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REGULAR ARTICLE

Integrating prosody in anticipatory language processing: how listeners adapt to
unconventional prosodic cues
Chie Nakamura a, Jesse A. Harrisb and Sun-Ah Junb

aGlobal Center for Science and Engineering, Waseda University, Tokyo, Japan; bDepartment of Linguistics, University of California Los Angeles,
Los Angeles, CA, USA

ABSTRACT
A growing body of research suggests that language users integrate diverse sources of information
in processing and adapt to the variability of language at multiple levels. In two visual-world
paradigm studies, we explored whether listeners use prosody to predict a resolution to
structures with a PP that is structurally ambiguous between a modifier and an instrument
interpretation. The first study revealed that listeners predict a referent that is most compatible
with the location of a prosodic boundary, casting anticipatory looks to the appropriate object
even before the onset of a disambiguating word. The second study indicated that listeners
failed to anticipate instrument resolutions when the prosody of non-experimental filler items
was unconventional, even though experimental items remained identical to the first study. The
results suggest that listeners adjust their predictive processing to the utility of prosodic
information according to whether a speaker reliably conforms to the conventional use of prosody.
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1. Introduction

When comprehending spoken language, listeners must
integrate diverse sources of linguistic and non-linguis-
tic information to form a coherent representation. In
this study, we concentrate on the integration of proso-
dic information, broadly defined acoustically as
changes in pitch, duration, and amplitude accompany-
ing an utterance, which is phonologically categorized
as stress, pitch accent, intonation, and prosodic struc-
ture, etc. (Ladd, 1996/2008; Cutler, Dahan, & Donselaar,
1997; Wagner & Watson, 2010, for review). Prosodic
information can be used to signal syntactic constitu-
ency, prominence relations among words, and sen-
tence types as well as the information structure status
of a constituent in discourse (Beckman & Pierrehum-
bert, 1986; Pierrehumbert & Hirschberg, 1990; Price,
Ostendorf, Shattuck-Hufnagel, & Fong, 1991; Shattuck-
Hufnagel & Turk, 1996; Ladd, 1996/2008; Jun, 2005,
2014). For instance, an utterance of the form You’re a
doctor has a very different interpretation when ren-
dered with a rising question intonation as opposed to
a falling statement intonation.

Structural ambiguity can also be resolved by prosodic
information. Although the relation between prosodic
structure and syntactic structure is not strictly

isomorphic, prosodic groupings, especially those larger
than words, are often aligned with syntactic groupings
(Nespor & Vogel, 1986/2007; Ferreira, 1988; Selkirk,
1986, 2000, 2007, 2011; Hayes, 1989; Jun, 1998; Trucken-
brodt, 1999). Typically, the boundary of a prosodic unit
or prosodic phrase is cued by lengthening of the
phrase-final syllable and the tonal changes (e.g. rising,
falling) on the final syllable, called a boundary tone.
The last syllable of the prosodic unit can also be followed
by a pause. For example, sentence (1) is structurally
ambiguous between two meanings depending on how
the prepositional phrase (PP) is construed. If the PP is
attached to the modifier noun (the musicians), the PP
conveys that the musician has lousy equipment (hence-
forth modifier interpretation). If the PP is attached to the
verb (recorded), the PP is understood as conveying that
the engineer used lousy equipment to record the musi-
cian (henceforth instrument interpretation). In this
example, the location of a prosodic boundary (indicated
by the ‘%’ symbol) can contribute to disambiguating the
structure, and hence its meaning. This prosodic bound-
ary is typically cued by intonational and durational pat-
terns. In example (1a), the last syllable -ed in recorded
would be much longer in duration than that in
example (1b) and carry a boundary tone, while in
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example (1b), the last syllable –cians in musicians would
be much longer than that in example (1a) and carry a
boundary tone. In both examples, the prosodic bound-
ary could be made stronger by adding a pause.

(1) The engineer recorded the musicians with lousy equipment.
a. The engineers recorded % the musicians with lousy equipment.
(modifier interpretation compatible)

b. The engineers recorded the musicians % with lousy equipment.
(instrument interpretation compatible)

In an auditory interpretation study, Schafer (1997)
found that the location of a prosodic boundary
influenced how the PP attachment ambiguity was
resolved.1 The study showed that there was a slight
overall preference for the instrument interpretation in
PP attachment ambiguity resolution in processing sen-
tences like example (1), but a significant decrease in
instrument interpretations when a prosodic boundary
was located before the modifier noun as in (1a). The
results, as well as those of others using measures such
as reading times, questionnaires, and judgment tasks
(Beach, 1991; Schafer et al., 1996; Schafer, 1997), indicate
that prosodic information provides good diagnostic cues
to syntactic constituency (Price et al., 1991; Shattuck-
Hufnagel & Turk, 1996; Beckman, 1996; Schafer 1997;
Watson & Gibson, 2004; Watson et al., 2006; Breen
et al., 2011 and references therein, see also Kjelgaard &
Speer, 1999; Schafer, Speer, Warren, & White, 2000;
Snedeker & Casserly, 2010; Speer, Kjelgaard, & Dobroth,
1996, among others).

However, while these studies provide convincing evi-
dence that comprehenders integrate prosodic infor-
mation with syntactic information when processing
spoken language, they were not specifically designed
to address the point at which listeners use prosodic
cues to identify syntactic structure. Thus, it was not
clear from these studies whether prosodic information
has an immediate effect on initial parsing decisions or
if prosodic considerations are attended to relatively
late in comprehension. To more directly address the
question of timing, studies that followed have often
used sensitive online techniques such as eye-tracking
(Ito & Speer, 2008) or electroencephalography (EEG)
(see Bögels, Schriefers, Vonk, and Chwilla, 2011 for
review).

An early example is Snedeker and Trueswell (2003),
who examined globally ambiguous sentences, as in
example (2). Similar to the previous example, the PP
(with the flower) may attach to the NP, yielding a
modifier interpretation (2a), or it may attach to the VP,
yielding an instrument interpretation (2b). In a series of
experiments, Snedeker and Trueswell (2003) investi-
gated how speakers prosodically disambiguate such

sentences in production, and the extent to which listen-
ers were sensitive to these prosodic cues in adopting the
modifier interpretation or the instrument interpretation
in a visual world eye-tracking study.

(2) Tap the frog with the flower.
a. Tap the frog that is holding the flower. (modifier interpretation)
b. Using the flower, tap the frog with it. (instrument

interpretation)

The production study showed that speakers tended
to insert a prosodic boundary between the noun and
ambiguous PP by lengthening the direct object noun
(the frog) to convey an instrument interpretation (2b).
To convey a modifier interpretation (2a), speakers
inserted a prosodic boundary after the verb by lengthen-
ing the verb (tap). In the visual world eye-tracking study,
Snedeker and Trueswell (2003) also observed that these
prosodic markers influenced how listeners processed
visual scenes shortly after the onset of the direct
object and prior to the onset of the ambiguous PP.
Their results demonstrated that listeners rapidly inte-
grate prosodic information to determine syntactic struc-
ture, and that cues to prosodic boundaries also lead
listeners to make predictions about upcoming speech.

Snedeker and Trueswell (2003) findings suggest that
prosodic information is immediately accessed at the ear-
liest stages of online processing. A growing number of
studies indicate that listeners use prosodic cues even
before they encounter lexical material, anticipating infor-
mation that is likely to come next. The influence of
prosody in anticipatory processing has been observed
in different domains of language comprehension, such
as structural prediction (Nakamura et al., 2012; Weber
et al., 2006), interpretation of discourse (Kurumada,
Brown, Bibyk, Pontillo, & Tanenhaus, 2014), and predic-
tion in information structure (Dahan, Tanenhaus, &
Chambers, 2002; Ito & Speer, 2008). These studies indi-
cate that language users generate real-time expec-
tations about upcoming linguistic input by rapidly
integrating prosody, as well as other constraints such
as discourse context and world knowledge.

Interestingly, the view that language processing
draws on anticipation has been argued to ease commu-
nicative interactions and to facilitate efficient processing
(Pickering & Garrod, 2007; Chang, Dell, & Bock, 2006).
Recent studies suggest that anticipatory processing
plays a critical role in explaining how language users
cope with variability in the linguistic environment,
finding that participants change how they process the
experiment stimuli in response to the exposure they
receive within or prior to the experiment, an effect
sometimes referred to as linguistic adaptation. Linguistic
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adaptation has been observed on multiple levels of lin-
guistic representations, such as phonetic and phonologi-
cal processing (Clayards, Tanenhaus, Aslin, & Jacobs,
2008; Kleinschmidt & Jaeger, 2015; Kraljic, Samuel, &
Brennan, 2008; Maye, Aslin, & Tanenhaus, 2008; Norris,
McQueen, & Cutler, 2016), sentence level syntactic pro-
cessing (Fine et al., 2013; Jaeger & Snider, 2013;
Kaschak & Borreggine, 2008; Kaschak & Glenberg,
2004), and discourse context (Ryskin et al., 2020; Schus-
ter & Degen, 2020; Van Berkum et al., 2005). Flexibility in
adapting to speaker-specific information has been also
observed in the perception of differences in pronuncia-
tion such as foreign accents and dialects (Bradlow &
Bent, 2008; Maye et al., 2008), lexical choice (Brennan
& Hanna, 2009), and the role of prosody in making prag-
matic inferences (Kurumada, et al., 2014).

Collectively, these studies provide compelling evi-
dence that comprehenders are acutely sensitive to
how speakers use prosodic cues to signal a resolution
to linguistic or perceptual ambiguity, presumably
with the assumption that speakers reliably use such
cues to be consistent and informative. However, one
issue that has not been addressed by previous studies
is whether comprehenders attend to the consistency
with which a speaker uses prosody to signal syntactic
structure, which we refer to here as the overall reliability
or informativity of prosodic information. For example,
while there is already substantial evidence that listen-
ers are adept at predicting likely continuations of
input they have received so far, it is not clear whether
the overall reliability of prosody also feeds into the
structural prediction process. Multiple studies have
already shown that listeners engage in less anticipatory
processing when contrastive accent (L+H*) is used
unreliably or infelicitously (Tanenhaus, Kurumada, &
Brown, 2015; Roettger & Franke, 2019; Roettger &
Rimland, 2020; Foltz, 2020; Nakamura et al., 2019,
2021), suggesting that listeners are sensitive to the
reliability of how contrastive accent is used by a
speaker when making pragmatic inferences or in resol-
ving referential ambiguity. In the present study, we
address the extent to which language users consider
how informative prosodic cues are when prosodic
boundary information does not consistently provide
useful cues for processing. Understanding whether lis-
teners are sensitive to the overall reliability of
prosody would address several current issues in sen-
tence processing literature, including: the conditions
and the extent to which the language comprehension
system is adaptive, how comprehenders recover
intended messages from noisy input, and how listeners
might modify their language processing strategies to
meet variation in the speech signal. As language

users rapidly integrate various sources of information
to decode speech and text in real-time, it is reasonable
to think that the language processing system may not
only use cues that are informative, but also reduce
reliance on cues that are uninformative or idiosyncratic.

In support of this general view, Tanenhaus, et al.
(2015) investigated the effect of rising contrastive pitch
accent on pragmatic meaning. Prior to testing, partici-
pants were exposed to either a speaker who used con-
trastive accents in a consistent and reliable way (the
reliable speaker group), or a speaker who used contras-
tive accents in an inconsistent and unreliable way (the
unreliable speaker group). During the test phase, the
reliable speaker group used intonational cues to
choose a picture that was likely to reflect the speaker-
intended referent. In contrast, the unreliable speaker
group appeared to place less weight on the intonational
cues in their judgments. Crucially, their results indicate
that listeners assess how informative prosodic cues are
in comprehending the speaker’s intended meaning.
However, since the study used an offline judgment
task, the results could not address how listeners use
the reliability of information accumulated over time in
generating expectation for the upcoming input in real-
time online language comprehension. More recently,
Foltz (2020) used the visual world paradigm to address
the questions regarding how listeners would respond
to inconsistent prosodic cues. Her results with native
German speakers showed that exposure to infelicitous
use of contrastive accent (e.g. Click on the red duck.
Click on the GREENL+H banana.) decreased participants’
engagement in predictive processing over the course
of the experiment.

Roettger & Franke (2019) also addressed a closely
related issue using a forced-choice mouse-tracking
task. They manipulated prosodic realization of sentences
like example (3), which was an answer to a topic-ques-
tion such as Hat der Wuggy dann die Geige aufgesam-
melt? (“Did the Wuggy then pick up the violin?”). Two
types of prosody in the responses to the question,
verb accent prosody and object accent prosody, were
compared. The verb accent prosody was characterized
by a rising-falling pitch accent on the auxiliary verb hat
(“has”), which provides the discourse-given referent
interpretation of the object. On the other hand, the
object accent prosody had a rising-falling pitch accent
on the object, which provides the discourse-new refer-
ent interpretation of the object. Therefore, as an
answer to the question Hat der Wuggy dann die Geige
aufgesammelt? (“Did the Wuggy then pick up the
violin?”), the discourse-given prosody was more natural
for (3a) because “violin” has been already introduced
in the discourse by the question. In contrast, the
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discourse-new prosody was more natural for (3b)
because the answer “pear” corrects the topic “violin”.

(3) a. Der Wuggy hat dann die Geige aufgesammelt.
(The Wuggy then picked up the violin.)
b. Der Wuggy hat dann die Birne aufgesammelt.
(The Wuggy then picked up the pear.)

Overall mouse trajectories indicated that participants
used prosodic information to make predictive inferences
(violin or pear) during sentence comprehension in
Experiment 1. Crucially for our purposes, Roettger &
Franke (2019) also tested how unreliable prosody
impacted responses in Experiment 2. When listeners
were exposed to items with unconventional prosody
(e.g. discourse-given prosody placed on discourse-new
material in (3b)), anticipatory mouse responses toward
the target referent were disrupted. These results
provide good evidence that listeners evaluate the
reliability of the mapping between prosodic patterns
and their function, and that they adjust the extent to
which they rely on prosodic information in making prag-
matic inferences about the intended message of the
utterance (see also Roettger & Rimland, 2020).

One possible criticism for the previous studies that
tested adaptation to unreliable use of prosody is that
it is not clear whether the listeners in fact evaluated
the overall informativity of prosody, or they simply
learned the speaker-specific form-function mapping of
the contrastive accent. Roettger and Franke (2019), for
example, showed that when exposed to unconventional
use of pitch accent placement, participants initially dis-
carded the informational value of intonation. Crucially,
however, the more listeners were exposed to unconven-
tional use of pitch accent, the more they associated pitch
accents with unconventional meanings (see also Tanen-
haus et al., 2015; Roettger & Rimland, 2020; Foltz, 2020,
2021; Nakamura et al., 2019, 2021). Therefore, it is not
yet clear how listeners respond to unconventional use
of prosody when it cannot be mapped onto any alterna-
tive meaning.

1.1. Research questions for present study

Prosodic boundaries provide strong cues that can disam-
biguate structures and their corresponding meanings,
and are rapidly used during online comprehension
(e.g. Snedeker & Trueswell, 2003). As reviewed above,
converging evidence indicates that language users use
prosodic information to predict upcoming input. In
addition, listeners adapt to variation in how prosodic
cues are used by a particular speaker. However, less is
known about whether predictive processes are subject
to adaptation, especially with respect to the effect of

prosodic boundaries on disambiguation. Our studies
were designed to address three central questions that
begin to fill this gap. First, do listeners predict different
syntactic structures depending on the location of a pro-
sodic boundary? Second, do listeners reduce the degree
to which they use prosodic information in anticipatory
processing when a speaker places prosodic boundaries
in positions that do not consistently align with sentence
structure? Third, as listeners acquire evidence that pro-
sodic boundaries do not reliably align with syntactic
constituency, is the cost for violating prosodically-
based structural predictions also diminished in turn?

We conducted two eye-tracking experiments using
the visual world paradigm, designed to test how listen-
ers use prosodic boundary placement to parse globally
ambiguous PP attachment sites. Experimental materials
were identical in each experiment but different filler
materials were used between the two experiments. For
the experimental items, a structurally ambiguous PP
was prosodically disambiguated with either modifier
interpretation compatible or instrument interpretation
compatible prosody, as shown in example (1) above. In
addition, the noun within the PP was pragmatically
biased either towards an instrument interpretation
(The boy will see the tiger with the binoculars) or against
it (*The boy will see the tiger with the popcorn). Exper-
iment 1 addresses the first question of whether listeners
predictively resolve PP ambiguities from the location of
a prosodic boundary. As a linking hypothesis, we assume
that anticipatory eye-movements to different objects in
the visual scene reflect anticipatory structural analysis.
We also assume that the cost for violating prosodic
alignment would be observed when the noun is prag-
matically incompatible with the structure, as in the con-
dition that paired instrument interpretation compatible
prosody with an implausible instrument noun
(popcorn). Thus, in the analyses, we concentrate on
looks made to a modifier object reflecting predictive
modifier analysis, and looks made to an instrument
object reflecting predictive instrument analysis, in two
time windows, the anticipatory time window (with the)
and the window containing the PP noun (binoculars /
popcorn). Results in these time windows are further sup-
ported by an additional permutation analysis, which
does not assume windows of a priori interest.

In the anticipatory time window, we predicted that
early boundaries signaling a modifier interpretation
would generate anticipatory looks to a plausible
modifier object, whereas late boundaries signaling an
instrument interpretation would generate anticipatory
looks to a plausible instrument object (Experiment 1).
In the sentence-final object noun window, we predicted
that, if listeners anticipated an instrument interpretation
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from the location of the prosodic break, but later
encountered an implausible instrument noun (The boy
will see the tiger % with the popcorn), they would
exhibit signs of processing difficulty, defined as more
looks to a plausible but unmentioned instrument
object (e.g. a pair of binoculars), compared to the
other condition that carries modifier-compatible
prosody and ends with the same NP (The boy will see
% the tiger with the popcorn).

Experiment 2 addresses the second and third ques-
tions: whether listeners adjust their parsing predictions
after repeated exposure to unreliable prosodic infor-
mation, and, if so, whether the processing cost incurred
by a mismatch between prosodic expectations and
plausibility reduces over the course of the experiment.
The same experimental recordings from Experiment 1
were used in this experiment, but filler sentences unre-
lated to the manipulation were produced with prosodic
boundaries that failed to align with syntactic structure,
discussed in detail in section 2 below. Specifically, we
predicted that the atypical use of prosodic boundaries
in the filler items would reduce the predictive value of
prosodic information overall, and that participants
would make fewer anticipatory eye movements as the
experiment progressed. Provided that listeners evaluate
and track how informative prosodic cues are, adjusting
the degree to which they use prosody during parsing,
we predicted that listeners in Experiment 2 would also
show reduced penalties in response to prosodic mis-
match – i.e. when the object noun was incompatible
with the parse expected from the location of the proso-
dic boundary.

As mentioned above, previous studies have reported
anticipatory effect of prosody in online structural ambi-
guity resolution. However, to the best of our knowledge,
no study has yet investigated the influence of prosodic
boundary information in anticipatory processing in
relation to the processing difficulty listeners would
experience when semantic information of the input
does not match the expectations generated from the
location of a prosodic boundary. Evidence that listeners
use prosodic information to anticipate the structure of
upcoming speech, and consequently exhibit processing
difficulty when they receive input that does not match
their expectations, would support models in which pro-
sodic information strongly guides predictive processing.
Further, finding that listeners rely on prosodic infor-
mation less when speakers do not consistently align pro-
sodic boundaries with syntax constituency would
suggest that listeners are highly attuned to how individ-
ual speakers use prosodic cues, and adjust, perhaps stra-
tegically, the extent to which they utilize prosodic
information in anticipatory processing.

2. Methods and design of the experiments

2.1. Participants

We recruited 64 native speakers of English with normal
visual acuity and hearing for the study.

Participants either received course credit or monetary
compensation ($20/hour) for participating.　Half of the
participants (32 participants) participated in Experiment
1, and the other half of the participants (32 participants)
participated in Experiment 2.

2.2. Materials

The current study examines the impact of the location of
a prosodic boundary in resolving a structurally ambigu-
ous PP to a modifier interpretation or an instrument
interpretation such as example (2). The first factor that
was manipulated was the placement of the prosodic
boundary, characterized by a continuation rise boundary
tone (L-H%), located either after the verb (modifier
prosody) or between the noun and the PP (instrument
prosody), as shown in Figure 1. To make the large
boundary in the middle of the sentence sounded as
balanced and natural as possible, the same type of
boundary with a continuation rise was added after the
subject noun in both conditions. The second factor
that was manipulated was the final word of the sen-
tence, which was either plausible (4; binoculars) or
implausible (5; popcorn) as an instrument to the verb
(see). If listeners generate expectations for upcoming
syntactic structure based on the location of prosodic
boundary, they should exhibit processing difficulty
upon encountering an implausible instrument object
paired with Instrument prosody.

The original recordings were spliced up to the onset
of the sentence-final prosodic phrase for each type of
prosody (e.g. (4a) and (5a) for the modifier prosody,
(4b) and (5b) for the instrument prosody). As a result,
the modifier prosody sentences were identical until the
onset of the second NP (the tiger with the binoculars/
popcorn), and the instrument prosody sentences were
identical until the onset of the ambiguous PP (with the
binoculars/popcorn).

(4) Plausible instrument condition
a. Modifier prosody:
The boy L-H% will see L-H % the tiger with the binoculars.
b. Instrument prosody:
The boy L-H% will see the tiger L-H% with the binoculars.

(5) Implausible instrument condition
a. Modifier prosody:
The boy L-H% will see L-H% the tiger with the popcorn.
b. Instrument prosody:
The boy L-H% will see the tiger L-H% with the popcorn.

LANGUAGE, COGNITION AND NEUROSCIENCE 5



Since the recordings were not spliced across the two
types of prosody, the duration of the prosodic boundary
after the subject NP was not identical between the
modifier prosody (M = 434ms, SD = 164ms) and the
instrument prosody (M = 659ms, SD = 256ms).2 This
difference in the duration of the prosodic boundary
between the two conditions following the subject NP
will be discussed in the results section.

In addition, the filler items were manipulated and pre-
sented with the target items in a between-participants
design. In Experiment 1, filler items were produced
with normal, conventional prosody, such as (6a). In
Experiment 2, filler items were produced with various
kinds of unconventional prosody, as in example (6b),
where a L-L% boundary, usually used sentence or
phrase finally, was produced between the determiner
and the sentence-final NP. Crucially the target items
remained identical between Experiment 1 and 2.
Figure 2

(6) a. Conventional prosody (Experiment 1)
The boy L-H% will show the balloon L-H% to the dog.
b. Unconventional prosody (Experiment 2)
The boy L-H% will show the balloon to the L-L% dog.

Twenty-four experimental items were created, and
the same 24 items were used in Experiment 1 and 2.
Each item consisted of audio files of the sentence and
corresponding visual scenes (Figure 3). The auditory
stimuli were recorded by a native speaker of English
trained in intonational phonology and English ToBI
(Beckman et al., 2005). The average speech rate of our
items (3.97 syllables/second) was estimated as the rate
of articulation, calculated by the number of syllables
divided by the total time minus pausing time (De Jong
& Wempe, 2009), and approximates normal speaking
tempo (typically around 4 syllables/second, with con-
siderable variation for articulatory content, speech
genre, and individuals; see Trouvain, 2004, for review).

Figure 1.Waveform and pitch track of the sentence in (4), labeled with boundary tones for modifier prosody (4a, top) and Instrument
prosody (4b, bottom)

6 C. NAKAMURA ET AL.



The visual scenes were prepared using clipart images.
The position of objects was counter-balanced across the
pictures. Four experimental lists were created following
a Latin square design including 48 filler sentences unre-
lated to the structural ambiguity of the target items. The
72 items (24 target and 48 filler sentences) in each list
were presented in pseudo-random order. To encourage
participants to engage in careful listening, a comprehen-
sion question appeared after each trial and participants
were asked to click on the correct answer (e.g. “Which of
the words was NOT mentioned in the sentence?” fol-
lowed by a list of possible answers “binoculars”,
“spider”, and “tiger” for (4)).

2.3. Procedure

Participants were told to listen to the sentences carefully
while paying attention to the picture on the computer
monitor. Auditory stimuli were presented via loud
speakers. In each trial, a sentence was presented
2500ms after the picture onset. Eye-movements were
recorded via an SR Research EyeLink 1000 Plus tower

mount affixed to the table, approximately 55cm away
from a 21” LCD screen. Viewing was binocular, but
only the right eye was recorded. Sampling rate was set
to 500 Hz. Participants were calibrated to the tracker
using 9-point calibration at the beginning of the exper-
iment, and as needed throughout the experiment. A drift
correction was performed between each trial. Partici-
pants were encouraged to rest whenever they needed
a break. Each experimental session took approximately
30 minutes.

2.4. Analysis to be presented

Statistical analyses of eye-movement data from the two
experiments were conducted in two different time
windows of interest using linear mixed effects regression
models (e.g. Baayen et al., 2008). We conducted separate
analyses for the looks made to a plausible modifier
object (e.g. a tiger with binoculars/popcorn in Figure 3,
modifier interpretation compatible) and those made to
a plausible instrument object (e.g. a pair of binoculars
in Figure 3, instrument interpretation compatible) to

Figure 2. Waveform and pitch tracks of sample filler item illustrating between-participant manipulation in Experiments 1 (conven-
tional prosody, 6a, top) and Experiment 2 (unconventional prosody, 6b, bottom).

LANGUAGE, COGNITION AND NEUROSCIENCE 7



examine whether participants predicted different struc-
tural resolutions depending on the location of prosodic
boundary. The logits of looks to the two target objects
were calculated and used as dependent variables in
the analyses.

The analyses for the two target objects were first con-
ducted in the “anticipatory time window”, defined as the
onset of the preposition (with) until the onset of the
final, critical word (binoculars/popcorn), to determine
whether participants adopt a structural analysis of the
PP based on the location of prosodic boundaries
before encountering the critical word. If listeners use
the boundary location to anticipate the structural resol-
ution of the PP attachment ambiguity, they should look
at the picture most compatible with the expected struc-
ture within this window.

Next, we analyzed the looks made to the instrument
object for the duration of the sentence final word,
which we call the “sentence-final word time window”.
In the critical case, listeners first hear instrument
prosody followed by a noun that is incompatible with
an instrument interpretation (popcorn), as in (5b). If lis-
teners have anticipated an instrument interpretation of
the PP in this case, encountering an incompatible instru-
ment noun within the PP should generate a mismatch
between the input and their expectations, delaying
looks to the instrument incompatible noun, presumably
because mention of the instrument compatible object
(e.g. a pair of binoculars) had been expected. In other
words, looks made to the instrument object in the sen-
tence-final word time window will be also analyzed to
examine whether participants exhibited processing
difficulty when the expectation for the upcoming struc-
ture does not match the noun within the PP.

Also within the sentence-final word time window, we
explored the possibility that participants engage in
different strategies over the course of the experiment
by analyzing the changes in the patterns of

eye-movements to each object in the first and second
halves of the experiment. The same analyses for the
results of Experiment 2 were conducted to examine
whether the degree to which participants in Experiment
2 use prosodic cues in structural analysis is modulated
by the reliability of prosody.

In addition to the main analyses using LME models,
we further explored the difference in the time course
of the effects by employing a non-parametric permu-
tation analysis (Dautriche, Swingley & Christophe,
2015; Von Holzen & Mani, 2012). The permutation analy-
sis allows us to assess when looks to critical objects in
the visual scene began to diverge between conditions
without any a priori assumption regarding a time
window of interest (Groppe, Urbach & Kutas, 2011;
Maris, 2012; Maris & Oostenveld, 2007). Thus, we used
this analysis to directly compare the results of Exper-
iment 1 and 2 in how much participants rely on prosodic
cues in anticipatory structural processing.

3. Data analysis and results

3.1. Experiment 1 (conventional filler prosody)

The fixation coordinates from the eye-tracker were con-
verted into gaze locations corresponding to the five enti-
ties and the background in the visual scene. The onset of
the ambiguous PP (with the binoculars/popcorn) and the
onset of the noun within the PP (binoculars/popcorn) in
each target sentence were determined manually. For
the analysis, we summed the looks to each object in
the scene and calculated the logit of looks to each
entity out of looks to all the objects in the scene, includ-
ing looks to the background (Barr, 2008).3

Statistical analyses with linear mixed effect regression
models were conducted for the time window that was
time-locked to the onset of the ambiguous PP (with) in
each item, up to the mean onset of the final noun

Figure 3. Visual scenes presented in (a) plausible instrument condition and (b) implausible instrument condition.
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(341ms, anticipatory time window). In addition to the
anticipatory time window analysis, we also analyzed
the time window time-locked to the onset of the final
noun (binoculars / popcorn) in each item until the
minimum offset of the sentence (618ms, sentence-final
word time window) for the looks to the instrument
object. This was to examine whether participants exhib-
ited processing difficulty when there is a mismatch
between (i) the prediction they might have made from
the location of the prosodic boundary and (ii) the
actual noun provided in the input, e.g. when the
instrument prosody was paired with an implausible-
instrument noun.

Linear mixed effect regression models were con-
structed in decreasing complexity and compared for
goodness-of-fit as determined by the Akaike Information
Criterion (Akaike, 1973). The initial model consisted of
Prosody (modifier or instrument prosody) and Noun
Type (plausible or implausible instrument), and their
interaction as fixed effects. We also included Trial Block
(first or second block of the experiment) in the model
to explore whether participants engaged in different
processing strategies in the first and second halves of
the experiment. There were two steps in the process of
selecting the best-fitting model for each analysis; we
first determined the fixed effects and then determined
the random slope effects. For the selection of the fixed
effects, the initial model included the categorical predic-
tors of Prosody, Noun Type, Trial Block, as well as inter-
actions between the factors. We used the AIC value to

determine if the model fit improved by eliminating
Trial Block. We then determined the random slope
effects using a backward selection approach (Bates
et al., 2015). Full random effect structures were
specified in the initial model, and the AIC value was
used in choosing the best-fitting random slope struc-
ture. Coefficients, standard errors, t-value, and their
p-values from the best-fitting model are reported. The
final model structure is provided in the caption of each
table.

3.1.1. Modifier object analysis in the anticipatory
time window
For the duration of the anticipatory time window, we
predicted that a sentence carrying modifier prosody
would entice participants to look at the modifier
object more often before encountering the final noun
in the PP. Thus, we first analyzed the proportion of
looks made to the modifier object (the tiger holding
the binoculars/popcorn in Figure 3) in the anticipatory
time window (with the). Figure 4 shows the proportions
of looks to the modifier object from the onset of the
ambiguous PP until the sentence offset. The first vertical
line marks the onset of the ambiguous PP, the second
vertical (dotted) line (341ms) indicates the mean onset
of the noun within the PP, and the third vertical
(dotted) line (959ms) corresponds to the minimum
offset of the sentence. Table 1 shows the results from
the best-fitting model. The analysis showed that there
was a main effect of Prosody, suggesting that

Figure 4. Proportion of looks to the modifier object (Experiment 1), time-locked to the onset of the ambiguous PP.
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participants looked at the modifier object significantly
more when presented with modifier prosody than with
instrument prosody.4

3.1.2. Instrument object analysis in the
anticipatory time window
We next report the analysis on the looks made to the
instrument object (the binoculars in Figure 3) in the
anticipatory time window. As with the analysis for
the modifier object in the anticipatory window, if partici-
pants use prosodic information in anticipatory proces-
sing, we expected to find more anticipatory looks to
the instrument object when the sentence was produced
with instrument prosody. Figure 5 shows the proportion
of looks to the instrument object from the onset of the
ambiguous PP until the sentence offset. Table 2 summar-
izes the results from the regression model. The analysis
showed there was a main effect of Prosody; participants

looked at the instrument object significantly more when
it was paired with instrument prosody than with
modifier prosody.5

Crucially, analyses of looks to (i) the modifier object
and (ii) the instrument object in Experiment 1 both
support the claim that Prosody influenced processing
before the onset of the object noun in the PP. Partici-
pants made more anticipatory eye movements to the
modifier object (the tiger) when the sentence was pre-
sented with modifier prosody, prior to encountering
the critical object noun. Similarly, they made more
anticipatory eye movements to the instrument object
(the binoculars) when the sentence had instrument
prosody. The results in the anticipatory time window
showed that participants adopted different expectations
for upcoming information depending on the location of
prosodic boundary.

In addition to the anticipatory time window analyses
reported above, we also addressed the possibility that
durational differences of the pause following the
subject NP between the modifier prosody and the instru-
ment prosody may have influenced the results. If partici-
pants used the differences in pause length after the
subject NP to anticipate the structure, a difference in
looks to each object should appear before the anticipat-
ory time window. To address this possibility, we ana-
lyzed the looks to the modifier object and those to the
instrument object, time locked to the onset of will until
the mean offset of the following verb. The results
confirmed that there was no effect of Prosody, indicating

Table 1. Linear mixed effect model results for the looks to the
modifier object in the anticipatory time window in Exp. 1.

β SE t-value p-estimate

Intercept 2.03 0.36 5.56 <.001
Prosody −1.34 0.36 −3.68 <.001
Noun Type
Trial Block

−0.29
−0.07

0.36
0.36

−0.79
−0.20

0.43
0.84

Prosody*Noun Type 0.51 0.73 0.70 0.48
Prosody*Trial Block
Noun Type*Trial Block
Prosody*Noun Type*Trial Block

1.08
0.57
0.86

0.73
0.73
1.45

1.48
0.79
0.59

0.14
0.43
0.55

The final model structure: Logit gaze ∼ Prosody * Noun Type * Trial Block +
(1 | Participant) + (1 | Item).

Figure 5. Proportion of looks to the instrument object (Exp. 1), time-locked to the onset of the ambiguous PP.
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that differences in the pause duration after the subject
NP did not affect participants’ interpretation of the
sentence.

3.1.3. Instrument object analysis in the
sentence-final word time window
For the duration of the sentence-final word time window,
we predicted that participants would exhibit processing
difficulty upon hearing an implausible instrument noun
when the sentence carries instrument prosody, because
they had already committed to an instrument construal
of the PP from the location of the prosodic boundary.
The processing cost due to the mismatch between
prosody and semantic input would be reflected in looks
to the plausible, but unmentioned, instrument object
(i.e. a pair of binoculars in Figure 3) on hearing the sen-
tence-final implausible instrument NP when the sentence
carries instrument prosody. Thus, we analyzed the pro-
portion of looks made to the instrument object in the sen-
tence-final word time window. Table 3 summarizes the
results from the best-fitting model.

The analysis revealed separate main effects of Prosody
and Noun Type. Participants looked at the instrument
object more often when they were presented with instru-
ment prosody compared to modifier prosody, regardless
of picture type. They also looked at the instrument
object more often when two of the same kinds of instru-
ment objects were presented in the visual scene (e.g. two
binoculars, Figure 3a), regardless of prosody type. A mar-
ginally significant main effect of Trial Block (p=0.06) also
suggests that there was a tendency for participants to
look at the instrument object more as they progressed

through the experiment. Some studies have observed a
general preference for instrument interpretations of struc-
turally ambiguous PPs in English (Frazier 1987; Schafer,
1996; Spivey-Knowlton & Sedivy 1995; Rayner, Carlson, &
Frazier, 1983; Rayner, Garrod, & Perfetti, 1992; but see
also Schütze & Gibson, 1999 and Taraban & McClelland,
1988, for evidence that the relation between the noun
and the status of the PP is crucial, and detailed discussion
in Schütze, 1995), and our results might reflect that partici-
pants were more likely to attach the ambiguous PP to the
verb than the NP, at least with these particular materials.

In addition, there was a weak trend towards an inter-
action between Prosody and Noun Type (p = 0.08). In
order to further explore the interaction, we conducted
separate post-hoc analyses on the effect of Noun Type
in the modifier and instrument prosody conditions,
respectively. The results showed that the effect of
Prosody was significant only in the implausible instru-
ment condition (p < .001) and not in the plausible
instrument condition (p = 0.25). Upon hearing the sen-
tence-final critical noun, participants were slower to
look at the implausible instrument object image (the
popcorn) when presented with the instrument prosody
conditions compared to the modifier prosody con-
ditions. No such difference between the two types of
prosody was observed when participants were pre-
sented with a plausible instrument noun. The results
are highly compatible with the idea that listeners antici-
pated an instrument object when presented with the
instrument prosody, and were later forced to redirect
their attention upon hearing an instrument-incompati-
ble noun.

3.1.4. Discussion
Previous studies have observed that the location of a pro-
sodic boundary strongly influences interpretation, in both
offline (Schafer, 1997) and online (Snedeker & Trueswell,
2003) tasks. The results of Experiment 1 support the
additional claim that listeners generate online predictions
for resolving PP attachment ambiguities on the basis of
the location of the prosodic boundary, manifesting as
increased looks to an object compatible with the pre-
dicted structure. Analyses of the sentence-final time
window suggest that participants exhibited processing
difficulty when there was a mismatch between the struc-
tural prediction and the actual input, reflected in delayed
looks to the referent corresponding to the sentence-final
noun.

Experiment 1 established that listeners use prosodic
information to generate predictions about upcoming
material when the alignment between prosodic boundary
information and syntactic structure is consistent and con-
ventional. Experiment 2 addresses whether listeners

Table 2. Linear mixed effect model results for the looks to the
instrument object in the anticipatory time window in Exp. 1.

β SE t-value p-estimate

Intercept −4.78 0.21 −22.77 <.001
Prosody 0.67 0.32 2.10 <.05
Noun Type −0.22 0.28 −0.78 0.44
Prosody*Noun Type 0.62 0.49 1.26 0.21

The final model structure: Logit gaze ∼ Prosody * Noun Type + (1 + Prosody
+ Noun Type | Participant) + (1 | Item).

Table 3. Linear mixed effect model results for the looks to the
instrument object for the sentence-final word time window in
Exp. 1.

β SE t-value p-estimate

Intercept −4.58 0.28 −16.34 <.001
Prosody 0.89 0.34 2.65 <.05
Noun Type −1.00 0.29 −3.43 <.01
Trial Block
Prosody*Noun Type

0.87
0.88

0.44
0.50

2.00
1.77

0.06
0.08

The final model structure: Logit gaze ∼ Prosody * Noun Type + Trial Block +
(1 + Prosody + Noun Type | Participant) + (1 | Item).
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adjust the extent to which they predict the resolution to an
ambiguous PP when the alignment is inconsistent and
unconventional, achieved by adding a prosodic boundary
in an unconventional location only in filler items. We pre-
dicted that listeners would adapt to the use of uninforma-
tive prosodic boundaries in filler items, reducing how
much they use the location of the prosodic boundary to
predict a resolution to the PP attachment ambiguity in
the experimental items. If confirmed, such results would
indicate that not only do listeners attend to speaker vari-
ation in prosodic cues, but that they also consider the
overall informativity of prosody, potentially reducing the
extent to which they engage in anticipatory processing.

3.2. Experiment 2 (unconventional filler prosody)

In Experiment 2, the target items (examples 4-5) were
identical to those used in Experiment 1, but Experiment
2 included filler sentences with unusual or unconven-
tional prosody. In the filler items, the boundary location
did not align with syntactic constituency structure and
the boundary tone imposed an unconventional
prosody onto the sentence, rendering prosody an
overall less reliable or informative indicator of syntactic
phrasing in Experiment 2.

3.2.1. Modifier object analysis in the anticipatory
time window
If the unconventional use of prosody for the filler items
influences how much listeners rely on prosodic

information in parsing, it was expected that participants
in Experiment 2 would reduce the extent to which they
use prosodic information in anticipating upcoming
structure. The same analyses described in Experiment 1
were conducted in Experiment 2. Figure 6 shows the
proportion of looks to the modifier object from the
onset of the ambiguous PP until the sentence offset,
indicating the two time windows used in the analysis.
Table 4 summarizes the results from the model used in
the analysis of looks to the modifier object in the antici-
patory time window. There was a main effect of Prosody,
in which participants looked at the modifier object sig-
nificantly more often when the sentence was produced
with the modifier prosody than with the instrument
prosody. There was also a main effect of Trial Block, indi-
cating that participants looked more often at the
modifier object in the second half of the experiment.
This suggests that the more participants encountered
filler items whose prosody was not conventional, the
more they adopted a modifier interpretation, regardless
of prosody type.6

3.2.2. Instrument object analysis in the
anticipatory time window
We next analyzed the proportion of looks made to the
instrument object in the anticipatory time window
(with the), shown in Figure 7. As with the modifier
object analysis in the anticipatory time window, we pre-
dicted that participants would rely less on prosodic cues
when filler items provided unconventional prosody.

Figure 6. Proportion of looks to the modifier object (Exp. 2), time-locked to the onset of the ambiguous PP.
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Table 5 summarizes the results. In contrast to the results
observed in Experiment 1, the analysis showed no effect
of Prosody, suggesting that participants did not antici-
pate an instrument noun with Instrument prosody
when filler items were presented with unconventional
prosody.

The analysis also showed a main effect of Noun Type,
in which participants looked more at the instrument
object in the plausible-instrument noun condition than
in the implausible-instrument noun condition. One poss-
ible account of this result is that global viewing strat-
egies were influenced by items in the visual world
array. Participants in Experiment 2 looked at the instru-
ment object more when there were two same objects
(e.g. two sets of binoculars in the plausible-instrument
condition in Figure 3 left) compared to when there
was only one instrument object (e.g. one set of binocu-
lars in the implausible instrument condition in Figure 3

right). We interpret this pattern as potentially reflecting
a rational strategy adopted over the course of the exper-
iment, in which participants learned to ignore anticipat-
ing the sentence completion from prosodic information,
relying instead on the objects in the visual array. The
effect is not present in Experiment 1; as prosody was
always conventional, there would presumably have
been no reason to adopt an alternative strategy.7

3.2.3. Instrument object analysis in the
sentence-final word time window
To address the prediction that the processing cost due
to the mismatch between prosody and semantic input
would be reduced in Experiment 2, we analyzed looks
to the instrument object for the duration of the sen-
tence-final word time window. Table 6 summarizes the
results. There was a main effect of Prosody, in which par-
ticipants looked at the plausible-instrument object more
with instrument prosody than with modifier prosody.
We also observed a main effect of Noun Type, in which
participants looked at the plausible-instrument object
more in the plausible-instrument condition than in the
implausible-instrument condition. The interaction
between Prosody and Trial Block indicates that the
effect of Prosody was significant only in the first half of
the experiment (β = -0.93, SE = 0.47, t = -1.98, p < .05
in Trial Block 1), but not in the second half of the exper-
iment (β = 0.37, SE = 0.35, t = 1.05, p = 0.30 in Trial Block
2). However, unlike Experiment 1 in which we found a

Table 4. Linear mixed effect model results for the looks to the
modifier object in the anticipatory time window in Exp. 2.

β SE t-value p-estimate

Intercept 1.72 0.39 4.47 <.001
Prosody −0.95 0.36 −2.64 <.01
Noun Type −0.21 0.36 −0.60 0.55
Trial Block
Prosody*Noun Type
Prosody*Trial Block
Noun Type*Trial Block
Prosody*Noun Type*Trial Block

1.12
0.40
0.73
1.42

−0.61

0.450
0.72
0.72
0.72
1.43

2.50
0.56
1.02
1.99

−0.42

<.05
0.68
0.31
0.47
0.67

Final model structure: Logit gaze ∼ Prosody * Noun Type * Trial Block + (1 |
Participant) + (1 | Item).

Figure 7. Proportion of looks to Instrument object (Exp. 2), time-locked to the onset of the ambiguous PP.
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marginally significant interaction between Prosody and
Noun Type, there was no interaction between the two
factors in Experiment 2, suggesting that the penalty
for mismatching prosody was reduced in Experiment
2. Participants in Experiment 2 may have come to rely
less on prosodic information for structural disambigua-
tion when filler items had unconventional prosody.
The differences between Experiment 1 and 2 will be
explored in greater depth in the combined analysis in
Section 3.3, and with the permutation analysis in
Section 3.4 below.

3.2.4. Modifier object analysis in the sentence-final
word time window
The above analysis showed that there was an interaction
between Prosody and Trial Block. If the results reflect the
fact that participants in Experiment 2 changed their
interpretations of prosodic cues over the course of the
experiment, the same pattern of results would be also
observed in the looks to the modifier object. To
address this interpretation, we analyzed the looks
made to the modifier object for the duration of the sen-
tence-final word time window in Experiment 2. The
analysis in the sentence-final word time window for
the looks to the modifier object revealed that there
was an interaction between Prosody and Trial Block
(β = 1.87, SE = 0.68, t = 2.74, p < .01). The planned com-
parison analyses on the simple effect of Prosody in
Trial Block 1 and Trial Block 2 confirmed that the effect
of Prosody was greater in Trial Block 1 (β =−3.15, SE =
0.48, t = −6.62, p < .001) than in Trial Block 2 (β =

−1.29, SE = 0.47, t =−2.71, p < .01). The results suggest
that the more participants in Experiment 2 encountered
unconventional prosody with filler items, the less they
used prosodic information to anticipate the upcoming
information in processing target items.

3.2.5. Discussion
The results of the analyses in the anticipatory window of
Experiment 2 showed that participants looked more to
the modifier object when presented with modifier
prosody, but did not appear to anticipate the instrument
object in conditions with instrument prosody. The
results also indicate that eye-movement patterns
changed over the course of the experiment. The
results in both time windows showed that the effect of
prosody was weaker in the second half of the exper-
iment compared to the first half, suggesting that partici-
pants engaged in predictive processing less often as the
experiment progressed. The sentence-final word time
window analysis also indicated that participants may
have committed less often or less strongly to a particular
structure, as shown by a reduced penalty for mismatch-
ing prosody. Participants in Experiment 2 did not appear
to exhibit any strong processing costs upon encounter-
ing an implausible instrument object in the instrument
prosody condition.

The results of Experiment 2 were different from those
of Experiment 1 in that listeners in Experiment 2
adjusted their processing strategies when prosodic
boundaries did not consistently align with syntactic con-
stituency. Taken together, the experiments suggest that
listeners are highly attuned to the reliability of prosodic
information, reducing the extent to which prosodic cues
drive anticipatory language processing. In order to more
directly address differences between studies, we present
a combined analysis of gaze locations upon presentation
of the disambiguating noun.

3.3. Combined analysis between Experiment 1
and 2 in the sentence-final word time window

The main analyses reported above revealed that there
was an interaction between Prosody and Trial Block in
the sentence-final word window only in Experiment 2
but not in Experiment 1. The pattern suggests that
only participants in Experiment 2 changed the degree
to which they used prosodic cues in structural analysis
over the course of the experiment, possibly reflecting
that the processing cost due to the mismatch between
prosody and the sentence-final noun was reduced in
the second half of the experiment. To more directly
investigate whether participants showed a greater
reduction of anticipatory processing in later trials of

Table 6. Linear mixed effect model results for the looks to the
instrument object in the sentence-final word time window in
Exp. 2.

β SE t-value p-estimate

Intercept -4.93 0.20 -24.71 <.001
Prosody 0.83 0.24 3.58 <.001
Noun Type -1.42 0.24 -4.91 <.001
Trial Block 0.02 0.31 -0.06 0.95
Prosody*Noun Type
Prosody*Trial Block
Noun Type*Trial Block
Prosody*Noun Type*Trial Block

0.02
-0.93
0.05
-1.12

0.47
0.47
0.47
0.93

0.04
-2.00
0.11
-1.20

0.97
<.05
0.91
0.23

Final model structure: Logit gaze ∼ Prosody * Noun Type * Trial Block + (1 +
Noun Type | Participant) + (1 | Item).

Table 5. Linear mixed effect model results for the looks to the
instrument object in the anticipatory time window in Exp. 2.

β SE t-value p-estimate

Intercept -4.95 0.19 -26.11 < .001
Prosody 0.27 0.23 1.16 0.25
Noun Type -0.74 0.27 -2.70 < .05
Prosody*Noun Type 0.05 0.46 0.10 0.92

Final model structure: Logit gaze ∼ Prosody * Noun Type + (1 + Noun Type |
Participant) + (1 | Item).

14 C. NAKAMURA ET AL.



Experiment 2 compared to Experiment 1, we combined
the data across the two studies into a between-partici-
pant analysis.

Models of looks within the sentence-final time window
to the modifier and instrument objects were constructed
as before, except that Experiment (Experiment 1 or Exper-
iment 2) was added as a categorical between-participant
predictor. As predicted, there was an interaction
between Trial Block and Experiment (β = 1.13, SE = 0.51,
t = 2.23, p < .05 for the looks to the modifier object, β =
−0.89, SE = 0.36, t = −2.51, p < .05 for the looks to the
instrument object), in which the difference between the
two types of prosody for the looks to the target objects
was reduced between the first and second halves of
Experiment 2 compared to Experiment 1. Figure 8 shows
the changes in the proportion of looks to the modifier
object and those to the instrument object in the sen-
tence-final word time window throughout Experiment
2. The figure illustrates that the difference between the
two types of prosody reduced towards the end of the
experiment, and the participants began to favor the
modifier object towards the end of the experiment.

3.4. Permutation analysis

The central analysis suggests that the mismatch
between the instrument prosody and the implausible-
instrument nouns elicited a smaller processing cost in
Experiment 2 than in Experiment 1, even though the
experimental items were identical. The linear-mixed-

effects analysis in separate time-windows, reported
above, are standard, well-established approaches to ana-
lyzing visual world eye-tracking data (e.g. Altmann &
Kamide, 1999; Altmann & Kamide, 2007; Nakamura et al.,
2012), especially when there are clear expectations about
when the effects are predicted to appear (i.e. in the case
of this study, the anticipatory time window and the sen-
tence-final word time window). However, there are other
methods for analyzing time course data without any a
priori assumptions regarding a time window of interest
(Groppe, et al., 2011; Maris, 2012; Maris & Oostenveld,
2007). To further explore the differences in the time
course of the effects, we employ a non-parametric permu-
tation analysis (Dautriche, et al., 2015; Von Holzen & Mani,
2012). The analysis allows us to better assess when looks to
critical objects in the visual scene began to diverge
between conditions in the absence of a predefined analy-
sis window.

We conducted the permutation test following the pro-
cedure used in Chan et al. (2018). We first created a
dataset that included implausible-instrument + modifier
prosody and implausible-instrument + instrument
prosody conditions in Experiment 1 and 2. Within this
dataset, 20ms time bins were created for 1500ms follow-
ing the onset of the ambiguous PP. We then compared
the difference between the two types of prosody
(modifier prosody and instrument prosody) for each
time bin using the t-test. Clusters were created by com-
bining adjacent time bins in which the difference
between the two prosody types was significant (p <

Figure 8. Changes in looks to modifier and instrument objects throughout Experiment 2 in the sentence-final word time window.
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.05). For each cluster, we ran a simulation test 1000 times
for each experiment by randomly permuting the modifier
prosody and the instrument prosody labels. This pro-
cedure allowed us to obtain the distribution of t-values
without presupposing any particular link between the
conditions of the stimuli and the eye-tracking data. We
then summed the t-values produced for each time bin
within each cluster for each experiment, and constructed
a histogram of the simulation data. Finally, we computed
p-values by calculating the proportion of the summed t-
values in the simulation distribution that were larger
than the summed t-values for each of the cluster in the
original dataset. If the proportion was less than 0.025,
the difference was considered to be significant under a
two-tailed t-test.

Figure 9 shows the proportion of looks to the
instrument object in the implausible instrument con-
ditions in Experiment 1 and 2, time-locked to the
onset of the ambiguous PP of each item (i.e. start of
the anticipatory time window). The solid grey line
denotes the proportion of looks to the instrument
object in the modifier prosody condition, and the
dashed black line denotes the proportion of looks to
the instrument object in the instrument prosody con-
dition. The time clusters where two types of prosody
differ significantly from one another are indicated by
grey blocks shown on top of each Experiment panel.

The small bars on the bottom of each Experimental
panel shows p-values for the difference between the
two types of prosody for individual 20ms time bin
before the clusters were made. If the bar is extended
downward in grey, the p-value is greater than .05. If
the bar is extended upward in black, the p-value is
significant.

The permutation analysis revealed that the timing of
processing difficulty in the implausible instrument +
instrument prosody condition differed between the
two experiments. In Experiment 1, there was a single
time cluster in which the two types of prosody signifi-
cantly deviated from each other. Participants in Exper-
iment 1 looked significantly more at the instrument
object with Instrument prosody than with modifier
prosody between 260ms to 740ms (total window time
= 480ms, p < .001). Considering that the average onset
of the sentence-final word falls around 340ms after the
onset of the anticipatory time window, it is likely that
participants in Experiment 1 started to make anticipat-
ory eye-movements towards the instrument object in
Instrument prosody conditions, where they continued
to look until hearing the implausible-instrument noun.
In Experiment 2, a similar effect was observed in two,
shorter time clusters: first from 300ms and 460ms
(total window time = 160ms, p < .001), and then from
600ms to 660ms (60ms, p < .05).

Figure 9. Average proportion of looks to the instrument object in the implausible-instrument conditions in Experiment 1 (top) and
Experiment 2 (bottom), time-locked to the onset of the ambiguous PP. The large grey blocks in each panel represent the time clusters
when the two different prosody conditions are significantly different by the permutation analysis.
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Taken together, the results suggest that participants
in Experiment 1 looked at the instrument object earlier
and for a longer duration, compared to participants in
Experiment 2. The results most likely indicate that Instru-
ment prosody led to stronger expectations for an instru-
ment noun in Experiment 1, and that participants
subsequently exhibited greater processing difficulty on
an implausible-instrument noun, as a consequence.

4. General discussion

We conducted two visual world paradigm studies
manipulating the location of prosodic boundaries to
determine how and when listeners use boundary
locations in disambiguating PP attachment sites during
online auditory sentence comprehension. Experiment 1
showed that gaze location was guided by the location
of a prosodic boundary, in support of previous claims
that listeners use prosodic boundaries to disambiguate
sentence meanings (Carlson et al., 2001; Schafer, 1997;
Snedeker & Trueswell, 2003, among many others). In par-
ticular, participants looked at the object that was most
compatible with the location of the prosodic boundary:
modifier objects garnered more looks when the PP was
given modifier prosody, and instrument objects received
more looks when the PP was presented with instrument
prosody. Crucially, these effects were observed before
participants heard the object noun, further suggesting
that participants used cues to prosodic structure to
anticipate likely syntactic structure.

Assuming that listeners predicted an attachment site
for the PP on the basis of a prosodic boundary location,
processing at the sentence final noun was expected to
be disrupted when it was pragmatically incompatible
with the predicted structure. The results are highly com-
patible with this prediction. When the sentence ended
with an implausible-instrument object, participants
were slower to look at the implausible-instrument
object on hearing the sentence-final NP in the instru-
ment prosody condition compared to the modifier
prosody condition. The evidence suggests that partici-
pants expected an instrument interpretation of the PP
when presented with instrument prosody; receiving a
noun that did not match their expectation (i.e. an
implausible instrument noun) elicited a delay in looks
to the mentioned target noun. In contrast, nouns in
the instrument-plausible condition were also compati-
ble with a modifier construal, and thus did not elicit a
processing penalty.

Experiment 2 presented the same experimental
materials as Experiment 1, but included filler sentences
with unusual or unconventional prosody, rendering
prosody a less reliable or informative indicator of

syntactic phrasing. If listeners attend to the overall infor-
mativity of prosody, participants in Experiment 2 should
have been less tempted to use prosodic information to
resolve structural ambiguity compared to those in Exper-
iment 1. As expected, boundary locations indicating an
instrument interpretation did not result in anticipatory
eye movements to the instrument-noun target.
However, the reduction of anticipatory processing did
not extend to conditions with modifier prosody, which
instead appeared to elicit more modifier interpretations
of the PP. A post-hoc analysis of trial order revealed that
participants looked at the modifier object more often as
they progressed in the experiment with both types of
prosody. Participants apparently learned to ignore
certain kinds of prosodic boundary information the
more they were presented with fillers with unconven-
tional boundary locations, opting to look to nouns com-
patible with modifier interpretations rather than
instrument interpretations. The modifier object in the
visual array was always a combination of an animal
and an object, and participants appeared to have
chosen the element that was compatible with both
interpretations (a picture of the tiger that has a pair of
binoculars can be interpreted both as “the tiger that
has the binoculars” and “the tiger was seen by the
binoculars”).

An alternative interpretation of the asymmetric effect
of boundary location on predictive processing in Exper-
iment 2 is that modifier prosody is simply a stronger or
more reliable indicator of a PP modifier. In the previous
literature, attaching the ambiguous PP to the verb (i.e.
the instrument interpretation) has sometimes said to be
the preferred interpretation in English (Frazier 1987;
Schafer, 1997; Spivey-Knowlton & Sedivy, 1995; Rayner,
et al., 1983; Rayner, et al., 1992; but see also Schütze,
1995; Schütze and Gibson, 1999). It has been reported
in previous studies on implicit error-based learning
accounts that an effect of syntactic priming is larger
with non-default, usually dispreferred structures
because they generate greater prediction error (Chang
et al., 2006; Dell & Chang, 2013; Jaeger & Snider, 2013).
Assuming that comprehenders tend to prefer instrument
interpretations of ambiguous PPs, it is possible that the
influence of prosodic boundary information was stronger
with the non-default, modifier interpretation.

In addition, it is also possible that modifier prosody
had a stronger influence than instrument prosody
because prosodic boundary was located at an earlier
point in the sentence stimuli for modifier prosody com-
pared to instrument prosody. Since the prosodic bound-
ary was placed before the patient NP in modifier prosody
whereas it was placed after the patient NP in instrument
prosody, participants had more time to incorporate
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boundary location information into anticipatory proces-
sing, resulting in a delayed effect for modifier prosody.

Further, the lack of anticipatory commitment to the
instrument interpretation in Experiment 2 was also
reflected in the results in the sentence-final word time
window. Unlike the results of Experiment 1, no inter-
action between Prosody and Noun Type was observed
in Experiment 2. This finding supports the claim that par-
ticipants in Experiment 2 did not generate as strong of
an expectation for an instrument noun when sentences
had instrument prosody, thus showing reduced proces-
sing costs upon hearing an implausible instrument noun
compared to participants in Experiment 1. The com-
bined analysis of Experiment 1 and 2, as well as the per-
mutation analysis, support this interpretation.

The findings are highly compatible with the claim
that listeners use prosodic information to anticipate
the structure of upcoming speech, and consequently
experience processing difficulty when they receive
input that does not match their expectations. Listeners
relied less on prosodic information when prosodic
boundaries did not consistently align with syntactic con-
stituency. As suggested by many previous studies, listen-
ers were found to be highly attuned to how a particular
speaker used prosodic information, and adjusted the
extent to which they utilized this information to
resolve structural ambiguity.

Most previous research on adaptation has examined
whether exposure to specific contexts can shift judg-
ments towards another possible interpretation, such as
categorization shift in the perception of phonetic and
prosodic information (Norris et al., 2016; Kurumada,
Brown, & Tanenhaus, 2018), or, as with our study, how
structural ambiguity is resolved (e.g. high and low
attachment structure in Kamide, 2012, or main verb
and relative clause structure in Fine et al., 2013).
However, in these studies, participants may have
learned the unconventional use of linguistic information
as a speaker-specific property, whereas the present
study manipulated the overall reliability of the infor-
mation. In other words, whereas previous results can
be explained by a rapid re-mapping between a linguistic
form and its category or meaning, our findings suggest
that listeners evaluate the overall reliability of prosodic
information and adjust the extent to which prosody
serves as an indicator of upcoming structure.

We now consider the implications of our results on
sentence processing models that account for linguistic
adaptation. In recent years, highly influential approaches
have cast the adaptive nature of the language proces-
sing system within a framework of hierarchical genera-
tive models to explain how language users successfully
accommodate linguistic variation among speakers

(Clark, 2013). These accounts assume that language
users generate top-down predictions from probabilistic
models derived from bottom-up cues, models which
are continuously updated as additional input is received.
As discussed in Introduction, Bayesian belief-updating
variants of this general model propose that adaptation
is driven by attempting to minimize the prediction
error – i.e. the mismatch between prediction and obser-
vation. More specifically, the error-based implicit learn-
ing account suggests that when comprehenders
receive information that is different from what was
expected, an error signal is generated. This error signal
is used to update probabilistic distributions of how lin-
guistic cues are used, allowing comprehenders to
adapt to the statistics of the input (e.g. Chang et al.,
2006; Foltz, 2020; Jaeger & Snider, 2013; Kleinschmidt
& Jaeger, 2015; Qian, Jaeger, & Aslin, 2012; Tanenhaus,
et al., 2015; Roettger & Franke, 2019). Such an approach
could plausibly account for prosodic adaptation, as
reliance on prosodic information in resolving structural
ambiguity is reduced in order to minimize the error gen-
erated by a mismatch between prosody-based expec-
tations and the input the listener actually receives.

Foltz (2021) used a Bayesian belief-updating model to
account for previous findings in which L1 German and L2
English listeners appear to adapt to infelicitous contras-
tive L+H* accent (e.g. Click on the red duck. Click on the
GREENL+H* banana) in German (Foltz, 2020). The use of
contrastive accent on the adjective green would nor-
mally lead listeners to expect a color contrast within
the same noun category (duck), instead of a new noun
(e.g. Ito & Speer, 2006; Sudhoff, 2010). She argued that
the extent to which listeners rely on contrastive L+H*
accent in predictive processing is relative to the extent
to which the accent is supported as a valid, predictive
cue within the experiment. She showed how a Bayesian
adaptation model could account for inhibition of an
unexpected referent as the informativity of contrastive
accent progressively decreased over the course of the
experiment in response to prediction error. Inhibition
of an unexpected target word was also observed after
native German listeners were exposed to an intervening
training phase with only felicitous pitch accent from the
same speaker, suggesting that listeners are able to
rapidly adjust their expectations given relatively local
statistics of the data (see also Nakamura et al., 2019).

Foltz’s (2021) findings may also be consistent with the
distinction between predictive pre-activation and pre-
dictive pre-updating proposed in some recent theories
of language comprehension (Lau, Holcomb, Kuperberg,
2013; Ness & Meltzer-Asscher, 2018). Predictive pre-acti-
vation occurs when comprehenders activate linguistic
representations before they receive an actual input
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(e.g. prediction of a repeated noun on hearing the con-
trastive L+H* in the above example), and predictive pre-
updating generates even stronger commitment to the
predicted material (e.g. inhibition of unpredicted refer-
ents in the above example). The results of the present
study are also consistent with this view in the sense
that the degree of predictive structural commitment lis-
teners made based on prosody may have been relative
to the validity of prosodic boundary information as a
predictive cue.

In our study, the experimental materials were identi-
cal in the two experiments, which differed only in
whether the filler items contained conventional or
unconventional uses of prosody in ways that were
orthogonal to the experimental materials. If comprehen-
ders do not track fine-grained usage statistics regarding
how prosody aligns with structure, then the unconven-
tional prosody of filler items could, in principle, have
had little to no effect on how listeners resolve the struc-
tural PP attachment ambiguities in the experimental
items. However, the prosody of the filler items disrupted
anticipatory processing in the experimental items, as the
effect of boundary location was reduced in Experiment 2
compared to Experiment 1. It seems likely that listeners
in Experiment 2 learned that prosodic boundary infor-
mation, in general, had a limited utility for predicting
upcoming structure.

It has been suggested from previous studies that lis-
teners continuously model many aspects of particular
speakers (e.g. Clark & Marshall, 1978) and rapidly
adjust their assessment of potential cues in the signal
such as foreign accents (Bradlow & Bent, 2008; Clarke
& Garrett, 2004; Clarke & Luce, 2005) and emotional
states of the speaker (Sobin & Alpert, 1999; Williams &
Stevens, 1972; Chin & Pisoni, 1997; Johnson, Pisoni, &
Bernacki, 1990; Pisoni and Martin, 1989). These studies
show that listeners use information about the source
of speech production to accommodate non-standard
speech, and are seemingly biased towards understand-
ing variation in the speech signal as a characteristic
which is specific to the speaker. For example, listeners
interpret a non-standard production of /s/ as a
speaker-specific characteristic, unless they are shown
or told that the speaker has a pen in her mouth while
speaking (Kraljic et al, 2008; see also Kraljic and
Samuel, 2011). Subsequent studies have proposed that
experiences of atypical or ambiguous percepts may be
maintained within the perceptual system, even when
no causal explanation of the non-standard segment is
explicitly provided (Liu & Jaeger, 2018). Prior visual
world studies further show that explicitly informing par-
ticipants that the speaker has reduced verbal fluency
(Arnold et al., 2007) or social ability (Grodner & Sedivy,

2011) reduces discourse and pragmatic inferences.
Even linguistic indicators of age, gender, and socio-
economic class rapidly generate early stereotypical infer-
ences about a speaker’s likely viewpoint, yielding elec-
trophysiological disruption when the message clashes
with the stereotype (e.g. Van Berkum, 2009; Van
Berkum et al., 2008).

Our results contribute to this literature by noting that
listeners can adapt to speaker-specific productions even
when deviance in speech production is not explained by
properties or characteristics that could be attributed to
the speaker or to the speech event. In other words, lis-
teners use various sources of information in speech pro-
cessing including consistency/inconsistency in the use
of particular information. This in turn suggests that
Experiment 2 may have yielded different results if
prosody was used to signal unconventional meaning
consistently throughout the experiment and partici-
pants were able to explicitly provided with a reason
for the use of unconventional prosody.

A recent visual world study tested this prediction.
Nakamura, Harris, & Jun (2019) showed that listeners
anticipate referents on the basis of contrastive L+H*
accent when a speaker consistently uses it in conven-
tional ways, i.e. to mark contrastive focus in English.
Once the use of contrastive accent deviated from con-
vention, listeners failed to generate anticipatory looks
to the referent, even though the speaker’s use remained
highly systematic (their Experiment 2). However, impor-
tantly, they further demonstrated that when listeners
were told that the speaker would try to trick them, listen-
ers quickly learned the unconventional use of contras-
tive accent, even anticipating which referent would be
mentioned next (their Experiment 3).

In all, the results support models in which listeners
rapidly adjust to speaker-specific patterns in production,
and that they may do so with or without any explicit
explanation for the variation. However, assuming that
anticipatory processing is a potentially risky processing
strategy, listeners may be less willing to engage in
language prediction when not only is speaker variation
high, but the source of speaker variation remains
unexplained.

5. Conclusions

Two visual world studies investigated the role of proso-
dic boundary placement in anticipatory language pro-
cessing. The results suggest two major conclusions.
First, prosody drives structural prediction prior to disam-
biguating information, lending support to models of
language comprehension in which multiple sources of
information, including prosody, generate predictions
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about upcoming speech. Second, we argued that the
degree to which prosodic cues were used in structural
analysis was modulated by the listeners’ evaluation of
the overall informativity of how prosodic cues are used
by the speaker. Listeners seemed to have adapted to
the reduced utility of prosodic boundary information
when prosodic and syntactic information were not con-
sistently aligned. In general, the results support the view
that the predictive mechanisms in language comprehen-
sion are finely tuned not only to speaker-specific vari-
ation, but also to the presumed quality of information
driving predictive processing. If erroneous predictions
pose additional processing risks for comprehension, lis-
teners may strategically avoid engaging in predictive
processes without having sufficient confidence in the
source of speaker variation.

Notes

1. In Schafer (1997), the prosodic boundary was an Inter-
mediate Phrase (ip) boundary, not an Intonational
Phrase (IP) boundary. An IP is a larger prosodic unit
than an ip. Both types of prosodic boundary are marked
by phrase-final lengthening and a boundary tone, but
the degree of final lengthening is weaker in an ip than
an IP and the boundary tone contour is simpler in ip
than IP. Also, a pause can follow an IP boundary, but
not an ip boundary (Beckman & Pierrehumbert, 1986).

2. Acoustic analysis confirmed that the duration of the
pause after the subject NP was significantly longer in
the instrument prosody than in the modifier prosody
(p<0.001).

3. The empirical logit of looks to the modifier object was

calculated using the function h
′ = In

y + 0.5
n− y + 0.5

( )

where y is the number of looks to the modifier object
and n is the total number of looks to all the objects in
the scene including background (Barr, 2008). The same
calculation was used in the analyses of the looks to
the instrument object.

4. In order to verify that the effects found in the anticipat-
ory time window reflect anticipatory processing, we con-
ducted the same analysis by time-locking to the onset of
the sentence-final noun in each item and going back to
the mean onset of the ambiguous PP (henceforth, back-
ward analysis). This analysis ensured that the time
window of analysis included only eye-movement pat-
terns that were made prior to the onset of the sen-
tence-final noun in all items. The results of the
backward analysis provided different levels of signifi-
cance, but found similar results except for the analysis
in looks to the modifier object in the anticipatory time
window in Experiment 2. See the footnote in each
section reporting the results of the backward analysis.

5. We again conducted the backward analysis for the looks
to the instrument object by time-locking to the onset of
the sentence-final noun in each item and going back to
the mean onset of the ambiguous PP. The backward

analysis showed the same results as those reported in
the main text.

6. We also conducted a backward analysis for the looks to
the modifier object in Experiment 2 by time-locking to
the onset of the sentence-final noun in each item and
going back to the mean onset of the ambiguous PP. In
addition to the effects reported in the main text, there
was an interaction between Prosody and Trial Block (p
< .001). A separate analysis on the simple effect of
Prosody in Trial Block 1 and Trial Block 2 showed that
the difference between the two types of prosody was
significant only in Trial Block 1 (p < .001) and there
was no significant effect of Prosody in Trial Block 2 (p
= 0.11). The results are consistent with the findings
reported in the sentence-final word time window.

7. The backward analysis for the looks to the instrument
object in Experiment 2 showed the same results as
those reported in the main text.
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Appendix

The 24 experimental items used in Experiment 1 and 2. The
sentences had a prosodic boundary either after the verb
(Modifier prosody) or between the noun and the PP (Instru-
ment prosody). The sentence-final noun was either a plaus-
ible-instrument noun or an implausible-instrument noun.

1. The boy % will write to (%) the pig (%) with the pen/cup.
2. The boy % will write to (%) the bear (%) with the chalk/

glass.
3. The boy % will write to (%) the panda (%) with the crayon/

jelly.
4. The girl % will look at (%) the cat (%) with the glasses/

coffee.
5. The girl % will look at (%) the tiger (%) with the telescope/

steak.
6. The girl % will look at (%) the mouse (%) with the lens/juice.
7. The girl % will see (%) the turtle (%) with the goggles/egg.

8. The boy % will see (%) the tiger (%) with the binoculars/
popcorn.

9. The boy%will see (%) the frog (%) with themicroscope/milk.
10. The boy % will sing to (%) the frog (%) with the guitar/

necktie.
11. The boy % will sing to (%) the dog (%) with the micro-

phone/tea.
12. The boy % will sing to (%) the cat (%) with the piano/

pudding.
13. The girl % will hide (%) the turtle (%) with the towel/jam.
14. The girl % will hide (%) the sheep (%) with the blanket/

cake.
15. The girl % will hide (%) the bear (%) with the scarf/soup.
16. The girl % will feed (%) the rabbit (%) with the spoon/

headphones.
17. The boy % will feed (%) the panda (%) with the chopsticks/

sunglasses.
18. The boy % will feed (%) the pig (%) with the fork/watch.
19. The boy % will scratch (%) the elephant (%) with the

shovel/water.
20. The boy % will scratch (%) the mouse (%) with the stick/

wine.
21. The girl % will scratch (%) the sheep (%) with the hair-

brush/yogurt.
22. The girl % will clean (%) the elephant (%) with the brush/

cereal.
23. The girl % will clean (%) the dog (%) with the comb/collar.
24. The girl % will clean (%) the rabbit (%) with the sponge/

necklace.
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