speech Type indicates that

Fixed effects: Estimate SE df t value Pr(>Itl)

(Intercept) 4.585e-01  9.729e-03  1.330e+02 47.127 < 2e-16 ***
ot 2.473e+00  4.424e-02  1.370e+02 55.902 < 2e-16 ***
ot2 -1.873e-01  4.550e-02  1.360e+ 02 -4.117  6.62e-05 ***
ot3 -6.367e-01  2.936e-02  1.320e+02  -21.687 < 2e-16 ***
oth 1.587e-01  3.148e-02  1.320e+02 5.042  1.49e-06 ***
PA 6.646e-02  1.043e-02  1.390e+02 6.374  2.52e-09 ***
SpeechType 7.309e-03  1.946e-02  1.330e+02 0.376 0.7078
ot1:PA -4.918e-02  5.636e-02  1.650e+ 02 -0.873 0.3842
0t2:PA -2.965e-01 4.829e-02  2.210e+02 -6.139  3.80e-09 ***
Ot3:PA 8.666e-02  1.937e-02  1.315e+ 04 4.473  7.78e-06 *¥*
Ot4:PA 1.486e-01  1.936e-02  1.314e+04 7.676  1.75e-14 ***
ot1:SpeechType 1.149e-01  8.848e-02  1.370e+02 1.298 0.1964
ot2:SpeechType 6.027e-02  9.099e-02  1.360e+02 0.662 0.5089
ot3:SpeechType 7.615e-03 5.872e-02 1.320e +02 0.130 0.8970
ot4:SpeechType -6.707e-03  6.295e-02  1.320e+02 -0.107 0.9153
PA:SpeechType -4.284e-03  2.085e-02  1.390e+ 02 -0.205 0.8375
ot1:PA:SpeechType 1.058e-01 1.127e-01 1.650e + 02 0.939 0.3492
ot2:PA:SpeechType 1.115e-01 9.659e-02 2.210e + 02 1.155 0.2495
ot3:PA:SpeechType 7.418e-03 3.875e-02 1.315e+04 0.191 0.8482
ot4:PA:SpeechType —7.625e-02 3.872e-02 1.314e+04 -1.969 0.0489 *

Table 3: Experiment 1: Output of a mixed effect model for the looks to the target in Contrastive
sequences.

Model Structure: meanFixation ~ (ot1 + ot2 + ot3 + ot4) * PA * SpeechType + (1 + ot1 + ot2 + ot3 +
ot4 | File) + (1 + ot1 + ot2 | File:PA).

Number of obs: 14148, groups:File:PA, 264; File, 132.

Signif. codes: 0 ***' 0.001 ** 0.01 *' 0.05 ‘" 01 ‘" 1.
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the facilitative effect of L +H* did not differ between the lab and the spontaneous speech
groups. A significant three-way interaction between the fourth order polynomial, (ot4)
pitch accent type (PA) and Speech Type indicates that the difference in the pitch contour
affected the quartic component of the functions differently between the lab and spontane-
ous speech groups. We suspect that this effect comes from the difference in the shape of
functions for [L+H* unaccented] condition for the later region of 1000-1600ms after the
noun onset in Figure 3.

For the Non-Contrastive sequences (e.g., ‘clear house,” ‘brown ball’), the two groups
showed the expected higher looks to the preceding ornament set (e.g., ‘house’) when
the target phrase had the [L+H* unacc] contour (‘(BROWN ball’) than when it had the
[H* 'H*] contour (‘brown ball’), although the magnitude of this trend was very small.
Figure 4 shows that the looks to the competitor (i.e., the preceding ornament) started
increasing during the noun in both groups. Unlike Ito and Speer (2008), however, the
incorrect looks to the previous ornament set did not delay the looks to the correct target.
Instead, the looks to the correct target reached a ceiling level relatively more slowly with
[H* 'H*] than with [L+H* unaccented] contours.

For the statistical analysis of data from Non-Contrastive sequences, both the fixation
proportions for the target and those for the competitor were calculated for the 80 time
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bins, and they were submitted to the mixed effects models that contained up to the fourth
order polynomials as the predictor factors (see Table 4 for the target, and Table 5 for the
competitor analyses).

The results of the model showed a main effect of PA and a main effect of Speech Type on
the looks to the target in the Non-Contrastive sequences. These indicate that the [L+H*
unaccented] contour led to more looks to the target than the [H* 'H*] contour, and the
spontaneous speech group showed overall more looks to the target than the lab speech
group. The lack of interaction between PA and Speech Type suggests that the overall
effect of PA did not differ between the two groups. The two-way interactions between the
polynomial terms and PA suggest that the pitch contour difference affected linear, cubic,
and quartic components of functions. The two-way interaction between otl and Speech
Type suggests that the linear component of the function was steeper for the spontaneous
speech group. A three-way interaction (with the negative estimate) between the third
order polynomial term, PA, and Speech Type indicates that the effect of pitch contour
type on the cubic component of the function was smaller for the spontaneous group.

Fixed effects: Estimate SE df tvalue Pr(>Itl)

(Intercept) 3.456e-01 9.258¢-03  1.340e+ 02 37.329 < 2e-16 ***
ot1 2.177e+00 4.953e-02 1.360e + 02 43.960 < 2e-16 ***
ot2 2.733e-01 3.917e-02 1.380e + 02 6.976  1.16e-10 ***
ot3 -5.063e-01 3.181e-02 1.320e+02  -15.917 < 2e-16 ***
ot4 -9.713e-02 2.418e-02 1.320e + 02 -4.018  9.81e-05 ***
PA 3.254e-02 1.008e-02 1.590e + 02 3.227 0.00152 **
SpeechType 4.243e-02 1.852e-02 1.340e + 02 2.291 0.02350 *
ot1:PA 2.657e-01 6.503e-02 1.560e + 02 4086  6.99e-05 ***
ot2:PA -2.260e-02 4.453e-02 2.220e + 02 -0.507 0.61232
Ot3:PA -8.753e-02 1.906e-02 1.315e + 04 -4.593  4.42e-06 ***
Ot4:PA 5.520e-02 1.905e-02 1.314e+04 2.897 0.00377 **
ot1:SpeechType 1.994e-01 9.906e-02 1.360e + 02 2.013 0.04607 *
ot2:SpeechType -3.121e-02 7.834e-02 1.380e + 02 -0.398 0.69097
ot3:SpeechType -5.376e-02 6.362e-02 1.320e + 02 -0.845 0.39959
ot4:SpeechType 3.141e-02 4.835e-02 1.320e + 02 0.650 0.51714
PA:SpeechType 1.922e-02 2.017e-02 1.590e + 02 0.953 0.34203
ot1:PA:SpeechType 1.624e-02 1.301e-01 1.560e + 02 0.125 0.90077
ot2:PA:SpeechType -1.492e-01 8.905e-02 2.220e + 02 -1.676 0.09520
ot3:PA:SpeechType -7.586e-02 3.812e-02 1.315e+04 -1.990 0.04659 *
ot4:PA:SpeechType 3.532e-02 3.810e-02 1.314e+04 0.927 0.35403

Table 4: Experiment 1: Output of a mixed effect model for the looks to the targetin Non-Contrastive
sequences.

Model Structure: meanFixation ~ (ot1 + ot2 + ot3 + ot4) * PA * SpeechType + (1 + ot1 + ot2 + ot3 +
ot4 | File) + (1 + ot1+ ot2 | File:PA).

Number of obs: 14135, groups: File:PA, 264; File, 132.

Signif. codes: 0 “***' 0.001 ** 0.01 *" 0.05 ‘01 ‘"1.



Art.6, page 14 of 29 Ito et al: Allophonic tunes of contrast

Fixed effects: Estimate SE df tvalue Pr(>Itl)

(Intercept) 5.367e-02  3.896e-03  1.320e+02 13.777 < 2e-16 ***
ot -7.036e-02 1.996e-02 1.530e+02  -3.525  0.000559 ***
ot2 -1.663e-01 1.909e-02 1.460e+02  -8.714  5.77e-15 ***
ot3 8.773e-02 1.634e-02 1.320e + 02 5.368  3.47e-07 ***
ot4 4.766e-02 1.392e-02 1.320e + 02 3.424  0.000823 ***
PA 2.719e-02 5.405e-03 1.320e + 02 5.031  1.56e-06 ***
SpeechType -2.377e-03 7.791e-03 1.320e+02  -0.305 0.760734
ot1:PA -2.984e-02 2.949e-02 2.440e+02  -1.012 0.312737
ot2:PA -5.663e-02  2.797e-02 2.010e+02  -2.025 0.044234 *
ot3:PA 6.347e-02 1.089e-02 1.312e+04 5.829  5.69e-09 ***
ot4:PA -2.426e-02 1.089e-02 1.311e+04  -2.229 0.025854 *
ot1:SpeechType -1.969e-02 3.992e-02 1.530e+02  -0.493 0.622603
ot2:SpeechType —6.957e-02 3.817e-02 1.460e+02  -1.823 0.070403
ot3:SpeechType 2.205e-02 3.268e-02 1.320e + 02 0.675 0.501040
ot4:SpeechType 3.814e-02 2.784e-02 1.320e + 02 1.370 0.172970
PA:SpeechType 8.996e-03 1.081e-02 1.320e + 02 0.832 0.406834
ot1:PA:SpeechType 7.998e-02 5.899e-02 2.440e + 02 1.356 0.176417
ot2:PA:SpeechType -6.906e-02 5.594e-02 2.010e+02  -1.235 0.218427
ot3:PA:SpeechType —4.815e-02 2.178e-02 1.312e+04  -2.211 0.027045 *
ot4:PA:SpeechType 3.229e-02 2.177e-02 1.311e+04 1.483 0.138103

Table 5: Experiment 1: Output of a mixed effect model for the looks to the competitor in Non-
Contrastive sequences.

Model Structure: meanFixation ~ (ot1 + ot2 + ot3 + ot4) * PA * SpeechType + (1 + ot1 + ot2 + ot3 +
ot4 | File) + (1 + ot1 + ot2 | File:PA).

Number of obs: 14135, groups: File:PA, 264; File, 132.

Signif. codes: 0 “***' 0.001 “**' 0.01 “*' 0.05‘/ 0.1 "1.

The results of a mixed effects model for the competitor showed a main effect of PA, i.e.,
more looks to the previously mentioned ornament cell with the [L+H* unaccented] than
with [H* 'H*] contours. There was no main effect of Speech Type, nor Speech Type inter-
action with PA, which indicates that the two groups did not differ in the overall amount of
looks to the competitor and the effect of PA on the looks to the competitor. The two-way
interactions between the polynomial terms and PA suggest that the pitch contour affected
the quadratic, cubic, and quartic components of the functions. The three-way interaction
between ot3, PA, and Speech Type indicates that the effect of pitch contour for the cubic
component was smaller for the spontaneous speech group.

Although the [L+H?* unaccented] contour led to the expected facilitative effect on
the looks to the target in the Contrastive sequences and the misleading effect on the
looks to the competitor in the Non-Contrastive sequences, the magnitudes of these
effects were surprisingly small, given the similarity in the task between the present
study and Ito and Speer (2008) and the large number of participants in the present
experiment. Upon careful inspection of the data, the researchers noticed that many par-
ticipants remained looking at the central red star until the end of each auditory noun
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phrase. Thus, we decided to explore the data by excluding fixations on locations other
than the six ornament cells (e.g., fixations on the center or off the board) for the cal-
culation of fixation proportions. This subset analysis revealed much larger differences
in fixation proportions across contour types for both Contrastive and Non-Contrastive
sequences. For Contrastive sequences (Figure 5), the looks to the target ornament set
started increasing at about 200ms into the noun with [L+H* unaccented] contours,
while the increase was delayed and slower for with [H* 'H*] contours in both groups.
For the Non-Contrastive sequences (Figure 6), the incorrect looks to the competitor
increased visibly during the critical noun only with [L+H?* unaccented] contours
in both groups. Thus, when participants moved their eyes as soon as they heard the
speech input, the differences in the pitch contour facilitated the detection of target in
Contrastive sequences and lead to anticipatory fixations in Non-Contrastive sequences,
regardless of the speech type.

We conducted GCA on these subsets of data as well. The outcome of a model confirmed
a main effect of PA, but it also showed a main effect of Speech Type on the looks to
the target in the Contrastive sequences (Table 6). Thus, while participants generally
looked more to the target with [L+H* unaccented] contours, those who heard the
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Figure 5: Experiment 1: Fixations to the target cell in Contrastive sequences after removing off-
AOI fixations.
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Figure 6: Experiment 1: Fixations to the target and competitor cells in Non-Contrastive sequences
after removing off-AOl fixations.

spontaneous speech looked more to the target than those who heard lab speech. In fact,
Figure 5 shows that the increase in the looks to the target was steeper for the sponta-
neous speech group than for the lab speech group especially within the critical noun.
While both PA and Speech Type showed some two-way and three-way interactions with
the polynomial terms, the lack of interaction between PA and Speech Type suggests that
the overall facilitative effect of [L+H* unaccented] contour on the looks to the target
did not differ between the two groups. The three-way interactions suggest that the pitch
contour affected different components of fixation functions differently across the two
groups.

For the Non-Contrastive sequences, the outcome of subset analysis showed a main
effect of PA and a main effect of Speech Type on the looks to the target (Table 7a).
Again, participants in the spontaneous speech group showed a faster increase in looks
to the target than those in the lab speech group. The analysis of looks to the competitor
showed a main effect of PA, a main effect of Speech Type, and no interaction between
the two (Table 7b). Again, [L+H* unaccented] led to more looks to the previously
mentioned ornaments, and those who heard spontaneous speech made more looks to
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Fixed effects: Estimate SE df t value Pr(>[t])

(Intercept) 5.210e-01  1.002e-02  1.310e+02 52.009 < 2e-16 ***
ot1 2.472e+00  5.345e-02  1.330e+02 46.241 < 2e-16 ***
ot2 -3.503e-01  5.066e-02  1.420e +02 -6.914  1.48e-10 ***
ot3 -6.099e-01  3.368e-02  1.120e+02 -18.108 < 2e-16 ***
ot4 2.632e-01  3.229e-02  1.290e+02 8.151  2.71e-13 ***
PA 8.100e-02  1.353e-02  1.310e+ 02 5.986  1.95e-08 ***
SpeechType 1.323e-01  2.004e-02  1.310e+02 6.604  9.15e-10 ***
OtT:PA -3.170e-01  7.983e-02  1.610e+02 -3.971  0.000108 ***
ot2:PA -3.049e-01  6.721e-02  2.040e+02 -4.537  9.72e-06 ***
Ot3:PA 2.169e-01  2.529e-02  7.213e+03 8576 < 2e-16 ***
Ot4:PA 4.185e-02  2.314e-02  1.183e+04 1.808 0.070562
ot1:SpeechType 1.118e-01 1.069e-01  1.330e+02 1.045 0.297773
ot2:SpeechType -2.657e-01  1.013e-01  1.420e+02 -2.623  0.009673 **
ot3:SpeechType 6.107e-02  6.737e-02  1.120e+02 0.907 0.366609
ot4:SpeechType 2.022e-01  6.458e-02  1.290e+02 3.130  0.002158 **
PA:SpeechType 2.468e-02  2.707e-02  1.310e+02 0.912 0.363446
otT:PA:SpeechType -4.303e-01  1.597e-01  1.610e +02 -2.695  0.007788 **
ot2:PA:SpeechType 9.506e-02  1.344e-01  2.040e+ 02 0.707 0.480250
ot3:PA:SpeechType 2.685e-01 5.059e-02  7.213e+03 5.307  1.15e-07 ***
ot4:PA:SpeechType -2.898e-01 4.628e-02  1.183e+04 —-6.262  3.94e-10 ***

Table 6: Experiment 1: Summary of mixed effect models for the looks to the target (vs. other AOIs)
in Contrastive sequences.

Model Structure: meanFixation ~ (ot1 + ot2 + ot3 + ot4) * PA * SpeechType + (1 + ot1 + ot2 + ot3 +
ot4 | File) + (1 + ot1 + ot2 | File:PA).

Number of obs: 12623, groups: File: PA, 264; File, 132.

Signif. codes: 0 “***' 0.001 ** 0.01 *" 0.05 ‘' 01‘" 1.

the contrastive competitors. Importantly, there was no three-way interaction between
PA, Speech Type, and the quadradic term, i.e., the overall dome-shaped function (rise
and fall) for the competitor was not affected differently by pitch contour across the two
speech type groups.

In the above subset analysis, the number of trials was reduced to less than a half of
those included in the earlier analysis. A closer observation of the video data informed
us that many of the participants who had little contribution to the subset analysis kept
looking at the center of the board until they heard the entire phrase. We suspected that
our instruction to look at the red star was the cause of this common behavior, and thus
decided to recode the data to examine the fixations to the narrow rectangular window
that surrounded the red star. Figure 7 shows the fixation proportions for the center rec-
tangle (in red) for Contrastive and Non-Contrastive sequences. These figures confirm that
participants of both groups were looking mostly at the center star while listening to the
critical phrases, regardless of the sequence type and the contour type.
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Fixed effects: Estimate SE df tvalue Pr(>Itl)

(Intercept) 3.964e-01 1.060e-02 1.290e + 02 37.392 < 2e-16 ***
ot1 2.152e+00 6.549e-02 1.270e + 02 32.865 < 2e-16 ***
ot2 3.150e-01 4.586e-02 1.480e + 02 6.870 1.68e-10 ***
ot3 -5.578e-01 3.631e-02 1.210e+02  -15.360 < 2e-16 ***
ot4 -3.278e-02 3.071e-02 1.260e + 02 -1.067 0.287829
PA 3.962e-02 1.615e-02 1.270e + 02 2.454 0.015497 *
SpeechType 1.441e-01 2.120e-02 1.290e + 02 6.796 3.61e-10 ***
ot1:PA 9.924e-02 1.074e-01 1.280e + 02 0.924 0.357087
Ot2:PA 1.026e-02 7.017e-02 1.590e + 02 0.146 0.883917
Ot3:PA -1.387e-01 2.556e—02 6.478e +03 -5.429 5.87e-08 ***
Ot4:PA 1.287e-01 2.327e-02 1.190e + 04 5.529 3.28e-08 ***
ot1:SpeechType 1.490e-01 1.310e-01 1.270e + 02 1.138 0.257471
ot2:SpeechType 5.137e-02 9.171e-02 1.480e + 02 0.560 0.576270
ot3:SpeechType -1.575e-01 7.263e-02 1.210e + 02 -2.169 0.032067 *
ot4:SpeechType 1.600e-01 6.142e-02 1.260e + 02 2.605 0.010295 *
PA:SpeechType 3.340e-02 3.230e-02 1.270e + 02 1.034 0.303070
ot1:PA:SpeechType -3.158e-01 2.147e-01 1.280e + 02 -1.471 0.143868
ot2:PA:SpeechType -8.160e-02 1.404e-01 1.590e + 02 -0.581 0.561797
ot3:PA:SpeechType -1.768e-01 5.111e-02 6.478e+03 -3.459 0.000546 ***
ot4:PA:SpeechType 1.823e-01 4.654e-02 1.190e + 04 3.918 8.97e-05 ***

Table 7a: Experiment 1: Outcome of a mixed effect model for the looks to the target (vs. other
AOQIs) in Non-Contrastive sequences.

Model Structure: meanFixation ~ (ot1 + ot2 + ot3 + ot4) * PA * SpeechType + (1 + ot1 + ot2 + ot3 +
ot4 | File) + (1 + ot1 + ot2 | File:PA).

Number of obs: 12803, groups: File:PA, 264; File, 132.

Signif. codes: 0 “***' 0.001 “**' 0.01 " 0.05 ‘) 01 ‘" 1.

2.5. Discussion: Experiment 1

Experiment 1 confirmed the predicted eye-movement patterns that suggest the contrastive
interpretation of the [L+H* unaccented] contours in both lab speech and spontaneous
speech: In the Contrastive sequences, the looks to the target ornament cell increased faster
with the [L+H* unaccented] contours than with the [H* !H*] contours, while in the Non-
Contrastive sequences, [L+H* unaccented] contours led to more incorrect looks to the pre-
viously mentioned ornament set than the [H* !H*] contours. Unfortunately, the instruction
to look at the star on the ornament board, which was included for checking the calibration
accuracy between trials, prevented the immediate eye-movement responses to speech input
in many participants. The analysis of the subset data (excluding the fixations on the center)
suggested that when participants did not keep fixating the star, they made immediate eye-
movements upon hearing [L.+ H* unaccented] contours in a similar manner to the previous
findings by Ito and Speer (2008). Importantly, the overall timing of fixations tended to be
faster for the spontaneous speech group than for the lab speech group. It was particularly
interesting that the [L+H* unaccented] contours of spontaneous speech, which did not
have a large FO excursion during the adjective, led to an immediate increase in looks to the
previously mentioned ornament set during the noun at timing very similar to that for the
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Fixed effects: Estimate SE df tvalue Pr(>[tl)

(Intercept) 9.974e-02 8.676e-03 1.250e + 02 11.496 < 2e-16 ***
ot -3.562e-01 6.025e-02 1.320e + 02 -5.912 2.73e-08 ***
ot2 -1.789e-01 3.641e-02 1.150e + 02 -4.913 2.99e-06 ***
ot3 2.512e-01 3.662e-02 9.900e + 01 6.861 5.95e-10 ***
ot4 -5.568e-02 2.695e-02 1.180e +02 -2.066 0.041038 *
PA 5.722e-02 1.432e-02 1.330e + 02 3.995 0.000107 ***
SpeechType 8.979e-02 1.735e-02 1.250e + 02 5.175 8.79e-07 **+
ot1:PA -2.088e-01 1.085e-01 1.400e + 02 -1.924 0.056341
Ot2:PA -6.348e-02 5.860e-02 1.690e + 02 -1.083 0.280224
Ot3:PA 1.793e-01 1.869e-02 1.032e +04 9.596 < 2e-16 ***
ot4:PA -9.944e-02 1.649¢-02 1.216e +04 -6.030 1.68e-09 ***
otl:SpeechType -5.909¢-01 1.205e-01 1.320e +02 -4.903 2.72e-06 ***
ot2:SpeechType -9.427e-02 7.282e-02 1.150e + 02 -1.295 0.198075
ot3:SpeechType 3.494e-01 7.324e-02 9.900e + 01 4.770 6.32e-06 ***
ot4:SpeechType -1.684e-01 5.390e-02 1.180e +02 -3.123 0.002250 **
PA:SpeechType 6.897e-02 2.865e-02 1.330e + 02 2.408 0.017426 *
otl:PA:SpeechType 2 .789e-01 2.170e-01 1.400e + 02 -1.285 0.200951
ot2:PA:SpeechType  _g 369e-02 1.172e-01 1.690e + 02 -0.714 0.476117
ot3:PA:SpeechType 1.829e-01 3.738e-02 1.032e + 04 4.892 1.01e-06 ***
ot4:PA:SpeechType  _1.185e-01 3.298e-02 1.216e+04 -3.593 0.000329 ***

Table 7b: Experiment 1: Outcome of a mixed effect model for the looks to the competitor (vs.
other AOIs) in Non-Contrastive sequences.

Number of obs: 12803, groups: File:PA, 264; File, 132.

Signif. codes: 0 ***' 0.001 ** 0.01 *" 0.05“/ 01 ‘" 1.

lab speech (Figure 6). This suggests that listeners ‘garden-pathed’ on the basis of adjective
information—they did not wait until they processed the FO information of the noun, which
best distinguished the contour types according to the classification tree analysis, to interpret
the contour as signaling contrast. In order to confirm the equivalent timing of responses to
the [L+H* unaccented] contours across lab speech and spontaneous speech, Experiment 2
was conducted without the instruction to look at the central star between trials.

3. Experiment Il

3.1. Participants

A total of 77 participants (age range: 16-73, average 29) were recruited at a local science
museum. Participants volunteered to take part in the experiment and did not receive any
incentives. A total of 36 participants were assigned to the lab speech presentation list,
while a total of 41 participants were assigned to the spontaneous speech presentation list
such that the two groups matched for the age range.

3.2. Materials and design

The auditory and visual stimuli and the design were identical to those of Experiment 1,
except that the red star was removed from the center of the ornament board.
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Figure 7: Experiment 1: Fixations to the center red star (shown with empty circles) across
conditions.

3.3. Procedure

The experimental procedure was identical to that of Experiment 1, except that participants
were simply told to return to facing the board after hanging each ornament on the tree.
No instruction was given as to where they should look before each trial.

3.4. Results: Experiment 2

Data from 14 participants were excluded from the analyses due to frequent track loss (6),
system failure (4), color-blindness (1), being a non-native speaker of American English (1),
and being underage (2). Data from 63 participants (31 Lab: age 18-58, average 28;04;32
Spontaneous: age 19-73, average 30;10) were submitted to the following analyses.

The overall fixation patterns of participants in Experiment 2 resembled the results
after the removal of off-AOI fixations (to the center and off the board) in Experiment
1. In Contrastive sequences, [L+H* unaccented] contours led to a faster increase in the
looks to the target ornament cell in both lab and spontaneous speech groups (Figure 8:
Denominators included only the fixations on the 6 AOIs). However, the magnitude of this
facilitative effect was rather small, especially for the spontaneous speech group.

Since both groups reached their ceiling levels of looks by 1200ms after the noun onset,
we submitted the fixation proportions for 0-1200ms post noun onset to GCA. The results
showed a marginal main effect of PA, which interacted with ot2 (marginal), ot3, and
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Figure 8: Experiment 2: Fixations to the target cell in Contrastive sequences.

ot4 (Table 8). Thus, like in Experiment 1, [L+H* unaccented] contours led to overall
more looks to the target in the Contrastive sequences than [H* 'H*] contours, yet the
difference in the pitch contour did not seem to affect the steepness of the linear function.

In the Non-Contrastive sequences, the [L+H* unaccented] contours led to a quick
increase in the looks to the contrastive competitor cells (i.e., previously mentioned orna-
ment set) in both groups (Figure 9). In the lab speech group, the looks to the competitor
kept increasing until 200-300ms past the noun offset. In both groups, the looks to the
competitor remained at a relatively higher level for the [L+H* unaccented] than for the
[H* 'H*] trials for an extended period of time, and decreased more slowly for the [L.+H*
unaccented] than for the [H* 'H*] trials.

The outcome of the mixed effects model (0-1400ms post noun onset) for the competitor
in the Non-Contrastive sequences confirmed the main effect of PA and no effect of Speech
Type, i.e., the [L+H* unaccented] led to overall higher looks to the previously men-
tioned ornament cell than [H* 'H*] and there was no overall difference in the looks to the
competitor between the groups (Table 9). The interaction between PA and ot2 indicates
that the [L.+H* unaccented] affected the quadratic (i.e., the dome-shape) function. The
three-way interaction between ot3, PA, and Speech Type suggests that the effect of pitch
contour on the cubic component was larger for the spontaneous speech group.
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Fixed effects: Estimate SE df tvalue Pr(>|tl)

(Intercept) 4.748e-01 1.520e-02  6.200e+01  31.243 < 2e-16 ***
ot 2.009e + 00 6.169e-02 7.300e+01 32.563 < 2e-16 ***
ot2 2.014e-01 7.160e-02 6.400e +01 2.813 0.00651 **
ot3 -4.191e-01 4.935e-02 6.200e +01 -8.492  5.85e-12 **¥
ot4 -5.430e-02 3.832e-02 6.300e +01 -1.417 0.16151
PA 4.304e-02 2.400e-02 6.300e +01 1.793 0.07782
SpeechType -6.648e-03 3.040e-02 6.200e +01 -0.219 0.82761
ot1:PA -9.362e-02 9.221e-02 1.090e + 02 -1.015 0.31220
ot2:PA -1.607e-01 8.584e-02 8.700e+01  -1.872 0.06451
Ot3:PA 6.639e-02 2.957e-02 4.323e+03 2.246 0.02478 *
ot4:PA 1.291e-01 2.942e-02 4.271e+03 4.388  1.17e-05 ***
ot1:SpeechType 1.206e-01 1.234e-01 7.300e+01 0.977 0.33166
ot2:SpeechType 4.267e-02 1.432e-01 6.400e + 01 0.298 0.76669
ot3:SpeechType —7.812e-02 9.870e-02 6.200e + 01 -0.791 0.43171
ot4:SpeechType -1.041e-01 7.665e-02 6.300e + 01 -1.358 0.17940
PA:SpeechType -5.246e-02 4.801e-02 6.300e +01 -1.093 0.27875
ot1:PA:SpeechType -2.331e-01 1.844e-01 1.090e + 02 -1.264 0.20897
ot2:PA:SpeechType 2.252e-01 1.717e-01 8.700e + 01 1.312 0.19302
ot3:PA:SpeechType -2.019e-02 5.913e-02 4.323e+03 -0.341 0.73278
ot4:PA:SpeechType —6.362e-02 5.883e-02 4.271e+03 -1.081 0.27960

Table 8: Experiment 2: Outcome of a mixed effect model for the looks to the target (vs. other AOIs)
in Contrastive sequences.

Number of obs: 4704, groups: File:PA, 125; File, 63.

Signif. codes: 0 ***' 0.001 “**' 0.01 " 0.05*/ 01 ‘" 1.

To further test whether the level of initial increase of the looks to the competitor differed
between the lab and spontaneous speech groups, fixation proportions up to 600ms after
the noun onset were submitted to another mixed effects model. The outcome confirmed
the main effect of PA (Est. =1.197e-01, SE=2.940e-02, t=4.073, p<.001), no effect of
Speech Type, and no interaction between PA, Speech Type, and polynomial terms. Thus,
[L+H* unaccented] increased the overall looks to the competitor as compared to [H*!H*]
equally for both groups, and changes over time did not differ across the two groups.

3.5. Discussion: Experiment 2

Without the instruction to look at the central star, Experiment 2 confirmed that the [L+H*
unaccented] contour leads to incorrect fixations to the contrastive competitor in Non-
Contrastive sequences, even with many fewer participants (about half of those included
in Experiment 1). In both groups, fixations to the previously mentioned ornament set
(e.g., houses in ‘clear house,” ‘BROWN ball’) started increasing during the noun (e.g.,
ball) despite the conflicting segmental information, and those fixations to the contras-
tive competitors were sustained relatively higher than in the [H* !H*] trials until a few
hundred milliseconds after the noun offset. While the degree of increase in the fixations
to the competitor appeared larger for the lab speech group (Figure 9), neither the main
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Figure 9: Experiment 2: Fixations to the target and competitor cells in Non-Contrastive sequences.

effect of Speech Type nor the interaction between PA and Speech Type was confirmed. In
addition, the relatively longer looks to the previous target set seemed to delay the looks
to the correct target set at a similar timing across the two groups. The results of Experi-
ment 2 therefore confirmed no critical differences in the timing of fixations between the
two speech type groups.

4, General Discussion

The present study tested whether spontaneously produced pitch contours, which have
been ToBI-annotated as [L.+H* unaccented], and rated as relatively more prominent by
naive listeners (Turnbull et al., 2014, 2017), yet do not have an extreme pitch rise and fall
for the adjective labeled with L+ H*, can be interpreted contrastively by a broad range
of adult participants recruited at a local science museum. The timings of responses to
pitch contours were compared between the laboratory speech group and the spontaneous
speech group. Unlike the study by Ito and Speer (2008) that originally used the Christmas
tree decoration task, stimuli in the present study were limited to noun phrases that con-
sisted of a color adjective and an ornament noun, and included no conversational context.
According to Turnbull et al. (2014, 2017), listeners may not process a sequence of mere
isolated phrases such as “green drum, brown drum” contrastively unless they believe that
the sequence is a part of a communicative discourse. If a naturalistic discourse environ-
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Fixed effects: Estimate SE df tvalue Pr(>|tl)

(Intercept) 1.613e-01 1.430e-02  6.300e+01  11.281 < 2e-16 **+
ot1 -2.799e-01 4.831e-02 8.300e+01  -5.794 1.19e-07 ***
ot2 -2.593e-01 5.004e-02 6.300e+01  -5.182 2.44e-06 ***
ot3 8.114e-02 3.215e-02 6.000e +01 2.524 0.0143 *
ot 1.336e-01 2.795e-02 6.100e +01 4.780 1.15e-05 ***
PA 9.969e-02 2.223e-02 6.300e +01 4.484 3.17e-05 ***
SpeechType -1.589¢-02 2.860e-02 6.300e+01  -0.556 0.5804
ot1:PA -1.522e-01 8.985e-02 9.400e+01  -1.694 0.0936
Ot2:PA -1.465e-01 6.284e-02 7.500e+01  -2.332 0.0224 *
Ot3:PA 3.275e-02 2.695e-02 4.353e+03 1.215 0.2244
ot4:PA 1.186e-03 2.669e-02 4.308e+03 0.044 0.9646
ot1:SpeechType -1.016e-02 9.662e-02 8.300e+01  -0.105 0.9165
ot2:SpeechType -3.509e-02 1.001e-01 6.300e + 01 -0.351 0.7271
ot3:SpeechType 2.369e-02 6.429e-02 6.000e + 01 0.368 0.7139
ot4:SpeechType -1.768e-02 5.591e-02 6.100e+01  -0.316 0.7529
PA:SpeechType 4.942e-02 4.446e-02 6.300e + 01 1.112 0.2706
ot1:PA:SpeechType -2.483e-01 1.797e-01 9.400e + 01 -1.382 0.1704
ot2:PA:SpeechType -9.813e-03 1.257e-01 7.500e + 01 -0.078 0.9380
ot3:PA:SpeechType 1.066e-01 5.390e-02 4.353e+03 1.977 0.0481 *
ot4:PA:SpeechType -6.218e-02 5.338e-02 4.308e+03  -1.165 0.2441

Table 9: Experiment 2: Outcome of a mixed effect model for the looks to the competitor (vs. other
AOQIs) in Non-Contrastive sequences.

Number of obs: 4714, groups: File:PA, 126; File, 63.

Signif. codes: 0 ***' 0.001 “**' 0.01 " 0.05*/ 01 ‘" 1.

ment were an absolute precondition for comprehending the semantics of pitch contours,
then the minimally engaging sequential presentation of pre-recorded phrases would not
lead to contrastive interpretation of [L+ H* unaccented], whether it is laboratory speech
or spontaneous speech.

The overall patterns of the present results, however, suggest that adult listeners recruited
outside a typical college community processed the [L+ H* unaccented] contours contras-
tively, regardless of speech type. Thus, the present tree decoration task, while eliciting
no linguistic responses from participants, may have provided a sufficient visual environ-
ment and task structure to allow participants to interpret the sequence of bare [color +
ornament] noun phrases as a component in a coherent discourse. More importantly, the
present results support the validity and generalizability of past work that has demon-
strated the effect of pitch prominence to evoke contrastive interpretation of a referential
expression produced in lab speech in a more narrowly selected group of participants (e.g.,
Dahan et al., 2002; Ito & Speer, 2008, 2011; Ito et al., 2012; Ito et al., 2014; Kurumada
et al., 2014; Weber et al., 2006).

Because the present stimuli were presented without a carrier phrase such as “Hang
the ...,” which would have provided the pitch range cues that facilitates the assessment
of the prominence of the following words, we were surprised to see the steady increase in
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the looks to the competitor for trials where [L+ H* unaccented] tokens appeared in Non-
Contrastive sequences, especially with the spontaneous speech. While the increase did not
appear as large as in the lab speech group (Figure 9), the looks to the contrastive competi-
tor with the spontaneous speech started rising gradually from the noun onset and kept
increasing while incompatible segmental information was unfolding. This result indicates
that listeners interpreted the pitch contour of [L+H?* unaccented] trials contrastively
based on information available early in the adjective-noun phrase, and executed anticipa-
tory eye-movements before fully integrating information from later in the phrase. Such a
finding was not independently predicted by individual factors in our acoustic analysis of
the stimuli where the phonetic measures from the adjective such as word/vowel duration,
FO height, and spectral tilts did not reliably distinguish the two contour types for sponta-
neous speech. However, a non-linear combination of acoustic feature differences between
the adjectives in the two tune types was successful in distinguishing them. The present
data suggest that listeners were sensitive to these cues to contrast in the earlier part of the
[L+H* unaccented] spontaneous contours.

Since our acoustic analysis did not include the FO curvature that may affect the categori-
cal perception of pitch contours, we re-examined our stimuli to see whether the early part
of [L+H* unaccented] pitch contour exhibited a consistent form. The FO contours of our
stimuli from the spontaneous speech did not show either a scoopy rise or a domed fall
as a consistent cue to L+ H* (Appendix B). In contrast, our lab speech stimuli exhibited
a more uniform, clear scoopy rise and fall followed by a pitch range compression for the
[L+ H* unaccented] items, and a consistent ‘hat pattern’ with a downstep for the [H* 'H*]
items. With the FO contour patterns alone, it is difficult to determine what cues in the
spontaneous speech stimuli led to the immediate contrastive interpretation of the [L+H*
unaccented] items. Because the spontaneous speech stimuli were so much less uniform
than the laboratory speech stimuli, it is possible that listeners responded to a common
cue present in all lab speech trials, but to a more varied constellation of cues present in
subsets of the spontaneous speech trials. While the visual inspection of FO curvatures
may not discern contour types, future studies may benefit from computational models of
perceptual correlates that incorporate multiple aspects of signals that interact with the FO
curvature, such as TCoG (Barnes et al., 2015).

While the present study replicated both the facilitative effect of the [L 4+ H* unaccented]
for detecting the target in Contrastive sequences and the ‘garden-path’ effect to increase
incorrect eye-movements in Non-Contrastive sequences, the magnitudes of the facilita-
tive effect were rather small across experiments. We suspect that the smaller facilitative
effects in the present study resulted from the overall slower responses to speech input in
the experiments, which left little room to show the prosody-driven differences in the eye-
movements for the repeated, thus easier-to-detect ornament sets. Despite the similarities
in the phrase structure, the overall timing of fixation increase in the Contrastive sequences
was slower in the present study as compared to the results of Ito and Speer (2008): In
the present study, the fixations to the target set started increasing at about 200-300ms
after the onset of the noun with both speech types, whereas the looks to the target in an
equivalent condition in Ito and Speer started rising sharply at the noun onset.* A com-
parison of stimuli across the two studies revealed that the average duration of adjectives
was shortest in Ito and Speer (323ms), longest in the present lab speech (380ms), and in
between for the present spontaneous speech (341ms), whereas the duration of the noun
did not differ as much across the studies (present lab speech: 498ms, present spontaneous

* The general difference in the fixation timing between the present study and Ito and Speer (2008) was
also observed in Non-Contrastive sequences.
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speech, 477ms, and Ito & Speer lab speech: 478 ms). As compared to the lag in the timing
of fixations (200-300ms), the durational differences in the speech stimuli were rather
small. Therefore, it is unlikely that the differences in the fixation timing across the studies
were due to the differences in the duration of stimuli. It is also counter-intuitive that rela-
tively longer adjectives led to slower fixation increases in the present study. If listeners
relied on the prosodic cues from the adjective to program saccades, longer word duration
could have benefited anticipatory eye-movements as it would provide listeners with extra
time to process the signal.

We suspect that the overall delay in fixations in the present study resulted from multiple
factors. First, although the speech stimuli were presented over noise-cancelling head-
phones, the science museum environment has much more noise and many more distrac-
tions than the quiet university laboratory. While participants were seated in front of the
ornament board, their family members and friends could be waiting for the session to be
over in the nearby visible waiting area or could be interacting with the other researchers
in the same large lab space. The museum visitors outside the glass wall were often gath-
ering behind the participant to see what was happening in the lab (and they sometimes
tapped on the glass wall to greet the experimenters!). Thus, the experimental environment
of the present study may have required extra attention to the task and stimuli, which may
have been difficult to maintain throughout the session. Second, the slower responses may
have reflected the greater difficulty in perceiving the relative prominence of phrase-initial
adjectives, which were presented without any preceding carrier phrase. The pre-recorded
speech stimuli in Ito and Speer included abundant acoustic context that may have made
the calibration of the speaker’s pitch range and the perception of relative prominence
easier even with shorter word duration. While the present data demonstrated that listen-
ers appropriately processed the semantics of pitch contours of isolated phrases, spoken
context preceding the critical phrase could have made their responses even faster. Third,
the present participant group may have had a wider range of individual differences in
response timing than the participant group of Ito and Speer, which may be closely related
to the wider age range. To quickly examine whether older participants had overall slower
fixation increase, participant’s age was added to the mixed effects models for predicting
the likelihood of fixation on the target in the Contrastive sequence in Experiment 2. The
results showed no significant main effect of age, nor any interactions with contour type or
speech type. Thus, among the individuals tested in Experiment 2, age was not a reliable
predictor of the response speed or sensitivity to prosodic pattern and speech style. Future
study is required to explore how other individual factors such as attention and verbal
memory in a noisy environment are related to prosodic processing of speech.

Finally, the present study demonstrated the impact of the task instruction on partici-
pants’ behavior. Although the experimenter did not tell participants to keep looking at the
center red star while listening to the ornament names in Experiment 1, most participants
habitually sustained their gaze on the star across the trials. It is possible that participants
misunderstood the instruction, but they also may have kept looking at the star while
trying hard to concentrate on the speech input. If this was a general strategy that partici-
pants adopted for processing spoken instruction in a noisy or distractive environment, it
may have also contributed to the equally slow fixation timing even without the star in
Experiment 2.

To conclude, we would like to emphasize that naive speakers’ natural speech without
dramatic FO excursions can lead to the contrastive interpretation of prosodic prominence
in naive listeners. The exact acoustic cues that triggered the contrastive interpretation of
spontaneous speech is still to be explored, yet the present results strongly suggest that the
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mechanism of prominence processing may be flexible and listeners can tune to a different
set of acoustic cues (i.e., allophonic prosodic cues) in different voices for interpreting the
same intention. Future studies therefore should make use of a wider range of spontane-
ous speech from multiple speakers to test whether a set of particular acoustic properties
emerges as the invariant primary cues to contrast or whether a combination of cues to
contrast is highly variable across speakers. If the latter is the case, we will be given a fur-
ther complex research problem as to how listeners adapt to the speaker-specific prosodic
cues to contrast in various environments.
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