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Language processing is incremental, multimodal, and situated in rich visual contexts. Gesture aids language
comprehension'2, and its onset often proceeds its semantic affiliates in speech?. Listeners can use gesture to track referents
during complex syntactic processing* and resolve ambiguous referents® such as homophones®’. Yet, few studies have
examined real-time multimodal language processing. We adapted the visual world paradigm?® to examine how people
integrate co-occurring speech and gesture to resolve temporary ambiguity in sentences across three experiments. Experiment
1 examines the use of gesture for predicting the target referent in speech, measured via eye gaze. Experiments 2 and 3
extend this work by examining whether the benefit of gesture interacts with the use of face coverings and noise, respectively.

We tracked participants’ eye movements as they viewed a visual scene containing four pictures, randomly assigned to
the four corners. A speaker appeared in the center (Fig 1A) and produced subject-verb-object sentences in English (e.g.,
“The girl will eat the very good sandwich.”). The speaker produced either a meaningful gesture (e.g., sandwich holding
gesture) or a meaningless grooming movement (e.g., arm scratch) on the verb of each sentence (e.g., “will eat”). In
experiment 2, the speaker wore a mask on half of the trials. In experiment 3, the audio was noise-vocoded to reduce speech
intelligibility on half of the trials. We examined fixations to regions of interest on the screen containing the target (e.g.,
sandwich), semantic competitor (e.g., apple), and two distractor items (e.g., piano and guitar) during the critical window
between onset of the movement stroke and onset of the object in speech (e.g., “sandwich”). This analysis window was offset
by 180ms due to the time needed to launch an eye-movement, minus a 20ms baseline to calculate the first-order
autocorrelation AR(1)°. We used dynamic generalized linear mixed models'® to predict fixations to the target item (1) or not
the target item (0). All models included fixed effects for experimental conditions, AR(1), and time, with random intercepts
for participant and item.

Experiment 1 used a within-subject design examining one factor containing two levels: Movement Type (meaningful
gesture or meaningless grooming movement). 23 undergraduate students completed 1 session of 240 trials, lasting
approximately 45 minutes. The meaningless grooming movement level was dummy coded as the reference. There was a
significant effect of movement type (f = 0.57, z = 8.48, p <.001) (Fig 1B). Participants were 1.8 times more likely to look at
the target item during the critical window (between onset of gesture stroke and mean onset of object in speech) when the
speaker produced a gesture compared to when they produced a grooming movement. The significant effects of time (f = 0.48,
z=20.96, p <.001) and AR(1) (#=10.73,z=60.81, p <.001) reflect the tendency of participants to be more likely to fixate
the target over time within a trial and the serial dependency of fixation location from one timepoint to another.

Experiment 2 used a within-subject design examining two crossed factors, each with two levels: Movement Type
(meaningless grooming movement or meaningful gesture) and Face Covering (unmasked or masked). 35 undergraduate
students completed 1 session of 320 trials, lasting approximately 60 minutes. The meaningless grooming movement level and
the unmasked face level were dummy coded as the references. There was a significant effect of movement type (= 0.57,z =
17.90, p < .001) (Fig 1C). Participants were 1.8 times more likely to look at the target item during the critical window when
the speaker produced a gesture compared to when they produced a grooming movement. There was a significant effect of
masking (f = 0.15, z = 4.63, p < .001). Participants were 1.2 times more likely to look at the target item during the critical
window when the speaker was masked compared to unmasked. Movement type and Masking did not interact. Time and AR(1)
were also significant predictors of fixation to target.

Experiment 3 used a within-subject design examining two crossed factors, each with two levels: Movement Type
(meaningless grooming movement or meaningful gesture) and Noise Level (clear or 4-band noise-vocoded). 36 undergraduate
students completed 1 session of 320 trials, lasting approximately 60 minutes. The meaningless grooming movement level and
the clear speech level were dummy coded as the references. There was a significant effect of movement type (f = 0.39, z =
10.31, p <.001) (Fig 1D). Participants were 1.5 times more likely to look at the target item during the critical window when
the speaker produced a gesture compared to when they produced a grooming movement. There was a significant effect of
noise level (f =-24, z=-5.91, p <.001). Participants were 79% as likely to look at the target item during the critical window
when the speech was noise-vocoded compared to clear. Movement type and Noise did not interact. Time and AR(1) were also
significant predictors of fixation to target.

We demonstrated a significant and positive effect of gesture on predicting the target referent, replicated across three
experiments using a novel adaptation of the visual world paradigm. We also demonstrated that participants were more likely
to fixate on the target item when the speaker was wearing a mask but less likely when the speech was degraded with noise-
vocoding, suggesting that availability in lip cues may also modulate visual attention. Although other studies have demonstrated
that gesture has an increased benefit in noise!!"'2, we found that the effect of gesture did not significantly differ between clear
and degraded speech conditions. This raises questions about how listeners weigh and integrate information from different
modalities across communication contexts that reflect the rich processing demands of daily life.

Index Terms: eye-tracking, language processing, gesture comprehension, speech-gesture integration, noise, masks



1A. Example Trial Depicting Visual Scene 1B. Target Fixations by Movement Type

0.9
0.8
- 074
)
) c
w % 064
R
2| i
\ T 05 "
= Condition
/] \ e = Groomin,
g
\ 5 04 = Gesture
c
k<]
£ 03
&7 3
5 g a 02
0.1
0.0
A
2828282333822333383323338328338888
PEYIBBRIII2TZIBBRIZISI2IZLRLE
—————————— SVTILE
Time (msec)
1C. Target Fixations by Masking and Movement Type 1D. Target Fixations by Noise and Movement Type
0.8
08
07 074
2 2
So6 S 067
T T
kS kS
i iL 54
= 05 . = 0 -
o3 Condition g Condition
< = Masked Gesture kS = Clear Gesture
F o4 / = Masked Grooming =04 = Clear Grooming
ko) = Unmasked Gesture ks = Noisy Gesture
c = Unmasked Grooming c = Noisy Grooming
S QS 034
Los Los
o o
Q Q
<] <) >
Q02 Q@02
01 0.1
0.0 0.04

Time (msec)

Figure 1A. Example trial showing visual scene. On this trial, the speaker says, “The girl will eat the very good sandwich,”
while producing a sandwich-holding gesture on the phrase “will eat.”

Figure 1B. Proportion of eye fixations to the target item (e.g., sandwich) during the critical window (between onset of the
movement stroke and average onset of the object) across grooming movement and gesture trials. 0 msec represents
onset of the gesture stroke. The analysis window is offset by 180 msec due to the time needed to launch an eye
movement, minus a 20 msec baseline to calculate AR(1). Thick lines represent group means and thin lines represent
individual participants.

Figure 1C. Proportion of eye fixations to the target item across grooming movement and gesture trials for masked and
unmasked speakers.

Figure 1D. Proportion of eye fixations to the target item across grooming movement and gesture trials _for noise-vocoded
and clear speech trials.
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