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Abstract
The tendency to automatically imitate others’ behavior is well documented. Successful
interactions with others require some control of automatic imitation, but the nature of these
control mechanisms remains unclear. The present study investigated whether the regulation
of automatic imitation involves domain-specific vs. domain-general control processes.
Automatic imitation was assessed using the imitation-inhibition task, in which participants
responded to an imperative stimulus with finger movements while seeing imitatively congruent
vs. incongruent, task-irrelevant movements. In Experiment 1, the imitatively
congruent/incongruent trials ratio was manipulated and increasing the amount of incongruent
trials reduced the imitative congruency effect — as typically observed in ‘non-social’ conflict
tasks. In Experiment 2a, the imitation-inhibition task was intermixed with the Simon (spatial
congruency) task. The ratio of spatially congruent/incongruent trials in the Simon task was
varied while keeping the ratio of imitatively congruent/incongruent trials constant. Results
indicate that increasing the amount of Simon conflict reduced both Simon and imitative
congruency effects. Thus, control adaptations related to Simon congruency transferred to
automatic imitation. In Experiment 2b and 3, the manipulation of the proportion of incongruent
trials in the imitation-inhibition task did not exert an influence on the Simon effect. We discuss
the domain-specific vs. domain-general nature of the mechanisms regulating imitation in the

light of these conflicting findings.
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Public significance statement
The processes examined here are associated with almost all situations in which humans
interact face to face. The present research focuses on the automatic tendency of individuals
to imitate others. Cognitive mechanisms are required to regulate automatic imitation for
successful interactions with others. We report results showing that the regulation of automatic
imitative tendencies can be contextually adapted. Our study also shows that experiencing non-
imitative conflict can influence automatic imitation, but not vice versa, providing new insight on
the domain-general vs. domain-specific nature of the mechanisms involved in the regulation

of imitation.



Regulation of automatic imitation: domain-specific vs. domain-general control

processes

There is ample evidence that we tend to automatically imitate others’ behavior, including
postures, facial expressions, characteristics of language, and simple gestures such as hand
or finger movements (Duffy & Chartrand, 2015; Heyes, 2011). Automatic imitation and its
underlying mechanisms are thought to play a critical role in social cognition (Duffy &
Chartrand, 2015; lacoboni, 2009). However, for successful interaction with others and in order
to pursue our own goals in the presence of other acting agents, it is necessary to regulate
automatic imitation. Characterizing the control processes that regulate the tendency to copy
others’ behaviors is thus of particular importance for our understanding of the mechanisms
that allow people to navigate the social world. A critical question is whether automatic imitation
is regulated by specialized or domain-general processes. The present study aimed to further
our knowledge on the specificity of the regulation of automatic imitation by examining the
influence of the degree and nature of conflict experienced during an imitation-inhibition task.
The origin of the tendency to copy others’ actions has been the focus of considerable
theoretical and empirical work. Automatic imitation is typically assumed to occur because the
perceived action triggers a corresponding motor representation in the observer (Brass &
Heyes, 2005; Heyes, 2011). Why does perceiving others’ actions trigger motor representations
in the observer? Current accounts of automatic imitation converge on the idea that the
repetitive experience of executing and seeing one’s own actions establishes associations
between ‘motor’ representations (or motor codes) and ‘sensory’ (visual, auditory, ...)
representations of action (Heyes, 2011; Hommel, 2019). Being imitated and synchronous
action may also provide the sensorimotor experience that generates this kind of action-
perception links (Heyes, 2011). Once these links are established, the visual representation of
an action (executed by another individual) can trigger, in the observer, the motor

representation it is associated with. At a neurophysiological level, this visuo-motor translation



is assumed to be implemented by the mirror neuron systems (Cook et al., 2014; lacoboni,
2009).

The precise functions of such action-perception links remain debated (Heyes &
Catmur, 2022; Keysers et al., 2018). There is however a general agreement that these links
and their behavioral expression (automatic imitation) are involved in social cognition. For
instance, it has been demonstrated that mimicry can foster positive attitudes towards the
imitator in the mimicked individual (Chartrand & Bargh, 1999; Duffy & Chartrand, 2015).
Conversely, imitating another individual increases liking of this person (Stel & Vonk, 2009).
Furthermore, the action-perception links at the origin of automatic imitation are important for
social learning in that they would also provide the basis for intentional imitation (Bunlon et al.,
2015; Heyes, 2011). Also, research suggests that facial mimicry has a causal effect on
emotion understanding (Wood et al., 2016). In the same vein, mirror neuron systems, which
are tightly linked to automatic imitation, have been proposed to play a role in the understanding

and/or anticipation of others’ actions (Bonini et al., 2023).

Imitation-inhibition task

Spontaneous imitation has been well documented by research on behavioral mimicry during
live social interactions. This research has shown that the production of a specific behavior by
an interacting confederate increases the occurrence of this behavior in participants (Chartrand
& Lakin, 2013; Duffy & Chartrand, 2015). Further evidence for an uncontrolled tendency to
copy others’ actions also comes from research based on Reaction Time (RT) measures of the
inhibition of automatic imitation (Heyes, 2011). This approach rests on a special kind of
stimulus-response compatibility effect induced via a procedure similar to that used in Stroop-
like tasks. In the so-called imitation-inhibition task introduced by Brass et al. (2000),
participants had to respond to an imperative cue (the number “1” or “2”) by lifting their index
or middle finger. Furthermore, the imperative cue was accompanied by the presentation of
another person’s hand lifting its index or middle finger. The results showed that both RT and

error rate were smaller when the observed — task irrelevant — movement and the instructed



response matched (congruent trials) than when they did not match (incongruent trials). The
fact that the observed action tends to be imitated regardless of whether it is beneficial or
detrimental for response selection has been considered as evidence for uncontrolled,
involuntary imitation (Heyes, 2011). The impaired performance on imitatively incongruent vs.
congruent trials has been replicated in numerous studies using various versions of the
imitation-inhibition paradigm and this effect has been widely used as an index of automatic
imitation (for reviews, see Cracco et al., 2018; Heyes, 2011). Subsequently, we will use the
terms imitation interference to refer to the impaired performance on imitatively incongruent
trials as compared to congruent trials in the imitation-inhibition task. In what follows, we
address the question of the specificity of the control processes involved in the regulation of

automatic imitation.

Control of automatic imitation

Cognitive control allows the optimization of information processing in accordance with internal
goals. More specifically, control processes enable the inhibition of the processing of irrelevant
information, unwanted thoughts or dominant responses in favor of appropriate ones (Braver,
2012; Cohen, 2017). Despite its automatic nature (Catmur, 2016; Heyes, 2011; Ramsey et al.,
2019), spontaneous imitation seems to be under the influence of control processes. First, it is
obvious that, fortunately, we do not overtly imitate others all the time. This suggests that we
are able to exert some control on our tendency to copy others’ actions, at least to prevent the
systematic reproduction of observed behaviors. In line with this, research has shown that
behavioral mimicry is modulated by social variables (Chartrand & Lakin, 2013). For instance,
the tendency to adopt the same posture as another individual is increased for ingroup vs.
outgroup members or following social exclusion (Cheng & Chartrand, 2003; Lakin et al., 2008).
Finally, in the imitation-inhibition paradigm, participants succeed in responding correctly in the
vast majority of trials. Thus, it is assumed that individuals are able to produce the required
response in the face of an incongruent movement thanks to processes that allow to solve the

conflict between internally generated and externally activated action representations (Cracco



et al., 2018; Ramsey, 2018). In other words, control processes are recruited to suppress the
observed (incongruent) action and prioritize the self-generated, to-be-produced action.
Although there is evidence for representations of others’ bodies or actions in dedicated
networks (e.g. mirror neuron systems), the specificity of the control processes operating on
these representations is less clear (Ramsey, 2018; Ramsey & Ward, 2020). Hence, a question
that is currently debated is whether the regulation of automatic imitation (hereafter referred to
as imitation control) relies on domain-general or domain-specific control processes. Processes
that are domain-general apply to different types of stimuli and tasks (e.g., social and non-
social, verbal and non-verbal), while domain-specific processes are held to apply to specific
tasks or a stimulus category (Barrett, 2012). In the present context, domain-specific processes
would refer to processes that are specifically engaged in imitation control or — more broadly —
dedicated to social interactions and stimuli. Thus, elucidating the specificity of imitation control
is important as it relates to the larger question of the specificity of the processes involved in
social vs. non-social cognition (Heyes, 2014; Ramsey & Ward, 2020; Spunt & Adolphs, 2017).
In the context of the imitation-inhibition task, the question about the specificity of
imitation control can be posed in these terms: are the processes recruited to overcome
imitation interference identical or different from the (domain-general) control processes
recruited to deal with interference in ‘non-social’ conflict tasks such as the Stroop and the
Simon tasks? Indeed, the imitation-inhibition task can be seen as a variant of typical conflict
tasks. The principle of conflict tasks is to have participants negotiate interference from task-
irrelevant information that signals a response conflicting with the (correct) response signaled
by task-relevant information. In the Stroop color-naming task, interference comes from the
written word when it conflicts with the ink color of the word; in the Simon task, interference
comes from the location of the stimulus when it conflicts with the location of the correct
response. Research indicates that conflict generated in these tasks recruits domain-general
processes of control (Cieslik et al., 2015; Fedorenko et al., 2013; Wager et al., 2005). The
imitation-inhibition task is a special kind of conflict task where interference comes from a social

stimulus (i.e. a stimulus representing another individual’s action). Therefore, one might ask



whether imitation control, as indexed in the imitation-inhibition task, relies on specialized
processes or on the same domain-general processes as those involved in ‘non-social’ Stroop-
like tasks.

So far, theorizing about the nature of imitation control has been particularly fueled by
results from neuroimaging and neurostimulation research on the neural correlates of the
interference effect in the imitation-inhibition task. Thus, we first give an overview of this line of
research, although the present work consists of a behavioral approach to imitation control.
Then, we describe some behavioral studies that have addressed the question of imitation
control.

Neuroimaging studies have reported the engagement of the right temporo-parietal
junction (rTPJ) and the medial prefrontal cortex (mPFC) in imitation control (Brass et al.,
2001,2005; Wang et al., 2011). Consistent with these findings, disrupting and enhancing
activity of the rTPJ by transcranial magnetic stimulation respectively increases and reduces
interference effects in the imitation-inhibition task (Hogeveen et al., 2015; Sowden & Catmur,
2015). Sowden and Catmur (2015) measured imitative and spatial (non-social) compatibility
effects simultaneously. They found that neurostimulation of the TPJ modulated imitative
compatibility effects but not spatial compatibility effects, suggesting a specific role of the TPJ
in the regulation of imitation. Importantly, the TPJ and mPFC are assumed to be part of a
specialized network supporting various social-cognitive functions, including empathy and
theory of mind (Marsh, 2018; Schurz et al., 2014). More specifically, these two regions have
consistently been found to be implicated in situations requiring the distinction between self-
and other-related representations, as in visual perspective taking and false-beliefs tasks (for
reviews, see Bukowski, 2018; Quesque & Brass, 2019). On this basis, it has been proposed
that imitation control relies on a domain-specific process of self-other distinction, supported
especially by the TPJ (Brass et al., 2009; Quesque & Brass, 2019; Sowden & Shah, 2014;
Wang & Hamilton, 2012). According to this account, imitation control relies on a socially
dedicated process that discriminates between self-related and other-related action

representations. However, the evidence from fMRI and neurostimulation studies in favor of a



“specialized account” of imitation control has recently been questioned (Darda et al., 2018;
Darda & Ramsey, 2019; Ramsey, 2018). First, a potential problem has been raised (Ramsey,
2018) concerning the argument that the engagement of TPJ and mPFC in imitation control
reflects social processes. Indeed, the precise roles of these regions remain to be fully
understood. For instance, the TPJ has also been related to more domain-general functions
such as reorienting of attention by salient stimuli (Corbetta & Shulman, 2002; Dugué et al.,
2018; Mitchell, 2008) and adjustment of expectations based on new sensory information
(Geng & Vossel, 2013). Second, some studies have found no engagement of TPJ or mPFC
in the control of imitation and instead reported activations in dorsal prefrontal and parietal
cortices (Crescentini et al., 2011; Darda et al., 2018; Mengotti et al., 2012). Ramsey (2018)
argued that these regions are part of the domain-general control (or multiple demand) network,
which is recruited in various conflict tasks, including Stroop, flanker and Simon tasks (Bunge
et al., 2002; Duncan, 2010; Wager et al., 2005 ; but see Sowden & Catmur, 2015). Finally, a
recent meta-analysis of fMRI studies on the control of automatic imitation confirmed the
engagement of the domain-general control network, while showing only weak evidence for the
recruitment of TPJ and mPFC (Darda & Ramsey, 2019). Thus, current findings from
neuroimaging and neurostimulation studies are ambiguous regarding the specificity of the
processes supporting imitation control.

At the behavioral level, training to inhibit imitative responses (via performing a variant
of the imitation-inhibition task) has been shown to improve subsequent visual perspective
taking abilities (Santiesteban et al., 2012; but see Bukowski et al., 2021). Such transfer is in
line with the specialized account of imitation control: the recruitment of self-other distinction
processes during the imitation-inhibition task promotes subsequent visual perspective taking
that requires similar processes (setting aside one’s own perspective to adopt the other’s
perspective). However, a non-social form of imitation control is also compatible with this kind
of transfer since visual perspective taking would also rely on general processes of inhibition
and attention (Heyes, 2014; Qureshi et al., 2020). Finally, it is worth considering a recent study

that has investigated, in the context the of imitation-inhibition task, the modulation of imitation

10



interference by the proportion of congruent (observed and executed actions are similar) and
incongruent (observed and executed actions are different) trials (Gordon et al., 2020). In this
study, participants performed blocks of trials that contained either mostly (i.e. 75 %) congruent
trials (MC condition) or mostly (75%) incongruent trials (MI condition). Individuals with autism
spectrum disorder and individuals with typical development were tested. In both groups, the
amplitude of imitation interference was substantially reduced in the Ml condition as compared
to the MC condition. The effect of the proportion of congruent to incongruent trials has been
largely documented in typical conflict tasks like the Stroop and flanker tasks (for a review, see
Bugg & Crump, 2012). A popular interpretation of this so-called “proportion congruency effect”
is that it reflects cognitive control adjustments (Botvinick et al., 2001). Basically, it is assumed
that the frequent experience of conflict in the Ml condition reinforces cognitive control (we will
return to this interpretation below). Therefore, the finding of a proportion congruency effect in
the imitation-inhibition task (Gordon et al., 2020) may be seen as the sign that domain-general
processes underlie imitation control. However, one cannot exclude that specialized processes
of self-other distinction also show a sensitivity to proportion congruency that mirrors what is
observed for domain-general control processes. The above described transfer from imitation
inhibition to visual perspective taking (Santiesteban et al., 2012) is compatible with this view
(i.e. imitation control is reinforced during the practice of imitation inhibition and this
subsequently improves visual perspective abilities).

In sum, whether imitation control involves domain-general or domain-specific
processes remains debated. The aim of the present study was to contribute to this debate by
building on the proportion congruency effect that has been demonstrated in conflict tasks.

Below, we give more detail on this effect before presenting our approach to imitation control.

The present study
Several studies have shown in a variety of conflict tasks that the amplitude of the interference
effect is smaller when incongruent trials are frequent than when they are rare (e.g. Bonnin et

al., 2010; Kane & Engle, 2003). Several interpretations of this proportion congruency effect
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have been proposed (for an overview of the different accounts, see Bugg, 2017). As
mentioned above, one of the most influential accounts is that the effect is the expression of
an adjustment in cognitive control settings. Accordingly, the frequent occurrence of conflict
(incongruent trials) leads to the recruitment of a “pro-active” mode of control, which consists
in anticipating conflict by enhancing attentional bias toward the relevant stimulus dimension
and/or increasing inhibition of the irrelevant one (Botvinick, 2012; Botvinick et al., 2001; Bugg
& Crump, 2012; Egner, 2014). For instance, in the Stroop color-naming task, the influence of
the word is thus attenuated in the MI condition, as compared to the MC condition, resulting in
a smaller Stroop/interference effect. Recent empirical work has provided evidence supporting
the general cognitive control account vs. other interpretations of proportion congruency effects
(Spinelli & Lupker, 2022a, 2022b). Although the debate is certainly not settled (we will return
to this point in the general discussion), in the present study, we will embrace the control-based
account of the proportion congruency effect.

An interesting finding (consistent with a control-based account of proportion
congruency effect) is that manipulating the congruent/incongruent trials ratio for one set of
stimuli can transfer to another set of unbiased stimuli (Bugg, 2014; Bugg et al., 2011). Most
relevant for the present purpose, studies have demonstrated that proportion congruency
manipulation in one task can transfer to another unbiased task (Torres-Quesada et al., 2013;
Wihr et al., 2015; but see Bausenhart et al., 2021). More specifically, Wihr et al., (2015)
intermixed trials in the Stroop and Simon tasks. They manipulated the proportion of congruent
trials in one task (e.g. Stroop), while keeping the ratio between congruent and incongruent
trials equal in the other, unbiased task (e.g. Simon). They found that increasing the proportion
of congruent trials in the Stroop task increased not only the size of the Stroop effect, but also
the size of the Simon effect, although the Simon task was unbiased in terms of proportion
congruency (i.e. congruent to incongruent trial ratio = 50:50).

Now, turning back to the question of imitation control, we adopted the following
reasoning to test its specificity. If imitation is regulated by the same domain-general control

processes as those involved in non-social conflict tasks (Wager et al., 2005), one should be
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able to observe a transfer of the proportion congruency effect between the imitation-inhibition
task and a non-social conflict task, paralleling what has been observed, for instance, between
the Simon and Stroop tasks (see above). Thus, in the present study, we used a paradigm
combining the imitation-inhibition task and the Simon task. Participants responded to stimuli
that, depending on the type of trial, could either induce a Simon effect or imitation interference.
We manipulated the proportion of congruent Simon ftrials, while keeping the proportion of
congruent and incongruent imitation trials equal (Experiment 2a), and vice-versa (Experiment
2b and 3). If the same control processes regulate both types of congruency effects (imitative
and Simon), a manipulation of the proportion of congruent trials in Simon-like trials should
affect not only the size of the Simon effect, but also the size of imitation interference. Likewise,
manipulating proportion congruency in the imitation-inhibition trials should affect both imitation
interference and Simon effect. Alternatively, if proportion congruency effects remain restricted
to the biased task (i.e. no transfer effect), then this would argue for a specialized account of
imitation control.

Before testing these hypotheses, we ran an experiment (Experiment 1) to replicate the
proportion congruency effect in the context of the imitation-inhibition task (Gordon et al., 2020).
As explained above, the demonstration of such an effect does not allow to disambiguate the
nature of imitation control. Nonetheless, one can still argue that if automatic imitation is
regulated by mechanisms that are the same or similar to those involved in the regulation of
interference from non-social stimuli, imitation interference should be sensitive to the congruent
to incongruent ratio. Most importantly, in order to test for transfer of proportion congruency
effects it is necessary to ascertain that we can obtain a modulation of imitation interference by
the proportion of imitatively congruent and imitatively incongruent trials in the imitation-

inhibition task.

Experiment 1

The aim of Experiment 1 was to test whether, in the imitation-inhibition task, a condition with

high vs. low proportion of congruent trials respectively increases and decreases the size of
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the imitation interference effect relative to a control condition with an equal number of

congruent and incongruent trials.

Method
Transparency and openness
Data and hand stimuli are publicly accessible at the Open Science Framework

(https://osf.io/vtbxj/). We report all data exclusions in the study. Data were analyzed using

JASP 0.16.3 (JASP Team, 2020). Power analyses were conducted using MorePower 6.0.4

(Campbell & Thompson, 2012). This study was not preregistered.

Participants

In the first half of 2019, thirty-two undergraduates (21 females, 11 males; Mage = 21.41 years;
SDage = 4.68) from Rutgers University took part in Experiment 1 in exchange for course credit.
The Rutgers subject pool is approximately 20% black, 20% white non-hispanic, 20% white
hispanic, 20% other (asian and pacific), and 20% do not indicate an ethnicity. All were right
handed, had normal or corrected-to-normal vision and were naive with respect to the purpose
of the experiment. The recruitment of right-handed participants was justified by the
experimental set-up. Generalizability may therefore be limited to this specific population (right-
handed and young adults).

Each participant read and signed an informed consent form prior to taking part in the
experiment. The project was approved by Rutgers IRB Protocol # Pro2019002031. All
experiments were performed in compliance with local laws and in accordance with the ethical
standards set out in the 1964 Declaration of Helsinki.

A sensitivity analysis, conducted using MorePower 6.0.4 (Campbell & Thompson,
2012), indicated that for a 2 x 3 repeated measures ANOVA, with a sample size of N = 32, an
alpha level of .05 and a power of .80, the minimum detectable effect size for the 2 x 3
interaction was n%, = .140 (Cohen’s f = .404). This effect size is within the range of effect sizes
reported in previous studies showing a proportion congruency effect (e.g. Bugg, 2014, n%, =

.190; Wihr et al., 2015, n%, = .71)
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Apparatus and Material

The presentation of stimuli and the registration of manual responses were controlled by E-
prime software (version 2.0, http://www.pstnet.com). Stimuli were presented on a 20-in.
monitor.

Participants were seated approximately 50 cm from the screen, with their index and
little fingers of the right hand resting on two keys of a response device (a customized keyboard)
placed in front of them. The two response keys were separated by approximately 9 cm and
they were arranged so that when a participant rested his/her hand on the response device,
the index and little fingers held down the left and right key, respectively.

During the experiment, participants observed a right hand lifting its index or little finger.
The hand was presented, as viewed from above, in color on a black background in the middle
of the screen. It occupied approximately 7.6° of visual angle horizontally and 13.3° vertically,
and it was oriented in the horizontal axis, that is, orthogonal to the participant’s hand, to
minimize spatial-compatibility effects (Cracco et al., 2018; Jiménez et al., 2012). Finger lifting
movement was produced by presenting a picture of the hand in a resting (neutral) position
followed by a picture of the same hand with the index or little finger lifted and slightly abducted.
The replacement of the initial image by the final finger position produced an apparent finger
movement. The finger movements subtended an angle of 2.6° (index) and 2.2° (little) from the

neutral position.

Design and procedure

Instructions were displayed on the monitor and paraphrased by the experimenter. Participants
were asked to respond to a cue (a blue or orange dot) by lifting their index or little finger of
their right hand, while ignoring congruent or incongruent movements simultaneously shown
on the screen (Figure 1A). Half of participants were instructed to lift their little finger when the
blue dot was presented and lift their index finger when the orange dot was displayed. This
stimulus-response mapping was reversed for the other half. Participants were instructed to

respond as fast as possible while avoiding mistakes.
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Each trial began with the picture of the hand in neutral position, presented for 800 or
1200 ms. For compatible and incompatible trials, this picture was then replaced by a picture
of the same hand with its index or little finger lifted. After a 70-ms delay (Catmur & Heyes,
2011), the imperative stimulus (a blue or orange dot, 1 cm diameter) was superimposed on
the hand picture, between the 3rd and 4th finger (Figure 1B). The outline of a white circle
indicated the location of the colored circle. For neutral trials, the image of the neutral hand
remained unchanged before presentation of the imperative stimulus. These stimuli remained
on the screen until a response was given or after 1500 ms elapsed. The next trial started after
a 750-ms blank interval, during which the message “Error’ was displayed in case of an error
(wrong response) or omission. During this interval, the participant had to place his/her lifted
finger back on the response key.

There were three types of trials. In congruent trials, the response required to the
imperative stimulus was similar to the finger movement displayed on the screen. In
incongruent trials, the instructed response was different from the movement displayed on the
screen. In neutral trials, the imperative stimulus was not accompanied by the display of finger
movement. The motivation for the use of neutral stimuli was first to increase the number of
possible stimuli. Second, performance on neutral trials allowed us to check whether the RT to
the imperative stimulus, in the absence of any irrelevant movement stimulus, was comparable
in the different proportion conditions. Therefore, neutral trials were not included in the main

analyses and analyzed separately.
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Imperative stimulus
and task-irrelevant
mowement

B00-1200 s

= 5
)

Participant's hand

1500 ms resparse window

Figure 1. (A) Schematic description of the experimental set-up. Participants had their hand
resting on a customized keyboard. The imperative stimulus (a blue or orange dot) was
displayed on a screen along with a hand producing finger movements. (B) Trial sequence.

After 28 practice trials (which consisted of 10 congruent, 10 incongruent and 8 neutral
trials), participants performed experimental blocks of trials in different conditions that varied in
terms of proportion congruency: mostly congruent (MC), mostly incongruent (Ml), and control
(CTRL) conditions. Each MC/MI/CTRL condition consisted in two consecutive sub-blocks of
48 trials. In the MC condition, each sub-block contained 24 (50%) congruent trials, 8 (17%)
incongruent trials, and 16 (33%) neutral trials. In the MI condition, each block contained 8
congruent trials, 24 incongruent trials, and 16 neutral trials. In the CTRL condition, there were
16 trials of each type (congruent, incongruent, and neutral) per block. The imperative stimulus
and the movement displayed were selected pseudo-randomly so that the desired congruency
proportions were obtained and so that for a given type of trial (congruent, neutral and
incongruent), each dot-movement stimulus combination occurred the same number of times.
Each block of trials was followed by a short break (30-60 sec). The order of the congruency
proportion conditions was counterbalanced between participants.

The experiment had a 2 (Imitative congruency) by 3 (Proportion) within-subjects

design.
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Data analysis

Because the manipulated factors (proportion and imitative congruency) can have an influence
on both RTs and error rates (ER), we computed for each participant and in each condition, a
linear integrated speed-accuracy score (LISAS) to integrate speed and accuracy
(Vandierendonck, 2017, 2021). For subject i in condition j, LISAS is computed as Mean_RT;j;
+ (SD_RT;/ SD_ERi) x Mean_ER;. The LISAS is thus a RT corrected for error rate. The use
of LISAS is recommended in conflict tasks such as the imitation-inhibition task where a
potential tradeoff between speed and accuracy can occur (Vandierendonck, 2017, 2021). We
thus focused on the analysis of LISAS'. Analyses of mean RTs, error rates and another
integrated score (inverse efficiency score) are provided in the Supplementary materials.

As estimates of effect size, we report n? for ANOVAs. For t-tests, we report n? as

wells as Cohen’s d.

Results and discussion
Trials in which no response was given before the 1500 ms time limit (0.84 %) were removed
from all analyses. Additionally, trials with a RT faster than 100 ms (0.38%), were considered
as action slip and excluded as well. Prior to calculation of mean RTs, we excluded erroneous
trials (5.55 %) and then, for each participant and each condition, trials departing more than
2.5 standard-deviation from the mean RT (2.68 %).

The mean LISAS, RTs, and Error rates of Experiment 1 are shown in Table 1. LISAS
were submitted to an ANOVA with Congruency (Congruent vs. Incongruent) and Proportion

(MC, MI, CTRL) as within-participant factors. This analysis revealed a main effect of

" The way SD is calculated in the computation of LISAS (i.e. SD of the overall RT or error rate) can
occasionally lead this score to be a function of RT variability, in that the difference between participants
with equal RT and Error rate would then depend only on RT variability. This could be problematic when
the study design involves between-participants factors. However, this is not the case when comparing
different conditions of the same participant. For a given participant, all LISAS obtained in the different
conditions are computed with the same SDs (i.e. the participant’s overall RT standard deviation and the
participant’s overall ER standard deviation). As we used full within-participant designs in our study, this
potential problem with LISAS did not affect our results. Importantly, we have conducted analyses of
another integrated score (Inverse Efficiency Score - IES) which yielded the same results as those
conducted on LISAS. The analyses of IES are reported in Supplementary materials, along with analyses
of RTs and ER.
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congruency, F(1, 31) =79.98, p <.001, n%, = .721, with better performance on congruent trials
(M =473 ms, SE = 13.789) than incongruent trials (M = 561 ms, SE = 17.071). The main effect
of Proportion was not significant, F(2, 62) = 2.213, p =.118, n% = .067. Importantly, there was
a significant interaction between Proportion and Congruency, F(2, 62) = 14.049, p <.001, n?%
= .312. The amplitude of imitation interference (Incongruentiisas minus Congruentiisas) was 79
ms, 95% CI [55, 102] in the CTRL condition, 139 ms, 95% CI [99, 119] in the MC condition,
and 44 ms, 95% CI [28, 61] in the MI condition (Figure 2). To qualify the Proportion x
Congruency interaction, we used contrast coding with a focal contrast on the difference of
congruency effect between Ml vs. MC conditions (a detailed description of this analysis can
be found in the Supplementary materials). Two orthogonal contrasts were thus applied to the
three levels (CTRL, MC, MI) of the Proportion variable. For the first contrast C1 (MC vs. Ml),
the contrast codes were: CTRL [0], MC [1], MI [-1]; for the second contrast C2 (CTRL vs. MC
+ MI), the contrast codes were: CTRL [2], MC [-1], MI [-1]. The C1 x Congruency interaction
was significant, {(31) = 4.465, p <.001, d = 0.789, n% = .391, whereas the C2 x Congruency
was not significant, #(31) = - 1.048, p = 0.303, d = 0.054, n?% = .003. This shows that the
imitative congruency effect was significantly smaller in the Ml condition, as compared to the
MC condition (Figure 2).

A one way ANOVA conducted on the neutral trials with the within-participant factor
Proportion revealed no significant effect, F(2, 62) = .674, p =.513, n% =.021 (CTRL: M = 508

ms, SE =17; MC: M = 496 ms, SE = 16; Ml: M = 499 ms, SE = 18).

Table 1. Means + Standard Errors of the Response Times (ms), Error Rates, and linear
integrated speed-accuracy scores (ms) in Experiment 1.

Proportion Congruency
Congruent Incongruent Neutral
LISAS RT ER LISAS RT ER LISAS RT ER

Mostly congruent 459+ 13 443+13 0.03+0.01 598 +23 530+17 0.14+0.02 496+16 473+14 0.04+0.01
Control 472 +15 452+14 0.04+0.01 552+18 512+16 0.08+0.01 509+17 4838+16 0.04%0.01
Mostly Incongruent 489+17 468+17 0.05+0.01 534+17 503+18 0.08+0.01 499+18 485+18 0.03+0.01

Note. LISAS = Linear Integrated Speed-accuracy Score, RT = Response Time, ER = Error Rate
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Figure 2. Means of LISAS in Experiment 1, as a function of imitative congruency
and proportion of congruent and incongruent trials (CTRL = Control condition
with a 50/50 congruent to incongruent ratio, MC = Mostly congruent condition,
MI = Mostly incongruent condition). Error bars represent 95% CI.

Thus, Experiment 1 revealed that the proportion of congruent and incongruent trials
within a block influenced the degree of imitation interference in the imitation-inhibition task.
Paralleling what has been widely demonstrated in typical conflict tasks like the Stroop and
Simon tasks (Bugg, 2017; Kane & Engle, 2003; Wuhr et al., 2015), an increase in the
frequency of imitatively congruent trials was associated with a larger imitation effect. A
previous study reported a similar finding in the imitation-inhibition task (Gordon et al., 2020).
In this previous research, the authors only contrasted a MI condition and a MC condition, which
makes it impossible to determine whether this is the increase or the decrease in the proportion
of congruent trials, or both, that affects imitation interference. Here, the inclusion of the control
(CTRL) condition, with an equal number of congruent and incongruent trials, allowed us to
answer this question, and the answer is ‘both’. As compared to the CTRL condition, when the
proportion of congruent trials was increased, imitation interference was augmented, while

when the proportion of congruent trials was decreased, imitation interference was reduced.
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Moreover, the inclusion of neutral trials, in terms of imitative congruency, allows us to
speculate about the origin of the influence of proportion congruency on performance in the
imitation-inhibition task. First, the fact that we observed no variation in performance on neutral
trials across conditions suggests that the effect of proportion congruency was not related to a
global modification of cognitive performance. Furthermore, proportion congruency can affect
the processing of both task-relevant and task-irrelevant information (Bugg, 2017). Our findings
suggest that, in the context of our imitation-inhibition task, the effect of proportion congruency
cannot be reduced to a mere negative or positive influence on the processing of the imperative
stimulus. If this was the case, one would expect performance on neutral trials to be affected
by proportion congruency, but this is not what we observed. One may thus suggest that the
manipulation of proportion congruency mainly impacted the ability to deal with the task-
irrelevant movement stimuli.

Experiment 1 showed that automatic imitation, as indexed in the imitation-inhibition
task, is sensitive to the proportion of congruent and incongruent trials. From there, we can
move to the main goal of the study: investigating the transfer of proportion congruency effect
between the imitation-inhibition task and a non-social conflict task.

In Experiments 2a and 2b, we tested whether the proportion congruency effect would
transfer between the Simon and imitation-inhibition tasks. The rationale was that if the
regulation of imitation involves domain-general control processes, proportion congruency
effects obtained in the Simon task should transfer to the imitation-inhibition task and vice-
versa. In Experiment 2a, the proportion of spatially congruent vs. incongruent trials in the
Simon task was manipulated, while the proportions of imitatively congruent and incongruent
trials in the imitation-inhibition task were equal. Conversely, in Experiment 2b, we manipulated
proportion congruency in the imitation-inhibition task while keeping equal the amount of

congruent and incongruent trials in the Simon task.
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Experiment 2a

In this experiment, the imitation-inhibition task was intermixed with a Simon task. The
procedure was modified by introducing a variation in the horizontal position of the imperative
stimulus. By doing so, we set the conditions for the occurrence of a standard Simon effect
based on the (mis)alignment of the locations of the imperative stimulus and responses along
the left-right dimension.

We chose the Simon task because it allowed us to keep the target stimulus, S-R rules,
and response modalities constant across the Simon and imitation-inhibition trials. Also, the
introduction of Simon task trials was possible without major modifications of the typical
imitation-inhibition task. Thus, even though we will refer here to two different tasks for
convenience, there was no change of task-rule throughout the experiment. This aspect of the
protocol was important because a change in response modality or of the relevant task-
dimension seem to prevent the transfer of proportion congruency effects, even if the tasks are
supposed to involve the same type of control processes (Braem et al., 2011; Funes et al.,

2010; Torres-Quesada et al., 2013; Wuhr et al., 2015).
Method

Participants

Forty-four undergraduates (31 females, 13 males; Mage = 21.27 years; SDage = 5.17) from the
University of Poitiers were recruited between May and December 2022 to participate in
Experiment 2a in exchange for course credit. All were right handed, had normal or corrected-
to-normal vision and were naive with respect to the purpose of the experiment.

A sensitivity analysis indicated that for a 2 x 2 x 2 repeated measures ANOVA, with a
sample size of N = 44, an alpha level of .05 and a power of .80, the minimum detectable effect
size for the 2 x 2 x 2 interaction was n?%, = .160 (Cohen’s f = .437). In the study by Wiihr et al.
(2015) investigating the transfer of proportion congruency effects between tasks, the lowest

effect size for the interaction between task, proportion and congruency was n?, = .60.
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Material, design and procedure

The task was a variant of the task used in Experiment 1. The main change consisted of varying
the location of the imperative stimulus on the horizontal axis: the colored dot could appear on
the central location (i.e. as in Experiment 1) as well as 4 cm on the left or right side of the
central location (Figure 3). The material and stimuli were the same as in Experiment 1, except

that the possible locations of the imperative stimulus were indicated by the outline of three
white circles.
Simon task trials

[spatial correspondence between participant’s
response and location of the imperative stimulus)

Imitation-inhibition task trials
{effector correspandence between participant’s
response and observed finger movernent)

Spu!|-1||\.rc:>n5run'nt Imitatively congruent

Stimuli

Spatially incongruent

Instructed response

Figure 3. Trials in the Simon task (left) and Imitation-inhibition task (right). In the illustrated
S-R mapping, participants responded to the orange stimulus by lifting their index finger and
to the blue stimulus by lifting their little finger.

Imitation-inhibition task trials and Simon task trials were intermixed within a block. For
trials in the imitation-inhibition task, the imperative stimulus was always presented in the
central location (i.e. as in Experiment 1). This implies that for the imitation trials there was no

manipulation of the alignment of response and stimulus location. For the Simon task trials, the
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sequence of events was similar except that no finger movement was displayed and the
imperative stimulus appeared either in the right or left side location. Thus, for trials in the
Simon task, there was no manipulation of the imitative congruency.

In each block, there were 48 imitation-inhibition trials and 108 Simon ftrials (the larger
amount of Simon trials was necessary to achieve the proportion congruency manipulation). In
the MI condition, there were 36 congruent trials and 72 incongruent trials in the Simon task.
These proportions were reversed in the MC condition. For the imitation-inhibition task, there
were 24 congruent trials and 24 incongruent trials in both the MI and MC condition. Within a
block of trials, the stimuli were selected pseudo-randomly so that the desired task and
congruency proportions were obtained and so that for a given type of trial (congruent,
incongruent) in a task, each combination of colored dot and movement or location occurred
the same number of times. Participants performed one block of trials in each proportion
condition (Ml and MC). The order of blocks and the stimulus-response mapping were
counterbalanced between participants. Before the experimental blocks, participants
performed a practice block of 32 trials (with a ratio of congruent to incongruent trials of 50:50).

The experiment had a 2 (proportion) x 2 (task) x 2 (congruency) within-participants

design.

Results and discussion
Of the 44 participants included in the experiment, data from one participant were excluded
due to a recording error. The data from another participant who did not apply the correct S-R
mapping (resulting in a near zero accuracy rate) were also excluded. As in Experiment 1, trials
with no response (0.18 %) and with RT less than 100 ms (0.08 %) were excluded from all
analyses. The outlier detection procedure applied to correct RTs resulted in the exclusion of
2.57 % of trials.

The results of Experiment 2a are presented in Table 2. We entered LISAS into a three
factorial ANOVA with Proportion (Ml vs. MC), Congruency (Congruent vs. Incongruent) and

Task (Simon vs. Imitation) as within-participant factors. The analysis revealed a significant
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main effect of Congruency, F(1, 41) =132.02, p <.001, n% = .763, and a significant main effect
of Task, F(1, 41) = 46.85, p < .001, n% = .533. The mean LISAS was 501 ms, 95% CI [484,
519] in the Simon task, and 477 ms, 95% CI [461, 493] in the Imitation task. There was a
significant Task x Congruency interaction, F(1, 41) = 252.83, p < .001, n% = .860, reflecting
larger congruency effects in the Simon task (454 vs. 549) than in the Imitation task (470 vs.
484). The main effect of Proportion was not significant, F(1, 41) = 0.051, p = .823, n% = .001.
There was an interaction between Congruency and Proportion, F(1, 41) = 40.59, p < .001, n%
= .497, indicating a proportion congruency effect: the difference between incongruent and
congruent trials, irrespective of the task, was reduced in the Ml condition (33 ms) as compared
to the MC condition (77 ms). Furthermore, the Proportion x Congruency x Task interaction
was significant, F(1, 41) = 13.04, p < .001, n% = .241, suggesting that the influence of
proportion on the congruency effect was larger in the Simon task than in the Imitation task.

In the Simon task, the amplitude of the congruency effect was 128 ms, 95% CI [111,
145] in the MC condition, and it was reduced to 61 ms, 95% CI [51, 73] in the MI condition,
t(41) =7.271, p <.001, d = 1.122, n%, = .563 (Figure 4). For the Imitation task, the amplitude
of the congruency effect/imitation interference was 25 ms, 95% CI [11, 38] in the MC condition,
and it was 3 ms, 95% CI [-11, 17] in the MI condition, #(41) = 2.341, p = .024, d = 0.361, n% =
.118. Thus, the effect size of Proportion on Congruency was larger in the Simon task than in
the Imitation task. But, in the Imitation task, the congruency effect was nonetheless
significantly reduced in the MI condition as compared to the MC condition. One can further
note that in the imitation task, in the MI condition, the 95% CI [-11, 17] of the imitative

congruency effect included zero, indicating the effect was not significant.
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Table 2. Means + Standard Errors of Response Times (ms), Error Rates, and linear integrated
speed-accuracy scores (ms) in Experiment 2a.

Task Proportion Congruency
Congruent Incongruent
LISAS RT ER LISAS RT ER
Simon Mostly congruent 439+7 435+7 0.01+0.00 568 +12 521+9 0.09+0.01
Mostly Incongruent 469 + 10 459 +9 0.02 £ 0.00 531+9 5069 0.05+0.01
Imitation Mostly congruent 464 +9 454 +8 0.02+0.01 489+ 10 471 +10 0.04 £0.01
Mostly Incongruent 477 £9 4618 0.03+0.01 480+ 8 467 £9 0.03+0.01

Note. LISAS = Linear Integrated Speed-accuracy Score, RT = Response Time, ER = Error Rate
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Figure 4. Congruency effect (Incongruent isas minus Congruentysas) as a function of
Proportion and Task, in Experiment 2a, Experiment 2b and Experiment 3. MC =
Mostly congruent; Ml = Mostly incongruent. Error bars represent 95% CI.
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In line with previous work (Wihr et al., 2015), Experiment 2a showed that increasing
the proportion of incongruent trials in the Simon task decreased the size of the corresponding
Simon effect, i.e. the difference between incongruent and congruent trials was reduced in the
MI condition as compared to the MC condition. Critically, this influence of proportion
congruency was not restricted to the - biased - Simon task and extended to the - unbiased -
imitation-inhibition task, in which imitation interference was also reduced in the M| condition
relative to MC condition. There was thus a transfer of the proportion congruency effect from
the Simon task to the imitation-inhibition task. In Experiment 2b, we tested whether transfer
would operate the other way around, that is, whether a manipulation of proportion congruency

in the imitation-inhibition task would transfer to the Simon task.

Experiment 2b

Method

Participants

The sample size was the same as in Experiment 2a. A total of 44 right-handed undergraduates
(40 females, 4 males; Mage = 18.97 years; SDage = 4.33) from the University of Poitiers were
recruited between May and December 2022 and received course credit for their participation.
All had normal or corrected-to-normal vision and were naive with respect to the purpose of the
experiment.

Material, design and procedure

The material and design were the same as in Experiment 2a. The difference was that in
Experiment 2b, proportion congruency was manipulated in the imitation-inhibition task, while
the amounts of congruent and incongruent trials were equal in the Simon task. In each block,
there were 108 imitation-inhibition trials and 48 Simon trials. In the M| condition, there were
36 congruent trials and 72 incongruent trials in the imitation-inhibition task. These proportions
were reversed in the MC condition. For the Simon task, there were 24 congruent trials and 24

incongruent trials in both the MI and MC condition.
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Results and discussion

After exclusion of trials with no response (0.38 %) and with RT less than 100 ms (0.12 %), the
outlier detection procedure applied to correct RTs resulted in the exclusion of 2.24 % of trials.
The results of Experiment 2b are presented in Table 3.

An ANOVA was conducted on LISAS with Proportion (Ml vs. MC), Congruency
(Congruent vs. Incongruent) and Task (Simon vs. Imitation) as within-participant factors. The
analysis revealed a significant main effect of Congruency, F(1, 43) = 143.60, p < .001, n% =
.770, and a significant main effect of Task, F(1, 43) = 136.33, p <.001, n% = .760, with larger
LISAS in the Simon task (538 ms, 95% CI [518, 558]) than in the Imitation task (490 ms, 95%
Cl [474, 507]). The Task x Congruency interaction was significant, F(1, 43) = 87.11, p < .001,
n% = .670, indicating larger congruency effects in the Simon task (488 vs. 589) than in the
Imitation task (482 vs. 500). The main effect of Proportion was not significant, F(1, 43) < .1, p
=.862, n% < .001. There was an interaction between Congruency and Proportion, F(1, 43) =
5.090, p =.029, n?%, = .106, indicating a proportion congruency effect. Thus, irrespective of the
task, the difference between incongruent and congruent trials in the MI condition (51 ms) was
significantly smaller than that measured in the MC condition (68 ms). Critically, the Proportion
x Congruency x Task interaction was not significant, F(1, 43) = 0.030, p = .863, n% < .001,
suggesting that the influence of Proportion on the congruency effect did not vary depending
on the task (Figure 4). Although the three-way interaction was not significant, we examined
the congruency effect (Incongruentysas - Congruentisas) as a function of proportion in each
task separately to get a clear picture of the results and parallel the analyses conducted on the
results of Experiment 2a. In the Imitation task, the amplitude of the congruency effect was 26
ms, 95% CI [15, 37] in the MC condition and it was 11 ms, 95% CI [-2, 23] in the MI condition.
Thus, the congruency effect was not significant in the MI condition (as indicated by 95% CI
that includes zero), and it was smaller than in the MC condition, #(43) = 2.052, p = .046, d =
0.309, n% =.089. In the Simon task, although the results tended to show a similar pattern, with
a congruency effect of 110 ms, 95% CI [92, 127] in the MC condition and of 92 ms, 95% CI

[71, 114] in the MI condition, the difference between the two conditions did not reach
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significance, t(43) = 1.512, p = .138, d = 0.228, n?% = .050. To conclude about the absence of
difference between the Simon effects in the MC and MI conditions, these congruency effects
were compared with a Bayesian paired samples t-test with the default Cauchy prior (.707)
(Morey et al., 2015), which indicated anecdotical evidence in favor of the null hypothesis, BF o1

=1.723.

Table 3. Means = Standard Errors of the Response Times (ms), Error Rates, and linear
integrated speed-accuracy scores (ms) in Experiment 2b.

Task Proportion Congruency
Congruent Incongruent
LISAS RT ER LISAS RT ER
Simon Mostly congruent 480+ 8 473+ 8 0.01 £0.00 590+ 12 550+11 0.08 £ 0.01
Mostly Incongruent 496 £ 12 487 £ 10 0.02+0.01 588+ 13 551+11 0.07 £0.01
Imitation Mostly congruent 480+8 466 +8 0.03 +£0.00 506 + 10 481+8 0.05+0.01
Mostly Incongruent 483 +9 467 £ 8 0.03 +0.01 494 + 10 474 +9 0.04 +£0.01

Note. LISAS = Linear Integrated Speed-Accuracy Score, RT = Reaction Time, ER = Error Rate

In Experiment 2b, we found a significant influence of the proportion of imitatively
congruent and imitatively incongruent trials on the size of congruency effects. This proportion
congruency effect was not modulated by the factor Task - overall there was thus a reduction
of the size of the congruency effect in the Ml vs. MC condition. However, a separate analysis
conducted in each task showed that the proportion-related reduction of the size of the
congruency effect was significant in the Imitation-inhibition task, while it was not in the Simon
task.

One can note that in Experiment 2b the proportion congruency effect was rather small
as compared to Experiments 1 and 2a. As demonstrated in Experiment 2a, the proportion
congruency in the Simon task can transfer to the imitation-inhibition task. Then, in both
Experiment 2a and Experiment 2b, a significant Task x Congruency interaction showed that
the congruency effect was larger in the Simon task than in the Imitation-inhibition task.

Consequently, in Experiment 2b, it cannot be excluded that, although there were less Simon
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task trials, the equal number of congruent and incongruent ftrials in this task partly
counteracted the proportion manipulation that was implemented in the imitation-inhibition task.

Therefore, it might be necessary to strengthen the proportion manipulation in the
imitation-inhibition task to observe a transfer toward the Simon task. This is what we tried to
achieve in Experiment 3, by adapting the procedure used in Experiment 2b. In Experiment 3,
we slightly increased both the number of trials and proportion differences between Ml and MC
conditions in the imitation-inhibition task.

Moreover, Experiment 2b was designed to detect an effect size as small as n?, = .160.
Given that the proportion congruency effect in the unbiased task could be smaller than in the
biased task, it is possible that the experiment lacked power to detect such an effect. Thus, in
Experiment 3 we collected data from a larger sample to detect a smaller effect size or

eventually reach a firmer conclusion in case of a null finding.

Experiment 3

Method

This experiment was preregistered before data collection at https://osf.io/vtbxi/.
Participants
Seventy-eight undergraduates (39 females; Mage = 23.97 years; SDage = 6.39) from Rutgers
University were recruited between April and June 2024 to participate in Experiment 3 in
exchange for course credit. In the sample of participants, 28% identified themselves as white-
non-Hispanic, 22% as white-Hispanic, 25 % as black, 8% as Asian or pacific island, 5% as
native American and 10% elected not to answer. All were right-handed, had normal or
corrected-to-normal vision and were naive with respect to the purpose of the experiment.

A sensitivity analysis revealed that with a sample size of 78 participants and an alpha
level of .05, we had 80% power to detect an effect size as smallas n?, = .10ina2x2x2

repeated measures ANOVA.
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Material, design and procedure

The material and design were the same as in Experiment 2b, except that in the imitation-
inhibition task, there were 32 congruent trials and 84 incongruent trials in the Ml condition.
Conversely, in the MC condition, there were 84 congruent trials and 32 incongruent trials in
the imitation-inhibition task. For the Simon task there were 24 congruent trials and 24
incongruent trials in both the MC and MI conditions.

Results

Following the pre-registration, we checked whether any participants showed an average error
rate above 40%. No participant had to be excluded based on this criterion.

Trials with no response (0.47 %) and with RT less than 100 ms (0.09 %) were excluded
from analyses. The outlier detection procedure applied to the remaining correct RTs resulted
in the exclusion of 2.37 % of trials. The results of Experiment 3 are presented in Table 4.

LISAS were submitted to an ANOVA with Proportion (Ml vs. MC), Congruency
(Congruent vs. Incongruent) and Task (Simon vs. Imitation) as within-participant factors. There
was a significant main effect of Task, F(1, 77) = 441.12, p <.001, n% = .851 and a significant
main effect of Congruency, F(1, 77) = 144.47, p < .001, n?% = .652. As in experiments 2a and
2b, a significant Task x Congruency interaction, F(1, 77) = 49.87, p < .001, n% = .393, indicated
a larger congruency effect in the Simon task (462 vs. 525) than in the Imitation task (428 vs.
448). The main effect of Proportion was not significant, F(1, 77) = 1.300, p = .258, n? < .001.
Proportion interacted significantly with Congruency, F(1, 77) = 5.961, p = .017, n% = .072,
showing a proportion congruency effect, such that, irrespective of the task, the difference
between incongruent and congruent trials in the MI condition (36 ms) was smaller than that
measured in the MC condition (47 ms). Again, the Proportion x Congruency x Task interaction
was not significant, F(1, 77) = 0.403, p = .527, n%} < .01 (Figure 4). Paralleling the analyses
conducted in Experiments 2a and 2b, we contrasted the congruency effect (Incongruentysas -
Congruentuisas) as a function of proportion in each task separately. In the Imitation task, the
amplitude of the congruency effect was 27 ms, 95% CI [16, 36] in the MC condition and it was

significantly larger than the 14 ms congruency effect, 95% CI [8, 19] in the MI condition, #(77)
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=2.482, p=.015,d = 0.281, n% = .074. In the Simon task, the congruency effect was 68 ms,
95% CI [53, 82] in the MC condition and 60 ms, 95% CI [48, 72] in the MI condition. The
difference between the two conditions was not significant, {(77) = 1.161, p = .249, d = 0.132,
n% = .017, and a Bayesian t-test indicated moderate evidence in favor of the null hypothesis,
BFo1 = 4.200 (this test was omitted in the preregistration but was justified to assess evidence

of no difference).

Table 4. Means = Standard Errors of the Response Times (ms), Error Rates, and linear
integrated speed-accuracy scores (ms) in Experiment 3.

Task Proportion Congruency
Congruent Incongruent
LISAS RT ER LISAS RT ER
Simon Mostly congruent 457 +8 444 +7 0.03 +0.01 524 +12 491 +10 0.08 +0.01
Mostly Incongruent 467 £ 8 454 +7 0.03 +0.01 527 +12 494 +9 0.08 £0.01
Imitation Mostly congruent 424 +8 407 £ 8 0.04 +0.01 451 +10 427 +8 0.06 +£0.01
Mostly Incongruent 433+9 415+ 8 0.05+0.01 447 +9 426+ 8 0.05+0.01

Note. LISAS = Linear Integrated Speed-Accuracy Score, RT = Reaction Time, ER = Error Rate

The results of Experiment 3 confirm those from Experiment 2b. Specifically,
manipulating proportion congruency within the imitation-inhibition task did not significantly
influence the magnitude of the congruency effect in the non-social Simon task. It is also
noteworthy that, as in Experiment 2b, both the amplitude of the imitative congruency effect
and its modulation by proportion were smaller than those observed in Experiment 1. Thus,
despite the adjustments made to the study design, it appears that the inclusion of Simon task

trials affected imitation interference. We will return to this point in the General discussion.

General discussion

The present study aimed to investigate the specificity of the processes regulating automatic
imitation. We first tested whether imitation interference measured in the imitation-inhibition
task is sensitive to the proportion of congruent to incongruent trials (Experiment 1). In

Experiments 2a, 2b and 3, the imitation-inhibition task was mixed with the Simon task, allowing
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to manipulate proportion congruency in one task or the other. We reasoned that if imitation is
regulated by the same domain-general control processes as those involved in non-social
conflict tasks (Wager et al., 2005), one should be able to observe (i) a proportion congruency
effect on imitation interference and (ii), most critically, transfers of proportion congruency
effects between the imitation-inhibition task and the non-social Simon task.

The results of Experiment 1 showed that a proportion congruency effect can be
induced in the context of the imitation-inhibition task. Paralleling what has been observed in
non-social conflict tasks like the Stroop, flanker and Simon tasks (Bugg, 2017; Kane & Engle,
2003; Wuhr et al., 2015), imitation interference was reduced in a condition with a higher (vs.
lower) proportion of incongruent trials. In typical conflict tasks, the reduction of interference
effects in conditions with high proportion of incongruent trials is thought to reflect adjustments
of cognitive control settings (Botvinick et al., 2001; Bugg, 2017). In Experiment 2a, proportion
congruency manipulation was implemented in the ‘non-social’ Simon task. As expected, the
size of the Simon effect was reduced in the Ml condition relative to the MC condition. Critically,
imitation interference was also reduced in the MI condition. Thus, the control processes
recruited by Simon-like conflict seem to modulate automatic imitation as well.

These findings are consistent with the hypothesis that the control of automatic imitation
relies on domain-general processes (Darda et al., 2018; Ramsey & Ward, 2020). The control-
based account of proportion congruency effects suggests that the frequent experience of
conflict in the MI condition prompts a sustained heightening of control (Botvinick et al., 2001;
Bugg, 2017). From there, the results of Experiment 2a would suggest that in the MI condition,
the frequent experience of conflict trials in the Simon task triggered adjustments in domain-
general control mechanisms that are recruited to deal with this type of conflict (Wager et al.,
2005). Then, the adjustments induced by the proportion manipulation in the Simon task
transferred to the imitation-inhibition task because these same domain-general control
processes are also recruited to deal with imitation interference.

However, in Experiments 2b and 3, we manipulated the proportion congruency in the

imitation-inhibition task and found no significant transfer of the proportion congruency effect
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to the Simon task. That is, although the amplitude of imitation interference was reduced in the
Ml vs. MC condition, this was not the case for the Simon effect. This finding is at odds with the
domain-general account of imitation control. Thus, if we take the results of Experiments 1 and
2a as consistent with the domain-general account, we face conflicting results. While remaining
cautious, other findings from our study, although unanticipated, provide more insight into this
apparent contradiction. In particular, these findings may explain why, even assuming that
imitation control is indeed underpinned by domain-general control processes, we did not
observe a transfer of proportion congruency from the imitation task to the Simon task in
Experiments 2b and 3.

First, one result that stands out from Experiments 2a, 2b, and 3 is that the magnitude
of the imitative congruency effect was smaller than that of the Simon effect, in line with
previous work (Catmur & Heyes, 2010). Dealing with Simon-type conflict may therefore recruit
control processes more strongly than dealing with imitation interference. As a consequence,
even if the same control processes regulate both types of congruency effects, the amount of
conflict experienced in the Simon task would have a stronger influence on the imitation-
inhibition task than vice versa, which may partly explain why we observed a transfer from the
Simon to the imitation task, but not the other way around. Second, consistent with this idea, it
is noteworthy that in Experiment 1, the imitative congruency effect ranged from 44 ms (n% =
0.48, MI condition) to 139 ms (n% = 0.61, MC Condition)?, while in the other experiments,
where the imitation task was combined with the Simon task, this effect was less than 27 ms
(n% < 0.33) even in the MC condition. The influence of Simon task trials on imitation
interference in these experiments is difficult to reconcile with specific regulatory mechanisms
of imitation. Instead, this influence could be well explained by the existence of control
mechanisms that are common to both the imitation task and the Simon task. The introduction

of the Simon-type conflict may have increased the mobilization of cognitive control processes,

2 As part of another project, we employed the same automatic imitation task (without Simon task trials),
in an experiment (55 participants) with 40% congruent trials, 40% incongruent trials, and 20% neutral
trials. This experiment yielded an imitative congruency effect of 53 ms (n% = 0.70).
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hence affecting the size of imitation interference because the same resources are recruited in
the imitation-inhibition task. Thus, taken together, our findings are to some extent consistent
with the hypothesis that the regulation of automatic imitation relies on domain-general
mechanisms. Of course, this conclusion should be treated with caution, as it is partly based
on post hoc interpretations, and further studies are needed to fully substantiate it.

Another contribution of the present study is the demonstration, across several
experiments, of proportion congruency effects on imitative conflict. These results are in line
with those reported in the study by Gordon et al. (2020), which also showed an effect of
proportion congruency in the imitation-inhibition task (but see also Hogeveen & Obhi, 2013).
Interestingly, these authors argued that the reduction of imitation interference by increasing
the proportion of incongruent trials casts some doubt on the truly automatic nature of automatic
imitation. We do not share this conclusion. Indeed, there is now considerable evidence that
phenomena considered to be highly automatic can be modulated by the task context or
internal goals. For example, the ability of a stimulus to trigger attentional capture has been
found to depend on the link between that stimulus and the current task-set (Folk & Remington,
1998). Similarly, the influence of proportion congruency has been demonstrated on various
effects (Bugg, 2017; Bugg & Crump, 2012), including the Stroop, flanker, and Simon effects,
which are assumed to result from the automatic processing of task-irrelevant information
(Ulrich et al., 2015). Thus, the modulation of imitation-interference by proportion congruency
is not necessarily a sign of a non-automatic phenomenon. Instead, it may indicate an
automatic imitation process that is modulated by top-down influences of cognitive control
(Cracco et al., 2018; Heyes, 2011).

As explained in the Introduction, proportion congruency effects are thought to be
mediated by control modes that are likely to bias treatments of both task-irrelevant and task-
relevant information (Botvinick et al., 2001; Bugg, 2017). It is difficult to dissociate these two
mechanisms of action as they can operate in parallel or interdependently to generate the
proportion congruency effects (Braver, 2012; Bugg, 2017; Murphy et al., 2020). While keeping

this in mind, it is interesting to note that there is evidence that proportion manipulation in the
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context of the Stroop task influences the processing of irrelevant information (Bugg et al.,
2011). In the same vein, research on the Simon effect points to the role of suppression (vs.
activation) mechanisms in the resolution of this type of conflict (e.g. Cespén et al., 2020;
Ridderinkhof, 2002). Importantly, and consistent with this view, it has been demonstrated that
increasing attentional focus on the target stimulus has no effect on the size of the Simon effect
(Hommel, 1993). Furthermore, as already mentioned, the results of Experiment 1, where
neutral trials were not affected by proportion, suggest that the manipulation of proportion
congruency in the context of the imitation-inhibition task influenced mechanisms dealing with
the irrelevant information (Cross & lacoboni, 2014). On this basis, regardless of whether the
underlying mechanisms are domain-general or domain-specific, a tentative hypothesis is that
MI conditions reduced imitation or Simon effects by enhancing the inhibition of task-irrelevant
information, namely spatial information in the Simon task and hand movement stimuli in the
imitation-inhibition task.

An essential aspect of our prior reasoning is that the transfer from the Simon task to
the imitation-inhibition task observed in Experiment 2a is indicative of the engagement of
domain-general control mechanisms in the regulation of automatic imitation. But two different
perspectives deserve to be discussed. First, one might object that the repeated experience of
conflict when performing the Simon task in the MI condition could also lead participants to
employ various domain-general, task-related strategies to improve performance, such as
remembering of S-R rules or responding quickly while avoiding errors, which could then be
transferred to the imitation task. However, proportion congruency effects have been linked to
control mechanisms involved in conflict resolution rather than general strategies (Braver,
2012; Bugg, 2017; Murphy et al., 2020). Moreover, the transfer of these effects across tasks
can be altered by subtle task variations (see below) (Brautigam et al., 2023), which argue
against the role of general, task-related strategies. Finally, we can also take into account how
performance in the imitation-inhibition task was influenced by proportion congruency. If such
kinds of general task-related processes were indeed affected by the proportion manipulation,

we should also have observed changes in performance on neutral trials in Experiment 1. This

36



was not the case. Again, this absence of an effect of proportion congruency on neutral trials
suggests that the proportion manipulation specifically affected mechanisms recruited to deal
with conflict, rather than general strategies.

Another related possibility to consider is that the mobilization of domain-general control
mechanisms to deal with conflict in the Simon task would influence mechanisms of self-other
distinction. However, there are several arguments against this perspective. First, if imitation
interference is indeed resolved by a self-other discrimination mechanism, one might ask why
an additional and potentially redundant general selection mechanism would also be recruited.
Relatedly, this hypothesis of transfer of conflict-related adaptation between distinct domain-
specific and domain-general processes is at odds with the fact that the transfer of proportion
congruency effects between tasks is not systematic in the literature (Bausenhart et al., 2021;
Braem et al., 2011; Brautigam et al., 2023; Wihr et al., 2015). For instance, research has
found an absence of transfer across responses modalities (Braem et al., 2011). Recent work
has also failed to show transfer when the modality of the irrelevant dimension differed between
the two tasks, even though the relevant dimension remained the same (Brautigam et al.,
2023). Finally, as noted above, the presence of proportion congruency effects in the imitation-
inhibition task mirrors what has been observed in various (non-social) conflict tasks and
interpreted in terms of adaptation of domain-general control processes (Botvinick et al., 2001;
Bugg, 2017). Therefore, the domain-general account offers a parsimonious explanation for
the existence of proportion congruency effects in the imitation-inhibition task and of their
transfer from the Simon task to the imitation-inhibition task.

In sum, although caution is warranted, the effects observed in the present study can
be interpreted as reflecting shared domain-general control processes between the Simon and
the imitation-inhibition task. To be clear, we suggest that the present findings can be seen as
providing some evidence that imitation control cannot be restricted to a domain-specific
mechanism of self-other discrimination, but relies critically on domain-general control
processes, such as those mobilized in Stroop-like tasks or Simon tasks. This view, along with

our demonstration of proportion congruency effect in imitative conflict, is well in line with some
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neurophysiological findings. Indeed, using TMS, Cross and lacoboni (2014) have found that
the preparation to counter-imitate finger movements (vs. mere observation or preparation to
imitate) was associated with a reduction of motor resonance. This type of modulation fits with
our finding that increasing the proportion of incongruent trials reduced imitation interference.
Using fMRI and dynamic causal modeling, Cross et al. (2013) sought to identify the neural
network responsible for the control of imitation. Their results suggest that the mPFC and
anterior cingulate cortex (ACC) play a role in conflict detection, whereas the anterior insula
would be involved in the resolution of conflict, in interaction with the mirror system. Considering
the documented roles of the ACC and the insula in the resolution of different types of conflict,
Cross et al. (2013) have proposed a model in which these brain structures form a domain-
general conflict resolution system that regulates mirror activity. This domain-general system
interacts with a domain-specific system involving the mPFC, which would be responsible for
determining agency and thereby defining the self-generated action representation (self-other
discrimination) (but see Introduction for critics of a specific role of the mPFC). An important
question that remains is whether the modulation of automatic imitation occurs at the level of
the mirror system itself, its input or its output.

In the present study, we have interpreted the effects of proportion congruency by
drawing on the dominant control-based account (Bugg, 2017). However, other interpretations
of the proportion congruency effect have been offered. In particular, it has been suggested
that the effect may reflect learning of stimulus-response contingencies (Schmidt & Besner,
2008). For example, when performing the Stroop color-naming task in the MI condition, the
color green will appear frequently with the incongruent word “red”. Therefore, under these
conditions, the irrelevant dimension or stimulus becomes predictive of the correct answer,
such that participants can learn to select the (incongruent) “green response” whenever they
see the word red, which would thus facilitate response selection on these incongruent trials.
This kind of learning may constitute an alternative or an additional mechanism leading to the
proportion congruency effect. We cannot exclude that contingency learning occurred in our

experiments. However, this cannot explain the transfer effects we observed in Experiment 2a,
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such that the proportion manipulation in the Simon task influenced performance in both that
biased task and the other, unbiased imitation-inhibition task. More specifically, stimulus-
response learning cannot account for the modulation of performance in the unbiased task
because in this task (which contains 50% congruent and 50% incongruent trials), the irrelevant
dimension is non-predictive of the correct response, i.e. an irrelevant feature appears equally
often with a congruent or incongruent relevant feature (Bugg, 2017; Wuhr et al., 2015). In fact,
the transfer that we observed in Experiment 2a supports the control-based account of
proportion congruency effects?.

A potential limit to the approach employed in this study needs to be addressed. To
neutralize the potential confound of the left-right spatial correspondence between the
response and stimulus hands in the imitation-inhibition task, we employed a common
procedure in which the hand stimulus was displayed rotated 90 degrees counterclockwise
relative to the participant’s hand (Cracco et al., 2018; Gordon et al., 2020; Hogeveen & Obhi,
2013). Still, another issue has been pointed out with this method. Indeed, there is evidence
that we tend to associate ‘up’ with ‘right’ and ‘down’ with ‘left’ (Weeks & Proctor, 1990). Thus,
the imitation effect is potentially confounded with an effect of orthogonal compatibility. For
example, an observed index finger movement could prime an index response because of
imitation and/or because it appears as below the midline of the screen, hence priming a left
(i.e. index) response. Importantly, if the two effects were confounded, a reinforcement of the
orthogonal spatial compatibility effect would result in an increase of the imitation effect. Thus,
the presence of such an effect of orthogonal spatial compatibility (due to an up-right/down-left

association) in our experimental setup could have contributed to the transfer we observed

3 To clarify the origin of these effects and as suggested by a reviewer, we also conducted analyses of
the congruency sequence effects, i.e. whether the magnitude of the congruency effect on trial n varied
as a function of the congruency on trial n-1 (Gratton et al., 1992). Sequential congruency effects were
observed across the three experiments. The size of the congruency effect is reduced after incongruent
trials. In line with other work (Funes et al., 2010; Torres-Quesada et al., 2013), the analyses of
Experiments 2a, 2b and 3 showed a sequential congruency effect when the same type of conflict
occurred on two consecutive trials, but not for task alternation (see Supplementary materials). Thus,
congruency sequence effects may, at least in part, explain the effects of proportion congruency that we
observed in the biased task.
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between the Simon and imitation-inhibition tasks. However, there are arguments against this
possibility. First, previous work suggests that a hand stimulus rotated counterclockwise, as
used in the present study, either does not produce orthogonal compatibility effects (Jiménez
et al., 2012), or if it does, it takes the form of a down-right/up-left advantage (Czekdéova et al.,
2021). In the latter case, orthogonal compatibility cannot mediate the transfer of proportion
congruency effects from the Simon task toward the imitation-inhibition task we observed in
Experiment 2a. Indeed, if one assumes the presence of an orthogonal spatial compatibility
effect working against imitation, then the reduction of this spatial effect by the increase of the
proportion of incongruent trials in the Simon task would result in the amplification of imitation
effects. But what we found was a reduction of imitation interference when the proportion of
incongruent Simon ftrials was increased. Finally, we conducted a complementary experiment
in which we tested whether the hand stimuli used in our study influenced the selection of a
right or left response. We found no evidence for orthogonal spatial compatibility effects (See
Supplementary material).

The precise mechanisms involved in the effects we observed remain to be determined.
Furthermore, we mixed an imitation-inhibition task with a Simon task, with the objective of
maintaining certain similarities between the tasks and thus introducing Simon-type trials
without major modifications to the typical imitation-inhibition task. However, the use of the
Simon task raises the problem of spatial compatibility effects that could be also present in the
imitation-inhibition task. We have put forward arguments to exclude this possibility. In future
work, it would be particularly relevant to test the transfer of proportion congruency effects
between imitation and another non-social task without spatial compatibility effects, such as
the Stroop task or the flanker task. Although the present study has certain limitations, we
believe that the approach developed may constitute a promising line of investigation for the
behavioral and neurophysiological study of the control mechanisms of imitation and mirror
activity.

Another limitation of the present study relates to ethnicity influencing the amplitude of

automatic imitation, as a mismatch between observed and participant’s own skin color or
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group membership has been found to reduce automatic imitation of facial expressions
(Bourgeois, & Hess, 2008; but see Rauchbauer et al., 2018, for imitation of hand movements).
In the present study we did not test for the influence of ethnicity (collecting ethnicity data for
individual subjects and connecting that to performance was not part of our protocol). We
presented white hands as stimuli, and we thus cannot exclude that the amplitude of automatic
imitation changes as a function of overlap in skin color between the hand stimulus and the
participant. Although we have no reason to anticipate that this match/mismatch of skin color
would interact with our within-participant manipulation of proportion congruency, it remains to
be tested and provides a useful direction for future research.

The question of whether social cognition and behavior are driven by domain-general
or socially specific processes has gained increasing interest in the last few years in
psychological and neuroscientific research (Barrett, 2012; Heyes, 2014; Ramsey & Ward,
2020). Recent empirical and theoretical work has highlighted the so far underestimated role
of domain-general processes in social cognition (Heyes, 2014; Hommel & Wiers, 2017;
Ramsey & Ward, 2020). Notably, studies have shown how domain-general processes can
contribute to the generation of phenomena typically attributed to specific social processes. For
instance, the joint Simon effect has been explained by general processes of action and
cognitive control (Bouquet et al., 2023; Dolk et al., 2014). Likewise, attentional cueing has
been proposed to explain response biases in perspective taking tasks (Heyes, 2014). Such a
deflationary position is also well illustrated by the theory of event coding and its recent
developments (Hommel, 2019), which postulate that produced and perceived events, be they
social or not, are represented through the same kind of codes, i.e. codes of their sensory
consequences, and which further assume that the same control processes operate over these
representations (Hommel & Wiers, 2017). Importantly, as pointed out by others, the fact that
a social behavior is governed by domain-general control processes does not mean it is not
fundamentally a social behavior (Heyes, 2014; Ramsey & Ward, 2020). Furthermore, even if
the same general control processes operate over social and non-social representations, this

does not preclude some differences in control related to the nature of these representations.
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For example, one influential hypothesis suggests that response conflicts are aversive
(Dreisbach & Fischer, 2015). Then, in tasks such as the Stroop and flanker tasks, cognitive
control would be recruited to reduce the aversive signals triggered by response conflict
(Steenbergen et al., 2009). An interesting question for future research would be to examine
whether conflict between (social) representations related to self and other, as in the imitation-
inhibition task or in joint action tasks (Dolk et al., 2014; Heyes, 2011), is also accompanied by
aversive signals and to what extent this would be stronger or weaker than the aversive signals

related to conflict between non-social representations.

Conclusion

The ability to regulate automatic imitation is crucial to navigate the social world. Our study
provided a set of results that partially validate the hypothesis that imitation control relies on
domain-general mechanisms. Despite certain limitations, this research lays the groundwork
for a promising approach to understanding imitation control mechanisms. Thus, the present
study adds to a growing literature on the role of domain-general vs. domain-specific processes

in social cognitive abilities and behaviors.
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