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Encoding discourse structure information during language comprehension:
Evidence from web-based visual world paradigm experiments

Sanghee J. Kim (sangheekim @uchicago.edu)
Department of Linguistics, 1115 E. 58th Street
Chicago, IL 60637 USA

Ming Xiang (mxiang @uchicago.edu)
Department of Linguistics, 1115 E. 58th Street
Chicago, IL 60637 USA

Abstract

This study explores the way discourse structure-related infor-
mation is used during encoding linguistic representations, us-
ing the distinction between main and subordinate information
as a case study. We use the two contrasting constructions:
(a) “The singersyain Who admired the violinistsyay invited
their mentors to the party”; and (b) “The singersyain, who ad-
mired the violinistSsygorpinaTe, invited their mentors to the
party.” While both contain discourse-main information, (b) in-
cludes discourse-subordinate information in the clause (“who
admired the violinists”). Importantly, the singers and the vio-
linists are both plausible antecedents for their, but the overlap
in discourse structure information between the two NPs dif-
fers: (a) has an overlap ({MAIN, MAIN}); (b) has no over-
lap ({MAIN, SUBORDINATE}). We found evidence through
two web-based eye-tracking experiments using a visual world
paradigm that the overlap in discourse structure leads to a com-
petition effect between the two NPs, evidenced by smaller eye-
gaze differences in (a) compared to (b). We also find that this
competition effect manifests early, even before the relevant in-
formation needs to be retrieved, i.e., before pronoun resolution.

Keywords: sentence processing; cue-based retrieval theory;
encoding; interference effect; competition; discourse structure;
pronoun resolution

Background

An ongoing question in psycholinguistics addresses how
speakers encode, maintain, and retrieve linguistic represen-
tations in working memory (WM) while comprehending sen-
tences (Just & Carpenter, 1992; MacDonald, Just, & Carpen-
ter, 1992; Caplan & Waters, 1999; Gibson, 1998, 2000; War-
ren & Gibson, 2002). Specifically, a large body of work has
supported content-addressable cue-based direct-access mem-
ory retrieval mechanism during the memory retrieval process
(McElree, 2000; McElree, Foraker, & Dyer, 2003; Lewis
& Vasishth, 2005; Lewis, Vasishth, & Van Dyke, 2006;
Van Dyke, 2007). From this standpoint, a successful resolu-
tion of linguistic dependencies hinges on retrieving the “cor-
rect” element in a dependency chain, with retrieval guided by
cues matching specific features of the target to be retrieved.
Several features have been identified to be used for linguis-
tic representations and retrieval cues (Parker, Shvartsman, &
Van Dyke, 2017, for a review). These include morphosyn-
tactic features related to number (Wagers, Lau, & Phillips,
2009, a.o), gender (Badecker & Straub, 2002, a.0), case
(Fedorenko, Babyonyshev, & Gibson, 2004, a.0), and person
(Gordon, Hendrick, & Johnson, 2001; Gordon, Hendrick, &
Levine, 2002), or animacy (Van Dyke, 2007, a.0), and seman-

tic plausibility (Van Dyke & McElree, 2006, a.0). Expand-
ing on previous work, the present study examines whether
discourse-related information is also used during encoding.

There are numerous interpretations and ways to under-
stand discourse and types of discourse information, but in
this work, we focus on the role of discourse structure, view-
ing discourse as a structured representation of discourse units
and their interrelations (Asher & Lascarides, 2003; Polanyi,
1988). We particularly focus on the different degrees of im-
portance linguistic content has in a discourse, namely in-
formation being part of MAIN discourse or SUBORDINATE
(SUBORD.) discourse.! A critical contrast between the two
types of discourse information is illustrated in (1).> The con-
trast in discourse structure information is made by the use
of two types of relative clauses: restrictive relative clauses
(RRCs) (1a) and appositive relative clauses (ARCs) (1b).
ARGC:s are known as subordinate and side-commentary infor-
mation (Koev, 2013) whereas content inside RRCs is part of
main, primary information as it provides necessary informa-
tion such as by restricting the noun phrase (NP) among pos-
sible sets (Partee, 1975).

(1) a. The waitress [who sat near the girl(s)] surpris-
ingly {was/*were} unhappy about all the noise.
b.  The waitress, [who sat near the giri(s)], surpris-

ingly {was/*were} unhappy about all the noise.

Recent work has found evidence that such distinction in
main vs. subordinate discourse affects the retrieval process
in a way that linguistic content inside subordinate discourse
does not lead to a retrieval interference effect. A standard
number agreement attraction effect is expected in a sentential
structure as in (la), where in the case of the ungrammati-
cal sentence (were as the matrix verb), reading times are re-
duced when a plural distractor noun (the girls) is used com-
pared to a singular distractor noun (the girl) (Wagers et al.,
2009). However, studies have found that when the distrac-
tor noun is positioned within a subordinate discourse struc-
ture (inside the ARC as in (1b)), the attraction effect disap-
pears. The absence of a number agreement attraction effect

IThis division does not necessarily imply a syntactic relation-
ship. For instance, a syntactically subordinate clause can be part of
a main discourse structure.

2(1a) was tested in Parker and An (2018); (1b) was examined in
Kim and Xiang (2022).
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has been reported in similar constructions, all in which the
distractor was part of subordinate discourse information (Ng
& Husband, 2017; McInnerney & Atkinson, 2020). Other
work has also shown that once the linguistic content that in-
tervenes between long-distance dependencies becomes part
of subordinate discourse information, the structure leads to
reduced processing cost (Dillon, Clifton, & Frazier, 2014;
Dillon, Clifton, Sloggett, & Frazier, 2017; Kroll & Wagers,
2019; Duff, Anand, Brasoveanu, & Rysling, 2023).

The Current Work

This study builds on previous work on retrieval and focuses
on how discourse structure information is encoded. Two main
questions are addressed: (i) how the distinction in discourse
structure influences the representation of linguistic items dur-
ing encoding, and (ii) when this distinction is realized. To
address these questions, we design experiments such that dis-
course structure information is not necessarily a retrieval cue
but is used during encoding, as illustrated in (2). The singers
and the violinists are both possible antecedents for their. Cru-
cially, even when the violinists is part of main discourse (2a)
or subordinate discourse (2b), it serves as a plausible an-
tecedent in both cases. As such, discourse structure informa-
tion is encoded but not used as a cue to resolve the pronoun.

2) Key experimental materials in the current study

a. Discourse information overlap condition
The singersyaiy Who admired the violinistsyain
invited their mentors to the party.

b.  Discourse information no-overlap condition
The singersyain, Who admired the violin-
istssusorp., invited their mentors to the party.

Crucially, the conditions differ in the degree of the overlap
in discourse structure information between the two NPs (the
singers, the violinists): overlap in (2a) {MAIN, MAIN} but
no overlap in (2b) {MAIN, SUBORDINATE}. Previous studies
have shown that overlap of features during encoding affects
processing (Hofmeister & Vasishth, 2014; Sekerina, Cam-
panelli, & Van Dyke, 2016; Villata, Tabor, & Franck, 2018),
leading to competition for features and potential degrada-
tion in linguistic representations in WM (Nairne, 1990, 2002;
Oberauer & Kliegl, 2006; Oberauer & Lange, 2008). The
competition effect typically results in longer reading times
(Gordon et al., 2001, a.o) or fewer eye gazes on possible tar-
gets (Sekerina et al., 2016, a.o0).

On the Competition Effect

Following Sekerina et al. (2016), we use eye-tracking experi-
ments in a visual world paradigm to explore the competition
effect arising from feature overlap. Sekerina et al. (2016) em-
ployed a similar paradigm to investigate competition during
retrieval, predicting that similar distractors would lead to dif-
ficulty in integrating previous linguistic items, resulting in re-
duced eye gaze toward the target. In their study, four pictures
were displayed, with all four NPs as potential targets in the

interference condition (“It was the {button/key/pen/earring}
that the maid who returned from vacation spotted in the
early morning”) and only one possible target in the non-
interference condition (“It was the {button/key/pen/earring }
that the maid who returned from vacation sewed in the early
morning”)—only buttons can be sewed. They observed a sig-
nificant interference effect, with fewer looks to the target in
the interference condition due to the presence of competitors,
compared to the non-interference condition.

Predictions Making use of the contrast shown in (2), we
examine the eye-gaze difference between the two possible
NP antecedents. Previous work has shown that when there
is competition between two representations, there will be
smaller eye-gaze differences between visual images associ-
ated with the competing representations (Runner & Head,
2014; Sekerina et al., 2016). This is possibly due to the
fact that people’s visual attention is drawn to the target im-
age and its competitor. Hence, if the overlap in discourse
structure information leads to competition between the two
NP antecedents, we predict the eye-gaze differences between
the two NPs will be (2a) (overlap) < (2b) (no-overlap).

On the Time Window of the Effect

For interference effects driven by feature similarities between
representations, previous studies have mostly found the effect
during memory retrieval. For instance, Sekerina et al. (2016)
(see above) found the competition effect at the time window
when the encoded items needed to be retrieved (at the main
verb, e.g., spotted, sewed). Some studies have found the ef-
fect prior to the exact retrieval site, but nonetheless close to
it. For example, Rich and Wagers (2020) compared cases
where the relevant NPs share semantic features to different
extent: high semantic overlap (“The knife that the sword was
placed near had been recently sharpened”) and low semantic
overlap (“The knife that the shirt was placed near had been re-
cently sharpened”). The high overlap condition led to longer
reading times, with the competition effect appearing around
had been recently, before the relevant semantic information
needed to be retrieved and integrated at the verb sharpened.

Time windows for analysis We examine two windows for
the analysis. The first window includes the RC, from the
onset of who until the offset of the second NP (the singers).
The second window begins from the matrix verb (invited)
and includes the pronoun (¢heir) and the head noun (mentors).

Predictions It is possible that the competition effect, in-
dexed by the gaze differences on the two NP antecedent im-
ages, could arise during the first window, after the second NP
was encountered (the violinists). This would be indicative
of an encoding interference effect due to feature overlap be-
tween the two encoded NP representations. It is also possible
that the effect could manifest only when retrieval is initiated,
and we would expect the effect during the second window,
when the verb or the pronoun is encountered. We examine
these two competing possibilities.
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Experiment 1
Methods

Participants We recruited 63 native speakers of American
English (age mean=30.36; range: 19-40) through Prolific.
The experiment took approximately 35 minutes. The subjects
were compensated 8.00 USD for their participation.

Design and Materials We used a fully crossed 2x2 design,
varying Clause (RRC vs. ARC) and Modifier-length (Short
vs. Long) (Table 1). In the RRC structure, both NPs were part
of MAIN information. In the ARC structure, the first NP was
part of the MAIN while the second NP was part of the SUBOR-
DINATE discourse structure. The Modifier-length condition
was included to offer more time to resolve the pronoun; the
Long condition had a modifier (e.g., musical) before the head
noun. Different vocation names were used for the NPs. All
embedded RCs were in a subject-extracted structure. Only
their was used as the pronoun. The study involved 32 critical
and 20 filler items.

Table 1: An example item in Experiment 1. Commas were
realized as pauses. The Long condition had a modifier before
the noun (below in parentheses, e.g., musical). NP1 = the
violinists; NP2 = the singers.

Clause Modifier Auditory stimuli Discourse
information:
{NPI1, NP2}
RRC Short/  The violinists who {MAIN,
Long admired the singers MAIN}
invited their (musical)
mentors to the party.
ARC Short/  The violinists, who {MAIN,
Long admired the singers, SUBORD.}

invited their (musical)
mentors to the party.

Auditory stimuli were generated using the Google Text-
to-Speech gtts Python library. Pauses were added before
and after the RC boundary in the ARC condition (mean =
0.327 seconds), aligning with previously reported intona-
tional patterns of ARC structures (Dehé & Kavalova, 2007;
Dehé, 2014; Watson & Gibson, 2004). No pauses were intro-
duced at the RC boundary in the RRC condition. Each target
auditory stimulus was around 7.055 seconds.

Visual stimuli were produced with DALL-E, an Al sys-
tem generating images given an input with natural language.
These stimuli were created with black-and-white line draw-
ings on a white background. Each trial included four images:
two targets (e.g., violinists, singers), and two distractors (e.g.,
detectives, teachers) (Figure 1). The image of the head noun
(e.g., mentors) was not presented on the screen.

Figure 1: An example of the screen of the target trial. Clock-
wise from the top-left: the singers (target), the detectives (dis-
tractor), the violinists (target), the teachers (distractor).

Procedure The web-based visual world paradigm eye-
tracking experiment was conducted using PClbex (Zehr &
Schwarz, 2018). Calibration involved a button-clicking task
with 9 dots, and participants had three attempts to meet a pre-
cision threshold score of 60. During trials, the calibration
precision threshold was 50, and participants had 2 attempts
to meet this threshold. Trials began with a fixation cross, fol-
lowed by a 2200 ms display of four pictures (2 targets and 2
distractors in a randomized order), after which eye movement
recording started. The recording terminated 500 ms after the
auditory stimulus offset. An antecedent selection task fol-
lowed, asking participants to click on the picture correspond-
ing to the referent (e.g., “Whose mentors were invited?”).

Analysis We set an antecedent selection accuracy thresh-
old of 85% to exclude participants who chose a distractor NP
more than 15% of the time, yet all participants passed the
threshold. We removed data points with incorrect image se-
lection or eye gaze that fell outside quadrants. Following the
approach in Slim and Hartsuiker (2022), the remaining data
were aggregated into 100 ms time bins. Data points recorded
200 ms post the onset of auditory stimuli were analyzed, con-
sidering oculomotor delay.

We conducted a cluster-based permutation analysis (CPA)
(Maris & Oostenveld, 2007; Ito & Knoeferle, 2023) to ex-
amine adjacent time bins that showed significant eye-gaze
differences between the two target antecedents (p < 0.05).
The analysis was employed through the permutes package
in R (Voeten, 2023). The eye-gaze difference in the origi-
nal dataset was examined using mixed-effects linear regres-
sion models in R (Bates, Michler, Bolker, & Walker, 2015),
with fixed effects including Clause (RRC vs. ARC), Modifier
Length (Short vs. Long), and their interaction, along with a
by-subject random effect.> Subsequently, the data were ran-
domly permuted 1000 times to establish a null hypothesis dis-
tribution. Finally, each cluster within the original dataset was
compared against this null hypothesis distribution.

The first window included the onset of who until the offset
of the singers, without including the pauses. The second win-

3Sum coding for the fixed effects: RRC = -0.5 and ARC = 0.5;
Short = -0.5 and Long = 0.5.
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Figure 3: Eye-gaze ratio in Experiment 1. The labels above the vertical lines denote the average onset of each word across
items. NP1 = the violinists; WHO = who; VERB1 = admired; NP2 = the singers; VERB2 = invited; PRN (pronoun) = their;
MOD (modifier) = musical; NOUN = mentors; PAUSE1/2 = pauses inserted in the ARC condition in “The violinists, who
admired the singers, invited their (musical) mentors to the party.” Shaded ribbons indicate the standard errors of the mean.

dow included the matrix verb (invited) until the offset of the
noun (mentors) in the Short condition. In the Long condition,
the same duration was analyzed in the Long condition—it in-
cluded the matrix verb, pronoun, the modifier (musical), and
the beginning of the noun.

Results

Antecedent Selection NP1 was much preferred as the an-
tecedent (~65%) than NP2 (~35%). This pattern was the
same irrespective of Clause or Modifier-length (Figure 2).
The distractors were rarely chosen.

Antecedent Selection

1.0
§ 051
g
< 0.6
[%]
04
o
&) - ' ' '
0.0 — — - — - -
ARC-Long ARC-Short RRC-Long RRC-Short
Condition

Antecedent of ‘their' is . NP1 . NP2 Distractorl . Distractor2

Figure 2: Antecedent preference in Experiment 1.

Eye-gaze Ratio Figure 3 shows the mean eye-gaze propor-
tion on the images at each time bin.

Eye-gaze Differences The mean eye-gaze difference be-
tween NP1 and NP2 in the first window is shown in Fig-
ure 4a. The CPA suggested that no statistically significant

clusters were found (ps > 0.05). In the second window, we
found a significant cluster (0 ms—800 ms) for the Clause ef-
fect (p < 0.001). This suggests that the difference (ARC >
RRC) started from the verb onset (Figure 4b). No significant
clusters were found for other effects.
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(b) Second window. The X-axis is time-locked to the “VERB2” onset.

Figure 4: Eye-gaze ratio difference between NP1 and NP2 in
the two windows of interest in Experiment 1. Shaded ribbons
indicate the standard errors of the mean. The labels on the
vertical lines are the same as those in Figure 3.
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Discussion

Participants showed a preference for the first NP as the an-
tecedent of their in the pronoun-antecedent selection task
across conditions. This was also reflected in the eye-gaze
pattern, where the eye gaze towards the first NP rose around
1000 ms after the onset of the head noun. This preference
for the first NP underscores a general inclination to choose
the subject of the same clause when resolving ambiguous an-
tecedents (Arnold, 2010, a.o.). This suggests that the ob-
served eye-gaze results cannot be solely attributed to sub-
jects’ preferences for a specific antecedent.

The analysis of eye-gaze results revealed a competition ef-
fect due to overlap in discourse structure information, lead-
ing to smaller eye-gaze ratio differences between possible an-
tecedents (difference: RRC < ARC). The effect began only
after the onset of the matrix verb. This could reflect a reac-
tivation of the encoded linguistic items at the verb retrieval
site, even though discourse structure information is not a re-
trieval cue. Alternatively, the effect could be a delayed effect
of encoding interference at the retrieval site, as shown simi-
larly in Sekerina et al. (2016). However, since the offset of
the second NP and the rightmost boundary of the RC overlap,
it is difficult to tease apart these two possibilities.

To address this confound, in Experiment 2, we include a
buffer window before the RC boundary to offer extra time
to encode the distinct discourse structure information. We
added a prepositional phrase (PP) after the second NP before
the matrix verb. If the competition effect is realized as early
as during the encoding stage, we expect to see the eye-gaze
differences before the second window.

Experiment 2
Methods

We recruited 108 native speakers of American English
through Prolific (age mean=30.37; range: 18—40). The same
set of items as in Experiment 1 was utilized, with some mod-
ifications(Table 2). A PP (e.g., without reason) was added at
the end of RC, and the noun modifier was removed given the

Table 2: An example item of Experiment 2. Commas were
realized as pauses. NP1 = the violinists; NP2 = the singers.

Clause Auditory stimuli Discourse
information:
{NP1, NP2}
RRC  The violinists who admired the {MAIN,
singers without reason invited MAIN}
their mentors to the party.
ARC The violinists, who admired the {MAIN,
singers without reason, invited SUBORD.}

their mentors to the party.

absence of its effect in Experiment 1. The procedure was the
same as in Experiment 1, while the between-trial calibration
threshold score was set at 30.

The same data filtering process as in Experiment 1 was
used. Since the calibration threshold was set low in this ex-
periment, we additionally removed data from the participants
whose mean calibration score across trials was 50 or below
(13.9% of data removal). The same CPA was used along with
linear mixed-effects random effects models; a fixed effect of
Clause (RRC vs. ARC) and a by-subject random effect were
included in the models. The first window included the on-
set of who to the offset of the PP (e.g., reason). The second
window started from the onset of the matrix verb (invited),
pronoun (their), until the offset of the noun (mentors).

Results

Antecedent Selection NP1 was chosen as the antecedent
more frequently (~65%) than NP2 (~35%) irrespective of
Clause type.* Distractors were rarely selected.

Eye-gaze Ratio Figure 5 shows the mean proportion of eye
gaze, averaged across participants.

4Figure is not included due to space constraint.
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Figure 6: Eye-gaze ratio difference between NP1 and NP2 in
the two windows of interest in Experiment 2. Shaded ribbons
indicate the standard errors of the mean. The labels on the
vertical lines are the same as those in Figure 5.

Eye-gaze Differences In the first window (Figure 6a), we
found a significant cluster in 1700 ms—1900 ms and 2100 ms—
2300 ms after the onset of the RC (p < 0.01), which sug-
gests that the effect (i.e., ARC > RRC in eye-gaze differ-
ence) started around the onset of the PP. In the second win-
dow (Figure 6b), no significant cluster groups were identified
(ps > 0.1). The ARC vs. RRC contrast did not lead to eye-
gaze differences during retrieval.

Discussion

Replicating the finding in Experiment 1, the first NP was pre-
dominantly selected as the possible referent of the pronoun.
This preference was uniform between clauses, again suggest-
ing that eye-gaze difference cannot be explained solely by
antecedent preference.

In line with the findings in Experiment 1, the RRC con-
dition ({MAIN, MAIN} overlap) had smaller eye-gaze dif-
ferences than the ARC condition ({MAIN, SUBORDINATE}).
The purpose of Experiment 2 was to examine whether the
eye-gaze difference we saw at the second window in Experi-
ment 1 was a delayed effect from the end of the first window.
In Experiment 2, we found the effect during the PP window,
right after the encoding of the second NP, and before the re-
trieval site. This indicates that the results in Experiment 1
were a reflection of a competition effect due to the overlap
in discourse structure information. Additionally, it suggests
that the effect can be realized as early as before retrieval is
initiated.

General Discussion

We return to the two main goals of the current study. First,
we examined the way discourse structure information (MAIN
or SUBORDINATE) is encoded and affects processing. Our
findings suggest that when the encoded representations share
the same discourse structure information (as in the RRC con-
dition), it results in a competition effect, compared to when
they have distinct discourse information (as in the ARC con-
dition). This was shown by the more pronounced eye-gaze
differences between the two encoded NPs in the ARC condi-
tion compared to the RRC condition.

Secondly, we addressed the issue of how early the effect
of competition due to discourse structure overlap is realized.
In Experiment 1, the eye-gaze difference was found only in
the second window, right after the onset of the first word, the
matrix verb; this effect lasted around 800 ms. This seemed
to suggest that the overlap effect is realized when retrieval of
prior linguistic representations is triggered. However, when
more time was given to encode the second NP before the end
of the RC in Experiment 2, the eye-gaze difference started
as early as the first window of interest, specifically after the
second NP and before the termination of the RC. The effect
lasted around 600 ms (with a gap of around 200 ms of time
window in between). This suggests that the encoding interfer-
ence effect can be realized even before retrieval is triggered.
The effect in Experiment 1 could be interpreted as the same
effect we observed in Experiment 2 but simply overlapped
with the onset of the retrieval site.

The results collectively suggest that the competition effect
due to overlap in linguistic information can be manifested as
early as during encoding. The finding of the early realiza-
tion of the competition effect is in line with other previous
work that reported an encoding interference effect even be-
fore retrieval (Acheson & MacDonald, 2011; Kush, Johns, &
Van Dyke, 2015; Rich & Wagers, 2020).

Is it about discourse?

We suggested that discourse structure information is used
during the encoding process, and that its overlap can lead to
a competition effect. Yet, rather than the discourse structure
effect, one could propose an alternative account that the ARC
condition simply “benefited” from the extra time given be-
fore the RC. There was an additional time of 300 ms with
the pause inserted before the onset of who in the ARC con-
dition. As earlier studies show, a longer time to encode can
make the linguistic representations stronger and more salient
in memory (Karimi, Diaz, & Wittenberg, 2020, a.0). Hence,
the second NP in the current study, with the extra encoding
time prior to its encoding, could have had a higher activation
in memory—not due to the absence of overlap in discourse
information but due to longer encoding time. A follow-up ex-
periment that uses filler words and disfluency such as “umm”
or “well”, for example, instead of a pause before the RC,
would be useful to tease apart the effect of discourse struc-
ture information vs. extra time to encode.
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