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ABSTRACT

We show that the pupillometry method, which con-
tinuously captures minute changes in pupil size,
provides a natural, real-time measure sensitive to
mismatches between prosodic and syntactic group-
ing. Pupillometry is increasingly used as a measure
of language comprehension, finding increased pupil
size for syntactically complex sentences (e.g., [5]),
violations of expected meter [18], and inadequate or
misleading pitch accent [25].

Using materials from Kjelgaard & Speer [9], we
found that improper prosodic boundary location in-
creases pupil size, which increased differentially
when the syntactic structure was independently hard
to parse. The findings suggest that prosodic mis-
alignment created additional cognitive load during
auditory sentence comprehension, confirming that
prosodic boundaries are immediately incorporated
into structural analysis. We discuss implications for
theories of prosody-syntax alignment in real-time
sentence parsing, along with methodological and
statistical innovations afforded by this method.

Keywords: Prosodic alignment; boundary place-
ment; prosodic processing; pupillometry

1. INTRODUCTION

1.1. Prosodic boundaries and alignment

In spoken speech, the degree of juncture between
each word is different, reflecting the organiza-
tional structure of the utterance, known as prosodic
structure, the hierarchically organized groupings of
words. These groupings are prosodic units such as
an Intonational Phrase (IP; a major prosodic unit)
or Intermediate Phrase (ip; a minor prosodic unit)
[3, 7]. Since prosodic grouping is influenced by
many factors such as syntactic structure, informa-
tion structure, rhythm, length of a phrase, and even
speech rate [21], there can be multiple prosodic
boundaries in an utterance. Though the prosodic
structure is not isomorphic to syntactic structure, the
boundary of a major prosodic unit often matches or
aligned with the boundary of a major syntactic con-

stituent [21, 7, 20]. In English, there are multiple
acoustic cues marking an IP boundary. The end of
an IP is realized by pre-boundary lengthening and
changes in pitch (called a boundary tone, e.g., H%
for ending with a high pitch, L% for ending with a
low pitch), and possibly followed by a pause [3, 12].
Studies on the role of prosodic phrasing in syntac-
tic disambiguation have shown that speakers use a
prosodic boundary to deliver their intended syntac-
tic structure, and major prosodic boundaries are ro-
bustly perceived by listeners [15].

Even though not all prosodoic boundaries are
obligatory, listeners are nonetheless highly sensi-
tive to their location in disambiguation, as syntac-
tic clauses and major intonational phrases (IP) tend
to be closely aligned with each other. For exam-
ple, prosodic boundaries are known to disambiguate
globally (1) and temporarily (2) ambiguous struc-
tures [9, 17, 22]. In (1), even though the preposi-
tional phrase from Alabama is structurally ambigu-
ous, the location of a boundary (%) can disam-
biguate whether it modifies the noun (1a) or the verb
(1b), indicated by underlining.

(1) a. Paula phoned % her friend from Al-
abama

b. Paula phoned her friend % from Al-
abama

Similary, boundary placement can disambiguate
temporarily ambiguous sentences. In (2), the noun
the house is temporarily ambiguous between the
subject of a new clause (2a: Early closure) and the
object of the preceding verb (2b: Late closure). A
Late closure interpretation is generally preferred in
the absence of prosodic or orthographic cues. There
are many explanations of this preference, including
the idea that treating the house as an object is ini-
tially syntactically less complex, and must be rein-
terpreted as a subject upon encountering the disam-
biguating matrix verb is [6].

(2) When Roger leaves the house . . .
a. When Roger leaves % the house is dark
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b. When Roger leaves the house % it’s
dark

How do prosodic boundaries affect parsing deci-
sions? In a series of mainly offline experiments,
Kjelgaard & Speer [9] found that interpreting a
sentence was facilitated when a prosodic boundary
aligned with the syntactic clause boundary (Coop-
erating prosody), and that interpretation was hin-
dered when the prosody and syntax were misaligned
(Non Cooperating prosody) compared to a neu-
tral prosody baseline condition. Disambiguating
boundaries have also been shown to elicit unique
electrophysiological signatures in electromagnetic
(EEG) studies [23]. In addition, visual world
paradigm (VWP) studies have shown that listen-
ers use prosodic boundaries to anticipate upcoming
structure [22].

However, each of these methods has potential
drawbacks: offline measures are too coarse to as-
sess real time processing; EEG measures are com-
paratively expensive and time-consuming; and gaze
patterns within the VWP are highly contingent
on the images or scenes presented to the subject,
and may therefore encourage task-specific strategies
[16]. Though no measure is perfect, the pupillome-
try method outlined below offers a promising middle
ground: an easy to administer, comparatively inex-
pensive, but online and passive measurement.

1.2. Pupillometry method

Pupillometry records continuous changes in pupil
diameter associated with a stimulus, typically reach-
ing its peak between 700 and 1200ms after stimulus
onset [13]. Pupil size naturally fluctuates involun-
tarily, and dilates in response to (i) the presentation
of an external stimulus (e.g., changes in luminance,
arousing imagery, difficult arithmetic problems), or
(ii) neural inhibition from either the parasympathetic
oculoumotor system or the locus coeruleus of the
noradrenergic system [24]. Pupil size increases as
a function of cognitive load or mental effort, and
has been implicated in many tasks involving mem-
ory and attention [13].

Pupil dilation has recently been explored as a
measure of language comprehension (see [19] for
review), finding increased pupil size for structurally
complex sentences [5, 4, 8], semantic anomalies [4],
lexical frequency or increased emotional valence
[10], violations of expected meter [18], and inade-
quate or misleading pitch accent [25]. Though still
sparse, the current literature strongly suggests that
growth in pupil size indexes increased effort and at-
tention associated with difficult to interpret material

along various linguistic dimensions.
Engelhardt et al. [5] measured pupil dilation on

Early closure sentences like (3), manipulating the
presence and size of a prosodic break at the clause
junction (between cleaned and the dog). Pupil di-
lation after the temporarily ambiguous noun (the
dog) increased in conditions that lacked the appro-
priate prosodic boundary, suggesting that a prosodic
boundary aligned with the syntactic clause eased the
interpretation of syntactically difficult structures.

(3) While the woman cleaned (%) the dog that
was big and brown stood in the yard.

The present experiment complements Engelhardt
et al.’s study by making several methodological and
statistical improvements. First, we added a Late
closure baseline, to assess the effect of Non Coop-
erating prosody on sentences that do not typically
produce processing difficulty. Second, we recorded
pupil dilation immediately after the prosodic phrase
containing disambiguating information. Impor-
tantly, the pupil was recorded during silence, so
acoustic differences between sentences could not af-
fect pupil size. Third, we used a statistical mea-
sure that is more appropriate for continuous mea-
sures with complex functional forms than is possi-
ble with the ANOVAs or linear regression models
that were in standard use at the time. In particular,
we used a growth curve analysis to model complex
changes in pupil dilation over time.

2. EXPERIMENT

2.1. Participants

Thirty-four native college-aged speakers of Ameri-
can English were recruited from a Psychology Sub-
ject Pool at UCLA. No participant reported any his-
tory of hearing loss or language disorder. Experi-
mental sessions lasted no more than 30 minutes, and
participants were compensated with course credit.

2.2. Materials and method

Subjects were instructed to look at a fixation cross
while listening to a sentence until it disappeared (3
seconds post-sentence). Their heads were stabilized
and the size of their pupils was measured by a high-
resolution eye tracker. Individual variation in pupil
size was normalized by subtracting pupil size from a
500ms pre-sentence baseline recorded on a series of
# marks, and then calculating the percent change at
each point over the entire trial per subject. Auditory
materials were played over loud speakers in a sound
isolated room.
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Sixteen quartets, modified from [9], were con-
structed, in a 2x2 design crossing Prosody (Coop-
erating, Non Cooperating), Closure syntax (Early,
Late). A sample item is shown in Table 1 with
the ToBI tone labels [2] representing the prosodic
boundaries and nuclear pitch accents found in exper-
imental items. The 16 experimental items were pre-
sented in counterbalanced and individually random-
ized order, interspersed with 36 sentences from un-
related experiments, and 26 non-experimental filler
sentences, for a total of 78 sentences per experi-
mental session. Comprehension questions were pre-
sented after half of the items to ensure that subjects
were paying attention, but were not analyzed further.

2.3. Results

To avoid assuming a linear form or an arbitrary time
window for analysis, the data were fit to a growth
curve model [14], a powerful statistical approach,
which can be used to quantify continuous changes in
pupillary response [11]. The best fitting model was a
third-order (cubic) orthogonal polynomial with fixed
effects of Prosody, Closure, and their interaction on
all time terms, and by-subject and by-item random
slopes [1], as shown in Table 2. Experimental pre-
dictor variables received deviation coding with Co-
operating prosody and Late closure conditions spec-
ified as the baselines for their respective factors.

Table 2: Linear mixed effects regression model
of a growth curve analysis with three orthogo-
nal polynomial terms (Linear; Quadratic; Cubic).
Significant terms marked as * rows.

Parameter Estimate SE t-value
(Intercept) -0.08 0.04 -1.94 +
Linear -16.94 0.31 -55.55 *
Quadratic 1.58 0.31 5.19 *
Cubic 2.07 0.31 6.78 *
NonCoop 0.01 0.04 0.18
Early -0.01 0.04 -0.22
Linear:NonCoop 1.86 0.31 6.11 *
Quadratic:NonCoop -1.84 0.31 -6.03 *
Cubic:NonCoop 0.16 0.31 0.51
Linear:Early -1.64 0.31 -5.37 *
Quadratic:Early -1.03 0.31 -3.37 *
Cubic:Early 0.91 0.31 2.96 *
NonCoop:Early 0.00 0.04 -0.11
Linear:NonCoop:Early -2.13 0.31 -6.99 *
Quadratic:NonCoop:Early -0.10 0.31 -0.32
Cubic:NonCoop:Early 0.89 0.31 2.93 *

We follow [11] in the interpretation of pupil di-
lation in terms of the growth curve components:
larger linear terms indicate steeper deflection from a
flat line; more negative quadratic terms indicate in-
creased non-linearity; and more positive cubic terms
reflect the steepness of the rise and fall of the pupil-
lary response; see Figure 1.

We summarize the major points from the statis-
tical model from Table 2. In cases of Non Coop-
erating prosody, there were steeper slopes (an in-
creased linear polynomial) with a more non-linear
shape (identified in terms of the quadratic compo-
nent). For the Closure condition, Early closure
sentences elicited steeper slopes with earlier, more
acute peak amplitudes (effects in all three polyno-
mials) than Late closure counterparts. Finally, we
observed an interaction between the two conditions:
The effect of Non Cooperating prosody was greater
for Early Closure with steeper, more acute peak (the
linear and cubic components).

In all, the results show that the conditions elicited
distinct pupillary responses from our subjects. We
assume that increased peak and slope index in-
creased cognitive load. There were processing
penalties for both misleading prosody and syntac-
tically complex sentences. These conditions inter-
acted, so that there was an increased penalty for Non
Cooperating Early closure sentences, in which the
misleading prosodic boundary was compatible with
the Late closure interpretation, possibly increasing
the cost of misinterpretation.

Figure 1: Pupil dilation after sentence offset
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Table 1: Sample quartet from experiment. A tone in parentheses indicates that the tone was not present in all
items.

Closure Cooperating prosody Non Cooperating prosody

Early (When Roger leaves) % (the house is dark) (When Roger leaves the house) % (is dark)
* H* L-L% H* (!H*) L-L% * H* L-L% H* L-L%

Late (When Roger leaves the house) % (it’s dark) (When Roger leaves) % (the house it’s dark)
* H* L-L% H* L-L% * H* L-L% H* (L-) H* L-L%

The interaction can perhaps be seen most clearly by
comparing the mean change in pupil size in the same
3000ms time period, shown in Figure 2. Though
the trends are not statistically significant in more tra-
ditional LMER analyses, Non Cooperating prosody
differentially increased pupil dilation in Early clo-
sure structures.

Figure 2: Mean pupil size with standard errors
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3. DISCUSSION

The overall pattern is highly consistent with Kjel-
gaard and Speer’s [9] initial offline findings, as well
as Engelhardt et al.’s [5] earlier pupillometry study.
In general, our findings show that change in pupil di-
lation reflects mismatches between prosodic group-
ing and syntactic structure. Furthermore, the cost
is greater for mismatches that initially support inde-
pendently preferred syntactic analyses, i.e., the Non
Cooperating Early Closure condition. We entertain
two possible interpretations of this interaction.

The first interpretation is a syntactic one. The in-

teraction might indicate that the language proces-
sor uses prosodic boundary information in tandem
with structure building principles to generate sen-
tence structures in real time. The boundary loca-
tion in the Non Cooperating Early closure condi-
tion would lend prosodic support to the preferred
structure, thereby cementing the interpretation of the
house as an object to the embedded verb leaves. The
Non Cooperating Late closure condition, however,
would present prosodic evidence for the dispreferred
structure to the parser, in which the house functions
as the subject of a separate clause. That is, even
though the parser would compute, but later reject, an
Early closure structure, the generally preferred Late
closure syntax might be more easily recovered.

An alternate interpretation is phonetic. The ma-
jority of our items traded on the acoustic similarity
between is and it’s. Listeners may have simply mis-
perceived the contraction it’s as the copula is in the
Non Cooperating Late closure condition, thereby re-
ducing the penalty for failing to align the prosody
and the syntax. Currently, we do not have evidence
to properly arbitrate between the two possibilities.

To conclude, we have shown that increases in
pupil size track misleading prosody, and that there
are greater effects on changes in pupil dilation when
the misleading prosody supports a preferred struc-
ture. We take this result as a proof of a general
methodological concept: pupillometry complements
existing online measures (such as visual world eye
tracking and EEG), by offering a highly versatile,
yet simple to administer method for exploring the
online computation of linguistic prosody during sen-
tence processing in naturalistic environments. When
paired with a growth curve analysis, it provides a
powerful tool for exploring the dynamics of how
prosodic and syntactic constituencies are formed
and aligned in real time sentence comprehension.
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