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Abstract

Reward value guides goal-directed behavior and modulates early sensory processing. Rewarding stimuli are
often multisensory, but it is not known how reward value is combined across sensory modalities. Here we
show that the integration of reward value critically depends on whether the distinct sensory inputs are per-
ceived to emanate from the same multisensory object. We systematically manipulated the congruency in mon-
etary reward values and the relative spatial positions of co-occurring auditory and visual stimuli that served as
bimodal distractors during an oculomotor task performed by healthy human participants (male and female).
The amount of interference induced by the distractors was used as an indicator of their perceptual salience.
Our results across two experiments show that when reward value is linked to each modality separately, the
value congruence between vision and audition determines the combined salience of the bimodal distractors.
However, the reward value of vision wins over the value of audition if the two modalities are perceived to con-
vey conflicting information regarding the spatial position of the bimodal distractors. These results show that in
a task that highly relies on the processing of visual spatial information, the reward values from multiple sensory
modalities are integrated with each other, each with their respective weights. This weighting depends on the
strength of prior beliefs regarding a common source for incoming unisensory signals based on their congru-
ency in reward value and perceived spatial alignment.
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Real-world objects are typically multisensory, but it is not known how reward value is combined across sen-
sory modalities. We examined how the eye movements toward a visual target are modulated by the reward
value of audiovisual distractors. Our results show that in the face of uncertainty as to whether co-occurring
visual and auditory inputs belong to the same object, congruence in their reward values is used to guide
audiovisual integration. However, when a strong prior exists to assume that unisensory inputs do not ema-
nate from the same object, the associative value of vision dominates over audition. These results demon-
strate that our brain uses a reward-sensitive, flexible weighting mechanism to decide whether incoming
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Introduction

Sensory perception is not merely driven by the incom-
ing sensory inputs but is also affected by top—down infor-
mation (Gilbert and Sigman, 2007). Among the top—down
influences on perception, the effect of reward is
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particularly important to motivate an agent, facilitate
learning, and help the agent to behave adaptively given
the limited capacity of both sensory and motor systems. It
has been shown that reward acts to modulate selective
attention when the subject’s performance was directly
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linked to the monetary reward (Small et al., 2005;
Mohanty et al., 2008; Engelmann et al., 2009), even when
the monetary reward was no longer task relevant (Della
Libera and Chelazzi, 2006; Hickey and van Zoest, 2012;
Pooresmaeili et al., 2014; Asutay and Vastfjall, 2016;
Luque et al., 2017). Rewards may act as guiding signals for
learning and optimizing specific attentional operations
(Chelazzi et al., 2013), and not only can increase the salience
of associated stimuli (Hickey and van Zoest, 2012), but also
enhance the suppression of the distractors (Della Libera and
Chelazzi, 2009), change the priority maps of space (Chelazzi
et al.,, 2014), and reduce the intrinsic neural noise in the
motor and cognitive control (Manohar et al., 2015).

Nevertheless, although there is a plethora of studies on
various aspects of reward, to date evidence showing the
effect of reward association in one sensory modality on
the perception of another modality and, more importantly,
how reward from different sensory modalities interact
with each other remains scarce (but see Leo and
Noppeney, 2014; Pooresmaeili et al., 2014). This is de-
spite the fact that in natural environments objects are typi-
cally multisensory and comprise multiple attributes that
could potentially have either similar or distinct associative
values, which underscores the importance of understating
how information related to reward value is integrated
across senses. From a sensory integration point of view, it
is well known that our brain combines multiple sensory
signals based on cue integration principles into coherent
percepts to reduce uncertainty (Ernst and Banks, 2002;
Kersten et al., 2004; Knill and Pouget, 2004) or use infor-
mation in one sensory modality to prioritize information
processing in another sensory modality that better serves
as an “expert system” according to the task at hand
(Macaluso and Driver, 2005). In other cases, however,
perception may be dominated by information from one
sensory modality, with other modalities being partially or
completely disregarded (Colavita, 1974; Spence, 2009).

Critically, in addition to the physical characteristics of
the input stimuli, such as their spatial or temporal proper-
ties, recent studies also provided evidence for the effect
of cognitive factors on audiovisual integration. For exam-
ple, expectations of stimulus characteristics can reduce
reaction times in a task that requires audiovisual integra-
tion (Van Wanrooij et al., 2010; Zuanazzi and Noppeney,
2018), and emotional (Maiworm et al., 2012) and motiva-
tional (Bruns et al.,, 2014) factors can both influence
cross-modal binding processes.

Together, the physical and cognitive characteristics of
multisensory objects have been shown to affect the
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processing of information across senses. Although sev-
eral computational models have been put forward to ex-
plain the principles governing cross-modal processing
based on the physical characteristics of stimuli (Stein and
Meredith, 1993; Calvert, 2001; Stein and Stanford, 2008;
Chandrasekaran, 2017), the role of cognitive factors and
their possible interactions with physical stimulus charac-
teristics has remained underexplored.

In the present study, our aim was to examine the effect
of (1) associated reward values and (2) spatial alignment
of auditory and visual signals in the integration of reward
value across sensory modalities. We systematically ma-
nipulated these factors during the course of the following
two experiments: experiment 1 manipulated the congru-
ence of reward values between the auditory and visual
stimuli, and experiment 2 manipulated both reward value
congruency and spatial congruency.

The experiments were based on a visually driven sac-
cade task that involved oculomotor interference created
by a distractor. Saccades provide a reliable readout of
cross-modal interactions, and previous studies have in-
vestigated the influence of bimodal targets or distractors
on saccade planning (Corneil et al., 2002; Doyle and
Walker, 2002; Campbell et al., 2010; Heeman et al., 2016).
Importantly, the transiently associated reward value of a
visual distractor has been shown to modulate the magni-
tude of its interference with the planning of the saccades
to a target (Hickey and van Zoest, 2012). We hypothe-
sized that in such a task that highly relies on the process-
ing of visual spatial information, visual rewards dominate
the effect of bimodal distractors on saccade planning but
reward value is integrated across senses if there is ambi-
guity as to whether unisensory auditory and visual inputs
have a common source or not.

Materials and Methods of experiment 1

Participants

Twenty-four participants (18-34 years old; mean age =
25.0 years, SD=4.0; 11 males) took part in study 1. One
subject was excluded because >25% of trials had to be
discarded (see the following analyses paragraph for the
trial exclusion criteria). All participants were without any
neurologic or psychiatric disorders and had no recent use
of drugs, medications, or alcohol dependence, and all
had normal or corrected-to-normal sight and normal hear-
ing. Participants gave written informed consent after the
experimental procedures were clearly explained to them.
They received basic payment plus the payment that was
proportional to the accumulated reward value they gained
during the reward association part of the experiment. The
experiment took ~1.5 h, and participants were compen-
sated by €14. The study was conducted in full accordance
with the Declaration of Helsinki and was approved by the
local Ethics Committee of the Medical University Goettingen
(proposal 15/7/15).

Apparatus
Eye movements were measured using the Eyelink
1000 eye tracker system (SR Research) in a desktop
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mount configuration, recording the right eye, with a sam-
pling rate of 1000 Hz. The visual stimuli were presented on
a calibrated LCD monitor with a refresh rate of 120 Hz, and
the auditory stimuli were presented with over-ear head-
phones (HAD 280 audiometry headphones, Sennheiser).
Stimuli were produced by MATLAB and the Psychtoolbox
with custom-made scripts.

Materials and procedure

Participants were comfortably seated in a dimly lit
room, with their head rested on a chinrest. The experi-
ment included a pavlovian conditioning part to familiarize
the participants with the reward associations, and a
postconditioning part that required the participant to
perform saccadic eye movements after they had learned
the reward associations (Fig. 1). Each participant per-
formed one block consisting of 120 trials in the condition-
ing part, 9 training trials to familiarize with the task needed
for the postconditioning part, and five blocks consisting of
1835 trials (15 repetitions of each of the nine experimental
conditions) for the postconditioning part. Participants were
allowed to take a break for exactly 3min between the
blocks. The eye tracker was calibrated at the beginning of
the experiment and after each break by the participant fix-
ating at 13 randomly presented targets spanning the dis-
play (EyeLink calibration type HV13).

In the conditioning part, participants learned the reward
associations of two sounds (600 or 1000 Hz, sawtooth
waveform) and two colors (light magenta and light mus-
tard colors, RGB values [171, 136, 0] and [239, 77, 255])
by performing a localization task (Fig. 1A). The loudness
level of the sounds and the luminance of the two colors
had also been equalized (55dB and 70cd/m?, respec-
tively), and the background color was mid-gray (RGB:
[128, 128, 128)).

At the beginning of each trial, the participant was in-
structed to maintain eye position on a dot (0.3°) at the
center of the screen for 1750-2250 ms. The stimulus dis-
play also contained two square-shaped frames to the left
and right side of the fixation point (12° eccentricity, 10°
size, RGB: [80, 80, 80] with a luminance of 70cd/m?).
After the fixation period, either a sound (600 or 1000 Hz,
counterbalanced across trials) was played on the right or
left side of a headphone or a color change occurred in
one of the two square frames. All sounds and colors were
presented for a fixed duration of 250ms. Participants
were instructed to indicate the correct side of the sound
or the color change by pressing the right or left arrow on
the keyboard within 3.25 s from the onset of the sounds
or colors. Participants received feedback about the
amount of obtained reward in each ftrial, presented
graphically as the filled area within a bar as well as a sen-
tence indicating the amount of reward in Euro cents (all
with a dark gray color, RGB: [80, 80, 80]). Incorrect an-
swers led to a reward of zero, whereas correct answers
were rewarded by a number drawn from a normal distri-
bution, with high/low mean reward values of 24/4, and an
SD of 0.5. The pairing of reward (high or low) with the
sound or color was counterbalanced across subjects.
Presentation of each modality (sound/color), reward
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(high/low), and side (right/left side relative to the fixation
point) was pseudorandomized for each subject, and was
programmed in a way that none of them repeated consec-
utively for more than three trials. At the end of the condi-
tioning part, the participant was required to indicate the
sound and the color that gave higher reward by pressing
number “1” or “2” on a keyboard. The orders for the pre-
sentation of the two sounds and two colors were both
randomized. The auditory pure tones in both of our ex-
periments had an intensity of 55dB and frequencies of
600 or 1000Hz. We decided to use these frequencies
since they produce approximately the same loudness
based on their location on equal-loudness contours
(Robinson and Dadson, 1956). In our pilot experiments,
we tested a range of sound frequencies but did not ob-
serve a difference in terms of the strength of saccade tra-
jectory deviations induced by auditory distractors in the
main saccade task. The intensity of the sounds was se-
lected based our subjective estimation of a sound level
that is most comfortable for the participants, but we did
not explore the effect of different sound intensities in
terms of their effect on saccade curvatures.

In the postconditioning part, we used a modified ver-
sion of the task used by a previous study (Hickey and van
Zoest, 2012), where participants had to make an eye
movement from the fixation point to a target (Fig. 1B). The
participant first pressed the space bar to begin a ftrial.
Following 1000ms of successful fixation (eye position
maintained within 1° from the center of fixation point with
a size of 0.3°), the fixation point shrank in size (0.15°) and
a second fixation period that jittered between 300 and
600 ms had to be fulfilled before the presentation of the
experimental stimuli. If eye position offsets >1° from the
center of the fixation point were detected any time within
the 1300-1600 ms of the designated fixation period, this
interval started over from the beginning. Successful fixa-
tions were followed by the presentation of a target (a dark
gray ring, RGB: [80, 80, 80], diameter=1°) that was pre-
sented either 7.38° above or below the fixation point, si-
multaneously with one of the following conditions: (1) with
no distractor; (2) with a visual distractor (colored circle with
aradius =0.8°) either 3.6° to the right or left side of the hori-
zontal position of the fixation point; (3) with an auditory dis-
tractor presented on the right or left side of the headphone;
and (4) with a bimodal distractor, which was composed of
both the visual and auditory distractors presented. The vis-
ual, auditory, and bimodal distractors were based on the
stimuli used in the conditioning part (i.e., the colors and
sounds that had been associated with reward values).
Thus, distractors comprised nine conditions: no distractor,
visual (high or low reward), auditory (high or low reward),
and bimodal (high or low visual x high or low auditory, four
conditions in total). Each condition was repeated 75 times
across all trials in a pseudorandomized sequence. Upon a
saccade to the target (within 3° from the center of the tar-
get ring), the ring was filled in and stayed in view for anoth-
er 100ms before the disappearance of the target and
distractors and the start of the next trial.

Same as the conditioning part, after each postcondi-
tioning block, the participant was also required to indicate
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Figure 1. Behavioral tasks. A, Reward-conditioning task: participants learned the reward associations of two colors and to sounds
through a pavlovian conditioning paradigm. They were instructed to indicate the side of a sound or a color change by key presses.
Correct answers received a nonzero reward, the amount of which depended on the preceding sound pitch (600 or 1000 Hz) or color
(magenta or mustard). The reward was displayed graphically as the filled area of a bar as well as a number that corresponded to the
amount of monetary reward in Euro cents. Incorrect answers received a reward of zero. B, Saccadic task in the postconditioning
part of experiments 1 and 2: participants were instructed to make an eye movement from the fixation point to the target (a ring). In
each trial, the participant started by maintaining eye position on the fixation point for a random duration between 1300 and 1600 ms
before a target circle was presented either above or below the fixation point, simultaneously with one of the following conditions: (1)
with no distractor; (2) with a visual distractor either to the right or left side of the horizontal position of the fixation point; (3) with an
auditory distractor presented on the right or left side of the headphone; and (4) with a bimodal distractor, which was composed of
both the visual and auditory distractors presented on the same side relative to the fixation point. In experiment 2, one more condi-
tion was included, in which the auditory distractor was presented on the opposite side relative to the visual distractor.

the sound and the color that gave high reward by pressing  using a Savitzky-Golay lowpass filter with an order of 2
the number 1 or 2 on the keyboard, and the orders for the  and length of 10 ms (Nystrém and Holmqvist, 2010).
presentation of the two sounds and two colors were both  Saccade onsets were defined as the moment when a
randomized. After the whole experiment, the participants = sample exceeded an angular velocity threshold of 35°/s
had to fill out a questionnaire regarding the reward values  and an acceleration of 9500°/s®. Saccade offsets were
of the stimuli and whether they had any preference toward  calculated as the first sample where the eye position ve-
any stimulus. This questionnaire was used to exclude par-  locity and acceleration fell below the aforementioned
ticipants that potentially had misunderstood reward asso-  thresholds.
ciations (e.g., indicated that high reward sound or color Trials with a saccadic latency <80 ms or >400 ms, with
was always presented on the right side). a saccadic duration of >120ms were excluded from the
analyses. Additionally, trials where the angular deviation
of the saccade end point or the saccade amplitude was
Data analyses >2.5 SDs away from the subjects’ grand mean (across all
Data were processed and analyzed by using MATLAB trials of the session) were defined as outliers and were re-
(version R2015a). Trials from the training sessions were  moved from the analysis. 1 subject was excluded be-
excluded from the analyses. For each trial, the first sac- cause >25% of trials were discarded based on these
cade after the target onset was analyzed. To detect the criteria. In the remaining 23 subjects, 94.78 = 2.33% of
saccades, eye position samples in a trial were smoothed  trials were taken into the analysis.
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Figure 2. The effect of reward value on saccade trajectories in experiment 1. A, Saccadic trajectories of the high- and low-reward visual
and high- and low-reward auditory conditions (indicated by corresponding symbols and colors). B, Calculation of the angular trajectory
deviation of the saccades. C, Baseline corrected, average angular deviations of saccade trajectories as shown in A and B served as a
measure of oculomotor interference created by the visual, auditory, and bimodal distractors with either high or low reward value (only bi-
modal distractors with congruent reward values are shown in C). Positive values indicate that the saccadic trajectories deviate toward
the distractor, while negative values indicate deviations away from the distractor. Visual distractors associated with the high reward
value resulted in significantly larger deviations away from the distractor, compared with low-value distractors. D, Baseline corrected
saccadic trajectory deviations in all bimodal conditions. From left to right: congruent-reward/both high-value, congruent-reward/both
low-value, incongruent-reward/visual low-value and auditory high-value, and incongruent-reward/visual high-value and auditory low-
value conditions. Saccade trajectories had significantly larger deviations when reward values were congruent compared with when they
were incongruent across modalities. Error bars indicate the SEM. Asterisk corresponds to a significance level of p < 0.05.

Our statistical inferences and conclusions throughout
are based on the mean angular deviation of saccade tra-
jectories, i.e., similar to previous studies of the effect of
reward on oculomotor salience (Hickey and van Zoest,
2012). The calculation of the angular deviation of the sac-
cade trajectories for a typical trial is demonstrated in
Figure 2, A and B. Angular deviation was defined as the
angular distance between the line joining each sampled
eye position along the saccade trajectory to the saccade
starting point and the straight path between the saccade

starting point and the target. The mean angular deviation
is thus the average angular deviation of all samples along
the saccade trajectory.

Since the target position could be either in the upper or
lower hemifield, and the distractor could be either on the
left or right side relative to the fixation point, to examine
the angular deviation, we rectified the target position to
the upper hemifield, and the distractor to the right side rel-
ative to the fixation point. In each participant, the no-dis-
tractor condition served as baseline, and their averaged
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Table 1: Latencies, durations and the distances of the end points of saccades from the target in experiment 1

Visual Auditory
Latency (ms) high reward

Latency (ms) low reward

218.19 = 23.39 188.33 £20.98 196.94 + 20.72 197.07 = 19.26
217.41 = 20.42 186.72 = 20.42 201.26 = 21.82

Bimodal/reward  Bimodal/reward
incongruent (high incongruent (low

Bimodal/ reward visual/ reward visual/
reward low reward high reward
congruent auditory) auditory) No distractor

198.37 £ 19.58 211.27 = 23.95

Duration (ms) high reward 44.38 + 33.17 44.74 =3.37  43.91%+ 3.32 43.97 = 3.24 44.63 + 3.66 44.90 + 3.51
Duration (ms) low reward 44.50 * 3.32 44,16 = 3.33 44.26 = 3.76
Distance of end point 0.87 = 0.27 0.89 = 0.32 0.91 +0.29 0.9 +0.29 0.91 + 0.36 0.86 + 0.24
from target (°) high
reward
Distance of end point 0.89 = 0.28 0.91 £ 0.29 0.90 + 0.23

from target (°) low
reward

angular deviation was subtracted from the average angular
deviation of each distractor condition with the correspond-
ing target location (i.e., in upper or lower hemifield). Even in
the absence of distractors, saccades may exhibit trajectory
deviations, which are predominantly toward one of the
quadrants. Subtraction of the no-distractor trajectories
remedies this directional bias. However, our estimation of
the baseline using the no-distractor condition could be
noisy. Therefore, the baseline was determined by averag-
ing the angular deviation of no-distractor trials that were
within a 68% confidence interval around the mean in this
condition (absolute z-score, <1). We obtained the same
statistical results as reported here, when the data were an-
alyzed without the subtraction of the baseline.

We analyzed the saccade average angular deviations
by carrying out a series of two-tailed, paired t tests and re-
peated-measures ANOVAs (RANOVAs). The first pre-
planned analysis examined whether the effect of reward
on visual distractors observed in previous studies can be
reproduced in our setup and in the case of stimuli tested
during the nonreward phase. In a second analysis, we fo-
cused on the effect of reward across modalities (in cases
where the reward was unambiguous; i.e., congruent re-
ward for the bimodal conditions), with factors for modalities
(visual, auditory, bimodal) and reward (high vs low). A third
analysis focused on reward congruency in the bimodal dis-
tractors, with factors for visual reward (high vs low), and
auditory reward (high vs low). For each RANOVA, a
Mauchly sphericity test (default test in MATLAB) assessed
whether the assumption of sphericity is violated. In case of
a violation of sphericity, a conservative lower-bound cor-
rection was applied to the df and p values of the

RANOQOVAs. Significant effects from the omnibus RANOVAs
were further investigated by performing post hoc tests
(using the multcompare function in MATLAB with a
Bonferroni correction for multiple comparisons). Effect
sizes in RANOVAs are reported as partial 5 (nf,) and in
pairwise comparisons as Cohen’s d (Lakens, 2013).

Latencies of the saccades (the time between the onset
of the target and distractors and the onset of the first sac-
cade), saccade duration (the interval between the onset
and the offset of a saccade), and the distance of the end
point of the saccades from the target are also reported in
Table 1-Table 4.

Results of experiment 1

Conditioning task

In the conditioning part, participants only had to identify
the location of the presented color change/sound in each
trial. The mean correct responses were 99.6% across 120
trials, with an SD of 0.6% indicating that subjects could
accurately localize the colors/sounds. All subjects had
learned the reward value associated with each color and
sound (based on their responses at the end of condition-
ing block and the questionnaire data).

Saccadic task
The effect of reward value of visual distractors on saccade
trajectories

We first examined whether we obtained results similar
to those of previous studies (Hickey and van Zoest, 2012)
for visual distractors. A preplanned, paired-samples t test
on high versus low visual reward showed a significant

Table 2: Latencies of saccades in experiment 2, before and after learning of reward associations

Same side/
bimodal (high
reward visual/  reward visual/

Same side/

Same side Opposite side Same side
bimodal (high

reward visual/ reward visual/

bimodal (low bimodal (low

Opposite side/

166.95 = 19.38

congruent reward/  low reward high reward congruent reward/  low reward high reward
Visual Auditory bimodal auditory) auditory) bimodal auditory) auditory) No distractor
Latency (ms) high reward Pre  202.08 + 23.85 174.21 = 19.01  182.02 = 20.24  180.63 + 20.33 182.20 + 20.51 178.01 = 19.93  180.60 + 20.44 184.58 = 21.80 193.30 = 24.16
Latency (ms) low reward Pre  204.28 + 25.95 173.35 = 18.92  183.24 + 20.83 184.19 = 21.23
Latency (ms) high reward Post 180.64 + 24.28 158.97 = 18.10  164.01 = 19.38  164.92 = 17.52 166.62 + 19.49 164.20 = 18.73  164.68 = 18.38 167.98 = 19.78 193.30 = 24.16
(i

Latency (ms) low reward Post 182.53 = 24.16 159.22 + 18.2976 168.00 + 20.63
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Table 3: Durations of saccades in experiment 2, before and after learning of reward associations

Same side/ Same side Opposite side Same side
bimodal (high  bimodal (low bimodal (high  bimodal (low
Same side/ reward visual/  reward visual/ Opposite side/ reward visual/  reward visual/
congruent reward/ low reward highreward  congruent reward/ low reward high reward
Visual Auditory bimodal auditory) auditory) bimodal auditory) auditory) No distractor
Duration (ms) high reward Pre  43.93 = 4.00 43.73 =4.18 43.65 = 4.25 43.91 £3.99 43.68 =429 43.75*=4.03 43.57 £ 3.93 43.88*+4.09 44.05=*4.14
Duration (ms) low reward Pre 43.88 = 4.17 43.74 =430 43.60 = 4.09 43.92 =411
Duration (ms) high reward Post  43.51 = 3.31 43.08 = 3.76 43.32 * 3.62 43.15 £3.38 43.35 3.70 43.40 = 3.94 43.34 +3.44 4335*+3.77 4378 £3.75
Duration (ms) low reward Post ~ 43.66 = 3.96 43.53 = 4.16 43.62 = 4.06 43.60 = 3.84

effect (to0) = 2.63, p=0.0152, Cohen’s d = 0.54), with high
visual reward condition showing greater deviations com-
pared with low reward (mean = SD: —1.063 = 0.68 and
—0.693 = 0.62 for high and low visual reward, respec-
tively; Fig. 2A,C), similar to the results observed previ-
ously (Hickey and van Zoest, 2012).

Reward association across different modalities

For the analysis of the effect of reward across all modal-
ities, we only took the conditions where the distractors
carried unambiguous reward values (i.e., only reward con-
gruent conditions were included; Fig. 2C). A two-way
RANOVA with modality and reward as independent fac-
tors revealed a main effect of modality (F244) = 28.57,
p=0.23 x 1075, lower bound corrected, 77,2; = 0.56). Post
hoc tests revealed significant differences between trajec-
tory deviations of visual and auditory (mean = SD:
—0.88 = 0.56 and —0.04 =+ 0.36 for visual and auditory, re-
spectively, p=1.1 x 102, Cohen’s d=1.27) and auditory
and bimodal (mean + SD: —0.04 = 0.36 and —0.9 = 0.79
for auditory and bimodal, respectively, p=1.1 x 1075,
Cohen’s d=1.16) conditions, but the difference between
visual and bimodal conditions was not significant (o > 0.1,
Cohen’s d=0.05). The effect of reward (F(1 22 = 0.75,
p =0.39) and the interaction between reward and modal-
ities (Fp,44y = 2.53, p=0.12) did not reach statistical
significance.

Reward congruency

For the analysis of reward congruency, we took all bi-
modal conditions and performed a RANOVA with visual
reward (high or low) and auditory reward (high or low) as
independent factors. Note that in this analysis our bi-
modal conditions are represented as high/high, low/low,
low/high, and high/low, with respect to visual or auditory
rewards, with congruent conditions represented as high/
high or low/low (Figs. 1B, 2D). The results of RANOVA

(lower bound corrected) showed a significant interaction
between the visual and auditory rewards (F 00 = 4.72,
p=0.040, 77;2) = 0.17), indicating a significant effect of re-
ward congruency. As can be seen in Figure 2D, saccadic
trajectories exhibited stronger deviations away from the
distractor when the visual and auditory reward values
were congruent (mean = SD = —0.90 £ 0.79) compared
with when they were incongruent (mean = SD =
—0.69 + 0.66). None of the main effects reached statisti-
cal significance (all F values <1 and all p values > 0.5).

Having shown that learned reward associations of dis-
tractors affect the trajectory of visually guided saccades,
in the following experiment 2 we further examined the in-
teraction between cognitive factors (reward values of the
visual and auditory components of the bimodal distrac-
tors) and the physical factors (spatial alignment of the vis-
ual and auditory components) of the distractor in a similar
setup. Furthermore, we included a preconditioning part of
the experiment to confirm that the effect of reward exists
only after associative learning.

Materials and Methods of experiment 2

Participants

The number of the participants was calculated based
on the results of experiment 1 (a two-tailed, paired t test
comparing visual high versus low reward value condi-
tions, a = 0.05, B = 0.8; the total number of participants
required for this power was 32). In total, 36 participants
were recruited, 4 participants were excluded (2 partici-
pants did not give correct answers to the questions re-
garding reward association right after the conditioning
part, and were replaced by 2 new participants; 1 partici-
pant did not complete the second session; and 1 partici-
pant had poor calibration values). The final sample
comprised 32 participants (age range, 19-37 years; mean

Table 4: The distances of saccade end points from the target in experiment 2, before and after learning of reward

associations

Same side/ bimodal (high bimodal (low

Same side/

Same side Opposite side  Same side

bimodal (high bimodal (low

congruent reward visual/ reward visual/  Opposite side/  reward visual/ reward visual/
reward/ low reward  high reward congruent reward/ lowreward  high reward

Visual Auditory bimodal auditory) auditory) bimodal auditory) auditory)  No distractor
Distance of end point from target (°) high reward Pre  0.86 + 0.19 0.85 + 0.15 0.87 = 0.17 0.88 =0.19 0.84 =0.18 0.88 = 0.19 0.85+0.16 0.89+0.16 0.83 =0.17
Distance of end point from target (°) low reward Pre  0.85 = 0.16 0.85 + 0.17 0.86 = 0.17 0.88 = 0.19
Distance of end point from target (°) high reward Post 0.91 = 0.22 0.88 = 0.2 0.91 = 0.22 0.88 = 0.2 092 =022 0.92 =0.21 0.89 +0.19 091 =022 0.89=*0.20
Distance of end point from target (°) low reward Post 0.91 = 0.23 0.90 + .20 0.91 = .21 0.92 = .20
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age =25.3 years, SD =4.0; 11 males). The experiment was
conducted on 2 consecutive days. On the first day, all
participants received €17; on the second day, all partici-
pants received basic payment plus the payment that was
proportional to the accumulated value they gained during
the reward association part of the experiment (with a max-
imum of €31). All procedures related to the recruitment of
the participants were identical to those in experiment 1
and complied with the ethical guidelines as described for
that experiment.

Apparatus
Identical to those used in experiment 1.

Materials and procedure

The conditioning tasks used for the learning of reward
associations and the saccadic task of experiment 2 were
identical to those of experiment 1 (Fig. 1), but the proce-
dures and experimental conditions were modified as fol-
lows. Experiment 2 was conducted on 2 consecutive
days. On the first day of the experiment, participants first
performed a saccadic localization task in which they indi-
cated the location of the stimuli (visual; auditory; or bi-
modal, with sounds on the same or opposite sides
relative to the visual stimulus) by making an eye move-
ment toward their perceived locations. This calibration
task allowed us to estimate the perceived location of the
target and distractors that were used in the subsequent
main saccadic task. Visual stimuli were presented 7.38°
above or below the fixation point (same as the target loca-
tion in the saccade task) or 3.6° to the right or left side of
the fixation point (same as the distractor location in the
saccade task), whereas auditory and bimodal stimuli were
presented either to the left or to the right side of the fixa-
tion point (same as the distractor locations in the main
saccadic task). In total, data on 10 training trials and 200
experimental trials, comprising 20 trials per condition, and
location were collected. The stimuli were identical to
those used in the later saccade task (and the same as
those used in experiment 1), with the exceptions that the
color of the disks was always dark gray (RGB: [80, 80, 80],
the same as the target color in experiment 1, and the
sound had a pitch (800 Hz) that was different from those
used in the later parts.

The saccadic localization task was followed by a pre-
conditioning part that required the participant to perform
the saccadic task before the learning of the reward values
(Fig. 1B). Each participant performed 13 training trials to
familiarize with the saccade task followed by 10 blocks
consisting of 150 ftrials for the preconditioning part (i.e.,
1500 trials in total). In the saccadic task, the distractor
conditions were one of the following: (1) no distractor; (2)
with a visual distractor (0.8°) either 3.6° to the right or left
side of the horizontal position of the fixation point; (3) with
an auditory distractor presented on the right or left side of
the headphone; (4) with a bimodal distractor, which is
composed of both the visual and auditory distractors pre-
sented on the same side; and (5) with a bimodal distrac-
tor, which is composed of both the visual and auditory
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distractors presented on the opposite side (Fig. 1B). Note
that visual and auditory distractors could have been asso-
ciated with either high or low reward values. Hence, bi-
modal distractors comprised four conditions with respect
to the associated reward value in each modality (i.e., both
modalities high, both modalities low, vision high and audi-
tory low, and vision low and auditory high reward values).
Since bimodal distractors could be on the same or oppo-
site sides, this resulted in a total of eight bimodal condi-
tions (i.e., four reward pairings x two sides). Therefore,
experimental stimuli comprised 13 conditions, each re-
peated 120 times (except for the no-distractor condition,
which was repeated for 60 trials). The number of trials per
distractor condition was increased compared with experi-
ment 1 (120 trials per distractor condition in experiment 2
compared with 75 trials per condition used in experiment
1) to have a more robust estimation of the deviations in
the trajectory of the saccades.

On the second day of the experiment, participants first
performed the reward conditioning task (160 trials; i.e., 40
trials per reward condition in each modality), followed by
the saccadic task (postconditioning part, same proce-
dure, and number of trials as the preconditioning part). At
the end of the session on day 2, participants performed
the saccadic localization task where they indicated the
perceived location of the experimental stimuli with eye
movements again (10 training trials and 200 trials of the
main task identical to day 1). This was to test whether
training on the saccade task alters the perceived location
of the target and the distractors.

Similar to experiment 1, we analyzed the mean angular
deviations of the saccades by carrying out a series of
RANOVAs. The first analysis focused on the effect of re-
ward (in the cases where reward was unambiguous), with
factors for modalities (visual, auditory, bimodal same
side, bimodal opposite side) and reward (high vs low) and
the second analysis focused on contrasting reward
congruency and spatial congruency in the bimodal dis-
tractors, with factors for visual reward (high vs low), audi-
tory reward (high vs low), and spatial congruency of the
visual and audito