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“Sow a thought, and you reap an action;  sow an act, and you reap a habit;  
sow a habit, and you reap a character;   sow a character, and you reap a 
destiny." 1

 Human behavior consists of more than reflexes. People do not merely respond to 
their environment. Most of the time, they behave in a purposeful manner, with a particular 
goal in mind. They stretch their arm to pick up a glass, buy groceries to make dinner later 
tonight, or work hard to obtain a Ph.D. These examples have in common that behavior is di-
rected at  producing a particular state or event that can often not be directly perceived, but 
at that moment of action only exists in people’s minds. Goal-directed behavior, then, seems 
to depend mainly on people’s cognitive abilities, which allow them to act on future events 
they envision in the mind’s eye.

 Apart from the ability to conjure up visions of events that are not present in the 
here and now (Gilbert & Wilson, 2007), there is another ingredient that is a prerequisite for 
goal-directed behavior: To realize a particular goal, one must be able to select the proper 
actions that produce the goal-state. People relax and flex specific muscles to make their arm 
grab a glass, take a particular route to the nearby grocery shop, buy particular ingredients 
based on the dinner recipe tonight, and write all the manuscripts based on the research 
question to finish one’s Ph.D. Thus, to engage in goal-pursuit, people must somehow be able 
to select the actions that produce the envisioned goal state.

 The current dissertation aims to investigate how people formulate the cognitive 
structures that enable them to behave in such a goal-directed way, and how outcomes are 
produced based on such cognitive structure. Specifically, it examines the support for the 
ideomotor (IM) theory, which provides an elegant mechanistic account for how these cogni-
tive structures arise and produce behavior. In the following, the thesis first explains how this 
mechanistic account followed from theorizing on goal-directed behavior. Then, it critically 
examines the existing evidence supporting this mechanistic account and points out several 
shortcomings. Subsequently, three empirical chapters are presented to explore how people 
acquire cognitive representations about the relations between actions and their outcomes 
and how those representations affect behavior later.

Goal-directed behavior

 Theories on goal-directed behavior see goal pursuit as a mostly deliberate affair. 
Most notably, according to Gollwitzer’s action phases model (Gollwitzer, 1990), this endeav-
or starts out as a decision-making process, where one has to decide which goals to select for 
pursuit based on (amongst others) their desirability. Once a goal is set, one has to select the 
proper means to implement goal-directed action based on which actions are effective and 
efficient in producing the goal-state. Therefore, the implementation of goal-directed behav-
ior can be seen as a multiple-layer decision-making process. People select goals and means 
based on expectancy (e.g., will a means produce the goal state) and value (how desirable is 
the goal).
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 Clearly, this process relies on cognitive knowledge about goals and actions. First of 
all, people need to mentally represent a goal state of being able to select it. Second, it seems 
that choosing the proper means requires knowledge about the causal relations between 
actions and their outcomes. That is, they have to know which actions will cause the goal 
state to materialize. While such deliberation and planning may characterize the pursuit of 
some goals, such as deciding on a route to take to a new destination, or planning for a dinner 
party, it does not seem to capture the fluency of goal-pursuit in everyday behavior, where 
we often seem to act virtually without deliberation in a fairly automatic manner.

 In an attempt to explain such seemingly automatic behavior, researchers have 
proposed that goal-directed behavior does not have to be constructed by deliberative pro-
cesses all the time. For well-rehearsed goal-directed behaviors, goals, and the actions that 
produce them could simply be retrieved from memory (Bargh, 2006; Custers & Aarts, 2005, 
Kruglanski et al., 2002). These cognitive structures would, on the one hand, consist of a 
mental representation of the goal state that would contain information about the goal state 
itself, but also about its desirability (Custers & Aarts, 2005). This goal representation would 
also be connected to one or more means in a hierarchical structure, in which the means 
most strongly associated with the goal would be selected and retrieved when a goal state 
would come to mind (Kruglanski et al., 2002). Together, this would explain how goals that 
were brought to mind by stimuli in the environment (primes), could evoke goal-pursuit: 
With the goal being selected by the environment, the associated means could be readily 
activated, leading goal-directed behavior to run its course (Bargh, 2005, 2006).

Ideomotor Theory

 This notion that thinking of actions and their outcomes can produce behavior can 
be traced back to the German philosophers (Herbart,1825; Lotze, 1852; Harless, 1861) and 
British psychologists (Laycock,1845; Carpenter, 1852; see for a historical overview, Stock & 
Stock, 2004). However, it was William James (2007) who firmly established this theory in his 
Principles of Psychology, saying, “Whenever movement follows unhesitatingly and imme-
diately the notion of it in mind, we have ideo-motor action” (p. 522). According to James, 
ideas evoking action was the default, although this process could be disrupted by flashed 
ideas that might inhibit the intended behaviors.

 It was Greenwald (1970) who revived the notion of ideomotor action, linking it 
firmly to goal-directed behavior, by pointing out that thinking of an action is not possible 
without thinking of the outcomes it produces. In a paradigm with two stages, he demon-
strated that after learning that actions produce certain outcomes in an initial acquisition 
phase, stimuli related to these outcomes automatically influence behavior in a subsequent 
test phase. 

 While this approach quickly gave way to the more popular deliberative theories 
on goal-directed behavior, this approach quickly gained traction in the late 90’s of the 20th 
century when more mechanistic models of goal-directed behavior became more popular. 
The work eventually culminated in the theory of event coding (Prinz, 1997; Hommel et al., 
2001; Hommel, 2019). According to that, learning and execution of goal-directed behavior 



Introduction and Overview

10

1

are not in terms of causal knowledge and deliberate decisions, but rather a mechanistic 
process that could explain goal-directed behavior based on merely the formation of associ-
ations. In short, it assumed that cooccurrence of actions and resulting events could lead to 
the formation of bidirectional associations, by which activation of the representation of the 
event or outcome could readily activate the representation of the action that produced it, 
without any deliberation, reflection, or decision.

 Although there are similarities with the notion of automatized goal-directed be-
havior (Bargh, 2006; Custers & Aarts, 2005; Kruglanski et al., 2002), this approach not only 
removed deliberate conscious processes from the execution of goal-directed behavior, it 
also removed the need for complex cognitive processes such as inferences of causal rela-
tions from the learning process. This account, therefore, became highly popular as an expla-
nation for goal-directed behavior in agents that seemed to lack these capacities.

 A great example is a notion that the development of goal-directed behavior in 
infants starts with exploratory/random movements (“motor babbling”) (e.g., Meltzoff & 
Moore, 1997; Demiris & Dearden 2005). It is assumed that this behavior starts as random 
activation of motor commands (activation patterns in the brain that lead to overt behaviors 
of limbs) that produce certain behavioral outcomes (e.g., an arm shooting up, a leg kick-
ing). After enough repetition, the specific motor programs would become associated with 
their outcomes, which could lead to activation of motor programs in the opposite direc-
tion: Thinking of the behavioral outcomes could then lead to the activation of the relevant 
motor programs, rendering goal-directed behavior possible just based on associations that 
developed over times. Indeed, spontaneous bidirectional associations between actions and 
outcomes have been demonstrated in in 9-month-old infants (Verschoor et al., 2010).

 Such a link between the representations of perceived outcomes and motor pro-
grams has become a common explanation for motor mimicry (Iacoboni, 2009). It has even 
been suggested to provide an explanation of the origin of mirror neurons: single neurons 
fire both when a specific action is executed and when the result of this action is perceived. 
It was suggested that such neurons are not innate, but rather the result of this rudimen-
tary learning process that would create representations of goal-directed actions. Motor 
programs and outcomes share a common code during such learning stage, which could be 
measured even at the single neuron level (Heyes, 2010).

 The most likely candidate for such a rudimentary process would be Hebbian learn-
ing. Based on Donald Hebb’s (2002) notion: “neurons that fire together, wire together.”, 
mere coactivation of representations would be enough to support this form of learning. 
From this perspective, the only features necessary for goal-directed action would be the 
ability form bidirectional associations between actions (or motor programs) and the out-
comes (or sensory effects) they produce, simply based on the fact that the two always occur 
in temporal contiguity.

 In sum, then, the ideomotor theory provides a mechanistic account for how people 
and other organisms can acquire the (rudimentary) capability to act in a goal-directed man-
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ner. This account does not assume the acquisition of rather sophisticated causal knowledge, 
nor a decision-maker who deliberates on selecting goals and means. Goal-directed action is 
simply believed to result from the ability to form bidirectional associations between actions 
and outcomes, which capture a history of cooccurrences of acting and perceiving the result-
ing events. Similarly, the initiation of goal-directed behavior would not require any deliber-
ation or even intentions. As the case of mimicry suggests, behaviors could be activated by 
merely perceiving their associated outcomes or events.

Outline of the Dissertation

 The current dissertation critically examines the evidence for this mechanistic ac-
count for goal-directed behavior. The addressed questions are basically two-fold: First, is 
ideomotor learning indeed the result of bidirectional associations formed as a result of re-
peated cooccurrence of actions and outcomes? And second, are ideomotor effects on action 
indeed the result of mere activation of the outcome representation. 

 Chapter 2 examines the evidence for ideomotor action obtained in the literature 
featuring the two-stage paradigm inspired by Greenwald's work (1970). The argument starts 
that while the learning phase in this paradigm was designed with the mechanistic account 
and Hebbian learning in mind (i.e., hundreds of trials in which usually two finger press-
es each produce a specific sensory outcome), this learning phase does not rule out other 
forms of learning. That is, every box is ticked to facilitate the formation of bidirectional as-
sociations through mere repetition. However, people can also easily make inferences about 
the causal structure of the task (e.g., pressing the left finger causes a high-pitched tone), 
based on which the hypotheses or propositions about the relations between actions and 
outcomes can be formed. Likewise, although the mechanistic account would indeed predict 
that stimuli related to the outcomes featured in the learning phase would bias behavior in 
the direction of the associated action, other explanations for these effects can be offered. 
Putting together, these arguments provide support for the assumption that the actual evi-
dence for the mechanistic account of ideomotor actions is relatively thin, to say the least, 
and that more work is needed to put this account to the test. 

 Chapter 3 investigates in line with this reasoning to which extent learning in the 
two-stage paradigm is spontaneous (Sun et al., 2020). Even though learning should be the 
result of mere cooccurrence of actions and outcomes, instructions almost always emphasize 
the causal nature of the relation between actions and the events that follow them. Further-
more, two different forms of testing for ideomotor effects are used: the Free Choice Task, 
in which people can freely choose which action to perform, and the Forced Choice Task, in 
which people have to react to an imperative stimulus with an instructed response.

 While both tasks are used frequently in the literature,  only Experiment 1 featuring 
the Free Choice Task produced the ideomotor effect. That is, when stimuli that previously 
served as outcomes in the acquisition phase were presented together with the imperative 
stimuli in the Free Choice Task, it could bias action towards the corresponding responses. 
This effect occurred regardless of whether the instructions emphasized the causal nature 
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of the learning phase or not, demonstrating that learning was indeed spontaneous. How-
ever, results also proved that people could easily report the causal structure of the learning 
phase, suggesting that people could very likely have relied on this explicit knowledge while 
choosing what to do in the Free Choice Task. However, Experiments 2, 3a and its high-pow-
ered replication Experiment 3b used a Forced choice task that didn’t allow for the choice of 
explicit knowledge, did not produce an ideomotor effect. Together, these findings suggest 
that while action-outcome relations can be learned spontaneously, ideomotor effects only 
occur under conditions in the test phase that allow for the application of explicit causal 
knowledge.

 Chapter 4 further addresses this issue by exploring potential moderators of the 
mechanistic ideomotor effect in the two-stage paradigm (Sun et al., under revision). While 
we failed to observe such an effect in the forced-choice paradigm (Sun et al., 2020), which 
is the best test for the mechanistic account, three conditions are investigated that may be 
prerequisites for the ideomotor effect to occur. Experiment 1 addresses whether reward in 
the learning phase may facilitate the formation of associations. Experiment 2 tests whether 
presenting the imperative cues in the same modality helps bring out the ideomotor effect. 
And finally, Experiment 3 looks at whether – unlike the standard two stages paradigm – pre-
senting the outcomes as a result of responses in the test phase makes a difference. 

 Results show that, out of these three plausible candidates, only the addition of ef-
fects in the test phase gave rise to an ideomotor effect using a forced-choice test phase. That 
is, when a required response was preceded by the perception of its previous outcome, re-
sponses were faster than when they were preceded by the opposite outcome. Although this 
could be seen as support for the mechanistic account, it also poses a problem: If outcomes 
are presented in the test phase, so that testing doesn’t occur under extinction, how can one 
be sure that learning has occurred during the learning phase and not during the test phase? 
It could even be the case that the effect occurs because people make inferences about the 
causal relations in the test phase, rather than that they rely on associations formed in the 
learning phase.

 Chapter 5 presents a novel paradigm in which it is explicitly tested whether ideo-
motor effects can arise purely in test phase (Sun et al., 2022). In contrast with the two-stage 
paradigm, participants are exposed to only short testing bocks featuring a forced-choice 
task in which the outcomes of the responses are presented. In line with earlier findings 
(Wolfensteller & Ruge, 2011), it was found in Experiment 1 that ideomotor effects appear 
almost instantly. When the learned mapping changes from one block to the next, there are 
no spill-over effects learning from one block to the next. This finding was replicated in Exper-
iment 2, and additionally, it was demonstrated that the ideomotor effect did not change in 
strength when the contingency between actions and outcomes moved from 100% to 80%. 
Together, these findings indicate that ideomotor effects can arise in a task that doesn’t allow 
for deliberation. These effects are most likely the result of causal inference made during the 
task, rather than bidirectional associations formed in memory. 
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Reading Guide

 The preceding mentioned research outlines are discussed in detail in the remaining 
chapters of this dissertation. It should be noted in advance, that all chapters were written 
in such a way that they can be read independently. As noted earlier, Chapter 2 provides a 
broader overview of the literature on ideomotor action and its shortcomings, setting the 
stage for the three empirical chapters. One may choose to read specific chapters, or read 
them in a different order. As a consequence, however, some overlap exists between parts of 
the chapters. 

Footnote 

1: According to the Wikiquote (https://en.wikiquote.org/wiki/Charles_Reade), the original 
source has never been isolated. Its structure strongly reflects that of a "classical Chinese" set 
of aphorism, but it (as an anoumous poem) has also been cited by Samuel Smiles in Life and 
Labor (1887), or attributed to philosophers like Ralph Waldo Emerson (1803-1882), William 
James (1842-1910)
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Chapter 2: 
Examining the Support for 
Ideomotor Theory from the 

Two-Stage Paradigm

This chapter is based on: Sun, D., Custers, R, & Aarts, H. (2022). Examining the 
support for ideomotor theory from the two-stage paradigm. Manuscript  in 
preparation.

Credit author statement:
DS: Conceptualization, Writing-Original-Draft, Writing-Review & Editing, 
Visualization, Project administration. RC: Conceptualization, Writing-Review 
& Editing, Supervision, Project administration. HA: Writing-Review & Edit-
ing, Supervision.



Commentary on the two-stage paradigm

16

2

Abstract

 A classic question in psychology is how people learn to act in a goal-directed 
manner. Ideomotor theory takes a mechanistic approach, assuming that after repetition, 
actions and outcomes are linked by bi-directional associations, so that the thought or 
perception of the outcome can activate the action that causes it. We argue here that the 
empirical evidence generated by the dominant two-stage paradigm is open to alternative 
interpretations. First, learning in the acquisition phase can give rise to explicit knowledge 
about causal relations. Second, effects in the test phase may not be driven by response 
activation by the outcome information, but by strategic processes that are driven by ex-
plicit causal knowledge. This chapter first reviews the standard two-stage paradigm, and 
then critically looks at learning, response activation, and the transition of knowledge from 
the learning phase to the activation phase. Potential implications of ideomotor theory are 
discussed. 

 Keywords: action control, automaticity, mechanistic learning, causal reference



Commentary on the two-stage paradigm

17

2

Introduction 

 Humans are agents that engage in intentional action based on the goals or desired 
outcomes they have in mind. For goal achievement to materialize one needs to know what 
action causes the desired outcome and how to act on it (Gollwitzer, 1990). A classic question 
in psychology is how such intentions translate into action. This link between thought and 
behavior proved notoriously problematic for dualist accounts (Damasio, 1994), and still a 
challenge for scholars who rejected it. Building on German philosophy (e.g., Harless, 1861; 
Herbart,1825; Lotze, 1852) and British psychologists (e.g., Laycock,1845) (see in-depth his-
torical beginning in Stock & Stock, 2004), William James argued that thinking of the ex-
perience of conducting an action would be enough to produce the actual motor behavior 
leading to this action and that control was mainly required to inhibit, not initiate action. As 
such, thinking of an action and executing it are considered to be intertwined. 

 This ideomotor (IM) principle regained popularity in the 90’s, in line with the 
emerging perspective of embodied cognition. According to this perspective, people do not 
(only) store internal representations about the world in the form of abstract knowledge, but 
often in the format of perceptual experiences we have when interacting with the world (Bar-
salou, 1999, 2008). Capitalizing on this assumption, Prinz and colleagues raised the idea of 
“common coding” of perception and action (Prinz, 1990; 1997; Prinz et al., 2009), claiming 
that they share the distal reference. Perception and action were considered to rely on the 
same representations. This perspective eventually gave rise to the Theory of Event Coding 
(TEC; Hommel et al., 2001; Hommel, 2019). This seemingly all-encompassing theory has 
strong appeal and offers a very promising candidate for understand and examining the ba-
sic mechanisms underlying human goal-directed behavior. TEC introduced the term Event 
Files, referring to the shared and homogenous representations of actions and perceptions 
in a cognitive (or neural) system. It assumed that features of the stimulus in a specific envi-
ronment (S; stimulus; context), a related response (R; decision, effector), and its following 
effects (E; perceptual and affective) are integrated into a distributed event file whenever 
actions are executed in a given context and its effects perceived. In other words, activating 
an effect code (or any features of E) will automatically initiate some motor activation by the 
linked distributive codes, thereby affecting action selection (R).

 Crucially, TEC claims to offer a mechanistic explanation for goal-directed action. In 
contrast to theories of deliberate goal-setting (e.g., Gollwitzer, 1990; Locke & Latham, 1984,  
1990), it does not assume any deliberation in the actor. Its goal is to be minimalist and par-
simonious, providing a mechanistic model of goal-directed behavior and goal representa-
tions, without assuming “… any overhead, as common in many philosophically colored ap-
proaches, where representing a goal might imply having some understanding of the goal 
or some conscious awareness of it …” (Hommel, 2021, p.6.). Because of its mechanistic na-
ture, this model of goal-directed behavior, linking together actions and outcomes combined 
representations, has been used to explain various instances of automatic or nonconscious 
behavior, such as imitation (Iacoboni, 2009), behavior priming (Dijksterhuis & Bargh, 2001), 
goal priming (Custers & Aarts, 2010), and have even been suggested as an explanation for 
the existence of mirror neurons (Heyes, 2010). Clearly, the idea of actions and outcomes 
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sharing common codes has left its mark on psychology.

 Empirical support was obtained using the two-stage paradigm, based on the work 
by Greenwald (1970). In this two-stage paradigm, behavior representations are first shaped 
in an acquisition task in which actions (e.g., pressing a left key) are repeatedly followed by 
effects (e.g., playing a high pitch tone). Subsequently, a test task investigates whether expos-
ing people to the earlier effect information would evoke the corresponding actions. There is 
a substantial amount of literature featuring this paradigm, providing evidence in support of 
the IM principle in numerous studies (for an overview, see Shin et al., 2010; Stock & Stock, 
2004). 

 Our main argument in the current chapter is that this dominant paradigm for test-
ing IM effects is developed and biased to seek confirmatory evidence for the Theory of 
Event Coding (Hommel et al., 2001; Hommel, 2019), but not to rule out alternative expla-
nations. Although the obtained results in the literature are indeed in line with the theory's 
predictions, we argue that the paradigm is open to – and may rely on – the deliberative pro-
cesses the theory aims to do without. In the remainder of this chapter, we will first briefly 
review the evidence built on the two-stage paradigm. After that, we will take a critical look 
at the acquisition phase, examining alternatives to the mechanistic approach to learning, 
and then we will do the same for the test phase. Finally, we look at the processes by which 
the acquisition phase affects the test phase. We will present findings from our own and 
other labs, arriving at an alternative interpretation for IM effects.

Evidence for Ideomotor Effects from the Two-stage Paradigm

 Following the work of Greenwald (1970), tests of ideomotor learning typically con-
tain two phases: An acquisition phase in which action-outcome associations are acquired 
and a test phase that tests whether stimuli that previously served as outcomes facilitate the 
activation of associated responses.

 This two-stage paradigm became the dominant paradigm in IM research (see Pfister, 
2019; Shin et al., 2010) for investigations of the formation of action-effect representations 
(e.g., Elsner & Hommel, 2001) and has been applied to many complicated but socially mean-
ingful stimuli as action effects, such as faces (e.g., Herwig & Horstmann, 2011), letters in 
languages (e.g., Ziessler & Nattkemper, 2002), and the intensity of responses (e.g., Kunde et 
al., 2004). Although other paradigms are used as well, they mainly investigate the embod-
ied nature, not the acquisition of action-outcome representations. For instance, Kunde and 
colleagues (2001, 2003) demonstrated that actions of which the outcomes share perceptual 
features facilitate each other. Taking a different approach, the work on motor resonance 
(e.g., Rizzolatti & Craighero, 2004, Zwaan & Taylor, 2006) from the field of neuroscience 
shows that observing outcomes seems to prepare associated motor patterns. However, the 
two-stage paradigm is the only one that looks at how the action-outcome representations 
that drive IM effects develop. As this paradigm is the primary source for theory testing and 
development, we critically examine the claims that are related to the acquisition and testing 
of action-outcome representations in the paradigm.
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Figure 2.1 

The standard setup of the two-stage IM paradigm, including an acquisition phase and the 
test phase.

 

                                  
                      

     

    
                   
                     

 

                       

                 

 

                             
       

           
                    

             
                

      

Note. (A) The acquisition phase consists of two learning types, the free choice and forced-
choice setting, including nogo trials for the free choice group as indicated by “XXXX” as a 
stimulus. (B) The test phase also has two types: free-choice and forced-choice tests. Here, 
the non-reversal and reversal group are only limited to the context of the forced-choice 
tests.

Table 2.1 

Examples per Sub-types of the standard two-stage Ideomotor paradigm

      free-choice Forced-choice
(i.e.,stimulus-based)

free-choice e.g., Chapter 3 (Experiment 
1); Elsner & Hommel (2001)

e.g., Pfister, Kiesel & Hoffmann 
(2011)

Forced-choice
(i.e., stimulus-based)

e.g., Chapter 3 (Experiment 
2/3); Chapter 4; Elsner & 
Hommel (2001)

e.g., Herwig, Prinz, & 
Waszak(2007); Wolfensteller & 
Ruge (2011) 

acquisition phasetest phase

 In general, for the acquisition phase, participants are consecutively exposed to a 
pair of contingent links between their responses and outcomes (e.g., R1-O1), where hypo-
thetically, the response (R1) is conditioned to the anticipated image of distinctive sensory 
consequences (O1). Two sub-types of the learning phase are employed, depending on the 
type of action modes (i.e., Figure 2.1, Table 2.1). That is, the responses in the task can be 

Note. The table is the adapted version of the Fig1 of Pfister, Kiesel and Hoffmann (2011)
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cued by imperative stimuli (i.e., the stimulus-driven or forced-choice learning task) or be 
the result of one’s own intentions (i.e., the free-choice learning task). Figure 2.1A depicts 
the basic experimental setup of both free choice and forced-choice learning trials. Each 
trial starts with a fixation, followed by a response cue. In the free-choice task, participants 
are instructed to choose to press either a left or right key in response to a go signal (i.e., << 
>>) and not do anything for a nogo signal (i.e., XXXX). In the forced-choice task, however, 
participants are asked to press the related key depending on the direction of the stimulus 
(i.e., here, pressing the left key when seeing a <<<< signal, and pressing the right key when 
seeing a >>>> signal.). Each correct response generates a specific outcome (i.e., tone) in 
both conditions, and the outcomes are explained as irrelevant to the current task. 

 For the test phase, there are also two kinds of measurements depending on the 
action’s modes. In the stimulus-driven test task (i.e., the instructed forced-choice task), the 
previous outcome (e.g., O1) is presented in combination with (or without) a stimulus (S1). 
When the required response to the target stimulus S1 (i.e., the to-be-produced response) is 
consistent with the one that was previously paired with the presented O1, it will be execut-
ed faster and more accurately than in the opposite condition. Similarly, the test phase can 
also be measured in a free-choice mode, where the previous outcome O1 works as a go sig-
nal. According to the IM theory, participants should tend to choose the response related to 
previous experiences. The procedure of the test phase is depicted in Figure 2.1B, where the 
outcomes appear as imperative cues. Specifically, depending on the action-effect mapping 
acquired in the acquisition phase, the trials in the test phase can be labeled as compatible or 
incompatible in the free-choice task. Ideally, the response proportion will be over 50% in the 
compatible trials, that is, a more biased selection of the response related to the outcome. 
Participants are asked to respond to the effect directly according to specific instructions in 
the forced-choice version. The reaction times and error rates are measured as variables of 
interest. Usually, there are two conditions, participants in the non-reversal group are asked 
to respond to the outcomes (i.e., tones) with the same key that previously produced it, 
whereas for the other group, the instructions were reversed (i.e., reversal group). Better 
performance (with faster reaction times and lower error rates) is usually observed in the 
non-reversal group compared to the reversal group.

Acquisition phase: Is Learning Mechanistic?

 In humans, the ability to learn and master systematic relations between actions 
and the following sensory consequences is expected to start right after (or perhaps even 
before) birth. That is, newborns produce responses (motor output), and receive sensory in-
formation (sensory input) from their sensory systems (e.g., vision, proprioception, hearing). 
The baby acquires action-outcomes representations during the dynamic interaction with 
the world through trial-and-error (e.g., O’Regan & Noë, 2001). For instance, after activating 
the motor program for lifting their hand, they may learn how to reach for something.

 Although TEC and later adaptations are not explicit about how they are formed, 
these theories assume that bidirectional relations between actions and outcomes develop 
due to such repeated execution of motor programs and perception of the subsequent effect 



Commentary on the two-stage paradigm

21

2

(Hommel et al., 2001; Hommel, 2019). Analogously, in the two stage-paradigm, participants 
are only exposed to actions and outcomes in the learning phase in one direction (actions 
precede outcomes). Hence, IM effects in the test phase would result from the association 
being used in the opposite direction (perceived outcomes activating associated responses). 
The substantial number of trials in the learning phase of the two-stage paradigm suggests 
that repeated coactivation of motor programs and the related perceptual codes of the out-
comes is required to forge integrated action-outcome representations. Such an associative 
mechanism underlying common coding dates back to the concept of “Hebbian learning.” 
Hebb’s (2002) influential theory of the role of synapses in learning and memory was that if a 
neuron repeatedly fired together with another near neuron, a connection would develop in 
the synaptic structure. According to this notion, a Hebbian-like learning mechanism would 
explain how bidirectional associations between the sensory information and motor event 
could develop as a result of mere coactivation of the two (e.g., Gallistel & Matzel, 2013; 
Heyes, 2010). In other words, the activation of perceptual codes in reaction to an outcome, 
in close temporal contiguity to the activation of the motor programs that produced it, would 
in principle be enough for bidirectional associations to develop. As a result, activating the 
representation of the outcome would also be expected to activate the associated motor 
programs.

Commentary

 A central assumption in TEC is that bidirectional associations are formed in a mech-
anistic manner, which can eventually lead to activation of the motor program when an out-
come is observed. In the last decade, however, it has been pointed out that knowledge 
about the relations between events can also develop through propositional learning. Prop-
ositions do not merely reflect patterns of coactivation, but specify relations between events 
or features (e.g., R produced O) in the world (Mitchell et al., 2009). As such, propositions 
have a truth value and can be proven right or wrong. Importantly, these propositions are not 
formed in a mechanistic way, but have to be generated by an individual that can reflect on 
the regularities in the environment. In the case of learning about action-outcome relations, 
that actor has to formulate a proposition about the relation between conducting the action 
and observing the outcome. 

 Although propositional learning is fundamentally different from Hebbian learning, 
the resulting knowledge structures can have the same effects on cognition and behavior 
(Gawronski & Bodenhausen, 2011; Mitchel et al., 2009). That is, forming the proposition 
that R causes O, could also lead to R being activated when O is perceived. Relevant for the 
current argument is that propositions about the relation between actions and outcomes 
that are formed in the acquisition phase of the two-stage paradigm, could in principle pro-
duce IM effects in the later test phase. 

 It is clear that participants form such propositions during learning. In their seminal 
study, Elsner and Hommel (2001) already reported that most participants could explicitly 
report the relations between actions and outcomes after the task. One could argue that 
those propositions may result from the instructions, emphasizing that there are actions and 
related outcomes in the task (see Eder and Dignath, 2017). Recent evidence by Sun and col-
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leagues (2020) demonstrated that participants could report the causal relation between ac-
tions and outcomes and displayed an IM effect in the free-choice task, regardless of whether 
the instructions explicitly mentioned outcomes or not during the lengthy acquisition phase.  
This suggests that people could form causal inferences (e.g., Waldmann et al., 1995) spon-
taneously in the acquisition phase, either by mere observation of the outcomes or their ac-
tions, or by actively testing their self-generated hypotheses. While such propositions about 
causal relations are formed in the two-stage paradigm, it is unclear, though, whether they 
drive the IM effect in the test phase.

Evidence

 Direct evidence for the idea that propositions can in principle be responsible for 
IM effects, comes from Theeuwes and colleagues (2015). In an upcoming task, they gave 
people instructions about response-outcome relations (i.e., the R-O contingencies). Then, 
before this task took place, they tested participants in a second task. It turned out that 
when participants perceived the stimuli referred to as outcomes in the instructions of the 
upcoming task, related responses were activated. That is, responses were faster and more 
accurate when participants had to react with the response that matched the instructed out-
come. This happened despite the fact that the instructed action-outcome relations had at 
that point never been experienced as such (for similar findings and reasoning, see Tibboel & 
Liefooghe, 2020).

 Indirect evidence for propositional learning comes from research demonstrating 
very fast learning. Several studies show that a lengthy learning phase is unnecessary for 
the IM effect to emerge. Instead, action-outcome associations can be built almost instant-
ly (e.g., Wolfensteller & Ruge, 2011; Sun et al., 2022). According to work by Wolfensteller 
and Ruge (2011), ideomotor effects on reaction times (faster responses on compatible vs. 
incompatible trials) were found even when learning phases were as short as 16 trials (8 pair-
ings for each action and its outcome). In line with this observation, we found a fast-learning 
effect in a task where learning and testing occurred on the same trials (Sun et al., 2022, 
Experiment 1). This effect was successfully replicated later (Sun et al., 2022, Experiment 2a), 
and even emerged when the contingency between actions and effects decreased to 80% 
(Sun et al., 2022, Experiment 2b). Such fast learning would fit a propositional account, but 
would be hard to explain by Hebbian learning.

Conclusion: Is Ideomotor Learning Mechanistic?

 While the two-stage paradigm is optimized for Hebbian learning, it does not rule 
out the possibility of propositional learning. Intuitively, it seems evident that one does not 
need 200 trials to figure out the relation between, for instance, two different key presses 
and two different tones. This can be done in a couple of trials. Or even in one, if one assumes 
that each response has its own unique effect. Evidence suggests that people make these 
causal inferences spontaneously, and that they can explicitly report the propositions about 
causal relations they have formed. Research on instruction effects demonstrates that such 
propositions can cause stimuli that were communicated to be the outcomes of specific re-
sponses to activate those very responses, even in the absence of any previous experience of 
those actions causing the outcomes. Moreover, the fast learning observed in the literature 



Commentary on the two-stage paradigm

23

2

and our lab is hard to explain by Hebbian learning, but easy to explain in terms of proposi-
tional processes.

Test phase: Do Outcome Primes Activate Responses?

 In the standard two-stage ideomotor paradigm, examining how an idea of an out-
come initiates an action is mainly done in choice-reaction tasks, including the forced-choice 
and the free-choice testing task. In these tasks, the outcome stimuli that followed responses 
in the acquisition are used as a prime. According to the ideomotor theory, outcome primes 
should activate the associated motor response if participants have formed bidirectional as-
sociations between each action and outcome in the acquisition phase. In support of this 
mechanistic effect, the literature almost exclusively relies on the free-choice task and a 
specific type of forced-choice task in which participants receive instructions that are either 
consistent or inconsistent with the earlier acquired action-outcome mappings (see similar 
arguments in Sun et al., 2020). We argue here that these two tasks do not rule out the use 
of explicit propositional knowledge. Put differently, we argue that the IM effects obtained in 
those tasks do not necessarily follow from associations and mere priming effects on behav-
ior. It is plausible that the propositions people form in the acquisition phase influence the 
choice process in the free-choice task or may interfere with remembering and implementing 
task instructions in the forced-choice task.

Commentary

 While, in theory, the mere perception of an outcome prime could activate respons-
es and thereby biases people’s choices, this task does not rule out alternative, less mecha-
nistic processes. In fact, as participants are invited to make free choices, a host of alternative 
processes could play a role here. Because people acquire explicit propositional knowledge 
in the acquisition phase, strategic processes cannot be excluded. For instance, participants 
may guess the hypothesis or believe they should act in line with the earlier acquired map-
ping. Moreover, as responding freely or randomly may be quite hard, participants may base 
their choices on the outcome primes that appear in seemingly random order as well. Al-
though many other processes are possible, we believe it is evident that the IM effect in the 
free-choice task does not necessarily have to be the result of response activation by the 
primes if people have explicit knowledge of the action-outcome mappings. It can also result 
from people's strategic choices based on propositional knowledge.

 In the same way, the dominant forced-choice task, in which participants are in-
structed to respond to stimuli that served as outcomes in the acquisition phase (e.g., Elsner 
& Hommel, 2001, Herwig et al., 2007; Herwig & Waszak, 2009; Hommel, et al., 2003), may 
be open to alternative processes. While response activation by the outcome primes should 
indeed produce an IM effect (faster and more accurate responses on compatible trials), 
we argue that such an effect could also arise because explicit propositions about the rela-
tion between actions and outcomes may interfere with remembering or implementing the 
task instructions. This suggestion is based on the literature on task switching, in which it is 
demonstrated that there is a switch cost (more errors and slower responses) when partic-
ipants are instructed to switch rules from one block of trials to the next (Monsell, 2003). 
In the same way, a proposition about relations inferred in the acquisition phase (e.g., R1 
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causes O1 and R2 causes O2) could make it easier to implement compatible instructions that 
rely on the same (although reversed) mapping (e.g., respond to O1 with R1 and O2 with R2) 
rather than the instruction that requires a switch to the opposite mapping (e.g., respond to 
O1 with R2 and O2 with R1).  

Evidence

 Concerning the free-choice task, it might be the case that explicit propositional 
knowledge about the action-outcome relations drives the behavioral effects (c.f., Seabrooke 
et al., 2016). In Experiment 1 of Sun and colleagues (2020), we indeed obtained an IM effect 
using the free-choice task. While this effect was not affected by our instruction manipula-
tion (i.e., emphasizing outcomes or not), a closer inspection of the responses revealed a 
telling bimodal distribution: There was a small number of participants who showed a very 
large bias, with some close to 100% in line with the previously acquired mapping, while the 
majority of participants was at chance level. Such a distribution would be very unlikely if the 
responses are merely activated by associated outcomes In that case, all participants should, 
on average, be slightly above chance level, biased in line with the mapping of the acquisition 
phase. Although we are not aware of other papers using the free-choice task that present 
the data points of individuals, the means and standard errors of our results are virtually 
identical to those of Experiments 3a and 3b by Elsner and Hommel (2001), after which the 
experiment was modeled. As an even distribution of correct proportions would lead to a 
considerably lower standard error, we believe it is not unlikely that the IM effects reported 
in these studies also result from a bimodal distribution. Together, this suggests that effects 
in the free-choice task may be caused by strategic decisions based on explicit propositional 
knowledge. Although we agree with Elsner and Hommel (2001) that quick reaction times 
would argue against strategic decision being made based on the identity of the outcome 
prime, we believe strategies in the free choice task (e.g., press left for high tones and right 
for low tones) could still easily be implemented for the entire test phase leading to fast and 
effortless responses in line with explicit knowledge. 

 A way to rule out such strategic processes would be to present imperative cues to 
which the participant has to react together with separate outcome primes. Although Sato 
and Itakura (2013) used this method in a study in which participants responded to facial 
properties that were manipulated independently of the features of the facial expression 
that served as outcomes in the earlier acquisition phase, a conceptual replication study by 
Riechelmann and colleagues (2019) failed to reproduce this effect. In line with this finding, 
in Experiment 3a of Sun and colleagues (2020), we found no evidence for IM effects in a sim-
ilar trial-based forced-choice task. In addition, a high-powered replication (Sun et al., 2020, 
Experiment 3b) replicated this null effect. 

Conclusion: In testing Ideomotor learning, are outcome-response prime effects mechanis-
tic?

 While substantial literature reports evidence in line with the idea that outcome 
primes activate responses in the test phase, the results almost exclusively rely on test phas-
es that allow other processes to drive the effects. That is, based on the finding that people 
do have access to explicit propositional knowledge about the relation between actions and 
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outcomes, deliberative strategies could drive effects in the free-choice, and the instructed 
forced-choice task as well. Importantly, studies using an adapted trial-based forced-choice 
task intended to rule out the possibility of such strategic processes, did not produce an IM 
effect. Thus, it seems possible that response activation by outcome primes does not drive 
the IM effects reported in the literature.

Processes by which the Acquisition phase Affects the Test phase

 In the two-stage paradigm, the IM effect would not only depend on associations 
being formed in the acquisition phase. They would also depend on whether the associations 
are strong enough to activate responses in the test phase and whether the outcome primes 
successfully activate the representations in the test phase. It is especially important given 
the fact that IM effects in the test phase are typically tested under extinction. That is, to test 
response activation as a result of associations formed in the acquisition phase, responses 
are not followed by outcomes anymore in the test phase. The observed lack of IM effects 
in paradigms that rule out the influence of strategic processes could, in principle, be due 
to a lack of sufficient strength of the associations formed in the acquisition phase, or weak 
activation of representations in the test phase (see similar discussion in Sun et al., 2020).

Commentary

 While insufficient strength of associations may explain the lack of results in test 
phases that aim to rule out strategic responding, other factors could determine whether 
learning transfers to the test phase. Even though propositional knowledge could produce 
IM effects through a genuine IM process (i.e., activation or responses in reaction to out-
come primes), such processes could be conditional on whether or not the propositions are 
deemed to be applicable in the test phase. That is, the typical practice of testing IM ef-
fects under extinction could lead participants to immediately decide that the learned rules 
are not applicable anymore, causing them to abandon or update such propositions. Below, 
we present evidence that aims to answer two questions: First, do factors that increase the 
strength of associations moderate the IM effect in a test phase that does not allow for stra-
tegic processing? To answer this question, we manipulated rewards during the acquisition 
phase. Second, does the strength of priming in the test phase moderate the IM effect? To 
answer this second question, we changed the modality of the imperative cues in the test 
phase to match that of the outcome primes  and added outcomes in the test phase. This 
latter change was made to keep action-outcome knowledge active and valid during the test 
phase (c.f., Dogge, Custers, & Aarts, 2019).

Evidence

Rewards.

 Eder and colleagues (2020) investigated the effects of rewards in an experiment 
that featured a sequence of short two-stage blocks, comprised of an acquisition phase and 
a test phase. Using four instead of two pairs of actions outcome relations, they found IM 
effects only for the two relations for which remembering them was rewarded later in the 
task. Although this effect demonstrates that people selectively learn relations that are rele-
vant to them (c.f., Eitam, et al., 2013), this effect could be the result of strategically using this 
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knowledge in the test phase, so such a forced compatibility paradigm may also reflect prop-
ositional knowledge as discussed in the preceding section. Moreover, the results conflict 
with those of Muhle-Karbe and Krebs (2012), who found no evidence of rewards' positive 
effect on IM learning. Similarly, we reported a study in which we used a cued version of the 
forced-choice task (i.e., the cue-based compatibility task) to test the effect of rewards (Sun 
et al., 2022, under revision). A significant IM effect failed to emerge, suggesting that rewards 
that should strengthen bidirectional associations, do not promote the IM effect. Besides, 
Bayesian analyses corroborated these null effects. 

Modality. 

 Another factor that may influence the transfer of learning to the test phase in the 
cue-based compatibility paradigm, is the match between the modality of imperative cues in 
the test phase and the primes that served as outcomes in the acquisition phase. We tested 
this notion by conducting an experiment where participants had to respond to the location 
of the presented tones instead of relying on a visual stimulus in the test phase (Sun et al., 
2022, under revision). Specifically, the tones presented in the acquisition phase as outcomes 
in both ears, were now presented either in the left or right ear. Because the outcome primes 
doubled as imperative cues now (i.e., participants had to respond to the location of the 
tone, while its pitch served as outcome prime), participants could no longer ignore outcome 
primes by shielding a task-irrelevant modality, as was possible in previous studies (see in 
Sun et al., 2020). In other words, as participants had to attend to the tones to complete 
the central task in the test phase, attention would have had to be focused on the relevant 
modality (i.e., auditory instead of visual), which should increase the chance of the IM effect 
emerging in the test phase. Results did not reveal a significant IM effect. Even though the 
study could be regarded as underpowered or affected by the variance between individuals, 
we took an in-depth look at the distribution via quantifying the data into deciles (Rousselet 
et al., 2017). These robust graphical methods suggests that increased power would be un-
likely to produce a significant effect (see supplementary results in Experiment 2 of Sun et 
al., 2022, under revision, p81). Similar modalities for imperative cues and outcome primes 
are (at least in the context of our experiments) apparently not what it takes to produce IM 
effects in a testing phase that aims to minimize the influence of strategic processes.

Post-response Outcomes in the test phase.

 The IM effect does not seem to transfer from the acquisition phase to the cue-
based compatibility test phase even when conditions are optimal (i.e., rewards during learn-
ing, equimodal cues and outcome primes). There may be another moderator to consider. 
According to the reasoning above, the propositional processes that drive learning of ac-
tion-outcome associations would suggest that applying the learned rules may not be uncon-
ditional. That is, even though a proposition is formed (e.g., outcome Y is caused by action 
X), this does not mean that perceiving Y always activates X. As propositions have a truth 
value and can be considered to apply or not in the current setting, the absence of IM effects 
observed in the studies discussed could also be explained by people no longer relying on the 
propositions formed in the acquisition phase.
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 This would not be unlikely, as the testing phases in the IM paradigm typically test 
under extinction: The actions that produced specific outcomes in the acquisition phase, no 
longer do so in the testing phase. Therefore, someone who inferred the causal relation be-
tween actions and outcomes in the acquisition phase (“Hey, Y appears every time I hit X!”), 
is not unlikely to also realize that the proposition doesn’t apply anymore in the test phase 
(“Hey, X doesn’t cause Y anymore!”). If propositions are quickly abandoned or updated, this 
may explain why IM effects are no longer present in the test phase. 

 Indeed, the presentation of post-response outcomes in the test phase has been 
found to have a compelling impact on the IM effect not only in the instructed compatibility 
test task (e.g., Elsner & Hommel, 2001), but also in the cue-based compatibility test task 
(e.g., Vogel et al., 2020). And as argued, there is evidence suggesting that participants can 
quickly acquire new propositional rules. Wolfensteller and Ruge (2011) demonstrated that 
people could learn various action-outcome relations quickly across different short learning 
and test phases. In line with this evidence, Experiment 3 of Sun and colleagues (Sun et al., 
2022, under revision) demonstrates that presenting outcomes during the test phase does 
bring out the ideomotor effect. This suggests that propositions may have to be applicable in 
the test phase for IM effects to occur in a test phase that rules out strategic processes.

 Such experiments are problematic from a learning perspective as they open up the 
possibility that learning (also) takes place during testing in addition to the acquisition phase. 
Indeed, from a propositional perspective, a rule may be inferred in a couple of trials in the 
test phase (“Hey, X causes Y again here!”) to drive the IM effect. In that case, test phases 
with post-response outcomes might even be enough to produce an IM effect without an 
acquisition phase at all.

 This is exactly what we found in the two experiments before (Sun et al., 2022). In 
this study, participants engaged in 10 blocks of 20 trials that featured one of the two pos-
sible mappings of two outcomes on two responses. First of all, IM effects were assumed to 
arise based on propositional processes that would allow for a quick inference of the causal 
relations in the block, so that the IM effect could reveal itself on the rest of the block. This 
process (demonstrated to occur spontaneously in Sun et al., 2020) was even encouraged 
by rewarding people to report back the mapping at the end of the block. Results provided 
evidence for IM effects arising on a block level, but no evidence that learning spilled over 
from one block to the next. That is, while new mappings were learned instantly to produce 
IM effects, they also seemed to be instantly abandoned by the beginning of the next block. 
Hence, IM effects seem to be produced by acquiring propositional knowledge about the 
rules that apply at the moment.

Conclusion: Is the Transition from Learning Effects to the Test Phase Mechanistic?

 Action-outcome learning in the acquisition phase has been demonstrated to trans-
fer to the testing phase mainly in paradigms that do not exclude the possibility that formed 
propositions about action-outcome relations are used in strategic responding or interfere 
with memorizing and implementing novel task instructions. With the cued-based compati-
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bility test task, which more strictly tests the processes underlying the mechanistic account, 
recent studies (Sun et al., 2020) obtained null effects. Of the potential moderators, rewards 
that should strengthen the action-outcome associations do not seem to bring about the IM 
effect, nor does equimodality of the primes and the imperative cues. However, what does 
seem to matter is whether post-response effects are presented in the testing phase. A novel 
paradigm studying continuous learning of changing action-outcome relations reveals that 
inferred causal relations create instant IM effects. These effects can flip immediately with-
out switching costs once the relations change. Together, this suggests that perceived out-
comes may indeed activate related actions, but only if the inferred causal relation between 
actions and outcomes is active and valid in the task at hand.

General Discussion and Conclusions

 Contemporary approaches to Ideomotor (IM) theory, most likely represented by 
TEC, offer an elegant mechanistic account for understanding human goal-directed behavior. 
They assume that actions become associated with their perceived outcomes and that per-
ceiving or activating the representation of an outcome can activate the associated action. 
The research discussed here suggests that the mechanistic account does not fit well with 
the recent empirical evidence. Below we discuss the implications for Ideomotor Theory in 
general, and goal-directed behavior in particular. 

 First of all, it is hard to explain the recent empirical observations without proposi-
tional learning as a key process. IM effects in the test phase of the two-stage paradigm seem 
only to arise if there is room for propositions to affect strategies or interfere with novel 
instructions. In a paradigm designed to rule out these processes, the effect is only observed 
when learned relations between actions and outcomes are valid in the test phase. This sug-
gests that genuine ideomotor actions (i.e., actions activated by perceived outcomes) can 
indeed occur in the two-stage paradigm, but that propositions and judgments about their 
validity play a role.

 There is a remarkable parallel here with current research on predictive coding at-
testing to the flexibility of action-outcome representations. Based on the same assumption 
that motor programs and perceptual outcomes are integrated into one representation, it 
has been demonstrated that activating motor codes activates the perceptual codes about 
the outcome as well, which biased the perception of ambiguous visual stimuli (e.g., Wiese 
& Metzinger, 2017; Wolpert et al., 1995). While these effects prove stable for actions and 
outcomes that have their basis in bodily sensorimotor processes (e.g., trying to tickle your 
arm; Blakemore et al., 1998, 2000), it has been demonstrated that these effects are flexi-
ble when interacting with objects in the outside world. For instance, recent work (Dogge, 
Custers, Gayet, et al., 2019) showed that the perception of bistable spheres could be biased 
by motor movements (e.g., rotating a knob that controls the sphere), that is, participants 
tended to perceive the rotation of the sphere in line with how they rotated the knob. How-
ever, participants were able to eliminate such motion-based perceived bias if they had ac-
quired an opposite action effect either though instructions or experiencing a short exposure 
period. By contrast, such motion bias won’t change if it was as consistent as preceding 
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action effect. In another words, the perceived bias effect depends on the relation between 
action and outcome in the setting at hand. Thus, the perception of action effects that were 
considered to rely on stable action-effect representations, seem to depend on propositions 
about the rules that link actions to outcomes in the here and now (see more discussion in 
Dogge, Custers, & Aarts, 2019). This notion fits perfectly with the research on the IM effect 
reported here.

 A crucial assumption in the mechanistic approach on ideomotor effects is that 
when outcome representations are activated, they activate action or motor representa-
tions directly, without mediating for deliberative processes. De facto, a test of ideomotor 
effects, should fulfill the criteria of unintentionality and uncontrollability (Bargh, 1994). The 
often-used free-choice test phase does not necessarily fulfill those criteria. One could argue 
that instructing people to freely choose between response options and perhaps instruct-
ing them to ignore the outcome primes would unintentionally render any responses to the 
primes. If one assumes this is the case, one could even argue that any resulting IM effect 
would have to be uncontrollable. Of course, this is only the case if participants truly and 
fully act in line with the experimental instructions. However, it does not make controlled 
responding impossible. As it is a free choice task, participants could respond as they see fit. 
While the instruction-based compatibility paradigm is already better, there is still the pos-
sibility that interference effects originate at the instruction level, rather than the response 
level. That is, explicit representations formed in the acquisition phase may interfere with 
memorizing and implementing the task instructions. Hence, the dominant two-stage para-
digms in IM research do not satisfy the automaticity criterion for the activation of responses 
by outcome primes.

 By contrast, the cue-based compatibility paradigm used in our recent research 
does, in our opinion, satisfy these criteria. As participants have to react to imperative cues 
separate from outcome primes, any intentional or controlled behavior would have to occur 
at the moment of perception of the prime. As the IM effect would be mainly reflected by 
faster responses on compatible than incompatible trials, intentional and controlled respons-
es and highly unlikely. While in theory, participants could create an artificial IM effect by 
slowing down on incompatible trials (e.g., Fiedler et al., 2006), this would require a thor-
ough understanding of the task. 

 Contemporary views on automaticity recognize that automaticity is not all or noth-
ing, but rather a graded variable. Processes can be considered automatic on some criteria 
but not on others. Automaticity is now assumed to depend on goals, situations, and other 
variables (see, e.g., Hommel & Wiers, 2017; Melnikov & Bargh, 2018; Moors, 2016). While 
this conditional automatic may strengthen IM theory at first glance because it could help 
explain when IM effect occurs and when they do not (Frings et al., 2020; Hommel, 2021), 
we argue here that this conditional automaticity also provides an existential threat to the 
mechanistic approach itself.

 Indeed, the idea of a mechanistic process that is conditional on variables that ac-
tually are excluded from the mechanistic model of human agents  (including motivation, 
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mindsets, etc.), also allows for a radically different view: IM effects are the result of prop-
ositions, motivation, mindsets, etc., and, under some conditions, these largely deliberative 
processes produce automatic effects of certain kinds (e.g., activation of a response by a 
stimulus). Although the two are mirror images and just assume different processes as the 
default, we believe that the central role of propositions argued for in this thesis makes the 
perspective of a reflective agent that in specific situations acts in an automatic manner far 
more plausible than the alternative view of a mechanistically driven agent.

 Indeed, such interactive effects of deliberation and automatic effects can be found 
in research on implementation intentions, in which plans that take a propositional structure 
(e.g., if I see stimulus X, I will respond with response Y) lead to automatic responses to the 
stimuli in question (Aarts & Dijksterhuis, 2000; Gollwitzer, 1999). Interestingly, though, the 
current studies suggest that just knowing that your actions will produce specific outcomes 
in the current situation is enough to create IM effects. This could explain fairly automatic 
goal-directed behaviors in all sorts of settings. For instance, when playing tennis, just focus-
ing on the desirable outcome (e.g., landing the ball in the far corner) could automatically 
trigger the associated action pattern that produces the effect. While tennis arguably takes 
years to learn, the fact that one can seemingly update these automatic responses quite 
easily under different conditions (e.g., wind direction, a new racket, balls that are heavier 
when wet), may suggest that these action-outcome representations that help to react in a 
goal-directed manner in a split second are still quite malleable and easily updated under 
different conditions.

 One area in which the mechanistic model should perhaps still be the primary ex-
planation is acquiring the first links between motor programs and their perceptual effects 
created in infancy. That is, the direct bodily sensations of motor programs (e.g., perceiving 
your hand making a grasping movement as a result of activating the related motor pro-
gram), may be the result of bi-directional associations that may have been formed through 
Hebbian learning (e.g., Heyes, 2010). However, once these fundamental action-outcome 
relations have been acquired, learning new relations between actions and outcomes in the 
outside world does not have to take place in the same way. Rather than associating the raw 
code of the basic motor program with the perceptual experience of a well-known outcome 
(e.g., a flashing light bulb), learning can happen much more efficiently, by linking motor 
programs that are already represented in terms of meaningful outcomes (e.g., pressing a 
button with your finger) to an existing representation of the outcome (e.g., a flashing light). 
In other words, if motor programs are associated with their proximal bodily effects, these 
representations can as building blocks be used to represent new relations through proposi-
tional processes. 

 Such a combination of processes may explain the observed flexibility in IM action 
(Hommel, 2021) and related fields like mimicry (Iacoboni, 2009) and research on mirror 
neurons (Heyes, 2010). For instance, while research on mirror neurons demonstrates that 
a single neuron plays a role in the perception and execution of actions, it has also been 
demonstrated that these relations are dependent on context and can be altered if people or 
animals focus on the distal, rather than the proximal outcomes of their actions (Umiltà et al., 
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2001, 2008). That is, once a motor program can be selected intentionally, by thinking of its 
proximal effects, this proximal effect can (e.g., pressing a button) may be linked to all kinds 
of effects using propositional processes. While learning these new links may happen much 
faster in humans than in animals, evidence for propositional learning in animals suggests 
that such learning could emerge across species (e.g., Mitchel et al., 2009).

 If propositional learning is indeed responsible for most IM effects (i.e., these with 
outcomes outside the body), this would have huge implications for IM action. Instead of 
emerging only after hundreds or thousands of repetitions, IM action may emerge almost 
instantly in situations in which people have hypotheses or expectations about the conse-
quences of their actions. This may force us to reconsider mechanistic effects in psychology. 
For instance, smooth social interactions may require fast actions at the right moment. And 
these actions are often conducted with expected outcomes in mind. Hence, people may 
respond with a quick joke to diffuse a situation not because thinking of a laugh triggered 
an associated action (e.g., making a particular joke), but maybe a fairly automatic response 
based on the proposition that this particular type of joke would elicit a laugh in the present 
audience. Although such flexible, contextualized goal-direct responding would be in line 
with recent adaptations of the mechanistic ideomotor theory (Frings et al., 2020; Hommel, 
2021), the reliance on propositional processes would open up a whole new category of IM 
actions that could help to further theories of conditional automatic ideomotor actions in 
human behavior. 

 Together, the analysis outlined in the present chapter sheds more light on how 
thinking of outcomes can produce action. While a mechanistic account may help under-
stand effects within the body where action-outcome relations are fixed (Pfister, 2019), it 
may be less successful in explaining learning of novel action-outcome relations in the envi-
ronment. As propositions can instantly link novel outcomes to well-rehearsed actions, such 
learning seems far more adaptive. Intriguingly, though, the findings presented here suggest 
that such learning could facilitate instant ideomotor effects. That is, realizing that your ac-
tions produce a particular outcome in the setting at hand, may be enough for thinking of 
outcomes to trigger actions. Thus, goal-directed behaviors could be activated by thoughts or 
stimuli related to outcomes in a fairly automatic manner (see Custers & Aarts, 2010), once a 
causal rule between action and outcome has been inferred through experience, or commu-
nicated (e.g., Theeuwes et al., 2015). This novel perspective on ideomotor action may shed 
new light on how automatic goal-directed behaviors such as habits, impulses, and imitation 
develop. Understanding the interplay between deliberation and automatic responses could 
be the key to tackling these issues.
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Abstract

 Human habits are widely assumed to result from stimulus-response (S-R) associ-
ations that are formed if one frequently and consistently does the same thing in the same 
situation. According to Ideomotor Theory, a distinct but similar process could lead to re-
sponse-outcome (R-O) associations if responses frequently and consistently produce the 
same outcomes. This process is assumed to occur spontaneously, and because these as-
sociations can operate in a bidirectional manner, merely perceiving or thinking of an out-
come should automatically activate the associated action. In the current paper we test this 
automaticity feature of ideomotor learning. In four experiments, participants completed 
the same learning phase in which they could acquire associations, and were either explic-
itly informed about the contingency between actions and outcomes, or not. Automatic ac-
tion selection and initiation were investigated using a free-choice task in Experiment 1 and 
forced-choice tasks in Experiment 2, 3a and 3b. An ideomotor effect was only obtained in 
the free-choice, but not convincingly in the forced-choice tasks. Together, this suggests that 
action-outcome relations can be learned spontaneously, but that there may be limits to the 
automaticity of the ideomotor effect.

 Keywords: action control, automaticity, goal-directed behavior, ideomotor, 

                                   implicit learning.
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Introduction 

 Habits are often regarded to be the result of stimulus-response (S-R) associations 
that are assumed to be formed if people repeatedly and consistently perform the same be-
havior in the same situation, often because there is an incentive to do so (Wood & Rünger, 
2016). As a consequence, the situation may trigger the associated response in an automat-
ic fashion, leading to habitual behavior that is no longer guided by deliberative processes 
(Aarts & Dijksterhuis, 2000), but controlled by the environment. A relevant but distinct line 
of research proposes a similar mechanism in which behaviors can become associated with 
the situations or events that follow actions: Ideomotor theory proposes that if a behavioral 
response is repeatedly and consistently followed by the same perceptual outcome, thinking 
about or activating the mental representation of that outcome can to a certain extent pre-
pare or trigger the behavior through bi-directional response-outcome (R-O) associations. 
This mechanism of ideomotor action has been used to explain various instances in which 
the environment triggers behaviors in an automatic fashion, such as mimicry, or behavior 
from affordances (Custers & Aarts, 2010; Iacoboni, 2009).

 Ideomotor-action could be relevant to the understanding of habitual behavior in at 
least two ways. First, it may help to understand how the environment could trigger behav-
iors that look like habits, but may not be the result of classic habit formation processes (i.e., 
not resulting from S-R associations). Second, it may help to understand the implementation 
of seemingly abstract S-R associations. That is, many behaviors that are regarded as habits 
(reading the newspaper on Saturday morning, having coffee after dinner, reading a book 
before going to sleep) are not directly represented at the motor level, but representations 
include a rich collection of experiences of the consequences of executing the behavior and 
allow for an abstract representation of the behavior. Research indeed suggests that people 
represent behaviors in a hierarchical way, in which more abstract representations of the 
behavior are often the outcomes of the lower-level actions that produced them (Cooper & 
Shallice, 2006; Kruglanski et al., 2002; Vallacher & Wegner, 1987). Representing behaviors in 
terms of their outcomes may therefore help to produce the same behavioral outcome (e.g., 
reading the newspaper) under slightly different conditions (e.g., picking up the paper from 
a slightly different location on the doormat each time and finding an empty chair to read it; 
Custers and Aarts 2010; Powers, 1973).

 Although action-outcome representations may be indispensable for human be-
haviors, and especially goal-directed actions, it is less clear how these associations are ac-
quired. Moreover, although contemporary approaches to ideomotor action (Hommel, 2013) 
assume that bi-directional R-O associations could trigger responses in an automatic fashion, 
there are few rigorous tests that demonstrate this. In the present paper we put the automa-
ticity in the formation and execution of ideomotor action within the classic ideomotor par-
adigm to the test. We first review current evidence for the automatic nature of ideomotor 
action and evidence for spontaneous ideomotor learning. We then investigate whether or 
not learning relations between actions and outcomes can occur spontaneously, by merely 
executing actions and observing following events, and without specific instructions. Three 
different ideomotor tests are used to gain insight in the degree to which potentially resulting 
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ideomotor actions are automatic. 

Ideomotor theory

 The notion of ideomotor action dates back to the 19th century (Carpenter, 1852; 
Lotze, 1852), aiming to explain how thought can trigger action (for reviews see, Stock and 
Stock 2004; Shin, Proctor, and Capaldi 2010). The central idea of early ideomotor theory 
was that merely envisioning an action triggers that action to a certain extent (James, 1890), 
even in the absence of a conscious intention to act (Ansfield & Wegner, 1996). Embracing 
the idea that thinking of an action includes envisioning its anticipated outcomes, Green-
wald (1970) proposed that ideomotor action relies on bi-directional R-O associations. That 
is, thinking about an actions involves thinking about the perceptual experiences that have 
become associated with particular motor programs (see also., Zwaan & Taylor, 2006). While 
such associations enable response selection based on outcomes of actions (i.e., goal-direct-
ed behavior), the strong version of ideomotor theory (see Shin et al., 2010) holds that once 
the association is formed, thinking (ideation) of an outcome, or merely perceiving a related 
stimulus, is enough to trigger the associated action. This backward activation appears to be 
a robust and general phenomenon which has been observed for many different action and 
stimuli, such as auditory stimuli (e.g., Elsner & Hommel, 2001), faces (Herwig & Horstmann, 
2011), locations (Hommel, 1993), and letters (Hommel et al., 2003; Ziessler & Nattkemper, 
2002).

 In the last two decades, the Theory of Event Coding (TEC) (Hommel et al., 2001; 
Hommel, 2019) has revived interest in ideomotor action, by providing a cognitive-perceptu-
al framework for understanding these effects. This framework holds that both actions and 
their perceived sensory effects are cognitively represented in a similar distributed fashion 
and that their feature codes become intricately linked in action-stimulus representations 
that contain information about both. As these representations can be used bi-directionally, 
observing or thinking of an outcome activates the representation of the corresponding ac-
tion, explaining phenomena such as mimicry (Iacoboni, 2009), action priming (Dijksterhuis 
& Bargh, 2001), and goal priming (Custers & Aarts, 2010). According to TEC, representations 
of effects and basic motor movement already become intertwined in early infancy (Heyes, 
2010; Hommel et al., 2001). It appears, then, that R-O associations emerge spontaneously 
as a result of acting and observing, giving rise to representations that can drive behavior in 
an automatic, habit-like fashion.

Ideomotor Research

 Following Greenwald (1970), tests of ideomotor learning typically contain 
two-phases: An acquisition phase in which action-outcome associations are acquired, and a 
test phase that tests whether these stimuli (i.e., outcomes) facilitate associated actions. In 
a classic study, Elsner and Hommel (2001) had participants freely choose in the first phase 
(i.e., free-choice acquisition phase) between left and right key presses that were each con-
sistently followed by a specific tone (high or low pitch). Importantly, participants were ex-
plicitly informed that the tones were irrelevant to the task. In the second phase (forced-
choice test phase, Experiments 1a, 1b), participants had to press left or right keys preceded 
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by the tones that mapped on the earlier learned responses (non-reversal group), whereas 
for the other group the Response-Outcome mapping was reversed (reversal group). Results 
showed that actions were performed faster when the mapping was consistent with that 
in the acquisition phase, rather than reversed. Follow-up experiments (Experiments 2-4) 
revealed a similar consistency effect in a free-choice test phase that required subjects to 
press left and right keys randomly: Actions that were consistent with the Response-Out-
come mapping were more frequently selected after the tones, showing a response bias in 
free choice as a result of outcome priming. 

 Later studies have systematically compared the effects of free- and forced-choice 
learning phases. Herwig, Prinz, and Waszak (2007) used a forced choice test-phase in which 
participants were allocated to a non-reversal or reversal group. They found that effects of 
ideomotor learning between actions and resulting outcomes only occurred when partici-
pants voluntarily selected actions in the learning phase (free-choice learning), and not when 
the required responses were forced by cues (forced-choice learning). These findings suggest 
that participants more readily represented the stimuli (tones) as outcomes of their actions 
when they engaged in free-choice learning, whereas merely responding to cues did not pro-
duce such a psychological process. Hence, even though actions were followed by stimuli in 
exactly the same way in free- and forced-choice learning phases, the stimulus information 
appears to have been encoded differently during learning.

 Subsequent work by Pfister, Kiesel, and Hoffmann (2011) suggested that it may 
not be the encoding in the acquisition phase, though, that makes the difference, but rather 
the mode in which people control their behaviors in the test phase. Using a free-choice test 
phase, they found evidence for ideomotor effects, regardless of whether learning took place 
in a free- or a forced choice phase. They concluded that ideomotor learning takes place 
whenever actions are followed by events, regardless of the acquisition task, but that par-
ticipants need to be engaged in “intention-based control” in the test phase (that is, select-
ing outcome-related actions), for ideomotor effects to arise. This would suggest that while 
learning of habitual action-outcome relations may be spontaneous, it may be conditional 
on a certain mind set or task set (i.e., conditional automaticity; see Aarts and Dijksterhuis, 
2000)

Instruction effects

 Although the research discussed above suggests that ideomotor learning occurs 
spontaneously whenever events follow actions, this “spontaneous learning” always occurs 
within the experimental setting. As it happens, though, task instructions in the acquisition 
phase often explicitly mention the presence of outcomes in the task, stating that they are 
irrelevant and should be ignore (e.g., Elsner and Hommel 2001). Whilst it is not always clear 
which exact instructions are provided in the acquisition phase in ideomotor research, Eder 
& Dignath (2017) have recently demonstrated in a task in which learning and testing of 
ideomotor action are intertwined, that such task instructions matter a lot. Based on recent 
insights in the power of instruction effects (see Liefooghe et al., 2018), Eder and Dignath 
(2017) provided instructions to ignore, attend, learn, or intentionally produce action out-
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comes in one combined learning / test phase. Results showed that instructions affect the 
task set with which action-stimulus relations are learned (Custers & Aarts, 2011), but that 
unlike the learning and intention instructions, instructions to ignore or attend to outcomes 
did not lead to ideomotor learning, at least not in this experimental setting. 

 In the present paper, we investigate whether ideomotor learning occurs spontane-
ously in the standard two-phase paradigm with auditory stimuli. In four studies, we manip-
ulated instructions in a free-choice learning phase, either saying nothing at all about tones 
that followed actions, or emphasizing their relationship in terms of actions and outcomes. 
All experiments used a free-choice acquisition phase, as previous research suggests that 
action-outcome relations are more strongly acquired and subsequently used (Herwig et al., 
2007; Pfister et al., 2011). Given the complexity of obtaining clear and reliable ideomotor 
effects, and in order to gain more insight in what is learned in the acquisition phase, we 
employed three different ideomotor tests in four separate experiments. In Experiment 1, we 
used a free-choice test phase, as earlier work has suggested that ideomotor effects are most 
likely to occur under such conditions (e.g., Pfister et al., 2011). However, as the free-choice 
ideomotor test is - by definition - open to influences of conscious deliberation and choice, 
we follow up in Experiment 2, 3a, and 3b with a forced-choice ideomotor test. While Ex-
periment 2 used a 2-block design where participants received opposite instructions on the 
different blocks that forced them to react to outcome stimuli either in line with the acquired 
action-outcome mapping, or the opposite mapping, Experiment 3a and 3b used an inter-
ference paradigm with imperative cues (presented together with outcome stimuli) to force 
people’s choice on trial level. These forced-choice ideomotor tests would provide stronger 
evidence for the automatic initiation of actions than the free-choice test, with Experiment 
3a and 3b being the least susceptible to alternative explanations. As such, the current line 
of experiments not only tests, but also aims to verify the automatic nature, of potential 
ideomotor actions arising from spontaneous ideomotor learning.

Experiment 1: Free-Choice Ideomotor Test
Method

Participants and design

 Sample sizes on previously published ideomotor learning studies which varied 
from 12 (e.g., Kühn et al. 2009, Experiment 1) to 20 participants per condition (e.g., Herwig 
and Waszak 2009, Experiment 1-3), and given the fact that small sample sizes can counterin-
tuitively inflate effect size, we decided prior to data collection to test at least 20 participants 
per condition in each experiment.

 Fifty participants took part in the experiment in exchange for a small monetary 
payment or extra course credits. Participants with attention-related disorders or those who 
were on related medication were excluded beforehand. The experimental design consisted 
of one between-subjects factor: Instructions (No-Instructions vs. Instructions). After signing 
the informed consent, participants were randomly assigned to either the No-Instructions 
condition or the Instructions condition.
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 Data of one participant were lost because of a technical issue, and two partici-
pants were excluded due to the unbalanced proportion of key presses during the acquisition 
phase (outside of the range of a left-to-right ratio of 40% to 60%), which was defined before 
data collection. Data of the remaining 47 participants (No-Instructions condition: n = 23, In-
structions condition: n = 24) were included in the analyses (37 females, mean age: 24 years 
[18 – 30 years], no left-handed and 2 ambidextrous participants).

Procedure

 Participants were told that they would perform two tasks on a computer and were 
asked to read the instructions carefully. The present study used the same design as the 
third experiment of Elsner and Hommel (2001), consisting of an acquisition phase and a test 
phase. Both phases featured a Go –  No-Go paradigm, and the auditory stimuli following 
responses in the acquisition phase (i.e., a low tone (400Hz) and a high tone (800Hz)) were 
presented again in the test phase upon which participants were to freely choose a left or a 
right response. After the acquisition phase, they continued with the second task (i.e., the 
test phase).

 After the two main phases, participants filled out a short questionnaire that tested 
their knowledge about Response-Outcome mappings acquired in the learning phase and 
measured the representation levels on four hierarchically different levels of self-causation 
(i.e., association, prediction, causality, and agency level of Response-Outcome relations, see 
below) to check whether the instructions induced the desired processing goals differently. 
Response-Outcome mappings were counterbalanced among the participants. That is, for 
half of the participants, the left key was followed by the high tone and the right key by the 
low tone (Response-Outcome mapping A), whereas for the other half, the opposite key-tone 
mappings (Response-Outcome mapping B) were used. 

Acquisition Phase

 After general task instructions, all participants read the following specific instruc-
tion for the acquisition phase:

 “In this part you have to press a key with your left or right index finger, depending 
on the instructions on the screen: If you see "<<>>", you can choose yourself to press the left 
key ("z"), or the right key ("/"). You can choose freely, but try, on average, to press left and 
right equally often. If you see "xxxx", however, you should not press any key.”

 Participants in the Instructions condition were then given detailed additional infor-
mation about the R-O mappings – which depended on the counterbalancing of the mapping 
– and were provided with processing goals through descriptions of the relationship between 
the responses and their outcomes in ascending levels of self-causation (i.e., from associa-
tive, predictive, to causal) in the acquisition phase: 

“Pressing your left key is associated with a High [Low] tone and pressing your right key with 
a Low [High] tone. This means that upon pressing your left key you can predict a High [Low] 
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tone and upon pressing your right key a Low [High] tone. In other words: pressing your left 
key causes a High [Low] tone and pressing your right key causes a Low [High] tone.”

 It is important to keep in mind that in the No-Instructions condition the tones are 
just stimuli that consistently followed key-presses, without any related mention about the 
occurrence of the tones, and that in the Instructions condition the stage was set for process-
ing the tones as outcomes of self-chosen actions.

 The trial procedures of the acquisition phase are depicted in Figure 1(A). Each trial 
of the acquisition phase started with a fixation asterisk (*) for 500 milliseconds (ms) on the 
middle of the screen, followed by a 200-ms Go (i.e., “<<>>”) or No-Go (i.e., “xxxx”) signal. 
Participants were asked to press the left or right key freely as soon as they saw the Go signal 
and were asked not to respond in No-Go trials. The program waited up to 1,000 ms for a re-
sponse. On Go trials, reaction times over 1,000 ms were treated as omissions and responses 
faster than 100 ms as anticipations. Only reaction times in the valid range (100 – 1000 ms) 
triggered the contingent tone, which started after a 50-ms lag from the onset of the key-
press and was presented for 200 ms. Incorrect trials (i.e., omissions, anticipations, and re-
sponses to No-Go trials) were recorded, and were signaled to the participant by a 1000-ms 
warning messages on the screen saying: “too slow”, “too fast”, or “No-Go trial, respectively. 
All incorrect trials were repeated in random order by the end of the first task. Participants 
had to redo all the incorrect trials until all required responses were valid. 

 The acquisition phase consisted of 3 practice trials and 300 valid trials, divided into 
10 blocks. Every two blocks, there was a 10 seconds break, during which participants were 
informed about how often they had pressed the left and right keys. In the Instructions con-
dition, the extra processing information about the Response-Outcome mappings was also 
repeated (e.g., “Each specific key causes a specific tone. The left key causes a High tone and 
the right key causes a Low tone”).

 Figure 3.1 

Procedure of Experiment 1. 
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Note.  (A) acquisition phase for all the experiments. (B) free choice ideomotor test phase 
of Experiment 1. Note: in the present example of the acquisition phase, the left response is 
always followed by a low tone (i.e., 400 Hz); whereas the right response is always followed 
by a high tone (i.e., 800 Hz), but these mappings were counterbalanced.

Test Phase

 The test phase was similar to the acquisition phase, also using the Go – No-Go par-
adigm. This time, however, two tones that previously served as outcomes were presented 
as cueing stimuli (see Figure 3.1 B). Participants were instructed to press the left or right 
key randomly in response to the tone. In addition, as suggested by Elsner and Hommel 
(2001), to add response uncertainty and prevent participants from responding before the 
tone appeared, a novel sound (i.e., a 200-ms white noise signal) was presented in one third 
of the test trials, serving as a No-Go signal after which participants were to withhold their 
response. Each test trial started after an inter-trial interval of 1,500 ms with an asterisk on 
the center of the screen, followed by a 200-ms sound (i.e., a high tone, a low tone or a white 
noise signal), which were presented in a random order. Then the program waited up to 
1,000 ms for an appropriate response. Response omissions and anticipations were defined 
in the same way as in the acquisition phase. However, this time no error message was pre-
sented and participants worked through 6 practice trials and 288 valid trials, divided into 8 
blocks, including 96 No-Go trials in total. Again, every two blocks, there was a 10 seconds 
break. This time no extra information about the Response - Outcome mappings was provid-
ed during the break.

Manipulation Check of R-O Mappings

 After the test phase, participants answered two questions that tested their knowl-
edge about the relationship between the responses (i.e., left / right key presses) and the 
corresponding outcomes (i.e., low / high tones) in the acquisition phase, to check whether 
participants were able to report which tone followed which response. There were four an-
swer options to each mapping question. For instance, when asked: “Which tone did the left 
key press produce?”, response option were: 1) the left key press produced the High tone, 
2) the left key press produced the Low tone, 3) the left key press produced both tones, 4) 
the left key press was irrelevant to the tones” (see Appendix in Supplementary materials for 
more details).

Manipulation Check of Instructions

 Subsequently, participants filled out a questionnaire designed to measure chang-
es in the representation of the response-outcome relations as a result of the instructions 
manipulation. The questionnaire probed the four levels of the hierarchical representation 
used in the Instructions condition (i.e., association, prediction, causality, and agency level 
of Response-Outcome relations). Specifically, for each level, three items probed representa-
tions using a 9-point scale. The complete questionnaire can be found in the Appendix a 



Automaticity Ideomotor Actions

42

3

(see questionnaires, p.117). A difference between instruction conditions on these measures 
would indicate that the manipulation changed the way in which participants represented 
the response-outcome relations. 

Data Analysis Plan

 Data were analyzed using R 3.5 (R Core Team, 2020). Visualizations of raw data 
points were built with the raincloud plots (Allen, Poggiali, Whitaker, Marshall, & Kievit, 
2018). ANOVA’s were calculated using the aov_ez function and Type III sums of squares 
(afex package Version 0.22–1 in R) (Singmann, Bolker, & Westfall, 2015). When assumptions 
of sphericity were violated Greenhouse-Geisser (GG) correction was utilized in the ANOVA 
model. In this case, we reported uncorrected degrees of freedom and corrected p-values. 
To further draw conclusions about the support of null effects, we also calculated Bayesian 
factors (BFs) with the default prior setting in JASP (version 0.9, JASP Team 2020) (van Doorn 
et al., 2021). The advantage of BFs is that it quantifies evidence in favor of one (e.g., null) 
hypothesis compared to another (e.g., alternative) hypothesis given the observed data.

Results

Acquisition Phase

 First, we excluded all acquisition trials with anticipations (No-Instructions: 0.01%, 
Instructions: 0.01%) and omissions (No-Instructions : 0.04%, Instructions: 0.09%). Failures 
to withhold responses on the No-Go trials were calculated and all participants fell below the 
pre-set criteria of less than 20% (No-Instructions: 2.89%, Instructions: 2.55%). After that, 
response proportions (left/right keypress) were calculated. To make sure the participants 
had followed the general instruction to press the left and right key randomly but equally of-
ten, participants with proportions outside the 40% to 60% range were excluded (see section 
2.1.1.). The mean left/right response proportions were equal in each condition – No-Instruc-
tions condition: 49.9% vs. 50.1%; Instructions condition: 49.6% vs. 50.4 %. 

 The mean RTs of the participants did not differ between the No-Instructions, M = 
362.94 ms, SD = 60.24 ms, and Instructions condition, M = 362.41 ms, SD = 39.01, F(1, 45) 
= 0.00, p = .97. The mean RTs of right responses, M = 360.75 ms, SD = 52.40 ms, were mar-
ginally faster than the mean RTs of left responses M = 364.59 ms, SD = 48.49 ms, F(1, 45) = 
2.87, p = .10. This difference was not qualified by an interaction with the between-subjects 
factor Instructions, F(1, 45) = 0.75, p = .39.

Test Phase

 Test trials with response anticipations (No-Instructions: 0.05%, Instructions: 0.06%) 
and omissions (No-Instructions: 1.31%, Instructions: 0.91%) were excluded from data anal-
ysis and the percentage of responses that were consistent with the previously acquired 
Response-Outcome mapping was calculated for each participant.

 As expected, in the No-Instructions condition the mean proportion of consistent 
responses was significantly larger than chance (i.e., 50%), M = 61.49%, SD = 22.61% , t(22) = 
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2.44, p = .012 (one-tailed), Cohen's dz  = .508, and the Bayesian one sample T-Test resulted 
in BF+0 = 4.80, which means that the data are approximately 4.8 times more likely to occur 
under H+ (i.e., proportion in consistent condition is higher than chance level, that is, larger 
than 50%), than under H0 (i.e., proportion in consistent condition is at chance level). This 
result indicates moderate evidence in favor of H+. The same effect was observed for the In-
structions condition: M = 69.98%, SD = 25.42%, t(23) = 3.85, p = .0004 (one-tailed), Cohen's 
dz = .786, and the Bayesian one sample T-Test result is BF+0 = 83.90, which indicates strong 
evidence in favor of H+. Finally, we tested whether instructions affected the proportion of 
consistent responses, but the direct comparison between the two conditions did not reveal 
any significant difference, t(45) = -1.21, p = .23 (two-tailed), and the Bayesian Independent 
samples T-Test result equals (BF01) 1.91, which only slightly favors the null hypothesis (H0: 
The Instructions condition has no effect on response preference) over the alternative hy-
pothesis (H1: the Instructions condition biases response selection). In sum, while there was 
very strong support for an ideomotor effect in the Instructions condition and substantial 
evidence in the No-Instructions condition, evidence for no difference between Instructions 
conditions was only anecdotal (see Figure 3.2 for distribution).

 Furthermore, we compared RTs for consistent and inconsistent trials in both In-
structions conditions. There was no difference between consistent (M = 502.42 ms, SD = 
95.89 ms) and inconsistent trials (M = 503.64 ms, SD = 99.22 ms) in the No-Instructions 
condition, t(22) = -0.14, p = .894; nor between consistent (M = 510.68 ms, SD = 70.11 ms) 
and inconsistent trials (M = 506.64 ms, SD = 69.98 ms) in the Instructions condition, t(21) = 
0.77, p = .453. The corresponding BF also indicates moderate evidence for the null hypoth-
esis (H0: The reaction times are not different between consistent and inconsistent trials) 
over the alternative hypothesis (H1: The reaction times are different between consistent 
and inconsistent trials) in No-Instruction condition (BF01 = 4.535) and Instruction condition 
(BF01 = 3.448), respectively.

Manipulation Check of R-O Mappings

 Most participants (85% in total) were able to explicitly report the correct mapping 
of responses and subsequent stimuli they were exposed to in the acquisition phase. Six peo-
ple missed the response-stimulus mapping in the No-Instructions condition (6 out of 23), 
and only one participant failed in the Instructions condition (1 out of 24). 

Manipulation Check of Instructions

 In order to assess whether there were differences in how people represented the 
relation between responses and outcomes in the acquisition phase, the average of each of 
the three questions measuring association, prediction, causality, and agency was calculated. 
The mean scale ratings were analyzed as a function of Instructions conditions and as a func-
tion of representation level (i.e., the hierarchical levels explained before). Only a main effect 
of representation level was found, F(3, 135) = 7.97, p[GG] < .001, ηp

2 = .15, which merely 
showed that collapsed over Instructions conditions, there were significant differences in 
ratings between the four level of representation constructs (Table 3.1 and see Appendix a 
presents more details of the responses to the scales).
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 Figure 3.2. 

 Distribution of the proportion of consistent responses of all the individual data 
points in Experiment 1.

   

   

   

                         
                      

  
  
  
   
  
  
  
  
  
  
  
   
  
  
  
 

Note. Error bars represent the 95% confidence intervals.

 Table 3.1. 

 Means and Standard deviations of the four different representation levels collapsed 
over Instructions conditions for all three experiments.

R e p r e s e n t a t i o n 
level  Exp1: free Exp2:block-based Exp3: trial-based

Association 7.45 ± 2.18 6.90 ± 2.63 7.55 ± 2.20

Prediction 6.67 ± 2.86 6.99 ± 2.73 7.32 ± 2.53
Causality 6.99 ± 2.78 7.03 ± 2.75 7.60 ± 2.23

Agency 6.26 ± 2.92 6.16 ± 3.10 6.83 ± 2.75

Note. That the means of each scale is relatively high, indicating that in both the Instructions 
and No-instructions condition participants processed the learning task in line with the In-
structions manipulation. 
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Discussion

 These results provide support for an ideomotor effect, in the sense that tones fol-
lowed responses in the acquisition phase were more likely to evoke these responses in the 
test phase. Moreover, this effect occurred regardless of instructions about the relation be-
tween responses and tones, which demonstrates that ideomotor learning – at least in the 
current paradigm – unfolded spontaneously. 

 Although the ideomotor effect was observed within both instruction conditions, it 
appeared more pronounced in the instructions condition. Bayesian tests, however, revealed 
slightly more support for the absence of difference between the two conditions. While it 
cannot be ruled out that instructions can strengthen ideomotor learning, it is clear that 
instructions were not necessary for learning to occur in the acquisition phase. This finding is 
further corroborated by an absence of a difference in the representation-level checks.

 While the observed ideomotor effect obtained in the test phase seems compara-
ble in size with other ideomotor studies (c.f., Elsner & Hommel, 2001), the free choice test 
phase does not provide strong evidence for the automatic nature of the effect (i.e., that 
the responses are triggered automatically by the stimuli that served as outcomes in the 
acquisition phase), as this task allows for deliberate responses in the test phase as well. 
On closer inspection, the response data show a bimodal distribution, with the majority of 
people responding at chance level and a considerable amount of people demonstrating a 
very large bias, with some participants showing near perfect consistence with the mapping 
acquired in the acquisition phase. This could suggest that the observed effect was not so 
much produced by the tones triggering the corresponding actions in the test phase, but by 
some people deliberately responding in line with the mapping learned in the acquisition 
phase. We return to this issue in the general discussion.

 To rule out these more deliberate sources of the compatibility effect and to in-
vestigate whether spontaneously learned action-outcome associations can cause outcome 
stimuli to trigger ideomotor action directly, Experiments 2, 3a, and 3b used a forced-choice 
task, in which responses required by imperative cues or instructions were accompanied by 
tones that – according to the mapping learned in the acquisition phase – should trigger ei-
ther compatible or incompatible responses. While compatible and incompatible trials were 
presented in separate blocks in Experiment 2, they were intermixed in Experiments 3a and 
3b. 

Experiment 2: Block-Based Interference Ideomotor Test

 In Experiment 2, we used a block-based interference ideomotor test in which par-
ticipants completed two test blocks. In the compatible block, participants received instruc-
tions to respond to tones that were compatible with the earlier acquired mapping. In the 
incompatible block, the instructions were reversed. The order of the two test blocks was 
counterbalanced across participants. We expected to observe significantly reduced RTs and 
lower error rates in compatible blocks compared to incompatible blocks.
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Method

Participants and Design

 Fifty participants took part in the experiment in exchange for a small monetary 
payment or extra course credits. Participants with attention related disorders or those who 
were on related medication were excluded beforehand. Participants were randomly as-
signed to a cell of the 2 (Instructions: No-Instructions vs. Instructions) * 2 (Compatibility: 
Compatible vs. Incompatible) mixed factorial design, with Compatibility as a within-partici-
pants variable. The order of the compatible and incompatible blocks was counterbalanced 
across participants.   

 Three participants were excluded due to the unbalanced proportion of key pressing 
during the learning phase, that is, the balanced left-to-right key ratio (i.e., 40% - 60%). Data 
of the remaining 47 participants (No-Instructions condition: n = 24 vs. Instruction condition: 
n = 23) were analyzed in the test phase (23 Females, mean age: 22 years [18 – 31 years], no 
left-handed and 2 ambidextrous participants).

Procedure

 The procedure was similar to Experiment 1. After finishing the unchanged acqui-
sition phase, participants came to the interference ideomotor task with the compatibility 
manipulated on the block level. With regard to the acquired R-O mapping, the response 
rule participants received on one block was compatible, whereas on the other block it was 
incompatible. For example, if the participant got the R-O mapping A (left key – high tone, 
right key – low tone), the compatible block meant that participants were asked to press left 
key when hearing a high tone, and right key for a low tone; while the response rule in the 
incompatible block was reversed, that is, pressing left key for a low tone, and right key for a 
high tone. 

Acquisition Phase

 The acquisition phase was as identical as the first task of Experiment 1 (see Figure 
3.1 panel (A)).

Test phase

 Both the compatible and the incompatible block, consisted of 4 sub-blocks of 24 
trials (see Figure 3). The order of the blocks was counterbalanced between participants. 
Each trial began with a 1500-ms fixation with an asterisk (“ * ”) centered in the screen, and 
then one of the two effect tones (i.e., the one learned in acquisition phase) was presented 
for 200 ms. The program would wait up to 1,000 ms to accept a response. On the first block, 
participants were instructed to respond according to either the compatible or incompatible 
response rule. Before switching to the second block with the opposite rule of responding, 
participants had to perform two example trials in which the responding requirements where 
explained as well as four practice trials without any clues.
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 Figure 3.3. 

 Examples of compatible and incompatible conditions in the Block-based interfer-
ence test phase of Experiment 2.

Note. In these examples a low tone of 400Hz was mapped to a left response. All other 
combinations were possible, but are not presented in this figure. During the task, partici-
pants were asked to respond to tones directly based on the response rule, and the orders 
between compatible and incompatible are counterbalanced between participants. The 
compatible and incompatible blocks are defined depending on the Response-Outcome 
mapping in the acquisition phase.

Manipulation Check of R-O mappings

 The questions were the same as in Experiment 1.

Manipulation Check of Instructions

 The questionnaire was the same as in Experiment 1.

Results 

Acquisition Phase

 Trials with response omissions (No-Instructions condition: 0.05 %, Instruction con-
dition: 0.11%) or anticipations (No-Instructions condition: 0.05%, Instructions condition: 
0.05%) were excluded. After that, response proportions (left vs. right keypress) were calcu-
lated for each group. The mean left/right response proportions were equal in each condition 
(No-Instructions condition, 50.2% vs. 49.8%; Instruction condition: 49.6 % vs. 50.4 %).
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The mean RTs of the participants did not differ between the No-Instructions, M = 374.38 ms, 
SD = 33.98 ms, and Instructions condition, M =376.57 ms, SD = 37.73 ms, F(1, 45) = 0.04, p = 
.83. The mean RTs of right responses M = 375.82 ms, SD = 33.81 ms, were not faster than the 
mean RTs of left responses M = 375.09 ms, SD = 37.83 ms, F(1, 45) = 0.13, p = .72. There was 
also no interaction with the between-subjects factor Instructions, F(1, 45) = 0.92, p = .34.

Test Phase

 Participants who failed to meet the response criteria in the acquisition phase were 
excluded (3 participants), Furthermore, this time there were no trials with response antic-
ipations (No-Instructions condition: 0%, Instructions condition: 0%), and trials with omis-
sions (No-Instructions condition: 1.60 %, Instructions condition: 1.22%) were excluded from 
data analysis. 

Error Rates.

 A 3-way mixed 2 (Instructions: No-Instructions vs. Instructions) * 2 (Order: Com-
patible First vs. Incompatible First) * 2 (Compatibility: Compatible vs. Incompatible) ANOVA 
yielded a main effect of Order, F(1,43) = 5.51, p = 0.02, ηp2 = 0.11. Neither the main effect 
of Instructions, F(1,43) = 0.04, p = 0.85, nor that of Compatibility, F(1,43) = 0.00, p = .97, was 
significant. No significant interaction effects between Instructions * Order F(1,43) = 0.99, p 
= 0.32, between Instructions * Compatibility, F(1,43) = 0.25, p = .62, or between Instructions 
* Order * Compatibility, F(1,43) = 0.02, p = 0.89, were found. Only a 2-way interaction be-
tween Order and Compatibility, F(1,43) = 4.36, p = 0.04, ηp

2 = 0.09, was found showing that 
the direction of the Compatibility effect was different for the two Order conditions. Howev-
er, the Compatibility effect was not significant in the Compatible first condition, t(43) = 1.46, 
p = 0.15, nor was the Compatibility effect significant in the Incompatible first condition, t(43) 
= -1.49, p = 0.14.  

 To further evaluate the evidence for the absence of a compatibility effect, the com-
patibility effect on error rates was calculated for all participants regardless of Instructions. If 
anything, errors showed a reversed compatibility effect (MCE = -0.07324 , SDCE = 0.042) and 
the independent T-Test results, t(46) = -0.012, p = 0.51(one-tailed), BF0+ = 6.373, indicated 
moderate evidence for the null hypothesis (i.e., there is no difference between compatible 
and incompatible condition, namely, CE = 0) against the one-sided alternative hypothesis 
(i.e., the incompatible condition has more error rates than the compatible condition, name-
ly, CE > 0).

 Previous research tested the compatibility effect in a between-subjects design with 
a non-reversal and reversal group (e.g., Elsner & Hommel, 2001, Experiment 1a, 1b). In such 
a design, there is only one test block and participants just receive a compatible or incompat-
ible response rule. To perform a comparable analysis on our date we zoomed in on the first 
block only, with Compatibility as a between-subjects factor.

 For the first block, we conducted a 2-way between-subjects ANOVA (Mno-instruction_com-

patible = 0.012, SD = 0.012; Mno-instruction_incompatible = 0.042, SD = 0.046; Minstruction_compatible = 0.017, 
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SD = 0.026; Minstruction_incompatible = 0.034, SD = 0.018). The results found a significant effect of 
compatibility, F(1,43) = 7.47, p = 0.009, ηp2 = 0.15, but no main effect of Instructions, F(1,43) 
= 0.02, p = 0.90, nor an interaction, F(1,43) = 0.66, p = 0.42.

 Figure 3.4.

  Distribution of error rates as a function of Compatibility and Instructions of block 1 
in Experiment 2.

    

    

    

    

                         
                      

 
  
  
  
  
  
   

  
 

                  
          
            

Note. The compatible and incompatible trials are defined depending on the Response-Out-
come mapping in the acquisition phase. Error bar represent the 95% confidence interval. 

Reaction Times.

 Mean RTs for correct trials were subjected to a 3-way 2 (Instructions: No-Instruc-
tions vs. Instructions) * 2 (Order: Compatible First vs. Incompatible First) * 2 (Compatibility: 
Compatible vs. Incompatible) mixed measure ANOVA, that along with the between-par-
ticipants factor Instructions and the within-participants factor Compatibility also included 
the counterbalancing between-participants factor Order. No main effects of Instructions, 
F(1,43) = 1.67, p = 0.20, Order, F(1,43) = 0.03, p = 0.88, and Compatibility, F(1,43) = 0.18, p 
= .67, were found. Furthermore, the Instruction * Order, F(1,43) = 0.10, p = 0.75, Instruction 
* Compatibility, F(1,43) = 0.46, p = 0.50, and Order * Compatibility, F(1,43) = 0.65, p = 0.42, 
interactions were not significant, neither was the 3-way interaction, F(1,43) = 0.00, p = 0.99 
(see Figure 3.5 for visualized distribution).

 To further evaluate the evidence for the absence of a compatibility effect, the com-
patibility effect was calculated for all participants regardless of Instructions and Order. If 
anything, the compatibility effect was reversed, MCE = -2.65 ms, SDCE = 42.34 ms, and the 
independent T-Test results, t(46) = -0.43, p = 0.665, BF0+ = 8.54, provided relevant moderate 
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evidence for the null hypothesis (i.e., there is no difference between compatible and in-
compatible condition, namely, CE = 0) against the one-sided alternative hypothesis (i.e., the 
reaction time in the incompatible condition is longer than the compatible condition, namely, 
CE > 0).

 Figure 3.5

 The response performance distribution of all the individual data points for each 
condition in Experiment 2.

   

   

   

   

   

   

                         
                      

 
 

                  
          
            

Note. The compatible and incompatible trials are defined depending on the Response-Out-
come mapping in the acquisition phase. Error bars represent the 95% confidence intervals.

 To further explore the data we zoomed in on the first block only, with Compatibil-
ity as a between-subjects factor, comparable to earlier ideomotor research. The RTs were 
subjected to a 2-way between-subjects ANOVA (Mno-instruction_compatible = 492.46 ms, SD = 81.76 
ms; Mno-instruction_incompatible = 475.46 ms, SD = 73.38 ms; Minstruction_compatible = 454.18 ms, SD = 57.94 
ms; Minstruction_incompatible = 459.18 ms, SD = 72.06 ms). Again, no significant results were found, 
Instructions, F(1,43) = 1.69, p = 0.20; Compatibility: F(1,43) = 0.08, p = 0.78; Interaction: 
F(1,43) = 0.28, p = 0.60.

Manipulation check of R-O mappings

 Not all participants (only 60% correct, 28 out of 47) were able to explicitly report 
the correct mapping of actions and outcomes they were exposed to in the acquisition phase. 
In the No-Instructions condition, 10 out of 24 participants failed, either forming a reversed 
R-O mapping, or randomly guessing the R-O mapping. The Instructions condition has similar 
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pattern, 9 out of 23 participants missed the correct R-O mapping rule. This number may be 
lower than in Experiment 1, though, as the test phase also featured the opposite mapping, 
which may have confused participants.

Manipulation Check of Instructions

 In order to assess whether there were differences in how people represented the 
relation between responses and outcomes in the acquisition phase, the average of each 
three questions measuring association, prediction, causality, and agency was calculated. 
The 2(Instructions condition: No-Instruction vs. Instructions) * 4 Representation level ANO-
VA only found a main effect of Representation level, F(3, 135) = 4.25, p[GG] = 0.01, ηp2 = .09, 
which merely showed that collapsed over Instructions conditions, there were significant dif-
ferences in ratings between the four level of representation constructs (Table 3.1 presents 
more details of the responses to the scales).

Discussion

 The block-based compatibility paradigm only provided limited support for an ideo-
motor effect. While no effects on RTs were found, participants made more errors on incom-
patible than compatible trials, though only on the first block. With no difference between 
instructions, this effect on errors at first glance seems to replicate the finding of Experiment 
1, that ideomotor learning occurs spontaneously, also in the absence of instructions. 

 This compatibility effect – especially in the first block – could, however, also emerge 
as a result of a task switch (Monsell, 2003) that required participants who started with the 
incompatible block to use a new mapping, whereas participants in the compatible condition 
could still rely on the mapping that was learned in the acquisition phase. This effect should 
be less pronounced – or non-existing – in the second block, as participants in both order 
conditions would have to switch mappings. Note that an ideomotor effect based on an R-O 
association forged in the acquisition phase would predict a compatibility effect on the sec-
ond block as well, as participants who entered the compatible after the incompatible block 
would benefit from the automatic responses triggered by the primes.

 Evidence for a within-participants compatibility effect, however, was not obtained. 
A closer inspection of the pattern revealed that while participants who moved from a com-
patible to an incompatible block made more errors on the second block, showing a classic 
compatibility effect, participants who moved from the incompatible to the compatible block 
also made more errors on the second block. This suggests that the switch in instructions 
from block 1 to block 2 created more errors, regardless of whether the new rule was com-
patible or incompatible with the acquisition phase. This may indicate that people simply 
struggled to switch to a new response rule.

 In order to rule out this possibility Experiment 3a and 3b were conducted, in which 
the compatibility effect was tested at trial level. This time, participants were instructed to 
react to imperative cues, but were at the same time presented with stimuli that had fol-
lowed responses in the acquisition phase. These stimuli should interfere with participants’ 
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responses if they are associated responses that are incompatible with the imperative cues. 
Such a trial-based interference ideomotor test would be the most rigorous test and cannot 
be regarded as a task-switch effect. 

Experiment 3: Trial-Based Interference Ideomotor Test
Experiment 3a Trial-Based Interference Ideomotor Test

Method

Participants and Design.

 Sixty participants took part in the experiment in exchange for a small monetary 
payment or extra course credits. Participants with attention-related disorders or those who 
were on related medication were excluded beforehand. The experimental design consist-
ed of one between-subjects factor: Instructions (No-Instructions vs. Instructions), and one 
within-subjects factor: Compatibility (Compatible vs. Incompatible). After signing the in-
formed consent, participants were randomly assigned to either the Instructions condition 
or the No-Instructions condition.

 Data of one participant were lost because of a technical issue, and five participants 
were excluded due to the unbalanced proportion of key presses during the learning phase 
(outside of the range of a left-to-right ratio of 40% to 60%), which was defined before data 
collection. Data of the remaining 54 participants (No-Instructions condition: n = 25 vs. In-
structions condition = 29) were analyzed in the test phase (35 females, mean age: 23 years, 
[18 – 37 years], 7 left-handed and 3 ambidextrous participants).

Stimuli and Procedure.

 We used the same sounds as in Experiment 1, plus a standard Landolt “C” ring 
and its mirror image, as the target for the interference ideomotor task in the test phase. 
We selected these stimuli because they are clearly different form the arrow stimuli in the 
acquisition phase, making sure that imperative cues were not associated with responses 
(Muhle-Karbe & Krebs, 2012). Procedures were similar to Experiment 1, including an acqui-
sition phase and a test phase.

Acquisition Phase.

 The acquisition phase was as identical to the one used in Experiment 1 (see Figure 
3.1 panel (A)).

Test Phase.

 In the test phase participants were asked to perform an interference task, namely, 
the compatibility task, consisting of eight main blocks of 24 trials. Each trial started with 
a 1500-ms fixation (“ * ”), and then one of the former effect sounds was simultaneously 
presented with the Landolt “ C ” (see Figure 6). The duration of the prime and the target 
were 200 ms and 250 ms, respectively. Participants were told to detect and respond to the 
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opening direction of Landolt “ C ” ring as fast and accurately as possible. Pressing the left key 
(“ z ”) for a left opening, and the right key (“ / ”) for a right. The program waited up to 1,000 
ms for a response. Response omissions and anticipations were defined in the same way as 
in the acquisition phase. There was no response feedback in the test phase. 

 Based on the R-O mapping in the acquisition phase, the test trials were categorized 
as a compatible trial when the to-be-executed response was the same as the response that 
was followed by the primed tone in the acquisition phase and incompatible trials when the 
to-be-executed response was the opposite of the response that was followed by the primed 
tone in the acquisition phase. For instance, if one had received the response – outcome 
mapping “left key – low tone, right key – high tone”, a trial was compatible when a left 
opening “ C ” ring was presented together with a low tone, and when a right opening “ C ” 
ring was presented with a high tone. A trial was incompatible when a left opening “ C ” ring 
accompanied by a high tone, and a right opening “ C ” ring with a low tone.

 Figure 3.6. 

 Examples of compatible and incompatible conditions in the trial-based interference 
test phase of Experiment 3a and 3b.

Note. In these examples a low tone of 400Hz was mapped to a left response, which depend-
ing on the R-O mapping in the acquisition phase. All other combinations were possible, but 
are not presented in this figure. The main task is the orientation discrimination task with the 
tones as primes, and the compatible and incompatible are intermixed in trials level.
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Manipulation Check of R-O Mappings.

 The questions were the same as in Experiment 1.

Manipulation Check of Instructions.

 The questionnaire was the same as in Experiment 1.

Data Analysis Plan.

 Analyses were similar to Experiment 1, RTs and error rates in the test phase were 
analyzed as a function of Instructions and Compatibility conditions.

Results

Acquisition Phase.

 First, we excluded all acquisition trials with anticipations (No-Instructions: 0.09%, 
Instructions: 0.09%) and omissions (No-Instructions: 0.05%, Instructions: 0.08%). The re-
maining mean error rate for the No-Instructions condition was 4.78%, whereas for the In-
structions condition it was 3.63%. After that, response proportions (left vs. right keypress) 
were calculated for each group. The mean left/right response proportions were equal in 
each condition (No-Instructions condition: 49.6% vs. 50.4%; Instructions condition: 49.8% 
vs. 50.2%). 

 The mean RTs of the participants did not differ between the No-Instructions, M = 
344.61 ms, SD = 51.34 ms, and the Instructions condition, M = 358.07 ms, SD = 43.48 ms, 
F(1, 52) = 1.10, p = 0.30. The mean RTs of right responses M = 349.00 ms, SD = 46.91 ms, 
were significantly faster than the mean RTs of left responses M = 354.67 ms, SD = 48.43 ms, 
F(1, 52) = 7.03, p = 0.01, ηp2 = 0.12. This effect was not qualified by an interaction with the 
between-subjects factor Instructions, F(1, 52) = 0.60, p = 0.44.

Test Phase.

 Participants who failed to meet the response criteria in the acquisition phase were 
excluded (5 participants). Furthermore, trials with response anticipations (No-Instructions 
condition: 0.02%, Instructions condition: 0.036%) and omissions (No-Instructions condition: 
0.0%, Instructions: 0.018%) were excluded from data analysis. 

Error rates.

 Error rates were analyzed based on all trials. As Figure 3.7 shows, participants were 
relatively accurate, and most of the error rates per condition were less than 10% (Mno-in-

struction_compatible = 0.050, SD = 0.070; Mno-instruction_incompatible = 0.053, SD = 0.054; Minstruction_compatible 
= 0.035, SD = 0.043; Minstruction_incompatible = 0.043, SD = 0.053). The 2(Instructions: No-Instruc-
tions vs. Instructions) * 2(Compatibility: Compatible vs. Incompatible) mixed ANOVA did 
not reveal any significant effects [Instructions effect: F(1,52) = 0.74, p = 0.39; Compatibility: 
F(1,52) = 1.67, p = 0.20; Interaction: F(1,52) = 0.23, p = 0.63]. 
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 Thereafter, in further exploratory analyses, we calculated the compatibility effect 
on error rates by collapsing over the Instructions factor (MCE = 0.0054, SDCE = 0.029). An in-
dependent T-Test, t(53) = 1.34, p = 0.09, BF0+ = 1.61, provided relevant moderate evidence 
for the null hypothesis (i.e., there is no difference between compatible and incompatible 
condition, namely, CE = 0) against the one-sided alternative hypothesis (i.e., the incompati-
ble condition has more error rates than the compatible condition, namely, CE > 0).

 Figure 3.7. 

 Distribution of error rates of Experiment 3a.

    

   

   

   

   

   

                         
            

  
  
   

  
 

                  
          
            

Note. The compatible and incompatible trials are defined depending on the Response-Out-
come mapping in the acquisition phase. Error bars represent the 95% confidence intervals.

Reaction times 

 Reaction times (RTs) for remaining correct trials were aggregated over compatible 
and incompatible trials for each participant (see Figure 3.8, for visual distribution). Subse-
quently, the mean RTs and error rates were subjected to a 2 (Instructions: No-Instructions 
vs. Instructions) * 2 (Compatibility: Compatible vs. Incompatible) ANOVA, with Instruction as 
between and Compatibility as within-subjects factor. RTs analysis did not reveal a significant 
compatibility effect, F(1,52) = 2.26, p = 0.14. Neither the effect of interaction reached signif-
icance F(1,52) = 0.91, p = 0.34, but we found a main effect of Instruction F(1,52) = 5.23, p = 
0.03, ηp

2 = 0.09, indicating that participants in the Instructions condition were overall slower 
to respond (MNo-Instrucitons = 314.22 ms, SD = 34.57 ms; MInstruction = 337.66 ms, SD = 39.65 ms). If 
anything, RTs in the compatible condition, M = 327.57 ms, SD = 40.05 ms, were higher than 
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the incompatible condition, M = 326.05 ms, SD = 38.33 ms, t(53) = 1.58, p = 0.06, BF01= 
2.10. 

 To further evaluate the evidence for the absence of a compatibility effect, the 
compatibility effect (CE) was calculated for all participants regardless of Instructions, MCE = 
-1.515 ms, SDCE = 7.05 ms. A directional T-Test, t(53) = - 1.58, p = 0.94, BF0+ =16.31, provided 
strong evidence for the null hypothesis (i.e., there is no difference between compatible and 
incompatible condition, namely, CE=0) against the one-sided alternative hypothesis (i.e., the 
reaction time in the incompatible condition is longer than the compatible condition, namely, 
CE>0). 

 Figure 3.8. 

 The response performance distribution of all the individual data points for each 
condition in Experiment 3a.

   

   

   

   

                         
                      

 
 

                  
          
            

Note. The compatible and incompatible trials are defined depending on the Response-Out-
come mapping in the acquisition phase. Error bars represent the 95% confidence intervals.
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Manipulation Check of R-O Mappings.

 Most participants (nearly 91% correct, 49 out of 54) were able to explicitly re-
port the correct mapping of actions and outcomes they were exposed to in the acquisition 
phase. Participants could still recall previous learned R-O mapping rule. In the No-Instruc-
tion condition, 4 out of 25 failed, and only one missed in the Instructions condition (n=29). 
Collectively, this suggests that participants indeed acquired R-O knowledge spontaneously, 
although this did not translate into automatic response priming in the test phase.

Manipulation Check of Instructions.

 In order to assess whether there were differences in how people represented the 
relation between responses and outcomes in the acquisition phase, the average of each 
three questions measuring association, prediction, causality, and agency was calculated. The 
2(Instructions condition: No-Instructions vs. Instructions) * 4 Representation levels ANOVA 
only found a main effect of Representation level, F(3,156) = 3.69, p[GG] = 0.03, ηp2 = .07, 
which showed that collapsed over Instructions conditions, there were significant differences 
between the questions of the four levels. among these four levels (See Table 3.1 for more 
details).

Discussion

 The results in the present experiment did not reveal a compatibility effect in any of 
the two groups, suggesting that the presented outcomes did not trigger associated actions. 
The paradigm used, though, was designed as the strongest test for automatic action selec-
tion, with compatibility being manipulated at the trial level. In such a paradigm, compati-
bility effects have to arise at the trial level itself, if two stimuli evoke either the same or two 
conflicting responses. As far as we known, only two articles reported compatibility effects 
on trial level when using the classical two-phases paradigm (Kühn et al., 2009; Sato & Itaku-
ra, 2013). However, we were not able to replicate these effects regardless of whether we 
provided participants with instructions to pay attention to R-O mappings in the acquisition 
phase or not.

Experiment 3b: Replication 

 To make sure that the null findings in the rigorous test of Experiment 3a were not 
a false negative, we conducted a high-powered replication of the core part of Experiment 
3b. Because of practical constraints we could not include the manipulation checks, but we 
assume based on the previous three experiments that most participants were aware of the 
correct mapping and that the instructions had no effect on the way participants represented 
the R-O relations.

Method

Participants and Design.

 Two hundred and two participants (N= 202) took part in the experiment in ex-
change for a small monetary payment or extra course credits. Participants with attention-re-
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lated disorders or those who were on related medication were excluded beforehand. The 
experimental design consisted of one between-subjects factor: Instructions (No-Instructions 
vs. Instructions), and one within-subjects factor: Compatibility (Compatible vs. Incompati-
ble). After signing the informed consent, participants were randomly assigned to either the 
Instructions condition or the No-Instructions condition.

 Data of ten participants were lost because of a technical issue, and six participants 
were excluded due to the unbalanced proportion of key presses during the learning phase 
(outside of the range of a left-to-right ratio of 40% to 60%), which was defined before data 
collection. Data of the remaining 186 participants were analyzed in the test phase (No-In-
structions condition: a total of 90 participants, 63 female, age: M = 23 years, SD = 5; Instruc-
tions condition: a total of 96 participants, 70 female, age: M = 23 years, SD = 4). 

Stimuli and Procedure.

 We used the same stimuli and procedure as mentioned in Experiment 3a, except 
that the procedure only had an acquisition phase and a test phase. In this experiment the 
experimenter was also blind to the real research goals, and waited outside the testing room.

Acquisition Phase.

 The acquisition phase was as identical to the one used in Experiment 3a (see Figure 
3.1 panel (A)).

Test Phase.

 The acquisition phase was as identical to the one used in Experiment 3a (see Figure 
3.6)

Data Analysis Plan.

 Analyses were the same as Experiment 3a, RTs and error rates in the test phase 
were analyzed as a function of Instructions and Compatibility conditions.

Results

Acquisition Phase.

 First, we exclude all acquisition trials with omissions (No-Instructions:0.10%, In-
structions: 0.08%) and anticipations (No-Instructions:0.15%, Instructions: 0.12%). The re-
maining mean error rates for the No-Instructions condition was 5.29%, whereas for the 
Instructions condition it was 5.26%. After that, response proportion (left vs. right keypress) 
were calculated for each group. The mean left/right response proportions were equal in 
each condition (No-Instructions condition: 49.8% vs. 50.2%; Instructions condition: 49.5% 
vs. 50.5%).

 The mean RTs of the participants did not differ between the No-Instructions, M = 
360.76 ms, SD = 52.70 ms, and Instructions condition, M = 356.10 ms, SD = 44.84 ms, F(1, 
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184) = 0.43, p = 0.51. The mean RTs of left responses M = 356.95 ms, SD = 49.96 ms, were 
significantly faster than the mean RTs of right responses M = 359.76 ms, SD = 47.69 ms, F(1, 
184) = 4.91, p = 0.03, ηp2 = 0.03. This effect was not qualified by an interaction with the 
between-subjects factor Instructions, F(1, 184) = 0.05, p = 0.83.

Test Phase.

 Participants who failed to meet the response criteria in the acquisition phase were 
excluded (6 participants). Furthermore, trials with response anticipations (No-Instructions 
condition: 0.0%, Instructions condition: 0.02%) and omissions (No-Instructions condition: 
0.08%, Instructions: 0.11%) were excluded from data analysis.

Error rates

 Error rates were analyzed based on all valid trials. Similar to the results in Experi-
ment 2b, participants were relatively accurate (Mno-instruction_compatible = 0.0578, SD = 0.073; Mno-in-

struction_incompatible = 0.059, SD = 0.073; Minstruction_compatible = 0.0512, SD = 0.062; Minstruction_incompatible 
= 0.0588, SD = 0.090). We employed the same 2-way mixed ANOVA with Instructions as be-
tween-subjects factor (No-Instruction vs. Instruction) and Compatibility as within-subjects-
factor (Compatible vs. Incompatible). Again, the results were not significant: Instructions: 
F(1,184) = 0.11, p = 0.74; Compatibility: F(1,184) = 2.20, p = 0.14; Interaction: F(1,184) = 1, p 
= 0.32.

 Following the analyses in Experiment 3a, we also conduct the same Bayesian one 
sample T-test for the compatibility effect on error rates by collapsing over the Instructions 
factor (M error rates_CE = 0.0046, SD error rates_CE = 0.042). The corresponding BF indicates more 
support to the null hypothesis (i.e., there is no difference between compatible and incom-
patible condition, namely, CE = 0), t(185) = 1.516, p = 0.07, BF0+ = 2.13).

Reaction times

 The mean RTs on each condition (Mno-instruction_compatible = 341.29 ms, SD = 56.13; Mno-in-

struction_incompatible = 341.34 ms, SD = 54.61; Minstruction_compatible = 339.36 ms, SD = 52.15; Minstruc-

tion_incompatible = 338.97 ms, SD = 53.62) were also subjected to the same 2 (Instructions: No-In-
structions vs. Instructions) * 2(Compatibility: Compatible vs. Incompatible) ANOVA, with 
Instruction as between-subjects and Compatibility as within-subjects factors. No effects ap-
proached significance [Instructions: F(1,184) = 0.07, p = 0.79; Compatibility: F(1,184) = 0.04, 
p = 0.84; Interaction: F(1,184) = 0.07, p = 0.79].

 To further evaluate the evidence for the absence of a compatible effect, the CE was 
calculated for all participants regardless of Instructions (MCE = -0.179 ms, SDCE = 11.49), and 
the Bayesian one sample T-test still give strong evidence for the null hypothesis (H0: CE = 0), 
t(185) = -0.213, p = 0.584, BF0+ = 14.34).

Discussion

 The results in present experiment provide a powerful replication of the effects ob-
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tained in Experiment 3a, namely strong evidence for the absence of a compatibility effect 
and no effects of the Instruction manipulation.

General Discussion

 Habits are often understood as actions that are automatically triggered by stimuli 
or situations through S-R associations resulting from repeated and consisted coactivation. 
In the present paper, we explored whether repeated and consistent coactivation of actions 
and effects can result in similar structures (R-O associations) by which mere perception of 
stimuli can then elicit the associated response (i.e., ideomotor action). Specifically, we inves-
tigated whether learning of R-O associations can occur spontaneously and whether as a re-
sult, these stimuli can automatically trigger associated responses. Accordingly, in four exper-
iments, we tested automaticity in ideomotor learning in the standard two-phases paradigm 
that required participants to perform actions (pressing keys) that lead to specific outcomes 
(tones). In each experiment, we manipulated instructions in a free-choice learning phase, 
either making no mention in any way of the tones that followed actions, or induced a pro-
cessing goal that explicitly emphasizing the relation between responses and the subsequent 
stimulus. In Experiment 1, evidence for ideomotor action was observed in a free-choice 
test phase, regardless of instructions. Experiment 2, 3a, and 3b, however, which employed 
forced-choice tasks to test for automaticity, provided little evidence for ideomotor effects. 
Together, these results don’t support the strong version of ideomotor theory. That is, they 
suggest that ideomotor learning can occur spontaneously, but that there are limits to the 
automatic effect on behavior.

Mixed evidence for Automatic Ideomotor Effects

 The findings of Experiment 1 demonstrate that ideomotor learning can take place 
in the absence of explicit instructions that emphasize the relation between actions and out-
comes. Although this finding matches with the literature on implicit learning (e.g., Cleere-
mans, et al., 1998) and may indicate that associations have been formed as a result of coac-
tivation of response and resulting stimulus representations, this does not necessarily mean 
that learning occurred outside of awareness (Melnikoff & Bargh, 2018). Indeed, given the 
fact that the large majority of participants could indicate which outcome was produced by 
which action in the acquisition phase, and the relatively high scores on these R-O mapping 
checks in the no-instruction and instruction conditions, it seems to be the case that although 
learning was spontaneous and may have resulted in associations, the acquired knowledge 
was clearly propositional in nature (Mitchell et al., 2009). This effect on the R-O mapping 
checks was consistent across all experiments, although reports were understandably less 
accurate when the mapping was changed during the test phase in Experiment 2. In sum, 
while learning occurred spontaneously, it seems that participants had explicit knowledge 
about which action caused which outcome in the learning phase.

 The results of the different test phases across our experiments at first seem liked a 
mixed bag. While Experiment 1 produced a healthy ideomotor effect consistent in size with 
the ideomotor literature (c.f., Elsner & Hommel, 2001), Experiments 2, 3 did not provide 
such evidence. An exception is the effect in Experiment 2 on error rates in the first block of 
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trials of the test phase. Below, we entertain two possible explanations to reconcile these 
findings. 

 First, one could argue that on top of the reportable causal knowledge about the ac-
tion outcome mappings, people did indeed form bi-directional associations, capable of pro-
ducing ideomotor effects. This explanation is consistent with the findings of Experiment 1. 
In accordance with the strong version of ideomotor theory (Shin et al., 2010), merely hear-
ing the tones during the free-choice task could have automatically triggered the associated 
responses, leading to more mapping-consistent responses. As the learning phases and ex-
plicit reports were quite similar in Experiments 2 and 3, one would have to assume, though, 
that the tones at least had the potential to trigger similar responses in the corresponding 
test phases. Maybe the null effects there could be explained by a lack of power. This seems 
unlikely, though, as the number of trials is comparable with other reports in the ideomotor 
literature and the failure to find an effect in the high-powered replication of Experiment 3 
seems more in line with the absence of an effect. It could be the case that the test tasks in 
Experiments 2, as well as Experiment 3a and its replication, were somehow flawed and not 
able to pick up the ideomotor effect. This seems unlikely as well. The tasks were closely 
modelled after Elsner & Hommel (2001) and should theoretically have produced the ideo-
motor effect, at least according to the strong version of the theory. 

 A theoretical explanation for the null effects in Experiment 2 and 3, though, is that 
people were able to suppress or inhibit ideomotor responses in the test phase. It has recent-
ly been argued that automatic responding may emerge in some tasks, but be overruled in 
others in which people have the goal to inhibit such responses (Melnikoff & Bargh, 2018). 
Although the task instructions in the test phases of Experiments 2 and 3 did not explicitly 
ask people to ignore the tones, it may be the case that people tried to ignore them, or at 
least suppress responses in order to meet the task goal. That is, responding according to 
the dictated response rule (Experiment 2), or responding to the visual target (Experiment 3 
and its replication). It could indeed be possible that people were able to inhibit ideomotor 
responses in the task and exactly cancel out the effect, without revealing an opposite inhibi-
tion effect, or were fully able to shut out the auditory stimuli in the compatibility tasks, but 
not the free choice task. However, we believe another explanation is more plausible. 

 This second explanation follows the opposite line of argument: that bi-directional 
associations were not formed, at least not strong enough for the tones to trigger responses 
in an automatic fashion. This would then require and explanation for the findings in Exper-
iment 1. In this experiment, participants engaged in a free-choice task, which – by defi-
nition – allows for deliberate control of behavior. It may have been the case that explicit 
knowledge about the action-outcome relations drove the behavioral effects (Seabrooke et 
al., 2016). Loersch and Payne (2011) have noted that such biases can occur if primes affect 
the explicit knowledge that is retrieved and used as input for the decision-making process. 
Although this does not necessarily imply that participants were aware of this bias, it would 
entail an indirect priming effect that operates through biasing conscious decisions rather 
than by stimuli automatically triggering responses. Although this may suggest that people 
use knowledge of R-O mappings to freely select their actions, this would not be ideomotor 
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action according to the strong version of the theory. Interestingly, though, such a process 
fits well with action control models that consider the preparation of human behavior to be 
rooted in sensorimotor processes that operate under radar of conscious awareness, while 
the ultimate execution of actions is under the control of a decision making process that 
selects actions associated with an act of conscious will (Aarts, 2012; Brass & Haggard 2008; 
Gold & Shadlen 2007; Zedelius et al. 2014).

 Another explanation for the findings of Experiment 1 is that participants may have 
used the tones to fulfill the criteria of responding randomly and equally often with the two 
keys, or have chosen to respond with the keys suggested by the tones simply because it is 
easier. Random selection of responses is extremely hard and the tones may have provided 
an easy way out. Note that this explanation still assumes that people use the R-O knowl-
edge that was spontaneously obtained in the acquisition phase. As a considerable number 
of participants responded consistent with the mapping of the acquisition phase on nearly 
100% of the trials (and two individuals in close to 0% of the time, reflecting the use of a re-
versed mapping; see Figure 3.2), this seems a plausible explanation. Although papers in the 
ideomotor literature typically don’t provide information about the distribution of scores, 
the means and standard deviations in the present study are remarkably similar to earlier 
studies (e.g., Elsner & Hommel, 2001) suggesting that these studies may be open to the 
same explanation.

 In Experiment 2, we found no within-participants compatibility effects, but did ob-
tain a difference in error rates in the first block of the experiment. While this effect is con-
sistent with the classic forced-choice effect (e.g., Elsner and Hommel, 2001, Experiments 1a, 
1b), these effects could also be interpreted as a task-switching effect (Monsell, 2003). That 
is, in the light of the explicit knowledge about the R-O mapping in the acquisition phase, 
the instruction to use the opposite mapping to respond to the outcome stimuli in the test 
phase could have caused the increase in errors. Hence, the obtained compatibility effect 
may say more about the challenges of remembering and responding according to reversed 
task rules, than ideomotor effects. The complexity of obtaining ideomotor effects under 
forced-choice conditions (Herwig et al.,2007; Pfister et al., 2011), and the relative absence 
of ideomotor effects in the forced-choice task in the present study indicates that further 
inquiry is needed to specify when and how ideomotor learning effects emerge in the test 
paradigms employed so far. 

Implications for Habits

 Although ideomotor learning can create R-O associations, only weak evidence for 
the ideomotor effect was obtained. So based on the current data, it seems that S-R asso-
ciations underlying habits function in a different way than the R-O learning that drove the 
ideomotor effect in our free-choice test phase in Experiment 1. This does not necessar-
ily mean that ideomotor action should be discarded as a mechanism by which outcome 
stimuli can trigger responses, in a similar way as stimuli trigger habitual responses. As the 
ideomotor effect has been demonstrated across a large literature (although often with less 
strict tests than in the current experiments), it could be the case that the ideomotor effect 
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holds, but that the learning phase in our experiments was too short for R-O associations to 
develop through co-activation, and that habit-like structures take longer to develop. More-
over, research on rewards in ideomotor learning has demonstrated that rewarding stimuli 
that follow responses produce much stronger ideomotor effects in free-choice or instructed 
compatibility tasks (Eder et al., 2020; Muhle-Karbe & Krebs, 2012). It may be the case that 
ideomotor learning is therefore more likely to occur in daily life, where stimuli following ac-
tions are rarely neutral. Interestingly, with this notion, the ideomotor effect becomes similar 
to the Pavlovian Instrumental Transfer (PIT) effect, which holds that stimuli associated with 
rewards are found to facilitate instrumental responses that have been followed by those 
rewards during learning (Watson & de Wit, 2018). Such a mechanism may reflect habitual 
responses that are still mediated by outcome representations at some level.

 Further research is needed, though, to determine how rewards boost responses in 
the ideomotor and PIT paradigm. As ideomotor studies on this topic (Eder et al., 2020; Mu-
hle-Karbe & Krebs, 2012) used a block-based compatibility paradigm, the enhanced effects 
could still be the results of explicit knowledge, as a result of propositional learning, interfer-
ing with conflicting task instructions. Relatedly, recent investigations into the nature of the 
PIT effect have demonstrated that the PIT effect itself is also dependent on propositional 
learning (Seabrooke et al., 2016; Seabrooke et al., 2017; Trick et al., 2011). As here it is also 
unclear whether rewards influence learning, response execution, or both, it is hard to pre-
dict whether the same results would emerge in a trial-based compatibility task, to provide 
strong evidence for the automaticity of ideomotor action. 

Conclusion

 Together, while the current findings do provide evidence for spontaneous ideomo-
tor learning, it is less evident how resulting response-stimulus representations subsequently 
guide behavior. Rather than automatically facilitating responses, it may be the case that R-O 
knowledge affects behavior in a less automatic way. While primed outcomes may activate 
knowledge of associated actions (Bargh et al., 2001; Custers & Aarts, 2005, 2010), they may 
influence behavior indirectly by biasing conscious choice (see e.g., Custers et al., 2012). As 
such, responses following outcome primes may be more the result of biased choice than 
direct response priming. Given the parallels between ideomotor thinking and the study of 
habitual behavior, the current work suggests that research on habitual behaviors could ben-
efit from more careful experimentation and theorizing (Marien et al., 2018, 2019) to help 
understand in which ways cues in the environment could elicit habitual behavior.
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Abstract

 Ideomotor theory assumes that merely activating the representation of the out-
come of an action can trigger the action that produced it (i.e., ideomotor action). Support-
ive evidence comes mainly from the two-stage paradigm, in which actions are followed by 
specific outcomes in the acquisition phase, and are subsequently found to be facilitated 
by primes that share properties with those outcomes in a test phase. While previous re-
search has shown that action-outcome relations can be acquired automatically (i.e., without 
any specific instructions) in the learning task, evidence for automatic ideomotor action in 
the test phase is less conclusive. Building on recent research by Sun and colleagues (2020) 
that provided evidence for ideomotor action, but not for automaticity, three moderators 
proposed in the literature were investigated to shed more light on this. While rewarding 
outcomes in the acquisition phase (Experiment 1) and presenting primes in a task-relevant 
modality in the test phase (Experiment 2) did not produce ideomotor action in a paradigm 
designed to test for automatic effects, presenting outcomes after responses in the test 
phase (Experiment 3) did produce an ideomotor effect. Implications for research and theo-
rizing on ideomotor action are discussed.

 Keywords:  action control, automaticity, motivation, attention, memory
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 Introduction

 Ideomotor theory proposes that merely activating the mental representation of 
an outcome can trigger the action that is associated with it (Carpenter, 1852; James, 1890). 
This mechanism is considered to explain various direct effects of perception on action such 
as mimicry (Iacoboni, 2009), behavior priming (Dijksterhuis & Bargh, 2001), goal-priming 
(Custers & Aarts, 2010), motor resonance during the dyadic interaction (Wilson & Knoblich, 
2005) and even the existence of mirror neurons (Heyes, 2010). Evidence mainly comes from 
the two-stage paradigm in which participants first acquire action-outcome links by engaging 
in actions and observing their outcomes, and then engage in a test phase which measures 
whether actions are influenced by primes that share properties with their associated out-
comes. While the literature provides numerous studies that present evidence in line with 
ideomotor theory (Shin et al., 2010), conclusive evidence for the automatic nature of this 
effect is lacking (see similar findings and discussion in Sun et al., 2020 and Vogel et al., 2020). 
Recently, Sun and colleagues (2020) have found that while learning of action-outcome rela-
tions can occur automatically (i.e., without instructions), strict tests for automatic ideomo-
tor action in the test phase failed to provide evidence for automaticity.

 In the present research, we address three possible moderators for automatic ideo-
motor effects. First, building on work suggesting that ideomotor effects are strengthened 
by rewards (Eder et al., 2019; Muhle-Karbe & Krebs, 2012), we explore whether outcomes 
may need to be rewarding for automatic ideomotor effects to occur. Second, we investigate 
whether the modality of the imperative (response) cues and the outcome primes in the test 
phase should be identical to render automatic ideomotor action more likely to occur. Finally, 
although ideomotor action is typically tested under extinction (i.e., without the responses 
producing the outcomes effects in the test phase), we examined whether adding outcomes 
in the test phase is a prerequisite for automatic ideomotor action.

Ideomotor Theory

 The classic notion of ideomotor action regained popularity in the ‘90s when Prinz 
and colleagues raised the idea of “common coding” of perception and action (Prinz, 1990; 
1997; Prinz et al., 2009), claiming that they share the distal reference. Perception and action 
were considered to rely on the same representations. This perspective eventually gave rise 
to the Theory of Event Coding (TEC; Hommel et al., 2001; Hommel, 2019). This seemingly 
all-encompassing theory has strong appeal and offers a very promising candidate for under-
stand and examining the basic mechanisms underlying human goal-directed behavior. TEC 
introduced the term Event Files, referring to the shared and homogenous representations 
of actions and perceptions in a cognitive (or neural) system. It assumes that features of the 
stimulus in a specific environment (S; stimulus; context), a related response (R; decision, 
effector), and its following effects (E; perceptual and affective) are integrated into a distrib-
uted event file whenever actions are executed in a given context and its effects perceived. 
As a result, activating an effect code (or any features of E) would automatically initiate some 
motor activation though the bi-directional association (Elsner & Hommel, 2001) between 
the representations of actions and outcomes, thereby affecting action selection (R).
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 Crucially, TEC claims to offer a mechanistic explanation for goal-directed action. 
In contrast to theories of deliberate goal-setting (e.g., Gollwitzer, 1990; Locke & Latham, 
1984, 1990), it does not assume any deliberation in the actor. Its goal is to be minimalist 
and parsimonious, providing a mechanistic model of goal-directed behavior and goal rep-
resentations, without assuming “… any overhead, as common in many philosophically color-
ed approaches,where representing a goal might imply having some understanding of the 
goal or some conscious awareness of it …” (Hommel, 2021, p.6.). According to this notion, 
a critical test for ideomotor action should provide evidence for automatic activation of the 
response upon activation of the outcome, in the sense that this activation is not the result 
of strategic or deliberate processes that rely on an explicit understanding of the relation 
between response and outcome.

Automaticity in Ideomotor Action and Alternative Explanations

 Empirical evidence for ideomotor theory is mainly derived from the two-stage par-
adigm (for reviews, see Pfister, 2019; Shin et al., 2010; Stock & Stock, 2004), in which an IM 
effect is inferred from the observation that stimuli that previously served as outcomes in 
the acquisition phase facilitate the actions that preceded them in the test phase. Although 
numerous studies demonstrate such an IM effect, virtually none of them provide convincing 
evidence for the automaticity of IM responses in the test phase. That is, the vast majority 
of the studies using the two-stage paradigm either use a free-choice test or an instructed 
compatibility paradigm to test for ideomotor effects. In the first case, participants are asked 
to choose freely between two responses in the test phase, ignoring the primes that share 
properties with stimuli that previously served as outcomes in the acquisition phase. In the 
second case, participants react in the test phase to the stimuli that served as outcomes in 
the acquisition phase, according to between-subjects instructions that are either compati-
ble or incompatible with the pairings of actions and outcomes in the learning phase. As Sun 
and colleagues (2020) have argued, there are alternative explanations for the IM effects 
obtained with these two test phases.

 First, while the free choice test phase would indeed reveal an IM effect if primes 
in the test phase would automatically trigger the actions that produced similar outcomes in 
the leaning phase – as IM theory predicts – this task is also open to strategic effects. It has 
been demonstrated that participants are perfectly able to explicitly report the relations be-
tween actions and outcomes in the acquisition phase (Elsner & Hommel, 2001), even with-
out instructions that encourage learning (Sun et al., 2020). Such explicit knowledge could 
be used as basis for response strategies in the test phase. For instance, participants could 
use this knowledge and respond in line with the learned relations if they think it is expected 
from them (i.e., demand characteristics), or just to make the task of “freely choosing” on 
each trial easier. In support of this explanation, Sun et al (2020) observed a clear and com-
pelling bimodal distribution of the IM effect, where a small number of participants acted 
almost fully in line with the learned relations, while the majority of participants showed no 
IM effect at all. Thus, although the free choice testing phase would be able pick up genu-
ine automatic IM effects, it does not rule out the possibility that the effect it reveals is the 
result of alternative mechanisms that are driven by explicit knowledge of action-outcome 
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relations.

 A similar case can be made for the instructed compatibility version of the test 
phase. In this version, one group of participants are instructed to respond to the outcome 
primes in the test phase either with compatible responses, that are in line with the pairings 
of actions and outcomes in the acquisition phase, and another group of participants are 
instructed to generate incompatible responses, that are exactly opposite in respect to the 
earlier pairings. Although in principle responding in the incompatible condition could be 
hampered by the outcome primes triggering the learned responses, it could also be the 
case that remembering or keeping the incompatible instructions in mind is more difficult 
compared to the compatible condition (Monsell et al., 2001). Thus, in this version of the 
acquisition phase, the automatic effects predicted by IM theory could be produced by well-
known alternative mechanisms as well. As such, the instructed compatibility version is not a 
convincing test for automatic IM effects either.

 In order to provide conclusive evidence for automatic IM effects Sun and col-
leagues (2020, Experiments 3a-b) recently conducted two high-powered experiments (N = 
256). These experiments used the same acquisition phase that produced an IM effect in an 
experiment with a free-choice test phase (Sun et al., 2020; Experiment 1). In these Experi-
ments 3a-b participants were given a cued-compatibility task as the test phase in which had 
to respond to imperative visual cues (indicating a left or right response), while they were at 
the same time exposed to outcome primes (low or high tones). Faster and more accurate 
responses on trials where cues and outcome primes were compatible (i.e., prompting the 
same response) versus incompatible would provide evidence for an automatic ideomotor 
effect. Contrary to a similar experiment by Elsner and Hommel (2001), which showed a sig-
nificant IM effect with a limited number of participants (N = 24), these experiments failed to 
produce a significant IM effect. That is, despite the fact that the tones that served as primes 
in the test phase were learned to be produced by distinct responses in the acquisition phase, 
they did not elicit a significant response bias in the cued-compatibility test phase. 

 To conclude, we argue that the literature on ideomotor learning and ideomotor 
action using the two-stage paradigm, does not provide solid evidence for the idea that mere 
perception of outcomes triggers the actions that produced them before. More specifically, 
we maintain that the effects reported in the literature may not be the result of responses 
that are automatically triggered by the outcomes that are perceived on the trial level. We 
suggest that they could rather be produced by self-generated strategies at task level in the 
free choice task, or result from a difficulty to remember and implement instructions at task 
level in the instructed compatibility paradigm. Based on recent failures to find IM effects in 
a task designed to measure automatic response activation on a trial level, we report below 
a series of three experiments that aimed to examine three moderators suggested in the 
literature that may be required for automatic IM effect to occur.
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Experiment 1: Reward as moderator?

 The extent to which primes related to action-outcomes trigger associated actions 
has been demonstrated to be related to the rewarding properties of the outcome (Cartoni 
et al., 2016). Recent studies investigating ideomotor action in the two-stage paradigm have 
tested the idea that rewarding outcomes could promote the associations between actions 
and contingent sensory effects, which then may influence action selection in an automatic 
fashion (Eder et al., 2019; Muhle-Karbe & Krebs, 2012).

 In the studies by Muhle-Karbe and Krebs (2012), participants responded to stimuli 
in the acquisition phase and observed the outcomes of their responses. For half of the learn-
ing trials, outcomes were followed by a reward. In the forced-choice test phase, a significant 
IM effect was obtained in the non-rewarding condition, but not in the rewarding conditions 
(Muhle-Karbe & Krebs, 2012). Eder and colleagues (2019) used a repeated two-stage par-
adigm in which four action-outcome relations could be acquired and tested within several 
two-stage blocks. In each block, participants were instructed that remembering two of the 
four action-outcome relations would be rewarded. Using a short instructed-compatibility 
test phase in each block, they found a significant IM effect only for the action-outcome rela-
tions that were rewarded. Although this demonstrates that instructions and rewards could 
lead to selective learning (cf. Eitam et al., 2009; Qin et al., 2021; Theeuwes et al., 2015; Tib-
boel & Liefooghe, 2020), the instructed compatibility paradigm does not provide evidence 
for a genuine automatic IM effect. 

 In the current experiment, we modified the paradigm as Sun and colleagues (2020), 
to match the designs by Muhle-Karbe and Krebs, (2012) and Eder et al. (2019). That is, dur-
ing the acquisition phase, both responses were either followed by a distinct rewarding out-
come or by a distinct non-rewarding outcome. Effects were then tested in the exact same 
cued-compatibility test phase used by Sun and colleagues (2020). To maximize the chance 
of obtaining an automatic IM effect, rewarded outcomes were presented 80% of the time 
compared to non-rewarding outcomes (20%). Thus, the experiment was not designed to 
establish an effect of reward over and above response frequency but rather to establish an 
automatic IM effect at all. 

Method

Determining sample sizes of experiments

 The original study (Sun et al., 2020, Experiment 3a-b) with a large sample size (N 
= 256) used a cued-compatibility testing phase in which participants were instructed to re-
spond to two novel visual stimuli as fast and accurately as possible, while they were simul-
taneously exposed to the stimuli (tones) that served as outcomes in the acquisition phase. 
However, no IM effect was obtained. We identified two published studies (Eder et al., 2019; 
Muhle-Karbe & Krebs, 2012) that had similar design as our study, and only one of these two 
studies provided enough information to estimated effect sizes. More specifically, Eder and 
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colleagues (2019) provided effect sizes values of the compatibility effect under different 
types of rewarding conditions. The effect size for the rewarding conditions was Cohen’s d = 
0.38 and we expected that our target sample sizes of 45 would achieve 80% power to detect 
a compatibility effect, assuming an α of 0.05. The final sample sizes for the experiments 
varied somewhat based on scheduling constraints and missed or cancelled testing sessions. 
The priori t test power calculation was performed with G*Power 3 (Faul et al., 2007).

Participants

 Forty-nine healthy participants (mean age = 23.6 years, range18-30; 15 males, 46 
right-handed) were recruited using campus flyers, and we only provided cash as incentives 
to motivate them that their final payment depending on their task performance. All partici-
pants reported normal or corrected-to-normal vision and were naïve to the purpose of the 
study. Written informed consent was obtained from all participants before the experiment. 
The protocol for these experiments was approved by the ethics committee of the Faculty of 
Social and Behavioral Sciences, Utrecht University (FETC19-097).

 Prior to data-collection, target sample size was pre-registered together with the 
study design, data-analysis plans, and experimental hypotheses on the Open Science Frame-
work (https://osf.io/9cr57).

Stimulus and Apparatus

 The experiment was programmed using E-Prime 2.0 (Psychology Software Tools 
Inc., Sharpsburg, PA, USA), and stimuli were presented on a 23-in monitor (refresh rate: 60 
Hz, spatial resolution: 1920*1080 pixels). Participants sit individually in a cubicle at a view-
ing distance of approximately 65cm. Four auditory outcomes 1 (i.e., O1- O4) were presented 
during the whole experiments. The response – outcome mapping depended on the counter-
balanced condition.

Design and Procedure

 All participants had to complete the two-stage ideomotor task. That is, a free-
choice acquisition phase in which actions were followed by outcomes, and a cued-com-
patibility test phase to measure the automatic triggering of actions. Furthermore, in the 
acquisition phase participants were told that they had the chance to win extra money if 
they passed the interleaved memory checking tasks. For the sake of exploration, at the end 
of the two-stage ideomotor tasks a short questionnaire was administered to assess the BIS/
BAS scale (Carver & White, 1994), which was used to examine potential associations be-
tween individual reward responsiveness and the response compatibility effect of rewarding 
outcomes (see Muhle-Karbe and Krebs, 2012; for such evidence) . We also tested for explicit 
knowledge about the response-outcome mapping rule at the end of the experiment.

1 We used the online generator (https://onlinetonegenerator.com/) to create the tones. Here, we picked 
two waveforms: since, sawtooth, underlying the 200 and 400 Hertz respectively. Then, we used Audacity to stand-
ardize the four tones in two steps: Firstly, we cut the duration to 250ms. Secondly, we multiple the envelop function 
on the sound wave to synthesis the stage.
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Acquisition phase 

 Participants in the acquisition phase completed five blocks of 36 trials each. Figure 
4.1A depicts the sequences of each trial. The procedure of the acquisition phase here close-
ly matched the procedure of our previous lab setting, except the following modifications. 
Firstly, to familiarize participants with the rewarding sounds, they heard the two different 
sounds at least twice for each at the beginning of the experiment. 

 Figure 4.1 

 Procedure of the Rewarding Outcome Experiment 1 

                        

                 

 

  

 

  

  

 

           
         

          
             

             
         

            
             

 

  

   

                               
                          

   

   

  

  

           

  

  

   

Note. (A) Procedure of the free-choice acquisition phase. A row of xxxx indicates a no-go 
trial, while a row of << >> indicates a free-choice trial that is followed by a tone (outcome). 
(B) Procedure of the forced-choice test phase. The Landolt “C” rings are the imperative 
response cues, accompanied by the outcome (tone) primes. Here, O1 means that it is a 
rewarded outcome, and appears with a high-weighted ratio in the acquisition phase (i.e., 
80% of the go trials, the response will generate the O1 . O3 has the same meaning as O1.); 
whereas O2 represents that it is a pure non-valued outcome and appears with a low ratio in 
the acquisition phase (i.e., the remaining 20% of the go trials will generated O2. O4 has the 
same meaning as O2.). The mapping between response and outcome was counterbalanced 
among participants, and each response followed two kinds of outcomes with different pro-
portion (R-2O).
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 Secondly, each valid response generated two types of the outcomes (i.e., R-2O). 
Specifically, 83% of the whole learning trials in the acquisition phase are “Go” trials, in which 
participant’s each correct response was linked to two types of the auditory outcomes (i.e., 
the rewarding sound or the non-rewarding sound). In these “Go” trials, followed by a 50ms 
time-lag of every correct response, one of the two mapped tones appeared for 200ms. For 
each response, the two mapped tones had unequalled weighted, with 80% of the go trials 
the rewarding tone was generated and 20% of the non-rewarding tone. Participants were 
instructed to press the left and right keys randomly and equally when seeing go signals and 
to figure out that which key was mapped to which types of the rewarding tone. Of the re-
maining 17% of the whole trials were “No-go” trials so that no responses were needed and 
no auditory outcomes. “No-go” trials were used to add the uncertainty and to avoid delib-
erate strategies in free-choice tasks, such as pressing the left / right keys in a predetermined 
order. 

 Thirdly, to keep participants more engaged and formulate the associations between 
correct responses and rewarding outcomes, every block was followed by a memory check 
task to strengthen the mapping between actions and rewarding tones. That is, after an inter-
trial interval of 1,500ms, one of the two rewarding tones (O) appeared for 200ms, request-
ing a no-time-limit left or right choice (R). Participants would win 50 cents if they indicated 
the correct mapping. The mapping between responses and two outcomes (rewarding O and 
non-rewarding O) were counterbalanced among participants. To set the robust condition of 
rewarding effect, we also kept consistent memory check tasks during the acquisition phase 
(See the section of ‘the second- round memory check tasks’). Extra instructions were given 
before entering the acquisition phase. Specifically, the verbatim was:

“Sometimes, your response is rewarded, which will be indicated by a specific sound for each 
key. It is very important for you to remember the relation: which rewarding sound belongs 
to which key. The first task consists of five blocks, and we will check your memory for the 
relations between the responses and sounds after each block by playing the two rewarding 
sounds and asking you to press the corresponding button. You will WIN 50 cents for each 
correct answer in the first task. No money is lost if you are incorrect. Please work hard and 
keep the relations in mind. IMPORTANT: No money will be paid if you fail the memory check 
after each block.”

Test phase

 The procedure of the test phase was the same as we did before. That is, as in the 
original study (Sun et al., 2020, Exp. 3a-b), an interference task was adopted per trial to 
measure the compatibility effect. Namely, participants were asked to respond to the di-
rection of the Landolt “C” ring (thus serving as an imperative response cue presenting for 
200ms), whereas the auditory events from the acquisition phase appeared simultaneously 
as outcome primes (See Figure 1B for the single trial procedure). Based on the response – 
outcome mapping in the acquisition phase, the test phase consisted of four practice trials 
and eight main blocks of 32 trials, yielding 256 trials, equally allocating two within-subjects 
factors included compatibility (compatible vs. incompatible) and rewarding condition (re-
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warding vs. non-rewarding).

Second round Memory Check Tasks

 To increase the associations between responses and rewarding outcomes, partic-
ipants were told that they would win more money (i.e., 100 cents) if they kept the relation 
in memory until they passed the second-round memory check after the second task (test 
phase). This time, the relationship between responses and non-rewarding tones of the ac-
quisition phase were also measured. 

Individual Reward Responsiveness

 After the main task, a questionnaire was administered assessing the BIS/BAS scale 
to measure individual reward responsiveness (See Appendix for the full questionnaires). In 
brief, the BIS/BAS Scale consist of 20 items that can be allocated to two primary subscales: 
the Behavioral Inhibition System scale (BIS; 7 items) and the Behavioral Approach System 
scale (BAS; 13 items). Items are scored on a four-point-Likert-type scale (1= very true for me, 
2 = somewhat true for me, 3 = somewhat false for me, 4 = very false for me). The BAS scale 
can be divided into three subscales: Fun Seeking (BAS-Fun; 4 items), Reward Responsiveness 
(BAS-Reward; 5 items), and Drive (BAS-Drive; 4 items).

Data Analysis Plan

 We treated the data in the same way as Sun and colleagues (2020). In brief, we 
examined two dependent variables – reaction times (RTs) and percentage of error rates – as 
the function of two within-subject factors, namely compatibility (compatible vs. incompati-
ble) and rewarding condition (rewarding vs. non-rewarding). The following exclusion criteria 
were applied: 1) To make sure the participants had followed the general instruction to press 
the left and right key randomly but equally often in the acquisition phase, participants with 
proportions outside the 40% to 60% range were excluded. 2) Participants whose error rates 
of over 20% in the acquisition phase were also excluded. 3) RTs over 1,000 ms were treated 
as omissions and responses faster than 100 ms as anticipations, which were excluded in the 
analysis of the acquisition phase and the test phase. That is, only correct and valid trials 
were included for RT analysis.

 The remaining valid data were analyzed using R 3.5 (R Core Team, 2020). Basic 
statistical tests were calculated using the pipe-friendly package named rstatix (Kassambara, 
2021). ANOVA’s were calculated using the aov_ez function and Type III sums of squares 
(afex package Version 0.28 in R; Singmann et al., 2015). When assumptions of sphericity 
were violated Greenhouse-Geisser (GG) correction was utilized in the ANOVA model. In this 
case, we reported uncorrected degrees of freedom and corrected p-values. To further draw 
conclusions about the support of null effects, we also calculated Bayesian factors (BFs) with 
the default prior setting in JASP (JASP Team, 2020). The reporting of a BFs classification was 
based on work of van Doorn and colleagues (van Doorn et al., 2020). The advantage of BFs is 
that it quantifies evidence in favor of one (e.g., null) hypothesis compared to another (e.g., 
alternative) hypothesis given the observed data.
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Results

Acquisition phase

 First, all the participants followed the instructions and allocated their left / right 
pressing in the valid range, and they did well during the task with a low error-rates (M = 
4.77%, SD = 3.08%). Trials with anticipation (0.014%) and omissions (0.48%) were excluded. 
The remaining valid trials were used to calculate the distribution of left- and right-hand 
presses. A paired-samples t test of proportion did not show a difference, t(48) = -1.126, p 
= 0.266, d = 0.16. There was also no difference between RTs of left press- and right-hand 
presses, as proved by the non-parametric paired two-samples Wilcoxon test, p = 0.790, d = 
0.039.

Test phase

 Participants that failed to meet the criteria of the acquisition phase were excluded 
(no one excluded). For RT analysis of the remaining participants, we excluded all trials with 
anticipation (0.024%) and omissions (0.39%), and only considered correct trials. For statis-
tical analysis of RTs and error percentages, we conducted repeated-measures analyses of 
variances (ANOVAs), with two within-subject factors: compatibility (compatible vs. incom-
patible) and rewarding primes (rewarding vs. non-rewarding).

Error rates.

 Neither the main effects (Compatibility: F(1,48) = 0.52, p = 0.48, ηp2 = 0.01; Re-
ward: F(1,48) = 0.00, p = 0.99, ηp

2 < 0.0001) nor the interaction (F(1,48) = 1.62, p = 0.21, ηp
2 

= 0.03) were significant (see Table 4.1 for mean error rates under each condition).  

 To further evaluate the support for the absence of a compatibility effect, we calcu-
lated the compatibility effect (Merror_CE  = Merror_inc - Merror_comp), with positive values reflecting 
a positive compatibility effect, for both types of reward trials. For rewarding trials, the com-
patibility effect Merror_CE = 1.1%, SD = 7.9%, t(48) = 0.98, p = 0.166, d = 0.14, BF0+ = 2.48, pro-
vided anecdotal evidence for the null hypothesis (i.e., H0, Merror_CE  = 0) against the one-sided 
alternative hypothesis (i.e., H+, Merror_CE  > 0). For the non-rewarding trials, with Merror_CE = 
0.4%, SD = 7.3%, t(48) = 0.391, p = 0.349, d = 0.06, BF0+ = 4.62, moderate evidence for the 
null hypothesis was found. No difference between the two reward conditions was found, 
t(48) = 1.27, p = 0.105, d = 0.18, and if anything, the Bayesian analysis provided anecdotal 
evidence for the null (BF0+ = 1.70).

Reaction times.

 Mean RTs for correct trials were subjected to a two way 2(Compatibility: compati-
ble vs. incompatible) *2(Reward: rewarding vs. non-rewarding) repeated ANOVA. No main 
of Compatibility, F(1,48) = 0.04, p = 0.85, ηp2 = 0.008, Reward, F(1,48) = 0.99, p = 0.32, ηp2 
= 0.02, or their interaction, F(1,48) = 0.03, p = 0.85, ηp

2 = 0.0007, were found (see Table 4. 1 
for mean RT per condition).  
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 Again, we calculated the compatibility effect (MRT_CE = MRT_inc - MRT_comp), with posi-
tive values reflecting a positive compatibility effect, for both types of reward trials. That is, 
in rewarding condition, MRT_CE = 0.316 ms, SD = 25.25, no significant compatibility effect was 
found, t(48) = 0.087, p = 0.465, d = 0.012, with moderate evidence for the null hypothesis 
(i.e., there is no difference between compatible and incompatible condition, namely, MRT_CE  
= 0) against the one-sided alternative hypothesis (i.e., the reaction time in the incompatible 
condition is longer than the compatible condition, namely, the positive compatibility effect, 
MRT_CE  > 0). A similar pattern was found in the non-rewarding condition, MRT_CE = 0.816 ms, 
SDRT_CE = 20.18 and the independent t-test results, t(48) = 0.283, p = 0.389, d = 0.04, BF0+ = 
5.096. Moreover, there was no significant difference between rewarding conditions, as the 
one-tailed paired sample t-test indicated, t(48) = -0.187, p = 0.574, d = -0.027, which goes 
against our hypothesis that the compatibility effect should be found (at least) in the reward-
ing condition.

Memory about the Action-Outcome Contingency Checks 

 There are two types of memory check tasks of Experiment 1. In the first-round 
action-outcome contingency check, which followed each block of the acquisition phase, the 
grand mean of the accuracy was very high (M = 97.3%, SD = 16.1%). In the second-round ac-
tion-outcome contingency check, which was presented after the test phase, the grand mean 
of the accuracy decreased a bit (M = 88.3%, SD = 32.3%). One possible explanation was that 
we also asked participants to recall the mapping between responses and non-rewarding 
outcomes, which may have interfered with recalling the rewarding outcomes. In general, 
though, the accuracy was higher for the Rewarding outcome (M = 96.9%, SD = 12.3%) in 
contrast to the non-Rewarding outcome (M = 79.6%, SD = 12.3%).

Relationship between Performance and Individual Reward Responsiveness

 In general, the average BIS score among the valid participants was 12.84 (SD = 
3.57). The average BAS total score was 23.65 (SD = 4.08), including the following three sub-
scales: Fun Seeking (M = 7.57; SD =2.15), Reward Responsiveness (M = 7.06; SD = 1.57), and 
Drive (M = 9.02; SD =1.96). Despite the absence of a compatibility effect in both reward 
conditions, we examined the relationship between the compatibility effect and individual 
reward responsiveness as preregistered. We employed a correlation between the individual 
compatibility effect (i.e., MRT_CE) and the individual rating measurements, including BIS/BAS 
scores. If, as suggested by Muhle-Karbe and Krebs (2012), rewards would strengthen the 
compatibility effect, it should be most pronounced for participants with a high disposition-
al sensitivity to rewarding events. Perhaps not surprising given the absence of an overall 
compatibility effect, no significant correlation was found, neither between RT-compatibility 
effect and BIS/BAS total, nor between RT-compatibility and BAS subscales, all ps > 0.05.

Discussion

 Our goal in Experiment 1 was to investigate whether and how outcome value af-
fects reaction times (RTs) in the trial-based ideomotor interference test phase. That is, the 
cued compatibility effect was manipulated in the trial level by comparing the consistency 
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between the to-be-produced response for a specific cue and the response associated to the 
outcome in previous acquisition phase.  However, contrary to Eder and colleagues’ work 
(2019), we did not observe any difference between compatible and incompatible trials, nei-
ther of the rewarding trials nor of the non-rewarding trials. Both the ANOVA and Bayesian 
analyses did not reveal any effects. Instead, we replicated the null effect obtained by Sun 
and colleagues (2020, Experiment 2-3), testing for an automatic IM effect.

 In contrast to Eder and colleagues (2019, but see Muhle-Karbe and Krebs, 2012), 
we did not find that rewards strengthened or brought out this ideomotor effect. While we 
used a similar procedure in which participants were rewarded for remembering the reward-
ed outcomes, even presenting those outcomes more often than non-rewarding ones, no IM 
effect was obtained. The most likely explanation is that in contrast to Eder et al. (2019), we 
did not use an instructed compatibility paradigm – in which participants are instructed to 
respond to outcomes with the responses that produced them earlier, or with the opposite 
responses – but a cued compatibility paradigm. Although, as explained earlier, effects in 
the former instruction-guided paradigm could be the result of explicit knowledge affect-
ing responses through non-automatic processes, this would not be the case in the latter 
cued paradigm. The current results, then, suggest that the IM effect, and its facilitation by 
rewards, is limited to paradigms that allow for explicit knowledge to affect responses in a 
non-automatic fashion.

Experiment 2: Modality as moderator? 

 In the experiment of Sun and colleagues (2020), tones were used as outcomes in 
the acquisition phase and also as primes in the testing phase, while participants needed to 
focus on visual cues in the test phase. While one would expect an IM effect to emerge from 
a full-automaticity point of view, this would not necessarily be the case if one assumes auto-
maticity is conditional on attention (Hommel, 2019; Melnikoff & Bargh, 2018). Indeed, it is 
known that having to switch from one stimulus modality to another (e.g., from visual to au-
ditory) is demanding and incurs a switch-cost (Marien et al., 2014; Rodway, 2005; Turatto et 
al., 2002). Hence, participants may exert top-down control on what stimuli will get attended 
to, shielding them from stimuli from task-irrelevant modalities (Dijksterhuis & Aarts, 2010; 
Koch & Tsuchiya, 2007). In Experiment 2, we therefore matched the modality of the imper-
ative stimulus for responses in the test phase to the exact same modality of the outcome 
primes (both tones). This modality matching may increase the likelihood of bringing out the 
IM effect, as participants could no longer ignore outcome primes by shielding a task-irrele-
vant modality.

Method

Participants

 However, given our goal of removing an unwanted modality effect that may have 
been present in our earlier work, we decided to approximate a sample size similar to our 
previous study (N = 30, Experiment 3a, Sun et al., 2020). Thirty-five participants took part in 
the experiment in exchange for a small monetary payment or extra course credits. Partici-
pants with auditory-related disorders were excluded beforehand. In the acquisition phase, 
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two participants were excluded, one because of the over 20% grand mean error rates, and 
the other due to the unbalanced proportion of key presses during the acquisition phase (i.e., 
the valid range of a left-to-right ratio was from 40% to 60%). In the testing phase, another 
three more participants were excluded as their bad performance during the task. They re-
acted with the wrong response to the imperative stimuli on almost every trial. Data of the 
remaining 30 participants were used in the test phase (20 Female, mean age: 24 years, [19 
– 38 years], 29 right-handed and 1 ambidextrous participants).

Stimulus and Procedure

 In Experiment 2, we investigated the influence of the modality of action effects, so 
we made every effort to produce stimulus material that matched the stimuli used in original 
study (Sun et al., 2020, Experiment 3a-b). As in the original study, all participants completed 
the two stage paradigm, consisting of a free-choice acquisition task and a forced-choice 
speeded ideomotor test task, with the only difference that in the test phase, participants 
were not asked to respond to the imperative visual cues (i.e., the Landolt “C” ring), but to 
the location of auditory stimuli that for the rest were identical to the tones used as out-
comes in the acquisition task.

Acquisition phase

 The acquisition phase was as the same as our robust version of the ideomotor par-
adigm (See Sun et al., 2020, Experiment 3; or Figure 4.2, panel A). The responses – effects 
mappings were counterbalanced among participants. Participants completed five blocks of 
60 trials each, including two-third “Go” trials.

Test phase

 In the test phase participants were asked to perform a sound-location task serving 
to assess a compatibility effect, consisting of four blocks of 48 trials each. Again, the trial 
procedure had a similar setting as the one in Experiment 1 with the following exception: 
After a 1500-ms fixation, one of the previous auditory sounds was presented for 200ms as 
an imperative stimulus, either in the left or right ear, and the task was to press the spatial 
related button based on the location of the sounds (see Figure 4.2, panel B). Therefore, 
the action-effect association built in the acquisition phase categorized the trials of the test 
phase as compatible conditions when the to-be-executed response was the same as the 
response that was followed by the imperative tone in the acquisition phase, while incom-
patible conditions were those where an opposite response was followed by the imperative 
tone in the in the acquisition phase. The participants were told to respond to this stimulus 
as quickly and as correctly as possible.

Data Analysis plan

 We treated the data in the same way as in Experiment 1. After applying the pre-
screening criterion, RTs and error rates in the test phase were analyzed as a function of 
Compatibility conditions. 
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Figure 4.2 

Procedure of Experiment 2(Modality) and Experiment 3(Post-response effect factor)

Note. (A) Procedure of the free-choice acquisition phase in both Experiment 2 and 3, 
which was identical to the original study (Sun et al., 2020, Experiment 3). (B) Procedure of 
the forced-choice test phase of Experiment 2. In Experiment 2, the outcome (i.e., sound) 
would either be presented in the left or right ear, and participants were asked to press 
the related key based on the location of the sound. The mapping between response and 
outcome was counterbalanced among participants. 

Results

Acquisition phase

 First, we excluded two participants in terms of the mean error rates (> 20%) and 
uneven left-right proportion. Trials with omissions (0.05%) and anticipations (0.1%) were 
excluded. For the remaining data, a paired t-test neither yield deviation of the response ra-
tio (t(32) = -0.99, p = 0.330; left hand mean: 49.39%, SD = 0.02), nor had different the hand 
pressing time (Mleft = 363.00 ms, SD = 58.67 ms; Mright = 365.30 ms, SD = 53.60 ms, t(32) = 
-0.844, p = 0.41), confirming that the remaining participants experienced the two action-ef-
fect binding about equally often.

Test phase

 First, two participants who failed to meet the response criteria in the acquisition 
phase were excluded, and three participants with extremely bad performance in the test 
task were also excluded (i.e., they seemed fully misunderstood the task with error rates 
above 80%). Furthermore, trials with omissions (0.23%) and anticipations (0) were also ex-
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cluded, and only then RTs in correct trials were used. Error rates were analyzed based on 
valid data points (N = 30).

Error rates.

 There was no difference between the mean error rates of compatible in the one-
tailed paired t-test (Merror_comp = 1.5%, SD = 2.1%) and incompatible (Merror_inc = 1.9%, SD = 
2.8%) trials, t(29) = -1.35, p = 0.093, d = -0.247, 95% CI = [-∞, 0.001]. Whereas the effect 
seems to be small in size, the corresponding Bayes Factor (BF0- = 1.256), if anything, indi-
cates evidence for the null hypothesis (H0: there is no difference between compatible and 
incompatible condition, namely, error rates in compatible trials equal the ones in incompat-
ible trials) over the one-sided alternative hypothesis (H-: the compatible condition has less 
error rates compared to the incompatible condition). 

Reaction times.

 As in Experiment 1, the one-tailed paired t-test of RTs analysis did not reveal a sig-
nificant difference between compatible and incompatible conditions (MRT_comp = 322.29 ms, 
SD = 66.08, MRT_inc = 326.38 ms, SD = 73.41, t(29) = -1.54, p = 0.068, d = -0.28, 95% CI = [-∞, 
0.436]). A Bayes factor was calculated to determine whether the results support the null hy-
pothesis, and it turned out that based on the current data, it was inconclusive (BF-0 = 1.03). 
Here the one-sided alternative hypothesis (H-) means that the compatible condition has 
faster RTs compared to the incompatible condition (as evidenced by the small effect size), 
while the null hypothesis (H0) represents that there is no difference between compatible 
and incompatible condition, namely, RTs in compatible trials equal the ones in incompatible 
trials.

Memory Checks 

 Most of participants (26 of 30) were able to recall the correct mapping between 
the response and outcomes that they learned in the acquisition phase.
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Figure 4.3

Distributions that differ in spread

Note. Shift function. Compatibility effect (CE = Incompatible – Compatible) is plotted along 
the y-axis for each decile (white disks), as a function of incompatible deciles. For each decile 
difference, the vertical line indicates its 95% bootstrap confidence interval. When a confi-
dence interval does not include zero, the difference is considered significant in a frequentist 
sense.

Discussion

 In line with the previous experiment, the results of the ANOVA and Bayesian anal-
yses showed no differences (i.e., neither in error rates nor in reaction times) between com-
patible and incompatible trials. Bases on the current data, it seems that even priming peo-
ple with the outcome information in the same modality as the imperative stimulus in the 
test phase, does not produce an IM effect in the current paradigm. As the cue-based com-
patibility test phase was designed to test for automatic IM effects, we have to conclude that 
even with ipsimodal presentation of outcome primes and imperative stimuli, these primes 
do not evoke automatic ideomotor action. 

 On the other hand, even though the study could be regarded as underpowered or 
affected by the variance between individuals, we took an in-depth look at the distribution 
via quantifying the data into deciles (Rousselet et al., 2017). This robust graphical method 
suggests that increased power would be unlikely to produce a significant effect. That is, the 
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traditional hypothesis test (here, the t-test) detects the difference by comparing two typical 
parameters (i.e., means) of each group / condition, but the effect is not necessarily homo-
geneous among participants, especially for the skewed RT distribution. Instead, the shift 
function, proposed by Doksum and colleagues (Doksum, 1974; Doksum & Sievers, 1976; 
Doksum, 1977) and developed by Wilcox (2012), offers a systematic way to characterize 
individual data point to study how RT distributions differ between conditions (or groups) 
and with what uncertainty. The logics are as follows: for each participant and each condi-
tion, the data was first ordered into deciles. Secondly, as the current experiment used the 
within-subject design, the decile difference was computed by subtracting the condition 1 
(i.e., Compatible) from condition 2 (i.e., Incompatible). Thirdly, a one-sample test was run in 
each decile difference. And relying on the Harrell-Davis estimator and the bootstrap, each 
decile has its own confidence interval. It also adopts the multiple comparison  of the p-value 
(0.05) to control the type I error remain around the same α level  across the nine 
confidence interval.  The shift function of the difference in Figure 4.3 was around 0 and 
almost flat, ex-cept that there was a growing difference towards the right tail (decile 9) of 
the distribution, potentially demonstrating that the CE difference (i.e., the slope) did not 
change too much when increasing the sample size. That is, individual variance plays an 
important role to affect the final conclusion.

Experiment 3: Outcomes in the test phase as moderator? 

Another explanation for the absence of an ideomotor effect in the two-stage par-
adigm is that in the trial-based interference task the IM effects are typically tested under 
extinction. That is, even though actions consistently produced outcomes in the acquisition 
phase, they no longer did so in the test phase. Indeed, the presentation of the post-re-
sponse effect does have an impact of an IM effect not only in the instructed compatibility 
test task (Elsner & Hommel, 2001), but also in the trial-based interference task (Vogel et al., 
2020). Yet, it is not unlikely that participants update their representations, or conclude that 
learned action-outcome relations do no longer apply. Indeed, Wolfensteller and Ruge (2011) 
demonstrated that people can learn various action-outcome relations rapidly across differ-
ent short learning and test phases. Assuming then that action-outcome relations may then 
also quickly be “unlearned” we conducted a preregistered Experiment 3 in which we test-
ed whether the post-response effects could facilitate the automatic ideomotor action. The 
pre-registered plans and the experimental protocol are available at https://osf.io/jpt9m.

Method

Participants 

 All subjects were drawn from a pool of participants enrolled in the psychological 
studies at the campus. A different set of subjects participated in this experiment. The mini-
mum sample size was between 25 and 29, based on previous experiments in our laboratory 
using tasks similar to those used here, in which samples of this size were adequate to detect 
small evidence using Bayesian analyses (BF ~2). Prior to data-collection, target sample size 
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was pre-registered together with the study design, data-analytic plans, and experimental 
hypotheses. 

 The final sample included 40 participants for this experiment. Two participants 
were excluded due to the unbalanced proportion of key presses in the acquisition phase, as 
defined as a criterion in our earlier work. Data of test phase of the remaining 38 participants 
were analyzed (29 females; mean age: 26 years; four left-handed and one ambidextrous 
participants). Written informed consent was obtained from all participants before the ex-
periment. Participants were debriefed after completing the study and received money in 
return for participation.

Stimulus and Procedure

 Materials and procedure in the current experiment closely matched the procedure 
of the previous two, and only differed with respect to the test phase (see the following test-
phase section for details). 

Acquisition phase

 The acquisition phase was identical to the acquisition phase of Experiment 2 (see 
Figure 4.2, panel A). In brief, participants practiced the task for five blocks of 60 trials, yield-
ing 300 trials, 200 with, and 100 without a go signal. At the end of each block, there was a 
10-second break, during which participants received the feedback on how often they had 
pressed the valid left and right keys.  

Test phase

 As we explained earlier, the same forced-choice ideomotor test phase was used 
except for the following two changes: First, after responses in the test phase, we used the 
same outcomes as in the acquisition phase. Second, as we already established that partic-
ipants acquired explicit knowledge of the action-outcome mappings in the previous two 
experiments (c.f. Sun et al., 2020) we choose to emphasize the presence of the outcomes 
in the instructions based on the finding from Vogel et al. (2020). They established that the 
ideomotor compatibility effect was strengthened when participant’s attention was guided 
to the association between stimulus and effect (S-E) compared to stimulus and response 
(S-R). So, in the current experiment, we instructed participants in terms of outcomes, rather 
than responses, by saying: “When a left [right] Landolt C is presented, produce a high [low] 
tone”. 

 The test phase consisted of eight blocks of 24 trials, yielding 192 trials in total. A 
signal trial comprised similar events as we did before (see Figure 4.4), except that each cor-
rect key press was now followed by the respective tone lasting 200ms that was paired with 
it during the earlier acquisition phase. As trials now both started and ended with the pres-
entation of a tone, we also increased the inter-trial interval to 1500 ms to avoid confusion.
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Figure 4.4

Procedure of the Test phase of Experiment 3(Post-response effect factor)

Note. The acquisition phase was identical to Experiment 2 (Figure 4.2A).  In Experiment 
3, after each correct response, participants would hear the effect tones again (from both 
ears). The response-post effect mapping was as the same as they acquired in the acqui-
sition phase.

Data Analysis plan

The data were analyzed in the same fashion as the precedent experiments. Specifi-
cally, participants with 20% or more error rates were excluded. For RT analysis, RTs on error 
trials, as well as any latency slower than 1000 ms (i.e., omissions) and faster than 100 ms 
(i.e., anticipations) were removed. Of the remaining trials, after excluding the unbalanced 
response proportion of the acquisition phase, RTs and error rates in the test phase were 
analyzed as a function of the compatibility conditions. The results of each experiment with 
the same analysis were also summarized in Table 4.1.

Results

Acquisition phase

First, we excluded all acquisition trials with omissions (0.29%) and anticipations (0%). The 
left and right response proportions of the remaining trials were calculated, and the two-
tailed paired t-test showed no difference between the allocation of the left and right hand, 
t(37) = 0.93, p = 0.357, left hand: Mean = 49.88%, SD = 0.024). Neither did the hand pressing 
time (Mleft = 463.52 ms, SD = 58.40; Mright = 439.54 ms, SD = 63.21, t(37) = -0.888, p = 0.380).
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Test phase

Two participants were excluded because they failed to meet the response criteria 
in the acquisition phase. Furthermore, trials with response omissions (0.27%) were exclud-
ed from the main data analysis, and there was no anticipation. 

Table 4.1

Performance Summary for Each Type of the Response-Outcome Contingency 

Note. For comparing the difference between compatible and incompatible trials, we report-
ed the one-tailed t-test result of RTs and Error Rates, respectively. That is, RTs (or error rates) 
in compatible trials were faster (or smaller) than those in incompatible trials. In Experiment 
1, the rewarding condition was a within-subject variable, however, for better inspection, the 
results are presented separately.  C: compatible; IC: Incompatible; D = IC-C

Exp1:
rewarding
outcome

Exp1:non
rewarding
outcome

Exp2: 
task-relevant 
modality

Exp3: 
post-response 
outcome

RT
(ms)

C 382.56 (64.06) 380.72 (68.26) 322.29 (66.08) 419.50 (55.17)

IC 382.87 (79.09) 381.54 (82.31) 326.38 (73.41) 424.78 (56.60)

D t(48) = 0.087,
p=0.465

t(48) = 0.283,
p=0.389

t(29) = 1.536,
p=0.068

t(37) = 2.638,
p=0.006

error
rate
(%)

C 6.0 (9.1) 6.4 (9.5) 1.5 (2.1) 1.9 (2.4)

IC 7.1 (15.2) 6.8 (15.2) 1.9 (2.8) 2.4 (3.2)

D t(48) = 0.980,
p=0.166

t(48) = 0.391,
p=0.349

t(29) = 1.352,
p=0.093

t(37) = 1.117,
p=0.136

Error rates.

Error rates were analyzed based on all trials. In general, participants in each con-
dition were relatively accurate, and most of the participants made less than 15% errors per 
condition (Merror_comp = 1.9%, SD = 2%; Merror_inc = 2.4%, SD = 3%). The one-tailed paired sample 
t-test showed no support for a compatibility effect (i.e., less errors in the compatible condi-
tion), t(37) = -1.12, p = 0.136, d = -0.181, 95% CI = [-∞, 0.003]. The Bayesian paired sample 
T-Test resulted in BF-0 = 0.533, which did not give any clue based on current results.

Reaction times.

Individual reaction times (RTs) of the remaining correct trials were aggregated over 
compatible and incompatible. Subsequently, the mean RTs per condition (MRT_comp = 419.50 
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ms, SD = 55.17; MRT_inc = 424.78 ms, SD = 56.60) were compared with a one-tailed paired 
sample t-test 1 , yielding a significant compatibility effect with a moderate effect size, t(37) 
= -2.64, p = 0.006, d = -0.428, 95% CI = [-∞, -1.903]. The Bayesian paired sample T-Test re-
sulted in BF-0 = 7.001, which means that the data are approximately 7 times more likely to 
occur under H- (i.e., RTs in compatible trials for faster than incompatible trials), than under 
H0 (i.e., same RTs in both conditions). This result indicates moderate evidence in favor of H-.

As trials in this experiment ended with the presentation of an outcome, we also 
investigated whether the standard compatibility effect was affected by the similarity of the 
outcomes on the previous trail and the prime on the current trial, as well as the similarity 
between the required response on the consecutive trials. To this end, we added two control 
variables, namely the outcome-primes similarity and the previous/present response simi-
larity to check whether the outcome/response sequence interacted with the compatibility 
effects. That is, a three-way repeated ANOVA was conducted on RTs with three within-sub-
jects factors: the IM compatibility (compatible vs. incompatible), the outcome-prime simi-
larity (same vs. different), and the previous/present similarity (same vs. different). Results 
only found a significant main effect of the IM compatibility: F(1,37) = 7.92 **, p = 0.008, ηp2 
= 0.176. The remaining main effects and interaction effects did not reach to significance, 
revealing that the compatibility effect on a given trial was not affected by events on the 
previous trial.

Memory Checks 

Of the 38 participants, 35 recalled the correct mapping between the left (and right) 
key press and outcome that they exposed in the acquisition phase. Besides, we also meas-
ured their belief that whether particular key press generated particular tones with a 9-rated 
scale (i.e., 1: not at all; 9: very much). The subjective reports showed that 23 participants 
rated at least as level 7, of which 13 rated the highest level (i.e., 9). 

Discussion 

In the current experiment we found that presenting outcomes following responses 
during the test phase finally produced the IM effect, which was supported by the ANOVA 
and the Bayesian analyses. As the cued compatibility paradigm was designed to test for an 
automatic IM effect, we can conclude that outcome primes automatically trigger associated 
actions, but only when those actions are still producing outcomes. 

Although this is not inconsistent with ideomotor theory – because one would ex-
pect actions associated with outcomes to produce those outcomes) – it raises a problem for 
the two-stage paradigm: If outcomes are presented in the test phase, how can we be sure 
that the ideomotor effect is based on associations formed in the acquisition phase? That is, 
associations could be acquired in the test-phase as well.  On the one hand, our explicit

1 Because the skew RT distribution, we repeated the paired sample t-test reported below using the reciprocal and 
logistic transformation of mean and median RTs, and found essentially the same pattern, so as the non-parametric 
Wilcoxon-Mann-Whitney test. 
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checks in Experiments 1 and 2 established that participants did learn the correct action-out-
come mappings in the acquisition phase (c.f., Sun et al., 2020). On the other hand, ac-
tion-outcome relations could also be (re-)learned in the test-phase, and were also explicitly 
communicated in the instructions of the test phase, which could further facilitate the IM 
effect (Theeuwes et al., 2015; Tibboel & Liefooghe, 2020). We return to this issue in the 
general discussion. 

General discussion

 The three experiments presented in the current paper investigated three distinct 
moderators (i.e., rewarding outcomes, stimulus modality of outcome primes, and present-
ing outcomes after responses in the test phase), that could have prevented automatic ideo-
motor effects from being detected in the two-stage paradigm (cf. Elsner & Hommel, 2001; 
Sun et al., 2020). While rewards in the acquisition phase and presenting outcome primes 
in the same modality in the test phase did not cause an IM effect in the current test phase 
that was specifically designed to pick up automatic effects, adding and repeating outcomes 
in the test phase did lead to a clear IM effect. That is, only when responses in the test phase 
were followed by the same results as in the acquisition phase, outcome primes (tones) that 
accompanied imperative visual cues speeded up compatible compared to incompatible re-
sponses.

 Contrary to our expectations, rewards in the acquisition phase did not bring out an 
IM effect in the current task. While earlier experiments have failed to establish a facilitating 
effect of rewards before (Muhle-Karbe & Krebs, 2012), they seem to be at odds with the 
finding of Eder and colleagues (2019). As in the current experiment, they rewarded partic-
ipants for remembering two specific action-outcome relations (but not for remembering 
another two relations). A crucial difference, though, is that they used an instructed com-
patibility paradigm that followed quickly after the acquisition phase. As participants were 
rewarded for explicitly remembering the relation between actions and outcomes, it may 
be no surprise that instructions that were compatible versus incompatible with this explicit 
knowledge were easier to implement. While our experiment revealed the presence of simi-
lar explicit knowledge, the more stringent test for automaticity (i.e., the cued compatibility 
paradigm) revealed no effect. Thus, while rewards may determine which action-outcome 
relations may be attended to in the acquisition phase, they may not lead to actions auto-
matically being recruited in the test phase upon perceiving stimuli related to their previous 
outcomes. 

 We also have to conclude that presenting outcome information in the same mo-
dality as the imperative cues in the test phase does not produce an automatic IM effect. 
While, in principle, it should be less easy to ignore information coming in through the same 
modality (Marien et al., 2014; Rodway, 2005; Turatto et al., 2002), we did not obtain an IM 
effect in our test phase. It should be noted, though, that while the ANOVA and the Bayes-
ian test of differences did not reveal a clear and convincing effect, the difference between 
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compatible and incompatible trials was small, but in the right direction. Potentially, then, 
the obtained null effect may be the result of low power. Whereas high-powered studies in 
the area of ideomotor testing are very rare (but see Sun et al., 2021, Experiment 3b) further 
research with larger samples would have to determine whether presenting imperative cues 
and outcome primes in the same modality can lead to automatic IM effects. 

In our third experiment, we found evidence for an IM effect when actions did pro-
duce the outcomes they produced earlier in the acquisition phase. While other studies have 
established the presence or absence of post-response outcomes in the test phase is able 
to affect action control (e.g., Elsner & Hommel, 2001), it should be noted that these exper-
iments used an instructed compatibility paradigm that, as noted above, does not provide 
conclusive evidence for automatic IM effects. The current finding demonstrates, though, 
that stimuli that previously served as outcomes, and are in principle task-irrelevant, do nev-
ertheless automatically trigger the actions that cause them, which is consistent with the 
finding of Vogel and colleagues (2020).

While the finding that adding outcomes in the test phase may add to the credibil-
ity of ideomotor effects (usually actions keep producing the same outcomes), this may be 
problematic for the two-stage paradigm. That is, it does not rule out the possibility that the 
effect is due action-outcome relations being acquired during the testing phase itself, ren-
dering the acquisition phase irrelevant. So while the classic two stage paradigm assures that 
an IM effect is due to associations created in the acquisition phase, the effect obtained in 
the current paradigm could be due to representations of the relation between actions and 
outcomes that are included in the test phase and thus kept active in working memory in the 
moment  In our opinion, such a process would be hard to explain by a mechanistic ideomo-
tor account, as such a process would require causal inferences or propositions (Mitchell et 
al., 2009) regarding the relation between action and outcome. 

These results are also in line with recent findings by Sun et al., (2022), who ob-
tained significant automatic IM effects in a paradigm that only consisted of a series of short 
test phases in which action-outcomes were presented in blocks, without separate acqui-
sition phases. As action-outcome relations could change from one test phase to the next, 
they established that these relations were acquired quickly enough to be learned and reveal 
themselves through a compatibility effect within merely 20 trials. Moreover, no spill-over ef-
fects were found from one block to the next, indicating that participants started with a blank 
slate on each new block and that compatibility effects were produced by action-outcome 
relations that applied in the moment.

Together, these findings suggest that automatic IM effect may not be produced by 
bi-directional associations between even files that are stored in (long-term) memory and 
automatically retrieved when outcome-related stimuli are encountered later, but that they 
are driven by hypotheses or positions participants form about of action-outcome relations 
in the task at hand. This interpretation dovetails nicely with the idea that relations between 
actions and outcomes that are communicated through instructions can also elicit automatic 
responses to outcome primes, even though the two have never been experienced together 
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(Theeuwes et al., 2015; Tibboel & Liefooghe, 2020).

Although the notion that ideomotor effects are driven by in-the-moment rep-
resentations would still allow for automatic IM effects to occur in real life, it may change 
our understanding of when and where ideomotor action may occur. For instance, hearing a 
guitar note in a restaurant may not immediately evoke a motor action in an experience gui-
tarist, as the relevant action-outcome relation is not active in the task at hand. However, it 
may do just that in a student who just started to practice notes and is attempting to produce 
a tone with a specific pitch during a practice session. 

This hypothesis maps nicely onto findings described in the literature on mirror neu-
rons in monkeys, in which observing action outcomes in others is found to activate mirror 
neurons that are also activated when the same action is conducted by the monkey itself 
(Gallese et al., 1996; Rizzolatti et al., 1996; Rizzolatti & Craighero, 2004). While this was first 
regarded as a hard-wired link between perception and action, later studies demonstrated 
that these effects only occur when the action is relevant to the monkey (Umiltà et al., 2001) 
and that the mirror neurons that are activated are determined by the specific action-out-
come relation in the task at hand (Umiltà et al., 2008).

Such flexibility has also been proposed in more recent adaptations of ideomotor 
theory, i.e. the binding and retrieval in action control framework (BRAC, Frings et al., 2020), 
in which ideomotor action is considered to be moderated by context and goals. While fully 
in line with the current findings, such concessions to the mechanistic approach to goal-di-
rect action that ideomotor theory once offered, could be a slippery slope. While models like 
BRAC still claim to offer a mechanistic, although far more complicated, view on goal-direct-
ed action, it does still not put a conscious decision maker at the center-stage of the theory. 
An alternative to the mechanistic approach would be to assume that people infer causal 
relations between events in a task and that the resulting propositional knowledge (Mitchell 
et al., 2009) may, under some conditions automatically affect the task at hand. Although the 
two views may be two sides of the same coin, they invite a radically different view on ideo-
motor action that is in any case more dependent on subjective, in-the-moment hypotheses 
about action-outcome relation in the mind of the actor, than on bi-directional associations 
formed in memory by co-activation of event files. Whereas the examination of goal-directed 
behavior is an intriguing and important venture to understand the full potential of human 
functioning, which view fits best on the learning and emergence of goal-directed behavior 
remains open for further scrutiny. 
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Abstract

Ideomotor (IM) theory provides a widespread mechanistic account for understand-
ing how goal-directed action can be learned and instigated. That is, when bidirectional as-
sociations between actions and outcomes have been established in memory, the percep-
tion or thought of the outcome could automatically activate the associated action. While 
a sizable literature provides evidence in line with this account, most findings can also be 
explained by propositions that are made based on causal inferences. In the present paper, 
we present an online IM paradigm that combines several features of propositional learning 
previously reported in the literature. That is, we aim to provide evidence for fast learning of 
action-outcome relations and flexible switching in between learned rules, in a single experi-
ment in which learning and testing of action-outcome connections occur on the same trials. 
We demonstrate that IM effects emerge within a couple of trials, but also that people can 
update learned action-outcome associations immediately when an alternative mapping of 
outcomes on actions is introduced, without any switch costs. We argue that a propositional 
account, according to which people infer explicit causal rules, can explain these findings 
better than a mechanistic account relying on bidirectional associations.

Keywords:  ideomotor, goals, automaticity,  propositional learning
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Introduction

Goal-directed behavior enables us to navigate our world and realize outcomes we 
have in mind. Such behavior would seem to require causal knowledge about the world: In 
order to produce a certain outcome, such as having a pizza delivered at our doorstep, one 
must have an understanding of the relations between calling a restaurant or placing an or-
der on a website, and the delivery of the pizza at home (Kruglanski et al., 2002). And if one 
wants to pour a glass of water, one needs to know that lifting the handle of the faucet would 
make this possible.

While even the simplest action would therefore seem to require the use of fairly 
sophisticated mental models of causal relations (e.g.,Waldmann et al., 1995), Ideomotor 
(IM) theory (for reviews, see Pfister, 2019; Shin et al., 2010; Stock & Stock, 2004) provides an 
elegant mechanistic account of how organisms could acquire the ability to engage in goal-di-
rected action. At least in its modern form (e.g., Hommel et al., 2001), it assumes that when 
an agent repeatedly performs an action (e.g., pressing the home key of a phone with the left 
thumb), bidirectional associations are established between the representation of the action 
and its perceived effect (e.g., the phone switching on), which may consist of visual, auditory, 
or proprioceptive information. As a result, simply thinking of, or merely activating the per-
ceptual representation of the phone switching on, suffices to activate the representation of 
pressing the home key with your thumb, which would then prepare or trigger that action. 
Any organism, then, that is capable of storing associations between representations of its 
actions and representations of perceived outcomes in memory, can therefore – in principle 
– engage in (a rudimentary form of) goal-directed behavior.

This mechanistic account provided a compelling framework to understand auto-
matic influences on behavior such as imitation (Iacoboni, 2009), behavior priming (Dijks-
terhuis & Bargh, 2001), goal priming (Custers & Aarts, 2010), and even the occurrence of 
mirror neurons (Heyes, 2010). A substantial literature on IM theory also provides evidence 
that is in line with this associative account (Shin et al., 2010). However, we argue here that 
most findings in the literature on ideomotor theory can also be explained by assuming that 
people explicitly realize which actions produce which outcomes and that hence, IM effects 
could be the result of propositional learning (Gawronski & Bodenhausen, 2011; Mitchell et 
al., 2009).

Recent research and theorizing suggest that such propositional learning is funda-
mentally different from Hebbian learning (Hebb, 2002), according to which associations 
arise from mere coactivation of mental representations (Gawronski & Bodenhausen, 2011; 
Mitchell et al., 2009). Instead, it involves the generation and testing of hypotheses. As such, 
propositional knowledge can be labeled as true or not true, as it represents a relation be-
tween variables in the world (e.g., X causes Y). Therefore, propositional learning can be 
faster and more flexible than Hebbian learning, as it does not require extensive repeated 
exposure to events for bidirectional associations to be formed through the coactivation of 
representations. 
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The current paper first reviews existing evidence in line with this alternative ac-
count. Based on that review, we then report two experiments featuring an IM paradigm 
that would be highly unlikely to produce IM effects according to the traditional account, 
but would be expected to have IM effects according to our causal inferences account. More 
specifically, the experiments feature a novel paradigm in which learning and testing of ac-
tion-outcome relations are combined in one continuous task and the causal relations, or 
mappings, between actions and outcomes switch rapidly between blocks. While the short 
blocks and rapid switching between mappings would make IM learning unlikely under the 
traditional account, any learning would be expected to be accompanied by a spill-over effect 
across blocks, as an established association in memory should carry over to the next block. 
Under the alternative account, however, IM effects should emerge virtually instantly within 
blocks without any spill-over, as participants could infer the causal relation between actions 
and outcomes within a few trials on each block.

Evidence for Ideomotor Learning and Action

Empirical evidence for ideomotor theory mainly relies on the two-stage paradigm 
(for reviews, see Pfister, 2019; Shin et al., 2010; Stock & Stock, 2004), in which participants 
first engage in a lengthy acquisition phase where they execute actions that are followed by 
distinct outcomes. Then, in the test phase, people engage in these actions again, but these 
are preceded by the stimuli that served as outcomes earlier. An IM effect is inferred from 
the finding that stimuli that previously served as outcomes evoke the actions that preceded 
them.

For instance, in the classic study by Elsner and Hommel (2001), participants first 
executed two different responses (e.g., pressing a left or right key) that each consistently 
produced an arbitrary outcome (e.g., a high or low tone) for 200 trials. Then, in the test 
phase, participants were instructed to respond to the stimuli in a forced-choice task that 
previously served as outcomes either with the actions that produced them earlier, or the 
opposite actions, for 100 trials respectively.

It was found that when participants were instructed to react to an outcome with 
the response that produced it in the learning phase (the compatible response), responses 
were faster than when the participant had to react with the opposite (incompatible) re-
sponse (Experiments 1A/B), and that the effect even occurred when responses no longer 
produced outcomes in the test phase (Experiment 1B). 

In their subsequent experiments (Experiments 2-4), Elsner and Hommel (2001) 
used a free-choice task in the testing phase, in which participants were asked to respond 
on each trial with a response of their choice. The stimuli that served as outcomes in the 
learning phase were, however, presented just before the response with the instruction that 
they were irrelevant and should be ignored. Consistent with the results of the forced-choice 
task, though, participants’ free choices were more often in line with the mapping that was 
presented in the learning phase.  Using similar two-stage paradigms, this compatibility ef-
fect has been replicated over a hundred times (Watson et al., 2018), providing evidence that 
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is consistent with ideomotor theory. However, we would like to point out that a similar effect 
could be predicted from an explicit causal inferences account. First, participants would only 
need a couple of trials in the lengthy acquisition phase to figure out the action-outcome 
mapping. Second, both the forced- and the free-choice task used as test phases could be 
influenced by such propositional knowledge. As we will argue below, incompatible instruc-
tions (according to which participants have to respond to a previous outcome, not with the 
response that produced it in the acquisition phase, but the opposite response) would be 
harder to remember and implement. And by definition, the free choice task would be open 
to any rule, strategy, or whim participants could come up with. Hence, while the traditional 
account indeed predicts the IM effect that are reported in an extensive IM literature, these 
paradigms do not rule out that the findings are the result of explicit causal inferences. Be-
low, we report findings that are in line with this account.

Existing Findings in line with Explicit Causal Inferences

Explicit Knowledge from Acquisition Phases

There is evidence that participants indeed infer the causal relations that are fea-
tured in the lengthy IM acquisition phases. In fact, Elsner and Hommel (2001) reported 
that in their Experiments 2A and 2B, most participants were able to correctly recall the 
action-outcome mapping that was featured. A similar observation was made in recent work 
by Sun and colleagues (2020). Although one could argue that the questions they used to 
test causal knowledge (i.e., “which response produced this event in the acquisition phase?”) 
could prompt a correct answer due to bidirectional associations in memory in the absence 
of explicit causal knowledge, the near perfect accuracy suggests that people remember 
the causal relations.  So, while an extensive learning task of hundreds of trials may create 
lasting bidirectional associations in memory, participants do also seem to acquire explicit 
knowledge about the causal relations between actions and outcomes in this task. Sun and 
colleagues (2020) demonstrated that these explicit causal inferences are also made sponta-
neously, without any instructions.

Ideomotor Effects from Mere Instructions

Recent research on instruction effects suggests that providing people with explicit 
knowledge about action-outcome relations through instructions can produce IM effects in 
the absence of any actual pairings of actions and outcomes. To demonstrate this, Theeuwes 
et al. (2015) gave people instructions about action-outcome relations in an upcoming task. 
They found that these instructions caused outcome cues to affect responses in a second 
task, even though the instructed action-outcome relations had at that point never been 
experienced (for similar findings and reasonings, see Tibboel & Liefooghe, 2020). Although 
explicit knowledge was manipulated through instructions, these studies suggest that infer-
ences that are made spontaneously by participants in the acquisition phase could serve as 
self-generated instructions that produce IM effects in the test phase (c.f., Eder & Dignath, 
2017).
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Ideomotor Effects from Fast-Learning  

While the use of lengthy training phases in the IM literature seems to reflect the 
assumption that feature repetition between stimuli and responses plays a key role in the 
binding and retrieval process in action control (Frings et al., 2020; Hommel et al., 2001), 
recent work demonstrates that action-outcome contingencies could be learned from even a 
couple of action-effect parings. For instance,  Wolfensteller and Ruge (2011) obtained IM ef-
fects with a severely shortened two-stage paradigm. They used a cued forced-choice testing 
phase to test for automatic IM effects, but their paradigm used a short learning phase (8 to 
32 trials) and a subsequent short test phase (20 trials). This shortened two-phase learning 
procedure was repeated over many blocks, each time with a novel action-outcome relation. 
Their findings revealed an IM effect on reaction times for learning phases as short as 16 
trials (8 pairings for each action and its outcome). 

Such rapid learning is more consistent with an explanation in terms of causal in-
ferences, as it seems unlikely that bidirectional associations stable and strong enough to 
influence behavior would be formed nearly without repetition. Other findings demonstrat-
ing quick learning have also been obtained for stimulus-response bindings. In these studies, 
responses have also been facilitated by stimuli that preceded them after minimal learning 
(e.g., Dutzi & Hommel, 2009; Moeller et al., 2016; Moeller & Frings, 2019; Schwarz et al., 
2018). Although not directly related, such research shows that learning the relation be-
tween events can happen so quickly, that the formation of bidirectional associations as a 
result of coactivation seems an unlikely candidate for the learning process driving these 
effects.

Flexible Ideomotor Effects

The findings discussed above also suggest that the application of action-outcome 
knowledge may be flexible (e.g., Eder et al., 2020; Wolfensteller & Ruge, 2011). While learn-
ing of novel relations on consecutive blocks could potentially be explained in terms of nov-
el associations that are added to memory on each block, it also may suggest that people 
abandon a previously learned rule and replace it with a new one, which is more in line with 
propositional learning. This interpretation is supported by research showing that a specific 
action-outcome mapping that is cued at a trial level can prompt this mapping to be used in 
the initiation of their responses (e.g., Pfister et al., 2010; Zwosta et al., 2013). Specifically, 
when cues indicated that responses would be followed by a spatially compatible outcome, 
responses were faster than when cues indicated incompatible outcomes.

To conclude, although there is only indicative evidence for parts of our alterna-
tive account, the literature shows that people do make causal inferences during learning, 
and that these inferences could potentially produce IM action in the test phase. Moreover, 
studies demonstrating fast learning and flexible application of action-outcome knowledge 
suggest that learning may be propositional in nature. 
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Existing Evidence for Non-Automatic Ideomotor Responses

It is important to note that both the standard free-choice and the forced-choice 
test phases could be directly influenced by the causal knowledge or specific strategies peo-
ple have in mind. For instance, in most forced-choice tests, response instructions are given 
that are either compatible or incompatible with the relations between action and outcome 
that were presented in the learning phase. While faster and more accurate responses in 
the group with compatible versus incompatible instructions could be the result of stimuli 
automatically triggering the response that produced them in the past, it could also be the 
case that instructions that are incompatible with the inferred causal relation from the learn-
ing phase are harder to remember or implement (Monsell et al., 2001). In a similar vein, in 
the free-choice testing phase participants could deliberately choose to act in line with the 
inferred causal relation, either because of demand characteristics, or because it makes it 
easier to follow the request to respond randomly. Note that in both cases, it is the explicit 
causal knowledge that either interferes with the instructions, or is used to produce a delib-
erate pattern of responding.

Recent evidence by Sun et al. (2020) indeed suggests that such explicit causal 
knowledge may drive IM effects. While their two-stage experiment with a free-choice test 
phase produced a solid IM effect, a closer inspection revealed a bimodal distribution of par-
ticipants’ IM effects. While the majority was clustered around the chance level (i.e., 50%), a 
small number of participants showed a very large bias. Some even responded 100% in line 
with the previously acquired mapping. As bidirectional associations influencing people’s re-
sponses would be expected to result in a small but consistent IM effect across participants, 
the bimodal distribution suggests that the IM effect may have been driven by a small num-
ber of participants that used a deliberate strategy or response rule based on causal relations 
between actions and outcomes they inferred in the learning phase.

To recap, while the literature on the two-stage paradigm provides evidence in line 
with the idea that IM effects are produced by bidirectional associations between actions 
and outcomes, it does not rule out the possibility that these effects are produced by propo-
sitional knowledge, based on explicit causal inferences. Although such propositional knowl-
edge could produce automatic responses in the test phase (Mitchell et al., 2009; Theeuwes 
et al., 2015), it could also produce such effects through more explicit, deliberate processes 
(interacting with task instructions, triggering strategic processes). While findings from dif-
ferent studies provide evidence for causal inferences during learning and the possibility of 
this knowledge driving ideomotor effects, more direct evidence for these processes driving 
ideomotor learning is lacking. While distinguishing between propositional and associative 
processes during learning is notoriously difficult (Mitchell et al., 2009) , we aim to provide 
more support for the role of explicit causal inferences in IM learning by creating a task that 
would be very unlikely to yield IM effects according to the traditional account, but not under 
the alternative explicit causal inferences account.
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The Current Study

First of all, the current study features a continuous IM learning paradigm, in which 
relations between actions and outcomes can be acquired and tested at the same time. Par-
ticipants perceived the outcomes (a colored light flicking on in the middle of the screen) of 
their actions (a left or right keypress) after responding to two imperative stimuli (a left light 
or a right light). These stimuli shared a key property (i.e., color) with one of the two out-
comes. As such, stimuli that prompted a specific action could either be compatible or incom-
patible with its outcome. Crucially, the mapping between actions and outcomes changed 
over ten blocks, with half of the blocks using the opposite mapping between actions and 
outcomes. 

In Experiment 1 we used a perfect contingency between actions and their specific 
outcomes on each block. An IM effect would demonstrate that learning can occur very fast, 
conceptually replicating the work by Wolfensteller and Ruge (2011). However, in contrast 
to Wolfensteller and Ruge, participants in the current experiments switch back and forth 
between mappings. As such, an IM effect in the absence of a spill-over effect from one block 
to the next would also indicate that people can abandon a causal rule when it no longer 
applies. Together, this would, in our opinion, be much easier to explain in terms of proposi-
tional knowledge about causal relations. Hence, the paradigm would pit in-the-moment IM 
effects that arise within the block against lasting IM effects, that would affect IM responses 
on later blocks. While Experiment 1 aims to test the basic effect, Experiment 2 aims to rep-
licate it and investigate the effect of partial contingencies. Though less consistent pairings 
of actions and outcomes should lower the strength of the associations between the two 
(c.f., Elsner & Hommel, 2001), we reasoned that it would be less likely to affect the causal 
inferences people make. On the contrary, a partial contingency could promote inferences 
of causal relations by making the task more engaging or directing attention to the relations 
(Kunde, 2004). As such, this conceptual replication could provide additional evidence for the 
role of propositions based on causal inferences in IM learning. 

Experiment 1: In the Moment versus Lasting Ideomotor Effects
Method

Participants and Design

To determine the number of participants, we employed a (pre-registered) Sequen-
tial Bayes Factor design with a maximum n (Schönbrodt et al., 2017). That is, after recruiting 
a minimum of 50 participants a Bayes factor (BF) for the compatibility effect was calculated 
across all experimental trials. Data collection was set to be terminated as soon as the Bayes 
factor for the overall compatibility effect, or the alternative hypothesis (i.e., no difference 
between compatible and incompatible) was equal or bigger than six. A Bayes factor of six is 
chosen as it is typically interpreted as reflecting ‘substantial evidence’ for a hypothesis (Jef-
freys, 1961; Lee & Wagenmakers, 2013). If none of those criteria were met, an additional 10 
participants would be recruited until the BF met the criteria, or the number of participants 
would reach Nmaximum = 100 participants. We used the Jeffreys-Zellner-Siow prior (JZS) 
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default BF implemented in the software JASP (version 0.13, JASP Team 2020) (van Doorn et 
al., 2020) with a scale (width) parameter of ω = 0.707 as a conservative prior for the expect-
ed effect size. All participants received payment for their participation.

Procedure

Participants were recruited online via Prolific (https://www.prolific.co/). They en-
gaged in an online experiment that was programmed in Gorilla (https://gorilla.sc/) and after 
providing consent they received general instructions. They learned that in the task they 
would repeatedly see three lights lined up horizontally at the center of the screen (see Fig-
ure 5.1A) and that it was their task to respond with a left (z) or right (/) keypress if the left or 
right light lit up respectively. They learned that after their response, the middle light would 
light up as a result of their action.

The experiment started with two practice blocks, in which participants could get 
acquainted with the task. After that, 10 experimental blocks followed, preceded by an in-
duction block (see below). After the experiment, participants were thanked and debriefed. 
The procedure was pre-registered prior to data collection (https://osf.io/vfhjs/). Data and 
analysis scripts are available at the Open Science Framework.

Experimental Trials

A trial started with a fixation point for 250 ms followed by a row of grey lights for 
250ms (see Figure 5.1A). Subsequently, the left or right light would light up in either red or 
green. The response – outcome mapping was fixed within a block. If the participants re-
sponded correctly to this imperative stimulus with a left keypress (z) for a left light or a right 
keypress (/) for a right light, the middle light would light up for 150 ms in either red or green, 
according to the response-outcome mapping that was applied within the block at hand (see 
below). If participants responded incorrectly, participants received the following message: 
“Sorry, you are wrong”. If participants did not respond within 3000 ms, they received the 
feedback: “Oops, you missed it”. These trials were recorded as errors or missing values re-
spectively and then the next trial would commence. On compatible trials, the color of the 
imperative stimulus was the same as the color of the effect stimulus within the block, where 
the action-outcome mappings were fixed. On incompatible trials, the imperative stimulus 
was the opposite color to that of the required response within the block (See Figure 5.1A for 
examples). As learning and testing occur on the same trials, effects could emerge as soon as 
trial two on a block, after the first outcome of one of the actions was perceived.

Experimental Blocks

An experimental block consisted of 20 experimental trials. These consisted of five 
repetitions each of four possible trials with different imperative stimuli: a left light in green, 
a left light in red, a right light in green, or a right light in red (see Figure 5.1A). As the ac-
tion-outcome mapping was perfectly consistent within the block, this always resulted in 10 
compatible and 10 incompatible trials. These trials were presented in a random order.

At the start of each block participants were reminded that they would earn an extra 
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point (that would convert to extra money at the end of the experiment) if they could cor-
rectly remember the action-outcome mapping of that block. Memory of the mapping was 
tested after all experimental trials in the block. Participants had to respond without time 
pressure to the two colors of the middle light (red and green), indicating which response had 
produced that color during that block (left or right keypress). The accuracy score was calcu-
lated by averaging the number of correct responses over the two questions. Subsequently, 
at the end of the block, participants received feedback on their mean response time (RTs) 
on that block, and received a rank-ordered overview of mean RTs on all completed blocks to 
keep them motivated and engaged. They also received feedback on their mean accuracy on 
the memory checks on all completed experimental blocks so far.

Action-Outcome Mapping

Of the 10 experimental blocks, 5 featured one action-outcome mapping (left-green 
/ right red) and five the other (left-red / right-green). Pseudo-random sequences were creat-
ed so that five blocks were preceded by the same mapping, and five by a different mapping. 
In order to do so, an additional induction block was added, so that the mapping of the first 
of the 10 experimental blocks could also be classified as the same, or different from, this 
induction block. Reaction times and error rates are reported for the 10 experimental blocks 
only.

Data Analysis Plan

Data were analyzed using R 4.0 (R Core Team, 2020). Visualizations of raw data 
points were built with the raincloud plots (Allen et al., 2018). Before conducting the anal-
yses, error rates (or accuracy) and reaction times (RTs) were both tested for normality by 
visually inspecting the Q-Q plots of the difference between conditions (e.g., compatible, 
and incompatible). Transformation was applied if the raw data violated the normality cri-
teria, first checking whether log-transformation met, if not, using a reciprocal-transfor-
mation. If after both transformations the normality assumption was still violated, the Wil-
coxon-Mann-Whitney test would be used to compare the difference between conditions. 
ANOVAs were calculated using the aov_ez function and Type III sums of squares (afex pack-
age Version 0.28 in R; Singmann et al., 2015). When assumptions of sphericity were violat-
ed Greenhouse-Geisser (GG) correction was utilized in the ANOVA model. In this case, we 
report uncorrected degrees of freedom and corrected p-values.

The Bayesian factors (BFs) were calculated with the default JZS prior setting in JASP 
(JASP Team, 2020). The reporting of a BFs classification was based on work of van Doorn 
and colleagues (van Doorn et al., 2020). The default prior is described by a Cauchy distri-
bution centered around zero and with a width parameter (ω) of 0.707. For non-directional 
hypothesis assumption comparison, this corresponds to a probability of 50% that the effect 
size lies between -0.707 and 0.707. For the directional hypotheses, the Cauchy is simply cut 
in half. That is, if expecting a positive effect size, ‘we are 50% confident that the effect size 
lies somewhere between d=0 and d=0.707”. There is some literature to support that this is 
a reasonable expectation of the effect size and an interpretation can be found in a recent 
introduction paper by Schmalz and colleagues (2021). 
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Figure 5.1. 

Basic design of Experiment 1

 

  

 

Note.  Panel A depicts an experimental trial. Participants had to respond based on the 
location of the light on the cue screen (left for left and right for right). After their re-
sponse, a middle light appeared as a result of their action according to the action-out-
come mapping that remained unchanged throughout a block (in this case: left-green 
/ right-red). The color of the light on the cue screen, then, could be compatible or 
incompatible with the action-outcome of the required action within each block. Panel 
B depicts the memory check task, in which participants had to recall the correct re-
sponses that generated the mapped color they learned on the previous block. Panel 
C depicts the whole pipeline of the main task. There were 11 blocks in total, including 
the first induction block. The R-O mapping was changed among blocks. Depending on 
the R-O mapping of the consecutive blocks, a block either had the same, or a different 
mapping as the previous block.
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Results

Participants with an extremely high number of error rates (over 20%), were re-
moved before analysis. For reaction times (RTs) analysis of the remaining participants, trials 
on which the RTs were faster than 100 ms (anticipation) and longer than 1500 ms (omission) 
1were also excluded. Error trials were removed prior to analyzing RTs. Using the Bayesian 
stopping rule to determine the final sample size 2, 100 participants were collected in total, 
as the BF for the compatibility effect, including the induction block, or the absence of it, did 
not reach 6. 

Two participants were removed before analysis because their error rates exceeded 
20%, so the final sample consisted of 98 participants (Mean age = 25.21 years, SD = 5.27; 37 
females, 7 left-handed and 37 ambidextrous participants).

Memory Check

Memory scores were quite high with mean error rates around 0.112 (SD = 0.164), 
confirming that though the mapping between responses and outcomes changed across the 
10 blocks (when including the induction block, the performance was also very high (M = 
0.123, SD = 0.165), participants could easily learn the relation between actions and out-
comes and then pass the contingency checks to win extra points. 

Error Rates

As shown in Table 5.1, no difference in error rates was found between compatible 
and incompatible trials, t(97) = -0.095, p = 0.462, (Mcompatible = 0.031, SD = 0.030; Mincompatible = 
0.031, SD = 0.032).

Reaction Times

As explained above, for RT analysis of the remaining participants, trials with antici-
pation (0.938 % of trials) and omissions (0.227 % of trials) were removed. Figure 5.2 depicts 
the distribution of raw RTs of the remaining individuals between compatible and incompat-
ible conditions. Consistent with our main hypothesis, RTs in compatible trials (M = 315.68 
ms, SD = 50.10), in which the color of the imperative stimulus was the same as the result of 
the required response, were indeed significantly faster than those in incompatible trials (M 
= 318.05 ms, SD = 50.55), n which the imperative stimulus was the opposite color to that of 
the required response. The one-tailed t-test showed a significant difference, t(97) = -2.41, 
p = 0.009, d = -0.244. So did the Bayes Factor (BF-0 = 3.481), indicating that the data was 
approximately 3.481 times more likely to occur under the directional hypothesis

1  The threshold of omission was a bit longer compared to our lab studies, which always used 1000 ms as a cut-off. 
We extended the value because the online data had more unpredictable concerns compared to the lab environ-
ment. We also checked the results when applying the strict lab boundary with omission (0.83% of trials) and antic-
ipation (1.01% of trials) when Nmax = 100.
2 See detailed reports when the sample size increased from the minimum to the maximum in Appendix c: Supple-
mental Material A 
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(i.e., H - : the RTs of compatible condition was faster than the incompatible condition, name-
ly, RTcompatible < RTincompatible) than the null hypothesis (i.e., H0, there is no difference 
between compatible and incompatible condition, namely, RTcompatible = RTincompatible). 

Figure 5.2

Individual distributions of RTs between compatible and incompatible conditions. 
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Exp1:
100%
 contingency

Exp2:
100%
 contingency

Exp2: 
80%
 contingency

RT
(ms)

C 315.68 (50.10) 314.27 (37.16) 330.90 (70.86)

IC 318.05 (50.55) 316.58 (40.45) 332.12 (71.15)

D t(97) = -2.41,
p = 0.009,
d = -0.244

t(109) = -1.91,
p = 0.029,
d = -0.182

t(109) = -1.22,
p = 0.113
d = -0.116

error
rate
(%)

C 0.031 (0.030) 0.031 (0.031) 0.026 (0.027)

IC 0.031 (0.032) 0.035 (0.035) 0.024 (0.027)

D t(97) = -0.095,
p = 0.462
d = -0.010

t(109) = -1.66,
p = 0.050,
d = -0.159

t(109) = 0.762,
p = 0.776
d = 0.073

Table 5.1

Performance Summary for Each Type of the Response-Outcome Contingency 

Note. For RTs and Error rates, Mean and (standard deviation) were reported per 
condition.  For comparing the difference between compatible and incompatible tri-
als, we reported the one-tailed t-test result of RTs and Error Rates, respectively. The 
types of the Response-Outcome Contingency consisted of the 100% and the 80% 
occurrences. The former was set in two Experiments, the Base of Experiment 1 and 
the Full contingency of Experiment 2. C: Compatible; IC: Incompatible; D=IC-C
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To investigate the IM effect over time, we employed a time (block 1 to block10) x 
compatibility (compatible vs. incompatible) ANOVA. This analysis revealed a main effect of 
compatibility (see also above), F(1, 97) = 5.87, p = 0.017, ηp

2 = 0.057, and a main effect of 
time, F(9, 873) = 5.63, p < 0.001, ηp

2 = 0.055, but no interaction effect, F(9, 873) = 0.97, p = 
0.429. Furthermore, as the ideomotor effect proved independent of time, a second switch 
(no vs. yes) x compatibility (compatible vs. incompatible) ANOVA was conducted. Again, a 
significant compatibility effect was obtained F(1, 97) = 5.87, p = 0.017, ηp

2 = 0.057, but the 
effect of switch F(1, 97) = 1.73, p = 0.192 and the interaction F(1, 97) = 1.10, p = 0.296 
were not significant, thus revealing evidence for in the moment, but not for lasting 
ideomotor effects.  

Discussion

Experiment 1 created a novel action-outcome paradigm through combining re-
sponse-outcome learning testing for ideomotor effects in one task. While the IM effect per-
sisted over the 10 blocks, there was no evidence that the effect was affected by switches 
in action-outcome mappings. That is, participants did not show stronger IM effects when 
the mapping remained the same from one block to the next, indicating that the IM effect 
was only driven by the action-outcome mapping in the moment. Thus, whereas this con-
ceptually replicates the general IM effect, as well as the finding by Wolfensteller and Ruge 
(2011) that IM learning can emerge very quickly, it also demonstrates that people can switch 
back and forth between opposite action-outcome mapping without any switch-costs. That 
is, participants learn within a couple of trials which mapping applies in the block at hand 
which produces IM effects on their responses, but are able to immediately abandon this 
knowledge and learn the opposing mapping on the next block. 

In our opinion, this pattern is much easier to explain in terms participants inferring 
which of the two possible causal mappings applies in the block at hand, rather than the 
development of bidirectional associations in memory. Building on these initial findings, in 
Experiment 2 we set out to accomplish two things. First, we aimed to replicate the findings 
of Experiment 1. Second, we aimed to provide more evidence for the rule-based nature of 
these IM effects.

In line with the associative explanation of ideomotor effects, Elsner and Hom-
mel (2004) found that stronger IM effects were obtained when a full (100%) versus partial 
(80%) contingency between actions and outcomes was employed, at least in the classical 
two-phases paradigm. We argue that if the effect in the current paradigm is driven by in-
ferred rules, rather than long-lasting associations, it should be less hampered by these par-
tial contingencies. In fact, a partial contingency could even result in people keeping the 
action-outcome representation more active during the task, as the hypothesis would have 
to be checked over more trials to extract the contingency information (Kunde, 2004). Of 
course, these forces would work in opposition and a low contingency would be harder to de-
tect even when people are more engaged. We therefore hypothesize that a substantial, but 
partial contingency of 80% should not reduce, but perhaps even strengthen the IM effect.
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Experiment 2: Replication and Extension of Rule-Based IM Effects
Method

Apparatus and Procedure

 The current experiment used the same apparatus, stimuli, and procedures as 
Experiment 1 with one exception: to investigate whether the strength of location-color 
contingency (response-outcome contingency, R-O) affects the Ideomotor learning and in-
terference effect, we added a between-subjects variable, that is, there was either a full 
contingency between response and outcome (i.e., 100% R-O, the full contingency group) or 
partial contingency (i.e., 80% R-O, the partial contingency group). In the partial contingen-
cy group, 80% of the trials within each block followed one mapping (e.g., the correct left 
response caused the middle light turned to green, and the correct right response caused 
the middle light turned to red). The remaining 20% of the trials used the reversed mapping 
(e.g., the correct left response caused the middle light turned to red, and the correct right 
response caused the middle light turned to green). The full contingency group was identical 
to the Experiment 1.

Participants and Design

 Participants were randomly assigned to one of the two contingency conditions, ei-
ther the full contingency group, or the partial contingency group. Furthermore, we opted for 
a slightly more conservative approach in calculating our sample size based on Experiment 1 
(i.e., the base full contingency group). We used the effect size (d = -0.259, calculated from 
the induction block and the main ten blocks) after removing participants whose accuracy of 
the contingency check fell into the two standard deviations deviating away from the grand 
mean, and a power of 0.80 with significance at the 5% level to test the directional hypothe-
sis. This resulted in a sample size of 94 participants using G*Power (Faul et al., 2007).

 We recruited 220 new participants (ages 18-35 years) in total, 110 per contingency, 
that is, the partial contingency and replication group, from the Prolific website to ensure we 
would reach the approved sample size of 94 after applying the approved exclusion criteria 
and practical concerns (e.g., drop-outs; unpredictable cutoff threshold generating from the 
real data) within each group. However, no participants were excluded on this basis. None 
of them participated in Experiment 1. The experiment (including all stimuli and appendix) 
was pre-registered and available in the OSF project prior to data collection (https://osf.io/
jdac3/).

 The final sample consisted of 110 participants in the full contingency group (42 
female, 1 preferred no to tell; mean ages = 23.93 years, SD = 4.68; 19 left-handed and 5 am-
bidextrous participants), and another new 110 participants in the partial contingency group 
(22 female, 1 preferred no to tell; mean ages = 25.26 years, SD = 4.65; 13 left-handed and 2 
ambidextrous participants).
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Data Analysis Plan

 We performed the exact same analyses reported for Experiment 1, with the excep-
tion of adding a between-subject variable: Type of contingency groups (the full contingency 
group vs. partial contingency group) for each planned comparison. 

Results

Memory Check 

 We found that overall, there was a significant difference between the full contin-
gency group and partial contingency group with the one-tailed two-sample Wilcoxon test 
(i.e., the non-parametric test to the independent two-sample t test) (i.e., hypothetically, 
error rates from the full group should be smaller than the partial group), p = 0.005, effect 
size = 0.173, with the partial contingency yielding greater error rates (M = 0.164, SD = 0.191) 
than the full contingency group (M = 0.117, SD = 0.164).When excluding the performance of 
the memory check of the induction block, the visual pattern was consistent, with less error 
rates in the full contingency group (M = 0.107, SD = 0.165) compared the partial contingency 
group (M = 0.138, SD = 0.195), but the difference between the two group was not signifi-
cant, p = 0.099 1 .

Error Rates

 No participants were removed as error rates did not exceed 20%. To test the ro-
bustness of the compatibility effects, we compared the mean error rates of Experiment 2 by 
conducting a two-way mixed ANOVA with one within-subjects factor: Compatibility (com-
patible vs. incompatible), and one between-subjects factor: Type of contingency groups 
(the full contingency group vs. partial contingency group) on error rates. We found that 
for individual mean error rates analysis, the main effect of Type of contingency groups was 
significant, F(1, 218) = 5.02, p = 0.026, ηp

2 = 0.003; but not the main effect of Compatibility, 
F(1, 218) = 0.61, p = 0.435, nor the interaction, F(1, 218) = 3.12, p = 0.079, ηp

2 = 0.014.

Reaction Times

 RTs were trimmed in the same fashion as in Experiment 1. That is, RTs on error tri-
als, as well as any latency faster than 100 ms (full-contingency group: anticipation =1.364%; 
partial contingency group: anticipation =1.018%) or slower than 1500 ms (full-contingency 
group: omission = 0.518%; partial contingency group: omission = 0.482%), were initially re-
moved. For mean RTs  analysis, the mixed ANOVA yielded a main effect of Compatibility, F(1, 
218) = 5.07, p = 0.025 , ηp

2 = 0.023. Overall, RTs on compatible trials were faster (M = 322.58 
ms, SD = 57.06), than on incompatible trials (M = 324.35 ms, SD = 58.26). Also, a significant 
effect of contingency emerged, F(1,218) = 4.39, p = 0.037, ηp

2 = 0.020.

1 Because of the difference between conditions, we chose not to apply the preregistered criteria of ex-
cluding people with low memory checks in the main text. But the results of the high memory group did not change 
the pattern. Detailed results are in the Supplemental Material B of Appendix c).
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Participants in the full contingency group (M = 315.43 ms, SD = 38.77) were faster than in 
the partial contingency group (M = 331.51 ms, SD = 70.85). No significant interaction effect 
was found, F(1, 218) = 0.48, p = 0.489. 

 To investigate whether the reaction times of compatibility was affected along with 
time, we calculated a three-way mixed ANOVA with the between-subjects factor: Contin-
gency (full contingency vs. partial contingency) and the within-subjects factor: compatibility 
(compatible vs. incompatible) and blocks (1 to 10). The results yielded three significant main 
effects. That is, RTs in full contingency (M = 315.37 ms, SD = 51.75) were faster than the one 
in partial contingency (M = 331.49 ms, SD = 81.70), F(1, 217) = 4.34, p = 0.038, ηp

2 = 0.020. 
The main effect of compatibility proved that RTs were faster in compatible (M = 322.54 ms, 
SD = 68.31) than in incompatible trials (M = 324.30 ms, SD = 69.36), F(1, 217) = 5.41, p = 
0.021, ηp

2 = 0.024. There was also a main effect of block, F(9, 1953) = 14.19, p < 0.001, ηp
2 

= 0.061. Overall, RTs became faster over blocks. However, none of the other interactions 
reached to significance, with all ps > 0.5. 

 As in Experiment 1, we were also interested in whether the compatibility effect 
was affected by the switching of rules between blocks. Another mixed-effects ANOVA with 
the between-subjects factor: Contingency (full contingency vs. partial contingency) and the 
within-subjects factor: mapping switch (yes vs. no) and compatibility (compatible vs. incom-
patible) was run. Again, only the main effect of Contingency and compatibility reached to 
significance, with the same pattern as before (Contingency, F(1, 218) = 4.28, p = 0.04, ηp

2 = 
0.019; Compatibility, F(1, 218) = 4.61, p = 0.033, ηp

2 = 0.021) . 

Discussion

 Experiment 2 aimed to replicate and extend the findings of Experiment 1, by ma-
nipulating the contingency between actions and outcomes. While the compatibility effect 
obtained in Experiment 1 was replicated, the R-O contingency did not – in contrast to the 
findings by Elsner and Hommel (2004) – affect the compatibility effect. Responses, in gen-
eral, were found to be slower in the partial contingency condition, though. Although this 
effect could be due to the lowered contingency, caution would have to be taken to interpret 
this between-participants effect. Together, the results suggest that – at least in the current 
paradigm, causal relations in the learning phase were still inferred when contingencies are 
only partial (80%).

 Although the IM effect in Experiment 1 was small but significant (~ 2 ms differ-
ence), it was replicated in Experiment 2. This difference is relatively small compared to the 
effects obtained in the classical IM paradigm by Elsner and Hommel (2001). In their Exper-
iment 1A/B, the non-reversal group responded averagely around 100 ms faster than the 
reversal group, although the effect varied per block. As noted in the introduction, though, 
as well as in Sun et al. (2020) the effect of reversing the instructions may be driven by dif-
ferent processes than only the triggering of responses by the perceived outcomes. Indeed, 
the paradigm by Wolfensteller and Ruge (2011) produced differences of 4-8 ms, which is in 
the same ballpark as the current findings. It should be noted that in contrast to their work, 
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our paradigm capitalized on the effects of inferred causal relations in the task at hand, by 
switching between the two available mappings, instead of creating novel mappings at each 
block. This, and the fact that the studies were conducted online, may explain the small, but 
meaningful effect obtained here.

General Discussion 

 In two experiments we report the results of a continuous IM paradigm in which 
learning and testing phases were combined in one task. In 10 short blocks, participants 
reacted to imperative cues and observed the result of their actions. Mappings between 
actions and outcomes either switched or remained the same from one block to the next. 
Experiment 1 revealed an IM effect: Actions to imperative cues that were compatible with 
the action’s outcome yielded faster responses than imperative cues that were incompatible 
with the actions’ outcomes. Experiment 2 replicated the finding and furthermore revealed 
that the IM effect was unaffected by a lower contingency between actions and outcomes.

 The findings first of all conceptually replicate those by Wolfensteller and Ruge 
(2011), demonstrating that ideomotor effects can occur after very limited learning and be 
demonstrated within a very limited test phase. Importantly, however, in the current studies 
participants switched back and forth between the two opposite mappings. Hence, our find-
ings do not only demonstrate fast learning, but also abandoning and retrieving of learned 
relations. The obtained ideomotor effect in the current studies, is therefore more likely to 
be the result of explicit causal inferences, or propositions about the relation between out-
comes and actions, than the result of slow, associative learning (see Mitchell et al., 2009).

 This explanation is consistent with the finding in Experiment 2 that moving from a 
100% to an 80% contingency did not significantly affect the compatibility effect. Although 
a lower number of pairings could be expected to lead to weaker associations and weaker 
IM effects (Elsner & Hommel, 2004), inferring the causal relation should still be fairly easy. 
Therefore, in the current task, it seems that inferred causal relations were the driving force 
behind the compatibility effect.

 Crucially, in none of the experiments, evidence was found for lasting bidirectional 
associations: No interaction between the compatibility effect and mapping switches was 
found. This reveals that responses on a particular block were unaffected by the mapping 
that featured in the block before. This demonstrates that propositions about causal relations 
in the task at hand could drive automatic IM effects, in the absence of lasting bidirectional 
associations in memory (see Dogge, Custers, Gayet, et al., 2019, for a similar approach).

 It should be noted that the current paradigm used a novel continuous IM para-
digm in which acquisition and testing were combined in the same continuous task. While 
this paradigm is less suitable for demonstrating IM effects based on lasting associations, it 
could have a number of advantages for studying IM learning. First of all, it does not create 
an artificial separation between the acquisition and test phase, which could be the reason 
that some IM studies do not find an IM effect (see Sun et al., 2022, under revision). Such a 
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separation would be especially problematic from a propositional perspective, as the partic-
ipant may wonder whether the relations learned in the acquisition phase still apply in the 
test phase. Second, it could dramatically shorten the duration of IM effects. But most of all, 
it does allow for studying IM learning in real time. Therefore, the paradigm reported here 
may provide a useful addition to the toolbox of IM researchers.

 The current findings provide a compelling demonstration of an alternative account 
for which hints could already be found in existing findings in the literature. First of all, we 
already knew that explicit causal inferences are made by participants (Elsner & Hommel, 
2001; Sun, et al., 2020). One could think of these as self-generated rules or instructions 
that have been demonstrated to produce ideomotor effects before (Theeuwes et al., 2015). 
Second, ideomotor effects have been demonstrated to arise very quickly after a few trials 
(Wolfensteller & Ruge, 2011). What the current paradigm adds is that it combines these 
insights in a paradigm in which bidirectional associations as an underlying mechanism is 
very unlikely. Especially because the paradigm requires abandoning and reinstating learned 
knowledge about relations between actions and outcomes on each block, the current find-
ings favor an explanation in terms of propositional knowledge about causal relations.

 Together, the results have important implications for our understanding of ideo-
motor effects. We feel it is safe to say that, by and large, the ideomotor literature features 
paradigms that are constructed with the mechanistic account in mind, but do not necessari-
ly rule out the alternative account proposed here. Most strikingly, the vast majority of ideo-
motor studies use an extensive learning phase of hundreds of trials for participants to learn 
the relations between two keys and two outcomes (see Shin et al., 2010). It goes without 
saying that most of us would figure out this relation in one or two trials. Yet, experiments 
that question the assumption that a long learning phase is necessary emerged only recently. 
We argue that by putting the assumptions of ideomotor theory to the test, we will learn 
much more about what ideomotor effects are and what they are not.  

 While recent attempts have been made to salvage the mechanistic framework in 
the face of findings that challenge some of its core assumptions (Hommel & Wiers, 2017; 
Frings et al., 2020), such attempts also weaken the explanatory power of the mechanistic 
account: If ideomotor effects are moderated by goals, intentions, context, etc., the ques-
tion arises whether they can still be best understood in terms of conditional automaticity 
(c.f., Monsell et al., 2001), or rather in terms of deliberate and explicit processes, that may 
occasionally produce an automatic effect on action. Such a switch in perspective, may have 
a large influence on the literature, as it departs from the exact opposite standpoint. Pitting 
ideomotor theory against alternative explanations would be the only way to solve this de-
bate.
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Appendix a: Supplementary Section for Chapter 3

Supplementary Figures

Supplementary Figure 3.1. 

Results of the manipulation check of Instructions for Experiment 1. 

Note. The bars represent the means of the four representation levels as a function of 
Instructions condition. Error bars represent 95% confidence intervals of the means. 
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Supplementary Figure 3.2

 Results of the manipulation check of Instructions for Experiment 2. 

Note. The bars represent the means of the four representation levels as a function of 
Instructions condition. Error bars represent 95% confidence intervals of the means.  
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Supplementary Figure 3.3 

Results of the manipulation check of Instructions for Experiment 3a

Note. The bars represent the means of the four representation levels as a function of In-
structions condition. Error bars represent 95% confidence intervals of the means.
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Questionnaire : Manipulation check of R-O mappings

Dear participant, 

Congrats! You have almost reached the end of the experiment. We will ask you to answer a 
few more questions only about the first part.

Please Remember:

The following questions are based on first part(P1).

1. Which tone did the left key press produce?

①  the left key press produced the High tone

②  the left key press produced the Low tone

③  the left key press produced both tones

④  the left key press was irrelevant to the tones

2. Which tone did the right key press produce?

①  the right key press produced the High tone

②  the right key press produced the Low tone

③  the right key press produced both tones

④  the right key press was irrelevant to the tones
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Questionnaire : Manipulation check of  Instructions

(1) Do you think particular tones were associated with particular key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(2) Do you think particular tones went together with particular key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(3) Do you think particular tones occurred with particular key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(4) Could you predict the particular tones based on your key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(5) Could you anticipate the particular tones based on your key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(6) Did particular tones follow particular key presses?

Not at all 1  2  3  4  5  6  7  8  9  very much

(7) Do you think particular key presses caused particular tones?

Not at all 1  2  3  4  5  6  7  8  9  very much

(8) Do you think particular key presses  produced particular tones?

Not at all 1  2  3  4  5  6  7  8  9  very much

(9) Do you think particular key presses  generated particular tones?

Not at all 1  2  3  4  5  6  7  8  9  very much

(10) Did you feel you could influence which tone would occur?

Not at all 1  2  3  4  5  6  7  8  9  very much

(11) Did you feel you could control which tone would occur?

Not at all 1  2  3  4  5  6  7  8  9  very much
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(12) Did you feel you could determine which tone would occur?

Not at all 1  2  3  4  5  6  7  8  9  very much
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Appendix b: Supplementary Section for Chapter 4

Questionnaire:  BIS/BAS Scale

 Each item of this questionnaire is a statement that a person may either agree with 
or disagree with.  For each item, indicate how much you agree or disagree with what the 
item says.  Please respond to all the items; do not leave any blank.  Choose only one re-
sponse to each statement.  Please be as accurate and honest as you can be.  Respond to 
each item as if it were the only item.  That is, don't worry about being "consistent" in your 
responses.  Choose from the following four response options: 1 = very true for me;  2 = 
somewhat true for me; 3 = somewhat false for me;  4 = very false for me

1.  A person's family is the most important thing in life.

2.  Even if something bad is about to happen to me, I rarely experience fear or nervousness.

3.  I go out of my way to get things I want.

4.  When I'm doing well at something I love to keep at it.

5.  I'm always willing to try something new if I think it will be fun.

6.  How I dress is important to me.

7.  When I get something I want, I feel excited and energized.

8.  Criticism or scolding hurts me quite a bit.

9.  When I want something I usually go all-out to get it.

10.  I will often do things for no other reason than that they might be fun.

11.  It's hard for me to find the time to do things such as get a haircut.

12.  If I see a chance to get something I want I move on it right away.

13.  I feel pretty worried or upset when I think or know somebody is angry at me.

14.  When I see an opportunity for something I like I get excited right away.

15.  I often act on the spur of the moment.

16.  If I think something unpleasant is going to happen I usually get pretty "worked up."

17.  I often wonder why people act the way they do.
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18.  When good things happen to me, it affects me strongly.

19.  I feel worried when I think I have done poorly at something important.

20.  I crave excitement and new sensations.

21.  When I go after something I use a "no holds barred" approach.

22.  I have very few fears compared to my friends.

23.  It would excite me to win a contest.

24.  I worry about making mistakes.

SCORCES

Items other than 2 and 22 are reverse-scored.

BAS Drive:  3, 9, 12, 21

BAS Fun Seeking:  5, 10, 15, 20

BAS Reward Responsiveness:  4, 7, 14, 18, 23

BIS:  2, 8, 13, 16, 19, 22, 24

Items 1, 6, 11, 17,  are fillers.

The fact that there are three BAS-related scales and only one BIS-related scales was not 
planned or theoretically motivated. The factors emerged empirically, from an item set that 
was intended to capture diverse manifestations of the BAS, according to various theoretical 
statements. It is likely that a broader sampling of items on the BIS side would also have 
resulted in more than one scale. I do not encourage combining the BAS scales, however, 
because they do turn out to focus on different aspects of incentive sensitivity. In particular, 
Fun Seeking is known to have elements of impulsiveness that are not contained in the other 
scales.
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Appendix c: Supplementary Section for Chapter 5

Supplemental Material A.  Results of Experiment 1

Table 1.1

RTs in different group participants of Experiment 1 (with the induction block)

N 
(inclusion) 

Compatible 
Mean (SD) 

Incompatible 
Mean (SD) 

t-test 
(C < IC) 

BF-0 BF0- 

50(49) 
319.308 
(41.731) 

322.242 
(42.335) 

t(48) = -2.13, p = 0.019, 
d = -0.304 

2.393 0.418 

60(59) 
316.307 
(42.654) 

318.994 
(42.615) 

t(58) = -2.07, p = 0.021, 
d = -0.240 

2.035 0.491 

70(69) 
317.198 
(42.988) 

319.753 
(43.694) 

t(68) = -2.13, p = 0.019, 
d = -0.256 

2.138 0.468 

80(79) 
317.165 
(46.224) 

319.761 
(47.953) 

t(78) = -2.23, p = 0.014, 
d = -0.251 

2.526 0.396 

90(89) 
316.007 
(44.946) 

318.722 
(46.577) 

t(88) = -2.51, p = 0.007, 
d = -0.266 

4.421 0.226 

100(98) 
317.622 
(50.072) 

320.141 
(51.016) 

t(97) = -2.46, p = 0.008, 
d = -0.248 

3.828 0.261 

 

Note. (1) The Table 1.1 contains the comparison between compatible and incompat-
ible conditions including the induction block as we preregistered to determine the 
sample size based on the general performance between compatible and incompatible 
trials. (2) We used the default JZS prior implemented in JASP (version 0.13), and BFs 
were calculated by the one-tailed Bayesian Paired Sample T-Test. For instance, given 
the selected data sets, BF-0 = 2.13 indicates that the result has 2.13 times in evidence 
of supporting the one-sided negative hypothesis (i.e., H-, RTs of compatible condition 
were faster than the incompatible condition, namely, RTcompatible < RTincompatible) than the 
null hypothesis (i.e., H0, means that there were no difference between compatible 
and incompatible condition, namely,    RTcompatible = RTincompatible).
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Table 1.2

Error Rates in different group participants of Experiment 1 (with the induction block)

N 
(inclusion) 

Compatible 
Mean (SD) 

Incompatible 
Mean (SD) 

Wilcoxon-Test 
(C < IC) 

BF-0 BF0- 

50(49) 
0.028 

(0.024) 
0.026 

(0.025) 
p = 0.848 0.107 9.348 

60(59) 
0.027 

(0.025) 
0.028 

(0.029) 
p = 0.562 0.188 5.316 

70(69) 
0.029 

(0.027) 
0.030 

(0.031) 
p = 0.647 0.153 6.521 

80(79) 
0.028 

(0.028) 
0.029 

(0.031) 
p = 0.462 0.196 5.108 

90(89) 
0.029 

(0.028) 
0.028 

(0.031) 
p = 0.395 0.178 5.623 

100(98) 
0.029 

(0.028) 
0.030 

(0.031) 
p = 0.358 0.162 6.186 

 

Note. The one-sided negative hypothesis (i.e., H-) means that error rates of compatible 
condition were smaller than the incompatible condition, namely, ERcompatible < ERincompat-

ible); and the null hypothesis (i.e., H0) means that there were no difference between 
compatible and incompatible condition, namely, ERcompatible = ERincompatible). Here, we used 
the default JZS prior implemented in JASP (version 0.13), and BFs were calculated by the 
one-tailed Bayesian Paired Sample T-Test of mean error rates for better interpretation 
of the results.
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Supplemental Material B. Results of High memory group in Experiment 2

Error rates of the Primary task.

 To verify that our results were consistent either in the whole data sets or in sub 
data of high memory group, of which individual memory check accuracy was higher than 
the lower threshold (0.55, above chance level), we treated the sub datasets in the same 
way. That is, a two-way mixed 2 (Compatibility: compatible vs incompatible) * 2 (Type of 
contingency groups: the full contingency vs. partial contingency group) ANOVA was applied 
to error rates of the high memory group. The results yielded a main effect of Type of con-
tingency groups, F(1,198) = 5.08*, p = 0.025, ηp

2 = 0.025, and a week interaction, F(1,198) 
= 3.74, p = 0.055, ηp

2 = 0.019. No difference showed statistically significant of the effect of 
Compatibility, F(1,198) = 0.11, p = 0.0743. Follow-up t-test about the compatibility effect 
within each type of contingency groups did not approach to significance, all ps > 0.1. 

RTs of the Primary task.

 For RTs analysis, neither the main effect of Compatibility, F(1,198) = 2.11, p = 0.148, 
nor that of interaction effect, F(1,198) = 0, p = 0.148. Only a week main effect of Type of con-
tingency groups, F(1,198) = 3.65, p = 0.058, ηp

2 = 0.018. Though the results in high memory 
group did not yield statistically significant, one of the possible reasons was because the pre-
set cut-off ticket for picking high memory group was not universal to all experimental condi-
tions. At least in the non-full contingency conditions, theoretically, individual mean accuracy 
was lower with larger variance compared to the full contingency condition. As it proved in 
the memory check, error rates of full contingency condition (M = 0.117, SD = 0.164) were 
smaller than the partial contingency condition (M = 0.164, SD = 0.191).



125

A





Summary
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Samenvatting)
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Summary (English)

 Practice makes perfect. The more you practice playing the piano, or learning a new 
language, the more expertise you will have. While a similar perspective in neuroscience 
assumed that “Neurons that fire together wire together” (aka, the Hebbian learning rule, 
Hebb, 2002). That is, through exhaustive repetition, the neural sequence/link in your brain 
will also get more robust. Ideomotor (IM) theory offers an elegant and parsimonious ac-
count for understanding how the mind controls the body (see historical development in 
Shin et al., 2010). In brief, building on German philosophy and British psychologies, William 
James argued that thinking of an action would be enough to produce the actual motor be-
havior leading to this action and that control was mainly required to inhibit, not initiation 
action. As such, thinking of an action and executing it were considered to be intertwined. 
Capitalizing on this assumption, modern theorists raised the idea of “common coding” of 
perception and action (Prinz, 1990; Prinz, Ascherslebern, & Koch, 2009) and introduced the 
term event files, referring to the shared and homogenous representations of actions and 
perceptions (aka, the Theory of Event Coding, TEC) (Hommel et al., 2001; Hommel, 2019).

 Contemporary approaches to ideomotor effects are built on a standard two-stage 
paradigm, including the primary acquisition phase and the second test phase (Elsner & 
Hommel, 2001). That is, associative relations between responses (Rs) and outcomes (Os) are 
first trained through repetitions, after which the selection of the response by an outcome 
will be facilitated if the outcome is linked to the same response as before, or be interfered 
if the outcome connected to the opposite.   The ideomotor principle has been invoked in 
domains as diverse as action control (e.g., Pfiter, 2019), imitation and empathy (e.g., Iaco-
boni, 2009), imitative learning (e.g., Paulus 2014), language processing and tool use (e.g., 
Badets, 2016, Badet & Osiurak, 2017). The associative link of action representations and ac-
tion understanding could also be applied in social robotics contexts, that observing a robot 
movement elicited a similar action representation as one observed a human’s movement 
(e.g., Wykowska, Chellali, Al-Amin, Müller, 2014).

 However, looking in-depth analysis of the growing body of the mechanistic ideo-
motor effect, it documents almost common on the free-choice task and a forced-choice task 
in which participants receive instructions that are either consistent or inconsistent with the 
earlier acquired mapping. Also, failures to observe IM activation when switching the testing 
phase from between-subject design to within-subject design have been haunting the idea 
that associations provide a simple account of the automatic nature of ideomotor activation. 
At least, it is not the only possible account. We argue here, that these two tasks do not rule 
out the use of explicit propositional knowledge.

 The dissertation focuses on the question whether the automatic association is re-
ally the only crucial mechanism for acquiring the knowledge between actions and following 
outcomes, or that other factors usually contribute to activating the acquired knowledge. 
We first reviewed the recent literature to get an overview of alternative explanations and 
evidence that could also play a role in this compared to the traditional associative learning 
mechanism (Chapter 2). Then, in the remaining part of the dissertation, three empirical 
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chapters systematically test the possibility of alternative explanations when acquiring the 
action-outcome associations. Specifically, we (Chapter 3 and 4) investigated verbal instruc-
tions, rewarding outcomes, equimodality of the outcomes and primes, and extinction effect 
based on the two-stage paradigm. Our results showed that people could spontaneously get 
the “gut” feeling about the contingency between every action and its following outcome 
even without direct instructions (Chapter 3). However, though such contingent links could 
be stored in memory, it is hard to retrieve and transfer into overt behaviors, even with the 
help of rewarding and equimodality (Chapter 4). Instead, only seeing the same contingent 
link again (e.g., R-->O), participants could automatically activate primary action-outcome 
knowledge in mind thereafter affect the secondary response, which means that aware-
ness of the action-outcome knowledge is one of the crucial factors to ideomotor activation 
(Chapter 4). In line with the assumption of causal inference from the preceding chapters, we 
also came up with a novel paradigm by featuring the acquisition phase and the test phase 
in one trial to test whether ideomotor effects can arise instantly (Chapter 5). Conceptually 
replicated the fast learning by Wolfensteller and Ruge (2011), we did find instant IM effects, 
even the contingent link between actions and outcomes moved from 100% to 80%. We also 
found that these effects could flip immediately without switching costs once the relations 
change.

 These results allow us to move beyond the mechanistic account of ideomotor ef-
fects. According to the findings from our own and other labs, it provides new insights into 
the role of causal inference during the ideomotor activation, rather than merely bidirec-
tional associations formed in memory. So it seems that research on action control could 
benefit from more careful experimentation and theorizing to help understand in which ways 
cues could elicit goal-directed behavior given a situation. It definitely remains worthwhile 
to look further robust quality of the evidence for causal inference in ideomotor literature. 
The automatic spreading of activation via mere imagination should be cautioned; at least, 
future research should consider the joint impacts of propositions and associations on the 
ideomotor effects. Upon the broad implication, exploring the factors related to causal in-
ferences allow us to investigate the mechanism of information processing when interacting 
with other people or with the environment. 
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Summary in Dutch (Nederlandse samenvatting)

I thank the DeepL translator (www.DeepL.com) break the language barrier. 

 Oefening baart kunst. Hoe meer je oefent met pianospelen, of het leren van een 
nieuwe taal, hoe meer expertise je zult hebben. Terwijl een soortgelijk perspectief in de 
neurowetenschap ervan uitging dat "Neuronen die samen vuren, samen bedraden" (ook 
bekend als de Hebbiaanse leerregel, Hebb, 2002). Dat wil zeggen, door uitputtende herh-
aling, zal de neurale sequentie/verbinding in je hersenen ook robuuster worden. De ideo-
motorische theorie (IM) biedt een elegante en eenvoudige verklaring om te begrijpen hoe 
de geest het lichaam bestuurt (zie historische ontwikkeling in Shin et al. , 2010). In het kort, 
voortbouwend op de Duitse filosofie en de Britse psychologie, stelde William James dat het 
denken aan een actie voldoende zou zijn om het eigenlijke motorische gedrag te produceren 
dat tot deze actie leidt en dat controle vooral nodig was om actie te remmen, niet om actie 
te initiëren. Als zodanig werden het denken aan een actie en het uitvoeren ervan beschou-
wd als met elkaar verweven. Voortbordurend op deze aanname, opperden moderne theo-
retici het idee van "gemeenschappelijke codering" van waarneming en actie (Prinz, 1990; 
Prinz, Ascherslebern, & Koch, 2009) en introduceerden de term event files, verwijzend naar 
de gedeelde en homogene representaties van acties en percepties (aka, de Theory of Event 
Coding, TEC) (Hommel et al., 2001; Hommel, 2019).

 Hedendaagse benaderingen van ideomotorische effecten zijn gebaseerd op een 
standaard paradigma met twee fasen, met inbegrip van de primaire verwervingsfase en de 
tweede testfase (Elsner & Hommel, 2001). Dat wil zeggen, associatieve relaties tussen re-
sponsen (Rs) en uitkomsten (Os) worden eerst getraind door middel van herhalingen, waar-
na de selectie van de respons door een uitkomst wordt vergemakkelijkt als de uitkomst ge-
koppeld is aan dezelfde respons als voorheen, of wordt verstoord als de uitkomst gekoppeld 
is aan het tegenovergestelde.   Het ideomotorische principe is ingeroepen in domeinen zo 
divers als actiecontrole (e.g., Pfiter, 2019), imitatie en empathie (e.g., Iacoboni, 2009), imi-
terend leren (e.g., Paulus 2014), taalverwerking en gereedschapgebruik (e.g., Badets, 2016, 
Badet & Osiurak, 2017). De associatieve link van actie representaties en actie begrip zou ook 
kunnen worden toegepast in sociale robotica contexten, dat het observeren van een robot 
beweging een soortgelijke actie representatie uitlokte als men de beweging van een mens 
observeerde (e.g., Wykowska, Chellali, Al-Amin, Müller, 2014).

 Echter, kijkend naar een diepgaande analyse van het groeiende corpus van het 
mechanistische ideomotorische effect, documenteert het bijna gemeenschappelijk op de 
vrije-keuzetaak en een geforceerde-keuzetaak waarin deelnemers instructies krijgen die 
ofwel consistent ofwel inconsistent zijn met de eerder verworven mapping. Ook hebben 
mislukkingen in het waarnemen van IM-activatie bij het omschakelen van de testfase van 
between-subject design naar within-subject design gespookt met het idee dat associaties 
een eenvoudige verklaring bieden voor de automatische aard van ideomotorische activatie. 
Tenminste, het is niet de enige mogelijke verklaring. Wij betogen hier, dat deze twee taken 
het gebruik van expliciete propositionele kennis niet uitsluiten.
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 Het proefschrift richt zich op de vraag of de automatische associatie werkelijk het 
enige cruciale mechanisme is voor het verwerven van de kennis tussen acties en volgende 
uitkomsten, of dat andere factoren meestal bijdragen aan het activeren van de verworven 
kennis. We hebben eerst de recente literatuur doorgenomen om een overzicht te krijgen 
van alternatieve verklaringen en evidenties die hierbij ook een rol zouden kunnen spelen 
ten opzichte van het traditionele associatieve leermechanisme (Hoofdstuk 2). Vervolgens, 
in het resterende deel van het proefschrift, testen drie empirische hoofdstukken systema-
tisch de mogelijkheid van alternatieve verklaringen bij het verwerven van de actie-uitkomst 
associaties. Specifiek onderzochten we (Hoofdstuk 3 en 4) verbale instructies, belonende 
uitkomsten, equimodaliteit van de uitkomsten en primes, en extinctie-effect gebaseerd op 
het twee-fasen paradigma. Onze resultaten toonden aan dat mensen spontaan het "onder-
buik" gevoel konden krijgen over de contingentie tussen elke actie en de daaropvolgende 
uitkomst, zelfs zonder directe instructies (Hoofdstuk 3). Echter, hoewel dergelijke voorwaar-
delijke verbanden in het geheugen kunnen worden opgeslagen, is het moeilijk om ze op te 
halen en om te zetten in openlijk gedrag, zelfs met behulp van belonen en gelijkwaardigheid 
(Hoofdstuk 4). In plaats daarvan kunnen deelnemers, als ze dezelfde voorwaardelijke kop-
peling opnieuw zien (bijv. R--> O), automatisch primaire actie-uitkomstkennis in gedachten 
activeren en vervolgens de secundaire respons beïnvloeden, wat betekent dat bewustzijn 
van de actie-uitkomstkennis een van de cruciale factoren is voor ideomotorische activering 
(Hoofdstuk 4). In lijn met de aanname van causale gevolgtrekking uit de voorgaande hoofd-
stukken, kwamen we ook met een nieuw paradigma door de verwervingsfase en de testfase 
in één trial te laten plaatsvinden om te testen of ideomotorische effecten onmiddellijk kun-
nen ontstaan (Hoofdstuk 5). Conceptueel gerepliceerd het snelle leren door Wolfensteller 
en Ruge (2011), vonden we inderdaad onmiddellijke IM effecten, zelfs de voorwaardelijke 
koppeling tussen acties en uitkomsten verschoof van 100% naar 80%. We vonden ook dat 
deze effecten onmiddellijk konden omslaan zonder omschakelingskosten zodra de relaties 
veranderden.

 Deze resultaten laten ons toe verder te gaan dan de mechanistische verklaring van 
ideomotorische effecten. Volgens de bevindingen van onze en andere labs, biedt het nieuwe 
inzichten in de rol van causale gevolgtrekkingen tijdens de ideomotorische activatie, eerd-
er dan louter bidirectionele associaties gevormd in het geheugen. Het lijkt er dus op dat 
onderzoek naar actiecontrole baat zou kunnen hebben bij meer zorgvuldige experimenten 
en theorievorming om te helpen begrijpen op welke manieren signalen in een bepaalde sit-
uatie doelgericht gedrag kunnen uitlokken. Het blijft zeker de moeite waard om de robuuste 
kwaliteit van het bewijs voor causale gevolgtrekking in de ideomotorische literatuur verd-
er te onderzoeken. Voor het automatisch verspreiden van activatie via louter verbeelding 
moet worden gewaakt; toekomstig onderzoek zou op zijn minst de gezamenlijke impact van 
proposities en associaties op de ideomotorische effecten moeten overwegen. Wat de brede 
implicatie betreft, laat de exploratie van de factoren gerelateerd aan causale inferenties ons 
toe het mechanisme van informatieverwerking te onderzoeken bij interactie met andere 
mensen of met de omgeving. 
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