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Processing fluency for visual synchrony perception

Abstract

Prior research has found that interpersonal synchrony increases social closeness and
cooperation: this is often referred to as the synchrony-bonding effect. Most explanations for
this synchrony-bonding effect rely upon higher-order social cognition (e.g. shared goals or self-
other merging). Relatively little attention has been given to the perceptual experience of
synchrony, and the low-level perceptual mechanisms involved, such as processing fluency. In
two pre-registered experiments, we tested the novel hypothesis that synchrony (congruent
movement) is easier to process than non-synchrony. In Study 1, no effect of direction
congruency on performance was detected. However, Study 2 found a significant effect of speed
congruency. This indicates decreased processing load when stimuli are moving at the same
speed. We then discuss how these reduced visual stimuli may relate to naturalistic periodic
movement. Crucially, the effect observed here does not rely upon social stimuli and may
operate at an early stage of perceptual processing. This is an initial step in establishing a novel

theory of the synchrony-bonding effect, based upon the principles of processing fluency.

Keywords: synchrony, entrainment, visual perception, flanker, motion, processing fluency,

cognitive load.



1  Introduction

Social behaviour regularly features moments of synchrony that display or reinforce
social affiliation. Behavioural synchrony is characterised by a strict temporal locking of
actions, though the exact shape and kind of the actions may or may not be matched (Bernieri
& Rosenthal, 1991). This is exemplified in activities such as music, dance, rowing and
marching (McNeill, 1997). Synchrony may emerge spontaneously, as rhythmic sounds often
induce involuntary bodily entrainment in adults (Zelechowska et al., 2020). This capacity for
spontaneous sensorimotor synchronisation appears to be limited to a small and distantly related
number of animal species, among which humans display a particular ability (Fitch, 2013).
Despite synchrony’s ubiquity, experimental research has only recently begun to uncover social

effects and underlying causal pathways.

Recent studies of the effects of behavioural synchrony on social affiliation and bonding
demonstrate that people feel a sense of social closeness and are more likely to exhibit pro-
social behaviour towards someone with whom they have previously synchronised — termed the
synchrony-bonding effect (Hove & Risen, 2009; Mogan et al., 2017; Rennung & Goritz, 2016;
Savage et al., 2021; Vicaria & Dickens, 2016). Perceiving others synchronising can also elicit
a response: synchronised groups are perceived as more formidable and bonded (Lee et al.,
2020), and watching synchronised performances leads to a perception of beauty, aesthetic
appreciation, and greater enjoyment than non-synchrony (McEllin et al., 2020; Vicary et al.,

2017).

Participation in, and perception of, synchrony have these social effects, and various
causal pathways have been proposed in recent research. Some theories rely upon higher-order
cognitive processes, such as shared goals, shared intentions, or a perception of self-other
similarity (Demos et al., 2012; Reddish et al., 2013; Valdesolo & DeSteno, 2011). Other
accounts have suggested that synchrony biases attention to select synchronous stimuli
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(Bamford et al., 2016; Cirelli et al., 2014; Woolhouse et al., 2016). However, it is not clear
why our attention should be drawn to synchrony, nor how synchrony is involved at other stages
of stimulus perception. Here, we propose that the social effects of behavioural synchrony arise
in part through low-level perceptual mechanisms, specifically via a domain-general processing
fluency effect. The present study develops and tests this proposal and begins to fill this gap in
our understanding of the causal role of general perceptual principles in the synchrony-bonding

effect.

1.1 Processing Fluency

Processing fluency is a general explanatory principle that can be applied to a range of
preference judgements. It is not domain-specific and suggests that the ease with which a
stimulus is processed provides an intrinsic reward (Winkielman et al., 2003). By rewarding
action that seeks out easy experiences, processing fluency effects provide motivation that can
function to optimise energy costs of cognition (Leder, 2013). Stimuli that are easy to process
evoke positive feelings, which in turn provide information about the stimuli (Schwarz, 2012).
Another suggestion is that fluency is a cue for familiarity, without having to rely upon memory
processes (Winkielman et al., 2003); one of the most reliable means of generating processing
fluency is to have had prior exposure to a stimulus, and so a fluently processed stimulus is more
likely to have been encountered previously than stimulus that is more difficult to process. In
this case, if fluency is experienced because of the intrinsic qualities of the stimulus, rather than
because of the observer’s prior experience, this fluency heuristic may lead to an illusion of
familiarity (Reber et al., 2004). Processing fluency effects could also be understood as
prediction fulfilment in a predictive processing framework. In predictive processing, the brain
is testing predictions about the world against sensory stimuli (Rao & Ballard 1999). Any
prediction error — or free-energy — would require updating the internal predictive model, which

is effortful, whereas having a prediction fulfilled would be rewarding (Friston & Kiebel, 2009;



Clark 2015). The effect is the same: an individual can experience a positive reward from a
stimulus that is predictable and easy to process — either by the structural simplicity of the

stimulus, or through prior exposure.

Processing fluency is a general principle that has been successfully applied to a wide
range of stimuli. It has been used to explain preferences for art, visual patterns, music, and font
styles (Reber et al., 2004). Processing fluency has also been applied to some social judgements,
as an explanation for why people are more likely to be prejudiced against others who are harder
to understand (Lick & Johnson, 2015). Despite its generality, processing fluency has yet to be
tested for synchronised stimuli. In a purely theoretical exploration, Wheatley and Sievers
(2016) suggested that interpersonal synchrony may be more efficient to process by
consolidating streams of information about the self and other, leading to a state of fluency.
Hove and Risen (2009) also raised the possibility that synchrony may be easier to process than
non-synchrony. The suggestion was offered in a brief footnote and has not since been

theoretically developed or tested.

Many observations associated with the synchrony-bonding effect and the perception of
synchrony bear similarity to the effects of processing fluency. Moving in synchrony with
another increases their likability (Hove & Risen, 2009). Meanwhile, greater synchrony in
performance increases viewer enjoyment and aesthetic ratings (McEllin et al., 2020; Vicary et
al., 2017). Similar effects on liking and aesthetic perception are observed in typical processing
fluency studies (Reber et al., 2004). The structure of synchronised stimuli also fit within the
existing criteria for fluent processing. Synchrony is usually sustained over an extended period
of time (Bispham, 2018), and repeated exposure to a stimulus builds familiarity and fluency
for that stimulus (Reber et al., 1998; Winkielman & Cacioppo, 2001). Fluently processed
stimuli often have simple features and contain a degree of redundancy, such as in symmetrical
patterns (Makin et al., 2012). This is analogous to the repetitive movement patterns usually
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observed in synchronised action, which often exhibit a simple rhythmic structure (Polak et al.,
2018). Synchronised stimuli share traits with other stimuli that are easy to process, and the
resultant processing fluency potentially produces positive affective and social consequences

for the perceiver(s).

Synchronous action entails the grouping of visual, auditory, or other sensory objects
(Hukin & Darwin, 1995; Rideaux et al., 2016). For example, when two people tap or drum
together in synchrony, the listener may perceive the two objects and combine them together to
form a larger whole. Wheatley and Sievers (2016) described a phenomenon of interpersonal
streaming which may occur during synchrony. As such, Gestalt grouping principles can inform

the perceptual processes involved.

Gestalt grouping, first described by Wertheimer (1938), outlines a set of principles
through which objects are grouped together. Cues such as proximity and similarity result in
many objects being seen as part of a larger whole. The principles apply to both visual and
auditory perception, although the process of grouping sounds into “streams” is usually referred
to as Auditory Scene Analysis (Bregman & Campbell, 1971). Crucially, synchrony of sound
or movement, or of the onset of an event, is a strong cue for grouping in both auditory and
visual domains (Hukin & Darwin, 1995; Rideaux et al., 2016). When multiple stimuli act in
synchrony with each other, they could be perceived as one object due to gestalt grouping
principles or auditory streaming depending on the modality (Hukin & Darwin, 1995;
Pressnitzer et al., 2011; Rideaux et al., 2016; Wertheimer, 1938). However, ambiguity in
grouping cues requires increased attentional effort to resolve (Dollezal et al., 2014). In the
acoustic domain, additional perceptual objects provide a distraction, demanding more
attentional control (Hughes et al., 2013; Zeamer & Fox Tree, 2013). These grouping principles

could explain why synchrony is easier to process than non-synchrony.



1.2 The Present Study

Processing fluency may be a causal factor underlying the synchrony bonding effect.
However, there are no studies that specifically test this. Before testing the social effects of
processing fluency arising from synchrony, it must be established whether processing fluency
arises from synchrony at all. Thus, this study tests whether synchrony is easier to process than

non-synchrony in the visual domain.

Ease of processing is regularly measured using reaction times (Reber et al., 2004).
However, previous research has found that participants may choose to sacrifice speed for
accuracy (Dutilh et al., 2011). This speed-accuracy trade-off may be accounted for by
instructing participants to focus on either speed or accuracy, or by combining speed and
accuracy into an overall performance score. The present study used the latter approach,
combining reaction time and error rate into a performance score to infer the processing load of

the tasks, while also instructing participants not to sacrifice accuracy in their responses.

Reaction times have rarely been studied in the context of synchronised action because
synchrony requires precise timing by its nature. Reaction times can be influenced by
spontaneous entrainment to a periodic stimulus, as people will tend to respond in time with the
stimulus (Killingly et al., 2021). Therefore, the present study uses non-periodic stimuli,

involving continuous movement without any rhythmic structure.

Most synchrony-bonding studies have used periodic stimuli. In periodic movement,
velocity changes in a regular, oscillating pattern. When two oscillators are in synchrony, their
velocities will always be changing, but will have a consistent relationship between them. By
using non-periodic stimuli with a consistent velocity, the present study avoids spontaneous
entrainment to the stimuli. As a consequence, it focuses on the perception of brief snapshots of

coordinated movement between multiple stimuli.



The stimuli used in the present study were based upon the animated Flanker paradigm
developed by Lange-Malecki and Treue (2012), but with Gabor patches similar to those used
by De Valois and De Valois (1991). Gabor patches are generated through the convolution of
sinusoidal and Gaussian functions (Figure 1). They can be animated so that the bars appear to
drift and are often used to study motion perception (e.g. Amano et al., 2009; De Valois & De
Valois, 1991; Rideaux et al., 2016). Previous studies have found that animated Gabor patches
moving in synchrony are perceptually grouped together (Rideaux et al., 2016). Animated Gabor

patches are thus ideal stimuli for studying processing fluency that may arise through perceptual

grouping.

Figure 1. A single Gabor patch.

Developed by Eriksen and Eriksen (1974), the Flanker task is a method of studying
attention control. Typical flanker tasks involve a central ‘target’ stimulus, surrounded by
‘flanker’ stimuli in a horizontal line either side. The stimuli are usually static images, such as
a letter or an arrow, that correspond to a keyboard response. In congruent conditions, the
‘target’ and ‘flankers’ are identical, while in incongruent conditions they are not. Participants
complete many trials, with the average reaction time and accuracy of responses to the stimuli
taken as measures of the effect of visual distraction between congruent and incongruent
conditions (Eriksen & Eriksen, 1974). Prior research has demonstrated that reaction times can
be reliably measured with Flanker tasks on an online platform (Crump et al., 2013; de Leeuw,

2015; Pinet et al., 2017).



Although a well-established test for the perception of static images, there are few
examples of animated Flanker tasks. One study, with a relatively small sample of 21 students,
directly compared the effects of moving and static flankers (Lange-Malecki & Treue, 2012).
In all conditions, participants had to report the direction indicated by the target, but in the static
condition the stimuli were all triangles pointing either left or right, while in the moving
condition the stimuli were random dots moving within a defined circle. The authors found
similar effects of congruency in both of these conditions (Lange-Malecki & Treue, 2012).
However, the aim of their study was not to study synchrony per se, and their findings were
based on a very small sample. Lange-Malecki and Treue (2012) did demonstrate that the
flanker effect exists for moving as well as static stimuli, which the present study investigates

further with the specific aim of testing the processing load of synchrony.

Across two preregistered experiments, we tested the hypothesis that synchronised
stimuli are easier to process, as measured by performance on a Flanker task, than non-
synchronised stimuli. Study 1 used only one manipulation, having stimuli that were either
congruent or incongruent in direction. Study 2 involved the addition of a speed manipulation.
We predicted highest performance when the target was moving at the same rate and direction
as the flanker stimuli. Both experiments were conducted online using the novel Gabor-Flanker
task. This is a variation on the animated Flanker task developed by Lange-Malecki & Treue
(2012), although featuring animated Gabor patches such as those used by De Valois and De
Valois (1991). If performance is better in the congruent trials, this would indicate that the target
and flanker stimuli may be perceptually grouped together, reducing processing load. Lower
processing load when perceiving synchronised stimuli than when perceiving non-synchronised
stimuli would suggest that some of the positive effects of synchrony could, at least in part, be

explained by processing fluency.



2 Study1l

In a within-subjects design, Study 1 tested the effect of synchrony on processing load,
as measured by reaction times and a composite performance score. We utilised novel stimuli
by constructing a Flanker task using Gabor patches, in which the movement of the target patch
was either congruent or incongruent with the movement of the flankers by moving either in the
same or opposite direction (Lange-Malecki & Treue, 2012). In line with our hypothesis that
synchrony is easier to process than non-synchrony, we predicted that participants would make
faster and more accurate responses when the flanker stimuli were moving congruously (i.e., in
the same direction) with the target/central stimulus, compared with when they moved

incongruously (i.e., in different directions). This experiment was preregistered.*

2.1 Participants

This study was conducted online, with participants recruited using snowball sampling
methods through social media (Facebook, Twitter, Reddit). A sample of 73 participants (45
female, 27 male, 1 other) completed the study, exceeding the target sample size of 71 (based
upon a power analysis with d = .3, a =. 05, 1-p = .8). Most participants were living in Western
countries, with the majority coming from the United Kingdom (34.2%), the rest of Europe
(30.1%), Australia (23.3%), and North America (8.2%), and had a mean age of 31.01 (SD =
10.3, range = 20:62). Participants were required to have normal or corrected vision, and to have
access to a device with a keyboard. All participants reported fulfilling these criteria, and gave
informed consent to participate in this study, in accordance with the ethics requirements of the

university’s ethics board.

Any incomplete responses were excluded. Mean time to complete the perceptual

component of the study (excluding the demographic questionnaire) was 452.82 seconds (SD =

L http://aspredicted.org/blind.php?x=cj7bd7
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112.62). One participant was excluded from this calculation for having an extraordinarily long
completion time (12296.4 seconds), although most of this time was taken on the first screen,
and there was no unusual behaviour otherwise on the task. It is suspected that this participant

left the page open before beginning the task itself, and thus their data were retained for analysis.

2.2 Materials

The online study consisted of two parts: a short demographic questionnaire and the
Gabor-Flanker task. The animated Gabor stimuli in this study were generated in MATLAB
using a function available in Online Materials?. Three Gabor patches were generated in this
way: static, left-movement, right-movement. Each individual Gabor patch was 150 pixels in
diameter, with a period length of 1cm, and the animated patches moved at a rate of lcm/s.
During development of the task, pilot participants had reported feeling disoriented when all the
stimuli were moving, so static patches were added above and below the target to act as a visual
reference point. The Gabor-Flanker task presented five Gabor patches (one target, two flankers,
two static references) arranged in a diamond (Figure 2). There were two conditions in a within-
subjects design: a congruent (synchrony) or incongruent (non-synchrony) condition. In the
congruent condition, the target Gabor patch moved in the same direction as those either side of
it, and in the incongruent condition it moved in the opposite direction to the flankers. The Gabor
patches immediately above and below the target were always static. The task itself was built
using jsPsych (de Leeuw, 2015), and the script is available on Online Materials®. Because the
task was completed by participants online, on their own computers, specific details of

resolution and screen size could not be controlled.

2 https://github.com/bamford-js/GaborGen
3 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl Experiment
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a) Congruent b) Incongruent
Figure 2. Arrangement of stimuli in the Gabor-Flanker task. The central Gabor patch was
always the target stimulus, and the patches immediately above and below it were always static,
while those to its left and right were animated. The left and right flanker stimuli either moved
in the same direction as the target (congruent) or in the opposite direction (incongruent).
Arrows are for illustration purposes only.

2.3 Procedure

Participants completed the demographic questionnaire in Qualtrics, before being
presented with the Gabor-Flanker task. The on-screen instructions explained that this study
aimed to investigate motion perception. No details of the hypotheses were divulged.
Participants were instructed to categorise the direction of the target (either left or right) and to
respond to each trial as quickly as possible, without sacrificing accuracy. Previous studies have
found that participants adopt two different modes of thinking in reaction time experiments:
stimulus-controlled behaviour, and guessing (Dutilh et al., 2011). By emphasising the need for

accuracy, guessing can be reduced.

The Gabor-Flanker task was initially presented in 8 practice trials, followed by three
blocks of 60 trials. Participants were invited to take a short break between blocks, to prevent
fatigue. Each block contained 30 trials from each condition (congruent and incongruent),
presented in randomised order. Participants had a maximum of 2000 ms in which to respond

to each trial, or that trial would be marked as incorrect. Responses were given by pressing either

12



the ‘F’ or ‘J’ key on their keyboard, for ‘left” and ‘right’ respectively, to indicate the direction
of the motion in the target Gabor patch. Following every trial, there was a short pause of
between 500 and 2000 ms in duration. The random pause duration was to prevent the task from

having any intrinsic rhythm. The script may be found in Online Materials*.

2.4 Analysis

Raw data were exported from Qualtrics. Reaction time (RT) — the time from initial
presentation of a stimulus until the participant’s button press — was recorded for each trial
within the online JavaScript application. For each block of 30 trials, a mean reaction time for
correct responses was calculated, as well as an accuracy rate (percentage of correct responses
in a block). Accuracy (%) was divided by mean RT (ms) on correct trials to give a composite
performance score (hereafter “performance”). This was calculated for each participant, in each
block, for every condition, and then scaled by 100 for readability. This is an adaptation from
Lange-Malecki and Treue (2012), who used an inverse efficiency measure to account for
different accuracy rates between conditions. Although participants were instructed not to
sacrifice accuracy, it is possible some may have done so to optimise RT. Therefore, RTs alone
may not capture the true difficulty of the task. As a combined measure, performance accounts
for any potential speed-accuracy trade-off. A Pearson’s correlation was used to confirm a

negative relationship between accuracy and RT.

To test the hypothesis that the non-synchronised (incongruent) trials are more difficult
to process than synchronised (congruent) trials, a repeated measures ANOVA was used to test
the effect of flanker condition (stimulus) and presentation order (block) on performance.

Presentation order was included to investigate any practice effects.

4 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl Experiment
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Data were processed in Python, statistical tests were conducted using Pingouin (Vallat,
2018), and figures were produced with Seaborn (Waskom, 2021). The data and script for

analysis may be found in Supplementary Online Materials®.

2.5 Results

Descriptive statistics for all measures on the stimulus conditions are reported in Table
1. Five participants who scored more than 2.5 standard deviations from the mean on
performance were removed as statistical outliers. The level of 2.5 standard deviations has been

used in previous processing fluency studies as the basis for exclusion (Reber & Schwarz, 1999).

A medium, positive, significant correlation was observed between mean reaction time
and accuracy, r = 0.277, p < .001, indicating a trade-off between reaction time and accuracy

(see Figure 3), and justifying the use of a composite performance score.

Table 1. Descriptive statistics for reaction time, accuracy, and composite performance across
the two stimuli conditions, with outliers excluded.

Reaction Time (ms) Accuracy (%) Performance (%/ms)

M SD M SD M SD
Congruent 573.6 100.2 97.76 4.142 17.46 2.605
Incongruent  578.0 105.2 97.70 3.699 17.32 2.460

5 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl Analysis
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Figure 3. Mean reaction time (ms) on correct trials per block, plotted against accuracy (%
correct) per block. Blue dots correspond to the mean RT and accuracy for each participant.

Using the composite performance measure (accuracy/reaction time), the assumptions
of equal variances were met for both the stimulus condition, W = 1.04, p = .309, and block
condition, W = 2.270, p = .105. However, the assumption of sphericity was violated for the
block condition, X2(2)= 23.76, p < .001, so a Greenhouse-Geisser correction was applied. The
repeated measures ANOVA found a significant effect of block on performance, but no effect
of stimulus condition (see Table 2 and Figure 4). Post-hoc, Bonferroni corrected t-tests revealed
significant differences between Block 1 and Block 2, t(66) = -4.842, p < .001, and between
Block 1 and Block 3, t(66) = -4.138, p < .001, suggesting a significant practice effect. There

was no significant effect of stimulus condition on performance.
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Table 2. Repeated-measures ANOVA for the effect of stimulus condition and block number on
performance.

Effect df F P Np? g
Stimulus 1, 66 1.469 230 0.022 1
Block 2,132 16.30 <.001 0.198 0.766
Stimulus * Block 2,132 0.529 .578 0.008 0.930
18.5 Stimulus T
® congruent I
18.0 ncongruent
E - = |
& 175
i T
S = T
3]
E 17.0
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o
B 165
16.0 =
1 2 3
Block

Figure 4. Plot of each participant’s composite performance score (accuracy/reaction time) in
both the congruent and incongruent conditions, against presentation order (block number). All
data are presented, including subjects that scored below chance level accuracy. Error bars show
95% confidence intervals.

2.6 Discussion

Study 1 tested the effect of synchrony on perceptual fluency, operationalised as
a performance measure combining both accuracy per block and reaction time (RT) for correct
trials. In this case, synchrony within a trial was manipulated through congruency of direction
between the target and flanker stimuli. Trials were divided into three blocks, for the purpose of
calculating accuracy rates and to investigate order effects. Significant order effects were

observed, with participants showing increased performance on later blocks. This indicates a
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practice effect, which is consistent with previous literature on attention control tasks such as

the Flanker (Chen et al., 2013). However, the observed effects of the stimuli were more mixed.

No effect was found of stimulus condition on performance. It should be noted, however,
that there were five outliers excluded for being greater than 2.5 standard deviations from the
mean. These participants also scored below 50% accuracy (chance level) on at least one
condition within at least one of the blocks. In every case this was only for the incongruent

condition.

Given that the study was conducted online, and the participants’ behaviour during the
task could not be observed, it is possible that they had either misunderstood the task or were
distracted. However, the presentation of stimulus type was randomised for each trial, and the
increased rate of errors in the incongruent condition seems systematic for some participants.
This could be because they found these trials more difficult to perceive, failing to correctly
identify the direction of motion. All participants should have had normal or corrected vision,
but it is possible that some participants had a vision or attention impairment that they either did
not disclose or of which they were not aware. Alternatively, some participants potentially
experienced something akin to the wagon wheel illusion, in which a stimulus appears to move
backwards because of a mismatch between the rate of movement and the frame rate of the
video (Purves et al., 1996), although the frame rate of modern computer monitors (usually at
least 50Hz) should preclude this. Lange-Malecki and Treue (2012) also observed a reduced
accuracy rate for incongruent moving flankers, although they did not report whether this

disproportionately affected some participants more than others.

Typically, a congruency effect is observed in Flanker tasks, with reaction times being
faster when the target stimulus is congruent with the flankers (Chen et al., 2013; Eriksen &

Eriksen, 1974), and this has previously been observed in animated Flanker tasks similar to
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those in the present study (Lange-Malecki & Treue, 2012). Study 1 failed to replicate the results
of Lange-Malecki and Treue (2012), though differences in design must be acknowledged. In
both studies, the incongruent conditions were incongruent only in direction. However, Lange-
Malecki and Treue (2012) used stimuli with moving dots, rather than the animated Gabor
patches presented here. The dots used by Lange-Malecki and Treue (2012) were more visually
complex, appearing as more objects on the screen, and thus less susceptible to being grouped
together. Conversely, two Gabor patches are likely to be perceived as one object (Rideaux et
al., 2016), even with opposing directions of motion. Because of this general difference in visual
complexity, incongruency in Gabor patch direction may not have been difficult enough to

register a difference in reaction time, when compared to incongruency in dot movement.

The null finding here, with stimuli that exhibit a consistent velocity, may also be
understood in terms of periodic motion. In natural perception of synchrony, objects may be
moving in different directions and/or at different speeds at any given moment. Natural
oscillators exhibit periodic movement in which direction changes at regular intervals, while the
stimuli presented here maintain a consistent direction. Despite the Gabor patches themselves
being sinusoidal, their velocity remains consistent, and the temporal relationship between the

target and its flankers is constant within a trial.

In synchrony studies, antiphase coordination is usually still considered to be
synchronised (Repp, 2005). This occurs when two agents have a stable temporal relationship,
except that one agent reaches the peak of its motion as the other is at its trough. The derivative
(velocity) of these two waves would always be moving in opposite directions, at the same
speed: just as the incongruent condition presented here. Therefore, incongruency in this
experiment could be considered to be a derivative of antiphase synchrony, and thus not a true

representation of the perceptual experience during a moment of non-synchrony.
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When two oscillators move in synchrony, they will always be matched in velocity at
any timepoint. Study 1 had one incongruent condition, in which direction was opposing but
speed remained matched. In non-synchronised movement between two oscillators, speed
usually also differs at any given time between them. To investigate the effect of both speed and
direction, Study 2 includes a speed manipulation as an additional form of incongruency within

the Flanker paradigm.

3 Study?2
Study 2 aimed to replicate and extend the results of Study 1 by examining the effect of
a speed manipulation. In Study 1, the target was either moving in the same, or opposite,
direction to the flankers. Study 2 also varied the rate of movement between the target and
flankers in a 2x2 within-subjects design, with each participant completing four conditions:
speed congruent — direction congruent (SC-DC), speed incongruent — direction congruent (SI-
DC), speed congruent — direction incongruent (SC-DI), and speed incongruent — direction

incongruent (SI-DI).

We hypothesised that speed-incongruency would have a negative effect on
performance. Based upon the results of Study 1, no effect of direction-incongruency was
expected. There were no specific hypotheses about interactions between the two factors. On
one hand, there could be an additive effect of increased processing difficulty when both factors
are incongruent. On the other hand, the target may become so different from the flankers, based
on Gestalt grouping principles, that it becomes easier to perceive separately. This experiment

was preregistered.®

6 https://aspredicted.org/blind.php?x=wm8g3c
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3.1 Participants

Participants were recruited online through the same methods as Study 1, however with
an entirely new sample (no participants from Study 1 took part in Study 2). The minimum
sample size was 62, for a repeated-measures ANOVA of small-medium effect size (o = .05, 1-
B =.8). A total of 82 participants completed the task (49 female, 30 male, 3 other; mean age of
31.83). The majority of participants were from the UK (45.8%), the rest of Europe (32.3%),
Australia (10.8%), North America (8.4%), and Asia (2.4%). Study 2 had the same selection
criteria as Study 1. All participants reported having normal or corrected vision and gave
informed consent according to the university’s ethics requirements. This study was approved

by the Departmental Research Ethics Committee as an extension of Study 1.

Mean completion time for the perceptual component of the study (excluding the
demographic questionnaire) was 638.70s (SD = 174.37). Two participants were excluded from
this calculation for having unusually long times (2279.14s and 2764.98s) although the
excessive time was spent on the first screen, and otherwise they completed the task as expected,
so their data were retained for analysis. Mean completion time including these participants was

684.63s (SD = 341.40). Incomplete responses were excluded.

3.2 Materials

Study 2 consisted of the same demographic questionnaire, and a similar Gabor-Flanker
task to that used in Study 1. Four Gabor patches were generated using the same MATLAB
script as Study 1, with both left and right animated patches at both slow and fast speeds for
each condition. The fast Gabor patches moved at 1cm/s, the same rate as those in Study 1,
while the slow patches moved at 0.5cm/s. The precise parameters to generate these Gabor

patches are provided in Supplementary Online Materials’. Each patch was 150 pixels in

7 https://github.com/Social-Body-Lab/fluency-through-synchrony/blob/main/Study1/GaborGen.m
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diameter. These were then arranged into the same diamond-shaped configuration as Study 1
(see Figure 2), although with the added speed manipulation. As with Study 1, the Gabor patches
on the vertical axis were held static to use as a visual anchor. Four conditions (as listed above)
were constructed based on the relationship between the target Gabor patch in the centre and
the two flankers to the left and right. All possible variations of speed and direction existed

within these conditions.

3.3 Procedure

Participants took part in the study remotely. They were instructed to use a home
computer with access to a keyboard, in a quiet environment, free from distractions. Participants
completed the short demographic questionnaire in Qualtrics. This was followed by the
perception task, which was embedded as a JavaScript App within Qualtrics. The script may be
found in Supplementary Online Materials®. Participants were given similar instructions to

Study 1.

There was a practice block of 16 trials, followed by five blocks of 48 experimental
trials. This resulted in 60 experimental trials in each of the four conditions, presented in a
randomised order, equally divided between each block. At the start of each trial, a Gabor-
Flanker grid was presented and then participants had up to 2000ms to respond to each trial,
after which that trial would be marked incorrect. As in Study 1, there was a gap between trials
of between 500ms and 2000ms (duration randomised). A hypothesis probe was included at the

end.

3.4 Analysis
As in Study 1, we calculated a composite performance score (accuracy divided by mean

reaction time for correct trials) for each participant in each condition. Two-way repeated

8 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl Experiment
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measures ANOVASs were used to analyse the effect of the two flanker conditions (speed and
direction) on composite performance. The composite performance measure was used due to
the different accuracy rates between conditions. To examine possible confounds, a second 2x2
repeated measures ANOVA tested for the effect of target speed (the speed of the central Gabor
patch) against the flanker effect of speed (the difference between the speed of the central Gabor
patch and that of the flanker Gabor patches). Results were processed in Python; statistical tests
were conducted using Pingouin (Vallat, 2018), and figures were produced with Seaborn
(Waskom, 2021). The data and script for analyses may be found in Supplementary Online

Materials®.

3.5 Results

Descriptive statistics for all conditions may be found in Table 3. Initial analysis
revealed that five participants scored below chance level (50% accuracy) on at least one
condition in at least one block. In all cases these were in either the SC-DI or SI-DI condition.
As with Study 1, any scores greater than 2.5 standard deviations from the mean could be
considered outliers, although in the preregistration for Study 2 we decided not to automatically
remove these outliers but to analyse the data both with and without them. This prevents the
unnecessary removal of variance from the sample, particularly since the outliers in Study 1
were predominantly in one condition. The analysis presented here includes the complete
dataset, but the analysis excluding outliers can be recreated from the code in Supplementary

Online Materials.

Performance scores were calculated in the same manner as Study 1. A two-way

repeated-measures ANOVA was conducted to examine condition-wise effects on performance.

9 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl _Analysis
10 https://github.com/Social-Body-Lab/fluency-through-synchrony/tree/main/Study1/Studyl Analysis
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The assumption of sphericity was met, as both the speed and direction factors only had two
levels (congruent and incongruent). Both factors also met the assumption of equal variances
(direction: W = 0.514, p = .473; speed: W = 2.247, p = .134). Significant main effects were
found for speed and on the interaction between factors, but not for direction (see Table 4 and
Figure 6). Post-hoc analysis with Bonferroni corrected t-tests revealed significantly better
performance in the speed-congruent (SC) trials, compared with speed-incongruent (SI) trials,
t(81) = 3.612, p < .001. Furthermore, an interaction effect between direction and speed was
observed, such that the effect of speed was more pronounced in the direction-congruent (DC)
than the direction-incongruent (DI) trials. Post-hoc analysis found that performance was

significantly higher in DC-SC compared with DC-SI, t(829) = 3.858, p <.001.

Table 3. Descriptive Statistics for mean reaction time, accuracy and performance across all
conditions on both congruency factors and for speed of target.

Reaction Time (ms)  Accuracy (%) Performance
(%/ms)

Condition M SD M SD M SD
Speed Congruent 589.2 124.1 96.88 9.946 17.07 3.511
Incongruent 602.0 141.3 97.00 8.984 16.86 3.611
Direction Congruent 599.4 135.8 97.48 6.994 16.95 3.423
Incongruent 591.7 130.2 96.39 11.43 16.98 3.700
Target Faster 570.2 117.8 97.32 9.181 17.69 3.489
Slower 621.1 142.4 96.56 9.752 16.24  3.488

Table 4. Results of two-way repeated-measures ANOVA of speed and direction factors on
performance scores.

Factor df F p Mp?
Speed 1,81 13.05 <.001 0.139
Direction 1,81 0.430 514 0.005
Speed * 1,81 6.400 .008 0.073
Direction
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Figure 6. Interaction between the speed and direction flanker conditions. Error bars show
95% confidence intervals.

A further repeated-measures ANOVA was conducted between speed congruency (SC
vs Sl) and the speed level (fast vs slow) of the target Gabor patch. This was an exploratory
analysis, to test for a possible confound between these two factors, and had no preregistered
hypothesis. The assumptions of sphericity and equality of variances were met (target speed: W
= 0.514, p = .473; speed congruency: W = 2.247, p = .134). Significant independent effects
were found in both target speed and speed congruency (see Table 5). Post hoc analyses found
performance to be significantly higher when the target was fast compared with slow, t(81) =
17.74, p <.001, and when speed was congruent compared with incongruent, t(81) = 3.275, p <
.001. An interaction effect was also observed within the slow trials, with performance being
higher in the slow-SC condition compared with the slow-SI condition, t(81) = 5.859, p < .001.

No such effect was observed within the fast condition, t(81) = -2.184, p = .063 (see Figure 7).
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Table 5. Results of two-way repeated-measures ANOVA of speed and direction factors on
performance scores.

Factor df F p Np?
Speed Congruency 1,81 10.73 <.001 0.117
Target Speed 1,81 314.7 <.001 0.795
Congruency * Target 1,81 31.59 <.001 0.281
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Figure 7. Interaction between target speed and speed congruency. Error bars show 95%
confidence intervals.

3.6 Discussion

Study 2 was designed to replicate and extend the findings of Study 1 by including two
flanker conditions: speed and direction. In each trial the target stimulus moved either in the
same or different direction and either at the same speed, faster or slower than the flanker
stimuli. As with Study 1, although there was a small number of participants who had severely
reduced accuracy in the direction-incongruent conditions, no effect of direction-congruency
was detected on overall performance. Analyses revealed a significant effect of speed on
performance. Task performance was lower when the flankers were moving at a different speed

to the target. Although only a relatively small increase in reaction time was observed due to
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incongruent speed, when combined with error rate in the overall performance score this became
a moderately large effect. This suggests that differences in speed between two stimuli may
influence perception of those stimuli, making them more difficult to process, consistent with
our account that synchrony is associated with processing fluency. Further investigation found
that this reduced performance for a speed-incongruent flanker trial was stronger in the trials
that were also direction-congruent. Temporal synchrony, as occurs in the speed-congruent
condition, can be used as a grouping cue (Rideaux et al., 2016). When the flankers are moving
in the opposite direction to the target this may make the target more salient, creating a stronger
figure-ground contrast (Wertheimer, 1938). The greater contrast between the target stimulus
and the background may then make the target easier to perceive (Kornmeier & Bach, 2012). If
the decrease in performance on speed-incongruent trials is due to ambiguity between the target
and flankers, then adding an additional direction-incongruence may serve to ameliorate that

ambiguity, making the target easier to perceive.

To check for any possible confounds, the speed of the target was examined. There was
an independent effect of the target’s speed relative to the flankers, with participants performing
worse on slower (vs faster) trials. However, an interaction effect was also observed, showing a
greater performance decrease when the target was slower in incongruent trials than in
congruent trials. Nothdurft (2002) found that, when stimuli are moving at different speeds,
faster motion is more salient — more readily capturing visual attention. Therefore, when the
flankers are moving faster than the target, they provide a greater distraction, and performance

is negatively impacted.

From this study, it appears that incongruent movement between non-periodic stimuli
may be more difficult to perceive than congruent movement, but particularly when the target
was slower than distractor stimuli. The faster stimulus may be more salient (Nothdurft, 2002),
thus extra effort is required to direct attention towards a slower target. As in Study 1, there was
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no effect of direction in Study 2. The different effects of speed and direction in Study 2 may
be pertinent when considering the implications of these results for the perception of periodic

synchrony.

4 General Discussion

Taken together, these experiments represent an important step towards establishing
processing fluency as a potential factor in the perception of synchrony. Here we demonstrate
that non-synchrony may reduce performance on a Flanker task using animated stimuli moving
at different rates, but not in different directions. This is in contrast with Malecki and Treue
(2012), although their stimuli used moving dots rather than animated Gabor patches. It may be
that movement direction was easier to detect in the Gabor patches, reducing the effect of
direction incongruency. It should also be noted that Malecki and Treue (2012) did not include
a speed manipulation, so a direct comparison cannot be made with Study 2. Future studies

could compare more directly between these different types of animated Flanker tasks.

The stimuli used here are very abstract, compared with most of the literature studying
synchrony in social contexts (Mogan et al., 2017; Rennung & Goritz, 2016; Vicaria & Dickens,
2016). This task was chosen because it provides continuous movement which may be in
synchrony without being rhythmic, as a strongly rhythmic stimulus could encourage
participants to entrain their responses to the stimulus (Killingly et al., 2021), thus influencing
reaction times and confounding the results. The animated Gabor patch provides a solution, as
it has a continuous movement without providing a “beat” that participants could tap in time
with. Although this makes it difficult to apply the findings from the present study to real-world
social contexts, it does establish a precedent for studying reaction times in synchrony

perception studies.
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Two dimensions of coordination were used in the present study. Direction-congruency
could be thought of “behaviour matching”, while speed-congruency could be “synchrony”
using Bernieri and Rosenthal’s (1991) terminology. Behaviour matching (imitation) occurs
when actions are matched in kind, while synchrony involves actions to occur simultaneously
in time (Bernieri & Rosenthal, 1991), although many studies involve behavioural synchrony in
which actions are matched in both time and kind. However, this may be overly simplistic as,
in naturalistic interpersonal coordination, movements often contain periodic reversals (rapid
changes in acceleration) associated with the beat or tactus (Burger et al., 2014). Non-synchrony
in social contexts could contain differences in both speed and direction at varying times,

although synchrony should involve speed and direction being matched at every timepoint.

The stimuli used in this study may be best understood as derivatives of periodic
movement. They are continuous vectors, moving at a consistent velocity. As such, the

conditions used in Study 2 may be plotted as linear functions (Figure 8).
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Figure 8. The conditions from Study 2 (blue representing the target and orange representing
the flankers), plotted as linear functions showing change in position over time.

Synchronised, periodic movement emerges when two oscillators share the same
frequency (Repp, 2005), such as in Figure 9a. The derivative of any timepoint in Figure 9a will
always result in two parallel lines, as in Figure 8a. Therefore, the experience of perceiving the
SC-DC condition resembles the experience of perceiving synchronised, periodic movement for

a brief moment.
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in: (a) synchrony, (b) anti-phase synchrony, (c) non-synchrony.

30



However, two sine waves that are offset by half their period may still be considered
synchronised, i.e. in an anti-phase relationship (Repp, 2005). A common example of this would
be two hands clapping. Although the hands will always be moving in opposite directions, they
would, nevertheless, be synchronised. Such a relationship may be seen in Figure 9b. The
derivatives of these waves at any timepoint would always result in two vectors of equal but
opposite slopes (except at the peaks and troughs), such as seen in Figure 8b, and corresponding
to the SC-DI condition. Therefore, direction incongruency, without speed incongruency (as in

our Study 1), is likely to emerge in the moment-to-moment perception of anti-phase synchrony.

Truly non-synchronised stimuli will rarely have speed congruency. The derivative of
the waves in Figure 9c will, at any given timepoint, likely resemble the vectors in Figure 8c or
Figure 8d — corresponding to the speed incongruent conditions. The only exception would be
rare moments when the peaks and troughs may align. Therefore, the speed incongruent
condition in Study 2 may best capture the experience of a single moment of non-synchrony in

periodic movement.

The stimuli we have used here may be best understood as derivatives of synchronised
movement. The reduced performance observed in speed-incongruent (SI) trials in Study 2
indicates a higher processing load. If the SI condition is best understood as a snapshot of non-
synchrony (Figure 9c), then this suggests higher processing load when observing non-
synchrony. Conversely, SC conditions arise at every time-point during synchronised

interaction (whether in-phase or anti-phase).

We suggest that speed congruency — a feature of periodic synchrony — is easier to
process. Previous studies have found that Gabor patches moving at the same rate are more
likely to be grouped together (Rideaux et al., 2016). The ease of processing observed here may

arise from this grouping effect. This finding provides an extension of our understanding of the
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perceptual experience of synchrony at single time-points, rather than just as a continuous

experience.

As a further exploratory analysis, we found that performance was worse when the target
was slower than the flankers.. This is likely because fast motion may more easily capture our
attention (Nothdurft, 2002), making those flanker stimuli more distracting. It should also be
noted that when the target stimulus moved in the opposite direction to the flankers, this
appeared to greatly decrease accuracy in some participants. This affected a small number of
participants in both experiments; in Study 1 they were removed as statistical outliers but they
were retained in Study 2. Some participants also self-reported that direction-incongruency felt
particularly difficult, and one participant reported perceiving the stimuli as rotating, rather than
moving. Further investigation would be required to understand how the stimuli gave rise to this
perceptual experience. Prior research has used scrolling vertical lines to induce a sense of
rotation in participants (Zacharias & Young, 1981). However, the static Gabor patches were
included in this study precisely to avoid such occurrences. Lange-Malecki and Treue (2012)
did not report any individual differences within their sample, although they did find decreased
performance on average for direction-incongruency using a similar animated Flanker design to
that presented here. These observations provide much scope for further investigation with these

stimuli.

Most studies into the synchrony-bonding effect have involved participatory synchrony.
Our participants were not required to move or tap in time with the stimuli, only to respond by
categorising stimuli. This makes it difficult to compare to previous work, like that of Hove and
Risen (2009), but it did remove potential confounds that could arise from measuring reaction
times while participants perform rhythmic actions (Killingly et al., 2021). Nevertheless, some
previous studies have found that perception of synchrony can lead to a greater perception of
beauty and more enjoyment, when observing others performing joint action (McEllin et al.,
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2020). This is consistent with the effects one would expect if viewers were experiencing
processing fluency from a stimulus (Reber et al., 1998). The results here warrant further

research into processing fluency effects arising from the perception of synchrony.

Future research is required to investigate the role of processing fluency in synchrony
perception. Although our results suggest that non-synchrony may be more difficult to perceive
than synchrony, future studies could target different stages in perceptual processing and
executive function to examine how synchrony is processed. New tasks may need to be
developed to target different stages of processing. Furthermore, rhythmic stimuli in both the
visual and auditory domains should also be studied, as most naturalistic synchronised
movement involves rhythmic entrainment, as well as sensorimotor synchronisation across
multiple sensory modalities (McNeill, 1997), rather than continuous visual motion as presented
here. Finally, although this study suggests synchrony is easier to perceive than non-synchrony,
it did not test whether synchrony is easier to participate in, nor did it test for any affective or
social consequences of the synchrony. To establish processing fluency as a possible factor in

the synchrony-bonding effect, further investigation is required.

Most of the theories attempting to account for the social bonding effects of synchrony
rely upon higher-order social cognition (Mogan et al., 2017), and the low-level perceptual
processes involved have been ignored. However, this study suggests a role of early-stage
perceptual processing in the synchrony-bonding effect, at least for the visual domain. In
particular, it suggests that synchronised movement may be easier to process than non-
synchronised movement, and that this may occur in non-social stimuli. This does not preclude
other levels of explanation, and there may be interactions between different levels of cognition.
Other contextual factors may influence the way synchrony is perceived or motivated (Miles et
al., 2010). This study only suggests that synchrony is easier to perceive, but how that ease of
perception is interpreted may vary with other factors.
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The present study represents a first attempt to apply the processing fluency theory to
the perception of synchronised action in a non-social setting and there is much scope to expand
upon these findings. We tested the novel hypothesis that synchrony is easier to perceive than
non-synchrony. We suggest that an experience of processing fluency may arise from the ease
of organising (or grouping) synchronous stimuli. Based upon the observation that performance
is most affected by distractors that move faster than the target, the disfluency may also occur
from attention control. The stimuli presented here may be best understood as “snapshots” of
synchrony, as they are continuous vectors without the periodic movement usually associated
with synchronisation between oscillators. As such, we demonstrate that when objects move at
the same speed (but not necessarily in the same direction), they may be easier to process. This
state of speed-congruency is a feature of both in-phase and anti-phase synchrony, but rarely
occurs when oscillators have different frequencies. While the present study does suggest a role
for processing fluency in the perception of synchronised action, it does not demonstrate that
the same would exist when actively participating in synchrony, or that the experience of
processing fluency would necessarily lead to positive social evaluations. Further investigation
is required to gain a better understanding of the role that low-level perceptual processing plays

in the synchrony-bonding effect.
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