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Chapter 1
General introduction

1.1

Introduction
From the moment we wake up, we start doing things: we stretch, yawn, get out of bed,
make coffee, etc. Many of these actions are done in response to events in our body or
environment: sunlight shining through the bedroom window, feeling hungry, the sound
of an ambulance, etc. Multiple events may be processed at the same time, leading to
the parallel preparation of various possible actions (Cisek, 2007; D. Dennett, 1991).
While some of these may never be performed, others will. Alongside these actions, we
regularly experience intentions. These intentions are about wanting to achieve a specific
goal, often via the performance of particular actions. Such intentions may arise ‘out
of the blue’ due to factors or reasons unknown to ourselves, or they may develop in
response to identifiable internal states or external events in our environment. We may
report these intentions to others via language or behavior. The context in which we act
is likely to play a vital role in determining what intentions we experience and to what
level of detail we can report on them. For instance, riding a bike to work may happen
quite thoughtlessly, whereas driving a car under the supervision of a driving instructor
may prompt explicit reports on ones intentions to act. How different stages of neural
preparation for action relate to conscious intentions, to what extent these intentions are
reportable and what external factors might influence their reportability remains largely
unknown.
Historically, and perhaps most intuitively, intentions were thought to arise from
9
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a unified conscious experience, a Cartesian Theater located somewhere in the brain
(Bloom, 2005; D. Dennett, 1991). In this Cartesian perspective, intentions guide our
actions by initiating both the neural preparation for action and the act itself in a casual
chain. In other words, each intended action would originate from an intention in the
agent’s theatre of consciousness. With the advent of logical behaviorism it was suggested
that intentions should rather be seen as a form of self-interpretation based on behavior
(Ryle, 2009). In this perspective, intentions do not cause our actions, but are visible
through our actions. In other words, a conscious intention is nothing more than a
disposition to exhibit certain observable behavior in response to specific events.
More recently, the origins of our intentions are sought in particular brain processes.
These brain processes are thought to trigger the experience of an intention, their subsequent report, and the intended act. A prominent example of neuroscientific support
for this theory is that of Libet et al. (1983), who showed that certain motor-related
neural processes (i.e. Readiness Potentials) on average precede the reported onset of
a conscious intention to move by about 350ms. Another example is that of Soon et al.
(2008), who found certain patterns in prefrontal and parietal cortex to be predictive of
the upcoming movement type (i.e. a left or right hand movement) even up to 10s in
advance of the reported intention. These results are often taken to show that prior to
the moment at which a person experiences an intention to move, their brain has already
initiated the action. In other words, both the intention and action have an unconscious
neural origin. Although the experience and report of intentions are useful for our sense
of agency and responsibility, conscious intentions would be an epiphenomenon and
have no direct causal power over our actions (Wegner, 2002). Some say that intentions
are simply the best explanations of observed behavior in a given context (Schurger &
Uithol, 2015). As such, these results have led to a substantial debate about the possible
consequences of Libet-style studies on the existence of free will (Baumeister, 2008;
Bayne, 2011; Haggard, 2011; Hallett, 2007; A. R. Mele, 2010; Pockett, 2007; Roskies,
2011; Smith, 2011).
Many claims regarding the implications of these brain signals for the (non-)existence
of free will may be misguided or premature. While the relevance of Libet-style experiments for the philosophical debate on free will may be quite limited (Slors, 2012), it
is nonetheless of critical importance to the investigation of human cognition to better
understand the link between brain processes and conscious experience. Questions remain to be answered about (a) the influence of experimental instructions and external
stimuli (i.e. the context in which we act) on the measurements of these brain signals
10
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and intention reports, and (b) the nature of the relation between these brain signals,
the experience and report of an intention, and the action. In this thesis, we aim to
address these questions on the basis of five experiments, each spanning a single chapter.
Throughout these experiments, we treat intentions as hypothetical constructs (D. Dennett,
1991; MacCorquodale & Meehl, 1948). We will proceed from ‘the outside in’, i.e. from
the most concretely measurable to the more hypothetical. In Libet-style experiments, a
movement (or button press) provides an anchor point. From that moment of outward
behavior, we look backward in time to find the first moment at which a person reports
to experience an intention to move, and the onset of an identifiable neural state that
is predictive of the upcoming movement, e.g. the readiness potential (RP), lateralized
readiness potential (LRP) and 8-30Hz event-related desynchronization (ERD) across the
(pre)motor areas.
All our measurements take place within an experimental setting in which participants
are explicitly requested to produce intention reports. In other words, the experimental
context establishes a situation in which intention experiences will be reported that
may normally go unnoticed. In some experiments, participants are asked to report
their intentions after movement performance (Chapters 2, 3 and 4). In other cases, the
intention reports are probed by an auditory signal before movement onset (Chapters
3, 4 and 5). We investigate how these different measurements influence or constrain
the resulting intention reports and the underlying neural preparation for movement
(i.e. RP, LRP and 8-30Hz ERD). In addition, we investigate the influence that reasons
for acting may have on both neural preparation for movement and intention reports:
whereas traditional Libet-style studies focus on contexts where self-paced reason-less
spontaneous movements are performed in absence of any action consequences (Chapters
2, 3 and 4), we also examine more ecologically valid contexts in which reason-based
deliberate movements are performed that may have specific consequences (Chapters 3,
5 and 6). To understand the full neural processes and subjective experiences related to
intended action, we believe that it is essential to measure actions that may plausibly be
performed in daily life. Therefore, the investigation of deliberate intended actions rather
than spontaneous cue- and clueless actions alone, are an essential step towards gaining
complete datasets that may provide insight into this matter.
Before going into the experimental details, we use the following sections to lay
some groundwork by defining what exactly we mean by intended actions, which neural
signatures have been found to be predictive of an upcoming intended act, and how one
can obtain reports on experienced intentions.
11
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1.1.1 Defining intended action
Throughout this thesis, we focus on one particular type of intended action: intended
movement. We do so for three main reasons. First, all healthy humans perform intended
movements on a daily basis, making it an interesting and relevant subject of investigation. Secondly, intended movements are considered to be essential for attributions of
responsibility and free will (Mecacci & Haselager, 2015). When asked about the reasons
behind such an intended movement, a person can, at least normally, explain when and
why they decided to perform it. Such explanations can then be held up to scrutiny by
others, and may result in societally sustained evaluations, e.g. via moral appeals or
even court-cases. Thirdly, understanding when and how a conscious intention to move
arises in relation to the observed neural preparation for movement, will help to enhance
and develop intuitive motor rehabilitation programs and prosthetic devices (Shakeel
et al., 2015; Rognini & Blanke, 2016). For instance, a prosthetic arm that initiates a
movement whenever the user wants to move, by detecting the intention to move rather
than the (imagined) movement itself. Assuming that an intention to move occurs (and is
detectable) before movement performance, detecting movement intention rather than
movement performance would potentially speed up the device’s reaction time.
We consider movements to be intended when they are made at one’s own will, where
“will” refers to the subjective experience of wanting to move. In other words, there is a
movement which is accompanied by the conscious experience of wanting to perform that
particular movement. Importantly, the conjunction of intention experience and movement
does not imply a causal relationship between the two (Wegner, 2002). Intentions can be
seen as forms of self-interpretation: they are claims of authorship, indications of which
movements we consider to be performed on our own instigation. As such, they can be
involved in providing explanations of what we did, are doing or what we are about to do.
These reportable experiences are what we refer to when measuring an intention to move
(A. R. Mele, 2010). The intention reports can be internal, i.e. to oneself through some
form of internal experience such as speech or emotion, or external, i.e. to others through
verbal reports or other forms of overt behavior (Gallagher & Marcel, 1999). As such,
intentions play an important role in attributions of agency, responsibility and free will.
In our experiments, we study self-initiated intended movements, meaning that the incentive to move did not arise largely in response to (let alone was completely determined
by) any identifiable external cues (Passingham, Bengtsson, & Lau, 2010). Although
external stimuli may have played a role in the development of an intention to move, as
they normally do in most everyday life situations, commitment to an intention should
12
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be based primarily on the agent’s own initiative. This type of intention involves the
availability of options for the agent about what to do and requires a decision (A. R. Mele,
2010). We view the choice and/or deliberation about what to do as an early stage in the
process of forming an intention to perform a particular movement (Chapter 3). Specifically, during this deliberation stage one needs to decide what action to perform, when to
perform it and whether or not to execute it (Brass & Haggard, 2008). The result of the
choice and/or deliberation process corresponds to the commitment to a specific intention.
1.1.2 Measuring neural preparation for action
Activities in specific brain regions have been found to correlate with specific components
of intended action (Brass, Lynn, Demanet, & Rigoni, 2013). Each of these regions
is indicated in Figure 1.1. Patterns in medial and lateral prefrontal cortex, posterior
cingulate cortex and precuneus have been found predictive of movement type (a left or
right hand button press) up to 10s in advance of the reported intention to move (Soon
et al., 2008; Bode et al., 2011). Moreover, activations in the (pre)supplementary and
primary motor areas seem predictive of self-paced movement onset about 1.5 to 5s prior
to the reported intention onset (Bai et al., 2011; Libet et al., 1983; Schultze-Kraft et al.,
2016; Soon et al., 2008). Whether or not an intended action will be executed seems to
correlate with activity in the rostral cingulate zone (Brass et al., 2013).
Throughout this thesis, we will focus on three distinct neural processes that can be
observed in the (pre)supplementary motor area: the Readiness Potential (RP), Lateralized
Readiness Potential (LRP) and event-related desynchronization (ERD) across 8-30Hz
(see Figure 1.2). Up to 2s prior to movement onset, the RP and ERD are suggested to
indicate movement preparation and would be predictive of when a person will move
(Kornhuber & Deecke, 1965; Pfurtscheller & Aranibar, 1979; Shibasaki & Hallett,
2006). In addition, starting 500ms prior to movement onset, the LRP (the lateralized
component of the RP) and late ERD indicate what movement will be performed due to
their lateralized nature: during this period left hand movements show stronger activation
in the right hemisphere and vice versa (Bai, Mari, Vorbach, & Hallett, 2005; Bai et al.,
2011; Pfurtscheller & Neuper, 1994). We focus on these signals for two reasons. First,
because even though they belong to the most frequently investigated signals in relation
to intended movement, their contextual dependence and the nature of their relation with
the experience of an intention remain unknown. Secondly, because (at least in theory)
they can be recorded in real-time using electro-encephalography (EEG), making them
suitable candidates to decode movement onset and type for prosthetic and rehabilitation
13
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Figure 1.1 Overview of regions in the brain that have been found to correlate with deciding
whether (blue) or not to act, what (green) action to perform and when (yellow) to perform it. These
regions include: the medial prefrontal cortex (mPFC), lateral prefrontal cortex (lPFC), rostral
cingulate zone (RCZ), pre-supplementary motor area (pre-SMA) and supplementary motor area
(SMA), primary motor area (MA), posterior cingulate cortex (pCC) and precuneus

purposes.
The RP and/or 8-30Hz ERD could be a cause or a necessary condition for the
intention and/or movement, or they could correlate with the intention and/or movement.
However, conclusive evidence for any of these relationships is still missing (A. R. Mele,
2010; Radder & Meynen, 2013). One of the main reasons for this is that in order to
establish a causal relationship between the RP or ERD and movement, it is important to
check whether these neural signals are consistently followed by a movement. However, in
practice, these signals are only investigated time-locked to action, by looking back in time
starting from movement onset. Thus, it remains logically possible that some unnoticed
but practically identical RPs or ERDs might not lead to movements or intentions to
move. One piece of evidence in this direction is provided by Trevena and Miller (2010),
who show that the RP can precede both a decision to move and not to move. On the
other hand, some real-time studies have been published that achieved above chance
level predictions of movement onset prior to movement performance using the RP
and/or 8-30Hz ERD: e.g. Blankertz et al. (2006), Bai et al., (2011), Schneider et al.
(2013) and Schultze-Kraft et al. (2016). However, these studies report reliable single
trial predictions only shortly (620 to 100ms) prior to movement onset and deal with a
high false negative predication rate, meaning that up to 45% of movements intentions
14
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Figure 1.2 Adapted from Bai et al. (2011). On the left, we see the event-related potential timelocket to movement onset (time 0s) for a single person. Starting around 3s prior to movement onset,
we observe a Readiness Potential: a slowly increasing negative potential across the (pre)motor
areas. Around 500ms prior to movement, the Readiness Potential is strongest on the contralateral
side. This lateralization is captured by the Lateralized Readiness Potential (not shown in this
figure). On the right, we see the event-related desynchronization time-locked to movement onset
for the same person. Around 2s prior to movement onset, we observe a clear desynchronization in
power across 8-30Hz. After movement performance, we see a synchronization across 5-45Hz.

may be missed. This suggests that the RP and ERD do not consistently correlate with
or precede the intention or movement on a single trial level. In other words: while
movements and RP/ERD signatures seem correlated, many movements are not preceded
by a detectable RP/ERD and many RP/ERD-like signatures may occur without any
subsequent movement. Furthermore, research shows that movements can still be vetoed
(cancelled) after RP onset, until about 200ms prior to movement onset (Schultze-Kraft
et al., 2016). On the basis of these results, at least the RP has not been proven to be
necessary nor sufficient for movement initiation or performance.
Schurger et al. (2012) argue that the RP largely reflects spontaneous neural activity
rather than any specific movement preparation. They suggest that a movement is
performed whenever the ongoing neural activity crosses a certain threshold for action.
In a Libet-type context in which spontaneous movements are performed in absence of a
clear external cue on when to move, this threshold crossing seems largely determined by
spontaneous fluctuations in neural activity. When looking back in time from movement
onset in an average across trials, these fluctuations add up as a slowly decreasing negative
potential until the activity reaches the threshold for movement performance. In contrast
to Schurger et al., Schmidt et al. (2016) argue that in a Libet-type context, people are
simply more likely to act during the negative phase of slow ongoing oscillations in the
15
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brain. They show that 1/3 of the measured RP’s in their experiment is actually positive.
The negative RP signature is due to the increased chance (2/3) of action performance
when the ongoing oscillations are in a negative phase. These theories could explain why
studies that attempt to predict movement onset based on the RP achieve accuracies that
are only slightly above chance level: although spontaneous fluctuations and slow cortical
potentials are continuously going on in the brain and bias towards action performance,
they in themselves are insufficient for action performance.
1.1.3 Collecting intention reports

Figure 1.3 Schematic comparison of the clock method by Libet et al. (1983) and the probe
method of Matsuhashi and Hallett (2008). Picture adapted from Verbaarschot et al. (2019).

The measurement of the timing or content of an experienced intention depends
on subjective reports. The most well known method to gather such reports during a
neuroscientific experiment is that of Libet et al. (1983). They developed a clock method
to measure the timing of an intention to act (see Figure 1.3). Participants are instructed to
look at a clock that revolves at a speed of 2.56s. They should remember the orientation
of the clock handle at the moment they experience an intention to move and perform a
brisk wrist extension with their right hand. After each movement (post-hoc), participants
report the remembered orientation of the clock handle. Using this method, Libet et
al. found an average onset of intending to move around 200ms prior to movement
performance. This finding has been replicated several times across the last three decades,
16
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see Saigle, Dubljević and Racine (2018) for a review.
Matsuhashi and Hallett (2008) developed an alternative to the clock method: the
probe method (see Figure 1.3). This method presents auditory probes to a participant at
random moments in time, while they are performing spontaneous movements at their
own will. If at the moment a probe is presented, the participant:
•

experiences an intention to move, then he/she needs to cancel (i.e. veto) his/her
intended movement and wait for a certain period of time before acting again.

•

does not experience an intention to move, then he/she can simply ignore the probe
and act whenever they want to.

In this way, the probe method elicits an intention report prior to any overt movement
(ante-hoc). Each trial can develop in one of four ways: a probe is ignored and followed by
an action at a later point in time, an action is vetoed in response to a probe, an incorrect
action is made shortly after the presentation of a probe, or an action is made before a
probe is presented. By comparing the timing of ignored probes relative to movement
onset, one can figure out when participants on average experienced an intention to move:
the distribution of ignored probes will show a dip during the time range when probes
were vetoed. In contrast to Libet et al, Matsuhahsi and Hallett found awareness of an
intention to move to start on average around 1.42s prior to movement performance.
When asked to perform spontaneous actions, humans typically tend to behave in a
non-random fashion. For instance, the spontaneous decision to add or subtract a number,
or press a button with ones left or right hand (as used in Soon et al., 2008 and Soon
et al., 2013) can be predicted above chance level from the sequential information of
previous action choices (Lages, Boyle, & Jaworska, 2013). By using a person’s action
history to set the timing of probes, this non-random behavior can be used to increase the
experimental efficiency of the probe method (Chapters 3, 4 and 5). In this way, one can
increase the chance of probes to be presented right before action onset, during the time
window (starting around 2s prior to action) at which awareness of an intention can be
expected to arise. Alternatively, one could base the timing of probes on ongoing muscle
or brain activity (Chapter 6). Since the (L)RP and 8-30Hz ERD seem to precede action
onset by at least 500ms (and up to 2s), they could be used to direct probe presentation.
In other words, as soon as (L)RP or 8-30Hz ERD activity can be detected from the
ongoing EEG, a probe can be presented to a participant to investigate the awareness
of their intention to act at that moment in time (similar to Schneider et al., 2013 and
Schultze-Kraft et al., 2016). Such an approach can be used to investigate the single trial
correlation between the (L)RP and/or 8-30Hz ERD and the experience of an intention to
17
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move (as done in Chapter 6), looking forward in time from the (L)RP/ERD initiation
time and hence avoiding the selection bias effect mentioned by Schurger et al. (2012).

1.2

Research goals
At the start of our investigation, we set out to measure the neural preparation for action
and the corresponding onset of an intention to act in order to analyze their characteristics
in different contexts. However, throughout our experiments, we have come to realize that
there is no such thing as the neural preparation for action or the onset of the intention
to act. In fact, we believe that the conscious realization of wanting to act as well as
the neural preparation for action, are both not instantaneous (Klemm, 2010; Uithol,
Burnston, & Haselager, 2014). Intentions are not discrete things or states that we
can capture in a single brain scan or report. Every intention that we experience may
be formed in response to one or more internal or external events. These events are
continuously processed by our brain and may lead to the prediction of future events or
the preparation for action (D. Dennett, 1991). Multiple actions can be prepared at the
same time (Cisek, 2007). While some of them soon die out, others may leave reportable
traces in consciousness (i.e. intentions) and/or result in action performance (D. Dennett,
1991).
The task at hand (the context) will co-determine the timing and reportability of these
traces. In order to contribute to current debates on human cognition and develop robust
BCI applications, we have included ecologically valid contexts in our investigation of
motor intentions. In addition to traditional Libet-style tasks, we have developed elaborate
computer games that provide a player the freedom to decide whether or not to act, what
action to perform and when to perform it based on their own reasoning about the current
game situation and desired goal (Chapters 5 and 6). This type of freedom is typically
included in daily life situations and is important to our sense of responsibility and free
will (Mecacci & Haselager, 2015). Moreover, we have tested these experiments both
in and outside controlled lab conditions (Chapter 6). The context dependence becomes
apparent when comparing the results of the clock and probe methods: where Libet et
al. measured the first experience of an intention to act around 200ms prior to action
performance, Matsuhashi and Hallett measured it already 1.42s in advance. In other
words: the type of method used to report the timing of an intention to act will determine
the measured onset. The difference between these two methods is the method for eliciting
the intention report. Whereas it is the participant who initiates the post-hoc intention
18
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report using the clock method, it is the probe that elicits the ante-hoc intention report
when using the probe method. The probe method seems to increase the awareness and
reportability of an intention to act, making the report of an intention possible during the
early stages of intention formation (Chapter 3). The clock method seems to catch only
the last stage of intending, during which the thought of wanting to act enters awareness
and is available for self-initiated report (Klemm, 2010; Miller & Schwarz, 2014).
Regarding the relation between the neural preparation for action (i.e. LRP, RP
and ERD) and experienced intentions, some authors have suggested that intentions
may not be found in the brain (Uithol et al., 2014), in the sense that there may be
no identifiable, functionally discrete neuronal states that can be identified with mental
states that are experienced or expressed as intentions. For these reasons, Schurger and
Uithol (2015) suggest that intentions may be better described as an inference to the best
explanation of observed behavior: by observing our behavior, we formulate the best
possible explanations of our intentions within a given context. This is supported by
research, which shows that post-hoc intention reports can be influenced by the performed
action and its possible consequences. For example, when an action is correlated to a
delayed sensory consequence (a beep or a video recording of the movement), the reported
onset of the intention tends to move forward in time (closer to the onset of the action
consequence) and can even be reported to have occurred after action performance (Banks
& Isham, 2009). However, this does not capture the full story behind an intention to act.
For example, using simple auditory probes, intentions can be reported prior to action
onset in absence of overt behavior (Matsuhashi and Hallett, 2008; Chapters 3 and 4).
Furthermore, stimulating parietal regions in the brain at a low current can cause people
to report a desire or will to move without actual movement performance (Desmurget et
al., 2009).
It seems that the neural processes responsible for reporting an intention to act may
use different types of information that are available at the moment when an intentional
action report is required. In addition to overt behavior and action consequences, we
believe this includes ongoing brain processes. Whatever neural processes responsible
for making an experience reportable through consciousness may, in addition to behavior,
tap into neural signatures like the (L)RP and 8-30Hz ERD to determine the timing of an
intention to move. In specific contexts where voluntary movements are made in absence
of any external reasons to do so, the (L)RP and ERD may be seen as motor signals that
enable intention reports. In this case, all there might be to intentions are the reports
triggered by late stage motor preparation signals under circumstances where an intention
19
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report is required. Throughout this thesis, we wish to examine this perspective and its
(un)tenability on the basis of our own experimentation and that of others.

1.3

Thesis outline
Chapter 2 We start our investigation with a slightly altered version of the most prominent
neuroscientific study on intended action: that of Libet et al. (1983). In contrast to Libet
et al., our participants are free to decide both what action to perform (a left or right hand
button press) and when to perform it. While participants are performing these self-paced
spontaneous button presses, we record their EEG activity and use the clock method
to collect reports on the when component of an intended act (i.e. the first moment in
time when a participant experiences an intention to move now). We investigate the
reliability of the RP as a predictor of movement onset on a single trial level and illustrate
how seemingly innocuous technical details are actually crucially relevant to the debate
surrounding the interpretation of Libet-style experiments.
Chapter 3 We compare the clock and probe methods in a within-subject design
to show that an intention to act has different onsets when it is measured in different
ways. Participants complete two experimental conditions in which they are free to
decide what action to perform (a left or right hand button press) and when to perform
it. Condition 1 consists of a replication of the Libet-type task used in Chapter 2, in
which participants perform reason-less spontaneous actions. In this condition we use
the clock method to collect reports on the when component of an intention to act. Condition 2 consists of a more ecologically valid task in which self-paced button presses
control a slide show of naturalistic images. In this condition, the awareness of the when
component of an intention to act is measured using the probe method. We argue that
intentions should be seen as a multistage process that develops over time, rather than a
discrete all-or-nothing state. This process of intending seems to develop during the process of acting, leaving reportable traces in consciousness at various points along the road.
Chapter 4 We take a closer look at the probe method, which to the best of our
knowledge has not been used to measure the timing of an intention to act after its original
invention by Matsuhashi and Hallett in 2008 (with the exception of our own research).
To address certain concerns about the probe method that may withhold its usage, a 2x2
within-subject design is tested. In this design, (1) the requirement of an introspection
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report and (2) the presence of an auditory probe are manipulated while participants
perform self-paced spontaneous right hand button presses. We collect reports on the
timing and vividness of an intention to act and measure the neural preparation for action
in terms of the RP and ERD. We argue that the probe method provides a valuable addition to the clock method because it measures the timing of an intention in real-time,
can be combined with additional (tactile, visual or auditory) stimuli to create a more
ecologically valid experimental context, and allows the measurement of the point of no
return.
Chapter 5 We step away from the traditional Libet-type design and introduce a
computer game called “Free Wally” that invites players to perform deliberate actions to
achieve a goal. Free Wally provides a controlled environment for studying deliberate
intended action, by presenting information for deciding whether or not to act, what
action to perform and when to perform it, incorporating all basic components of an
ecologically valid intended act. As a first step to validate our game, we compare it to a
second computer game that measures spontaneous actions in a traditional way. During
each game, we measure the (L)RP and ERD and use the probe method to collect reports
on the awareness of the when component of an intention to act (as validated in Chapter
4). By comparing both games, we investigate the effect of the presence of action-related
reasons and consequences on the observed brain signals and intention reports.
Chapter 6 We introduce “Flip-that-Bucket”: an open source, portable and enjoyable
Brain-Computer Interfacing game suitable for investigating or demonstrating movement
intentions using scientific experiments or educational demonstrations in noisy environments. In the game, a sneaky virtual robot aims to predict a player’s intentions to
act based on their action history, muscle activity, or brain activity. As such, Flip-thatBucket makes the connection between a participant’s brain signals and their voluntary
movements explicit by means of the robot opponent. We investigate the RP and ERD
signatures prior to a player move, a correct robot prediction (the robot moved when the
participant wanted to move) and an incorrect robot prediction (the robot moved when
the participant did not want to move). Moreover, we assess the predictive value of these
signatures on a single trial level by training a linear classifier on both brain features of
an individual player and applying it to unseen data of that same player.
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Chapter 7 In this final discussion we interpret the general results of the five independent experiments that we presented in Chapters 2-6. Specifically, we will zoom in
on the RP to exemplify how, under certain circumstances, it may act as an instigator of
intention reports. Finally, we give our concluding remarks and provide some suggestions
for future research.
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Chapter 2
Lost in time...

The search for intentions and Readiness Potentials

2.1

Introduction
In 1983 Libet et al. measured the brain activity of six participants using EEG (electroencephalography) while they were performing voluntary movements with their right hand.
While making these movements, the participants watched a clock and had to report
the time at which they first felt their intention to act. Libet et al. used the Readiness
Potential (RP) as an indicator of the neural preparation for a voluntary movement and
found that the RP preceded the intention to act by 350ms and the actual movement
by 500ms on average. This implied, according to Libet et al., that the experience of
consciously willing an act arises after our brain has already started preparing that act.
A major reason for the substantial interest in Libet-style experiments derives from the
possibility that our conscious intentions or decisions to act follow from brain processes
of which we are not aware, and hence that our will or decisions are not ‘free’. For
instance, Libet (Libet, 2004) says:
“Establishing the time of the conscious will relative to the onset of brain activity (the
RP) was clearly important. If conscious will were to follow the onset of the RP, that
would have a fundamental impact on how we view free will.” (p. 125)
This chapter has been published as: Verbaarschot, C., Farquhar, J. & Haselager, P. (2015). Lost in time...:
The search for intentions and readiness potentials. Consciousness and Cognition, 33, 300-315
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Spence (Spence, 1996) says:
“If the findings of Libet and co-workers are replicated, then we must conclude that
‘decisions’ to act arise prior to our conscious awareness of them. Thus our ‘decision’ or
‘freedom’ is illusory (if by these terms we mean conscious phenomena).” (p. 83–84).
Given these suggested implications, it is understandable that the empirical findings
caused excitement in different branches of cognitive science, which resulted in a great
number of reinterpretations (A. R. Mele, 2010; Rosenthal, 2002; D. C. Dennett, 2004)
and replications (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; J. A. Trevena
& Miller, 2002). Even up to this day, many variants of the Libet experiment are being
published (Bode, Bogler, Soon, & Haynes, 2012; Fried, Mukamel, & Kreiman, 2011;
Matsuhashi & Hallett, 2008; Soon et al., 2008; Schurger et al., 2012).
The debate about RPs and the implications for the causal efficacy and freedom
of conscious will is difficult in part because of the technical issues regarding the RP
measurements, and the conceptual complexity when defining the nature of ‘an intention’.
There is considerable variation in terminology as to what the participant is asked to do
in the experiment: whereas Libet et al. (1983) asked for a report of the onset of the
conscious awareness of wanting to perform a given self-initiated movement, Soon et al.
(2008) asked to report the onset of the urge to act and Trevena and Miller (2002) asked
for a report of the instant of the decision to “go now”. In our experiment, we asked
our participants to report the onset of their intention to act (i.e. the moment in time at
which they became aware that they wanted to perform an act). This makes it difficult
to establish exactly what the implications of the acquired data are. This indicates that
the conceptual interpretation of Libet-style experiments can be seen as quite variable or
‘soft’. As more often in cognitive neuroscience, the issue of ‘hard data and soft concepts’
presents a serious obstacle to reach a consensus in the field, in spite, or perhaps even
because of a growing number of empirical studies. However, even speaking of ‘hard
data’ might be saying too much in the case of Libet-type experiments.
Although there are a growing number of replications of Libet’s experiment, upon
closer examination the exactness of the measurements is open to discussion, which
is especially relevant when one takes into account the requirements for establishing a
causal relationship between an RP and an act. In order to calculate the RP onset, several
manipulations such as averaging and filtering are necessary. These preprocessing steps
are commonly found in the literature on Libet-type experiments (Libet et al., 1983;
Haggard & Eimer, 1999; Matsuhashi & Hallett, 2008; J. A. Trevena & Miller, 2002)
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and seem to be minor technical details in the analysis of EEG data. However, each of
these manipulations has its implications for the data, e.g. resulting in a shift of the RP
onset forward or backward in time (J. A. Trevena & Miller, 2002). Furthermore, getting
a reliable estimate of the onset of the intention to act is quite a challenge due to the
differences in the participant’s understanding of what an intention is and what they need
to do and report, as indicated above. In Libet’s experiment (and in ours), we are not
measuring the actual intention to act but the subjective report of this intention. All this
makes the theoretical interpretation of the relation between the RP in the supplementary
motor cortex and its interpretation in cognitive terminology (i.e. intention, urge, will,
decision or even action preparation) quite ambiguous. We would therefore like to suggest
that debates about Libet-style experiments are plagued by the problem of ‘semi-hard
data and soft concepts’.
In this article, we present our own replication of Libet’s experiment and use it to
illustrate how technical and conceptual issues can influence establishing whether the RP
reliably and consistently precedes the intention to act. We will focus on two points that
(to our knowledge) have not been addressed in the literature. First of all, by comparing
the results of three different ways of measuring the onset of the RP, in combination with
three different sets of electrodes used to measure the RP, one can notice large differences
in RP - intention timings. For instance, RP timing differences within one user can be
found to vary from -898ms to as little as -47ms. Although the general order found in
Libet’s results (first RP then awareness) is replicated, the data are not quite as ‘hard’
as one may think. Differences in individual participants are obscured when looking
at the grand average over all participants (as done in previous research). For instance,
although the RP precedes the intention to act in the grand average, we found the opposite
pattern of results in one participant (participant 5): the intention actually preceded the
RP onset. We will discuss the consequences this may have for the interpretation of the
data in terms of a causal relationship between the RP and an intended act. Secondly,
although we indicate there are several reasons to believe that the ‘inverted results’ of
participant 5 are not valid, we take it up as a thought experiment. Imagine one would
find a participant whose intentions would reliably precede the RP, how is one to interpret
such a case? Should one be forced to conclude that here we have a case of a causally
efficacious consciousness, or even a ‘soul’ or ‘res cogitans’? By examining the Libet
experiment with such a hypothetical case we aim to elucidate the debates on the freedom
and causal efficacy of conscious will.
In Section 2.2, we will first go into more detail on the background of our project.
25

Chapter 2. Lost in time...
Section 2.3, 2.4 and 2.5 will describe our replication study and Section 2.6 illustrates how
seemingly minor technical details can greatly influence the reliability and consistency
of the time relation between the RP and intention. Section 2.7 will aim to elucidate
the debate on the existence of free will and the causal efficacy of conscious will by
discussing the consequences of finding a participant which intention onset precedes their
RP onset (as found in our replication study). We will point out that Libet-style results
are not as ‘hard’ as one might have thought and cannot yet be taken as proof for the type
of conclusions that are often formulated regarding the non-existence of free will. What
possible type of relation the RP has with the act, will be discussed in Section 2.8.

2.2

Background
Research in cognitive neuroscience (CNS) often encounters difficulties that could be
characterized by the phrase ’hard data, soft concepts’. Despite a plethora of increasingly
detailed and sophisticated measurements of brain activity (‘hard data’), their relationship
with the cognitive processes of interest often is a continuous matter of debate, due to the
potential variation in meaning of the cognitive terminology (‘soft concepts’). This issue
is especially prominent in research concerning intention, and its relation to the issue of
free will 1 . There are various factors that can help to explain why such debates about
terminology can be quite complex.
Secondly, for them to be empirically investigated, cognitive concepts need to be
operationalized. Because of the requirements of well controlled circumstances and
avoidance of potential confounds, operationalizations often result in very basic tasks and
experimental setups. This raises the question whether the generalization of the findings
to the cognitive phenomena occurring ‘in the wild’ are justified. Libet-style experiments
are a case in point. Due to the constraints on the operationalization, the nature of the task
is so basic, that doubts have been raised (Pitman, 2013; A. Mele, 2007) about whether
the results genuinely apply to naturally occurring intentionally performed actions.
Third, there is the question of the precise nature of the relation between cognitive
processes and their neural correlates. Due to the temporal relation between RPs and
intentions (precedence) in Libet-style experiments, the most common suggestion is that
the relation is one of causation (Wegner, 2002). Note that there are two options here. One
could interpret the relation as a linear causal chain between the RP, the intention, and the
1 Other examples involve e.g. the decade long debate about mental imagery (Kosslyn, 1980; Kosslyn,
Thompson, & Ganis, 2006; Paivio, 1971; Pylyshyn, 1973, 2002) and consciousness (Baars, 1988; Block, 1997;
Crick & Koch, 1998; Chalmers, 1995)
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action. Alternatively, one could suggest that the RP is the cause of both the intention
and action in parallel, suggesting that there is no causal work to be done by the intention
as such (Wegner, 2002). In this paper, we will focus on the second option (where the
RP is the cause of both intention and action), although the argument will apply along
similar lines to the first option as well. This implies that one has to examine the data
from the perspective of the requirements of causation, i.e. what aspects of the data are
critical for establishing the presence of a causal relation? In a recent paper, Radder and
Meynen (2013) provide an excellent discussion of this topic, claiming that the most
appropriate characterization of the causal relation required for Libet style experiments is
terms of the so-called INUS condition (Mackie, 1965, 1974; Everitt & Howell, 2005).
Applied to Libet cases, an RP is a cause of the intention if and only if both the RP and
the intention are actual (they occur), the RP occurs before the intention, and the RP
is an INUS condition of the intention. The RP is an INUS condition of the intention
if and only if the RP is an Insufficient but Nonredundant part of a Condition which is
itself Unnecessary but exclusively Sufficient for the intention in the circumstances. Put
(dangerously) more simply: the RP should at least be a necessary element of a sufficient
condition for the intention. So an important question is whether Libet-style data are
fulfilling this INUS condition.
Radder and Meynen (2013) state that so far, this issue has not been resolved. The
nature of the relation between the RPs, intentions and actions remains unclear. Trevena
and Miller (2010) have investigated the relation between the RP and action by comparing
the brain activity prior to a decision to move and not to move. If the early RP truly
reflects the neural preparation for movement, they expected its magnitude to be predictive
of whether or not a participant will move (i.e. the movement-preceding negativity should
be larger prior to a decision to move compared to a decision not to move). However,
Trevena and Miller found similar early RPs prior to both a decision to move and not to
move. Therefore, they suggest that instead of movement specific preparation, the early
RP might reflect some ongoing involvement in the task at hand. The Lateralized RP
(LRP) was found to be correlated with a decision to move, starting about 100ms after cue
onset. However, since at that time the decision to act had already been made, Trevena
and Miller suggest that it does not play a role in decision making.
Results contradicting those of Trevena and Miller (2010) exist. For example,
Blankertz et al. (2006) built a real-time Brain-Computer Interface (BCI) that is able
to detect movement initiation and predict (with an information transfer rate above 60
bits per minute for the best participant) on a single trial level which movement is going
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to be performed (a left or right hand movement) prior to movement onset. In order to
accomplish this, they used the lateralized nature of the late phase of the RP. Moreover,
Fried, Mukamel and Kreiman (2011) recorded single neuron activity over the frontal
and temporal lobes using intracranial EEG while their participants were performing
spontaneous finger movements. Around 1500ms prior to the reported decision to move, a
progressive increase or decrease in neuronal firing rate is observed in the supplementary
motor area (SMA). About 256 neurons in the SMA were found to be sufficient to predict,
as early as 700ms prior to the reported intention to act, the upcoming act in single trials
with an accuracy greater than 80%.
Taken together, it is understandable that empirical results do not ‘just speak for
themselves’ but require careful attention to what exactly they imply for exactly which
interpretation of the cognitive processes studied. Before we go into more detail on this
issue, we will first describe the origin and nature of the Readiness Potential in more
detail.
Kornhuber and Deecke (1965) were the first to discover the slow negative potential,
now known as the Readiness Potential (RP), that precedes voluntary movements. As
you can see in Figure 2.2, the RP starts with a slowly increasing negative slope that can
be measured up to two seconds before a voluntary movement over the supplementary
motor area and premotor cortices (Kornhuber & Deecke, 1965; Shibasaki & Hallett,
2006). Around 400ms before the movement, the RP rapidly increases its negativity and
shows a steeper slope mainly contralateral in the premotor and primary motor cortex. For
instance, when performing a right hand movement, this corresponds to the activation of
the motor cortex on the left side of the brain which is controlling right hand movements.
This lateralization in the late phase of the RP is captured by the LRP and is calculated by
contrasting the left and right motor activity (J. A. Trevena & Miller, 2002; Shibasaki &
Hallett, 2006). Around 30-90ms after movement onset, the RP is followed by a complex
potential with an early positive phase.
It is important to emphasize that idealized renderings of the RP such as in Figure
2.2 are not directly observed. A lot of intermediate steps are required before something
even remotely looking like Figure 2.2 is obtained. That is, the inferential distance
(Roskies, 2008; Léoné, van Toor, & Haselager, 2013) between the results as displayed
and the actual measurement data is considerable. Images like Figure 2.2 are obtained
by averaging the brain activity over many trials and even multiple participants. If we
look at the activity over the motor cortex preceding a voluntary movement on a single
trial level, we see something like Figure 2.1. In contrast to the averaged brain activity
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over several trials, where the RP is clearly visible, the single trial activity seems much
more random. In what follows we will illustrate the nature of the inferential distance
between the results and actual measurement data by reviewing the assumptions, choices,
measurements, filters and analyses involved in Libet-style experiments, using our own
replication as an example.

Figure 2.1 An idealized curve of the Readiness Potential. Negative voltages are plotted upwards
and positive voltages downwards. The RP consists of two parts: (1) 1000ms - 400ms before
the action where the RP shows a slowly increasing negative slope and (2) 400ms before the
action until action onset where the RP shows a faster increasing negative slope. Adapted from
www .manoneileen .com

2.3

Experimental methods
In order to replicate the results found by Libet et al. (1983), we designed a similar
experiment, but used a slightly different task. In our experiment, similar to that of Soon
et al. (2008), Haggard and Eimer (1999) and Trevena and Miller (2002), participants
have to press either a left or a right button with their left or right thumb respectively,
instead of making quick movements with only their right hand. This altered task makes it
possible to investigate not only the when- component of an intentional act (i.e. deciding
when to perform the act), but also the what-component (i.e. deciding what action to
perform) (see the What, When and Whether Model of Intentional Action by Brass and
Haggard (2008)).

2.3.1 Participants
A total of 7 healthy volunteers were tested on the experiment. Six of these participants
were of age 22-25 and one of them was older than 40. Six of the participants were
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Figure 2.2 The thick blue line shows the brain activity at Cz (vertex, top of the head) preceding
left and right hand movements of participant 7, averaged over 50 trials. Each thin grey line,
shows the brain activity preceding a movement on a single trial. Time 0 indicates action onset.
Although we clearly see a readiness potential when we average over these 50, the single trial
activity fluctuates quite a bit.

right-handed and one of them was left-handed. All participants had normal or correctedto-normal vision.
2.3.2 Apparatus
A standard colour monitor was used to display the instructions and stimuli to the
participant. Two small button boxes were connected to the computer running the
experiment and placed to the left and right of the participant. A normal computer mouse
was used for the participant to indicate the remembered clock position on the computer
screen. Two speakers, placed to the left and right of the participant, were used to play
the auditory stimuli.
2.3.3 Recording
The experiments were run in BrainStream 2 (Severens, 2009). EEG was recorded with
a Biosemi Active 2 system using 64 Ag/AgCl Active electrodes placed on the scalp
according to the International 10/20 System (Klem, Lüders, Jasper, Elger, et al., 1999).
2 See
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The offsets of the electrodes were kept under 25 microvolt. The brain signals were
sampled at 2048Hz.
Eye blinks and movements were measured using EOG (electro-oculogram) electrodes.
Two bipolar electrodes were attached just above and below the left eye to record blinks
and vertical eye movements. Another two electrodes were attached to the outer sides of
both left and right eye to record horizontal eye movements. The recorded EOG activity
was used to filter the eye blinks and movements from the recorded brain activity during
off-line analysis.
The muscle activity of both left and right arm were measured using EMG (electromyogram) electrodes. Two bipolar electrodes were placed just below the elbow on
both right and left forearm to record the activity of the arm muscles moving both right
and left thumbs during a button press. Two other electrodes were placed on the wrist
bone of both the right and left wrist. The EMG was recorded for each arm as the voltage
difference between the the wrist bone and the forearm electrodes. The recorded EMG
activity was used to check the accuracy of the timing of the recorded button presses
relative to muscle contraction during off-line analysis.
2.3.4 Procedure
During the experiment, the participant is placed inside an experiment booth in front
of a computer screen on which the instructions and stimuli will be presented. The
experimenter is sitting outside this booth in the experiment room and is able to observe
the participant by video camera and microphone. The experiment consists of two types
of trials: intention trials and sound trials.
Intention trials

During an intention trial, the participant will be presented with the following sequence
of stimuli (see Figure 2.3):
1. The word “INTENTION” is displayed on the screen for a period of 1 second,
indicating that this trial will be an intention trial.
2. A clock along with the words “Get ready...” is presented for a period of 2 seconds.
The participant should make him/herself ready for the upcoming action by holding
a button box in each hand, placing his/her thumbs lightly on each button and
focusing on the centre of the clock. The clock starts running. To minimise eye
artifacts the participant is instructed to keep his/her focus on the center of the clock
and not follow the hand around. After the clock has completed one revolution,
31

Chapter 2. Lost in time...
the participant is free to decide both which button to press and when to press that
button. The participant is free to choose which button to press whenever he/she
feels the intention to do so. In performing this action, the participant should try
to be as spontaneous as possible and not plan the action. The participant should
wait for the feeling of wanting to press either button to arise and remember the
position of the clock at the time he/she felt that internal intention to act.
3. When a participant has pressed a button, the clock will stop running after a random
interval between 1 and 2 seconds. This was done to prevent bias in the reporting
of the timing of the intention to act based on the visible time of the button press as
indicated by the clock.
4. A clock without a hand along with the words “Report position...” is presented on
the screen. The participant should indicate the hand position at the time he/she
felt the intention to act by clicking with the computer mouse on that remembered
position inside the clock. After the participant has clicked inside the clock, the
hand will appear in that position. The participant is free to adapt the hand position
by dragging the hand around or clicking on another position. When the participant
is satisfied with the indicated clock position, he/she clicks on the “OK” button.
5. The question “How would you describe your action?” is displayed on the screen.
The participant can decide by clicking on one of three options: (1) Spontaneous,
(2) Planned, (3) Don’t know. This is done to check whether the participant indeed
made a spontaneous action.
Sound trials

The sound trials are mainly used to have an estimate of the accuracy of each participant
when reporting clock positions and to train the participant in remembering and reporting
those positions. The sound trials are very similar to the intention trials, only now the
participant should remember the position of the clock and press a button at the time
he/she hears an auditory stimulus:
1. When the trial starts, the word “SOUND” will be presented on the screen for a
period of 1 second, indicating that this trial will be a sound trial.
2. A clock along with the words “Get ready...” is presented on the screen for a period
of 2 seconds. This step is similar to step 2 of an intention trial.
3. The clock starts running. The participant should wait for an auditory stimulus to
be presented from either left or right speaker. This auditory stimulus consists of
a simple ‘beep’ sound. The sound will be played on a random time point within
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10 seconds after the clock started running. The participant should remember the
position of the clock at the time they heard the sound. When the sound is played
from the left speaker, the participant should press the left button and vice versa.
4. When a participant has pressed a button, the clock will stop running after a random
interval between 1 and 2 seconds. This step is similar to step 4 of an intention
trial.
5. A clock without a hand along with the words “Report position...” is presented
on the screen. This step is similar to step 5 of an intention trial, only now the
participant should report the remembered hand position at the time the auditory
stimulus was presented.

Figure 2.3 Stimuli provided to a participant during an intention trial. Step 1, the word “INTENTION” indicates that this trial will be an intention trial. Step 2, a clock appears on the screen. Step
3-4, the clock starts running and the participant can press either left or right button whenever their
intention arises to do so. Step 5, the participant reports the remembered clock position at the time
of their intention to act. Step 6, the participant reports whether the act was made spontaneously,
planned or don’t know.

2.3.5 Experimental timeline
The experiment consists of three phases: preparation, training and testing. During the
preparation phase, the EEG cap is fitted and installed on the participant. The participant
is made sure to be sitting comfortably and instructed not to move during the experiment.
The training phase consists of three blocks which serve to prepare the participant for
the upcoming testing phase. The first training block consists of five sound trials, to give
the participant a feeling for working with the clock and remembering and reporting
specific clock configurations. The second block consists of five intention trials to train
the participant in remembering and reporting the clock configuration at the time they feel
the intention to act. The participant is instructed to be as spontaneous as possible and try
not to plan their actions. The last block consists of a random mix of five intention and
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five sound trials to prepare the participant for the upcoming testing phase. The testing
phase is similar to the third training block and consists of eight blocks of twenty-two
mixed sound and intention trials, where one out of ten trials is a sound trial. The sound
trial is determined randomly each ten trials. There is a self-paced break between each
experimental phase and block.
The clock that is used during the experiment consists of a black circle with twelve
equally spaced marks (see Figure 2.3). The marks on the 12 o’clock, 3 o’clock, 6 o’clock
and 9 o’clock positions are a bit bigger than the other marks and labelled with ‘0’, ‘15’,
‘30’ and ‘45’. The clock hand consists of a tall red triangle. The clock completes one
revolution in 2.56 seconds, similar the clock used by Libet et al. (1983).

2.4

Data analysis

2.4.1 Preliminary EEG analysis
In order to analyze the individual trials in the recorded EEG, the raw data was sliced in
trials of 7 seconds around each button press (from 4 seconds before each button press
until 3 seconds after). Because we recorded both left and right hand responses, the data
of each trial was labelled either as a left or a right button response. Furthermore, the raw
EEG data was down sampled from 2048Hz to 128Hz.
Only the data recorded in the testing phase was analysed. Furthermore, we split the
data in sound trials (10% of all trials) and intention trials (90% of all trials). Since the
sound trials served mainly for training purposes and task variability, the focus in the
analysis was on the intention trials. The sound trials were only analysed to check the
difference between the reported sound onsets and actual sound onsets to have a measure
of accuracy on the reported hand positions. Only intention trials reported as being either
‘spontaneous’ (93% of all intention trials) or ‘don’t know’ (5% of all intention trials)
were used in the analysis. The trials reported as ‘don’t know’ were included in the
analysis since these trials did not seem to differ in the reported intention timings from the
‘spontaneous’ trials and we wanted to retain as many trials as possible for the analysis.
To remove noise from the recorded raw EEG and get a clearer view on the desired
RP signal, several preprocessing steps were taken:
•

A linear detrend was used to remove slow drifts from the data. Slow drifts are
parts in the EEG data were the overall signal shows a slow rise or fall due to small
changes in the resistance of the skin or electrodes. These changes can be caused
for instance by sweating or slight changes in the position of an electrode.
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•

The data was re-referenced using an average reference over all electrodes. With
re-referencing, the average EEG signal over all electrodes is subtracted at every
time point from the signal measured at each individual electrode. As the average
response is mainly due to non-brain interference sources, such as line-noise, this
improves the signal-to-noise ratio.

•

Electrodes which had excessively large fluctuations (defined as more than 3.5
standard deviations more power than the median electrode power) were labelled
as ’bad’ electrodes with a poor connection to the head and were removed from
further analysis.

•

Trials with excessively large fluctuations (as defined using the same criteria of
more than 3.5 standard deviations higher power than the median trial power) were
labelled as bad and removed from further analysis.

•

If an electrode was removed from the data, the data was re-referenced again to
remove the effect of the removed ’bad’ electrode.

•

Eye blinks and movements were removed from the EEG signal using the recorded
EOG data using a linear deflation technique.

•

The EEG signal from 2.5 seconds until 1.5 seconds before each button press was
used as a baseline in the EEG analysis. Since the participant is instructed to relax
and wait until the clock has made at least one complete revolution at the start of
each trial, this data segment is assumed to represent normal brain activity. The
average signal measured in the baseline period is subtracted from the measured
signal at each electrode and on each trial. This causes the average signal in the
baseline period to be zero, leaving only event related brain activity in the following
period.

•

A band-pass filter is used to filter out any remaining noise. The filter had a cut-off
frequency of 3dB between 0.5Hz and 20Hz. All frequencies below 0.1Hz and
above 30Hz were completely removed from the data.

•

Finally, the data was sub-sampled every 50ms.

2.4.2 Action onset
The threshold for muscle activity was set to 20 microvolt. When the measured EMG
exceeded this threshold at a certain point in time, the muscle was assumed to be active,
indicating that a button was being pressed. The average difference over all participants
between the recorded time of a button press and the onset of EMG activity was -3ms.
Since this difference was so small, the timing of a recorded button press, instead of the
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EMG activity, was used as the onset of an act.
2.4.3 Intention onset
In each intention trial, the clock position at the time of the intention to act was reported
by the participant. The angle starting from the twelve o’clock position to the indicated
hand position, as well as the times at which the hand passed the twelve o’clock position
were saved to the computer. The onset of an intention to act is calculated by counting
backwards from the time of the corresponding button press. Since the act of pressing a
button should have been made spontaneously, the intention to act was assumed to arrive
within 2.56s before a button press. While calculating the onset of an intention to act, two
cases can be distinguished:
1. The intention to act and the button press occurred in the same revolution of the
clock, so the angle indicating the onset of an intention was smaller than the angle
indicating the timing of the corresponding button press.
2. The intention to act occurred in the previous revolution of the clock compared
to that of the button press, so the angle indicating the onset of an intention was
bigger than the angle indicating the timing of the corresponding button press.
The onset of an intention to act (i) was calculated by the following formula distinguishing between the two cases described above:

Where: i = onset of an intention to act, a = angle of the clock hand at the reported
intention time, b = angle of the clock hand at the time of the button press, T1 = time
at which the clock hand passed the twelve o’clock position for the last time before the
button press and T2 = time at which the clock hand passed the twelve o’clock position
for the next to last time before the button press. When the clock made less than one
complete revolution before a button press, the last recorded twelve o’clock time(T1 ) and
previous twelve o’clock time(T2 ) are equal to the start time, which is zero.
In many of the recorded trials the angle of intention was reported just a little larger
than the angle of the button press. This corresponds either to the participant reporting
an intention almost 2.5 seconds before the action (which seems unlikely) or around
the time of the button press but with a slight reporting error. As the latter seems more
likely a small error interval of 20 degrees was introduced. With this error interval, the
intention to act can occur one revolution earlier than that of the button press, only when
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the reported angle is more than 20 degrees bigger than that of the button press.
2.4.4 RP onset
To determine the RP onset, the time point at which the RP starts its slow negative wave
was calculated using three different measures:
•

RP onset by eye: here the onset of the RP is determined visually by looking
backwards from the time point of the button press to the time point where three
data points in a row are above the baseline (see Figure 2.4A). This method is
similar to the method used by Libet et al.(1983) and Keller and Heckhausen
(1990).

•

RP onset using the 90% area: first the time point is determined at which three
data points in a row are above the baseline, looking backwards from the button
press (similar to the RP onset found by eye). Then, the total area enclosed by the
baseline and the EEG signal between the calculated time point and the time of the
button press is determined. Finally, the time point is calculated at which 90% of
that area starts, looking backwards from the button press (see Figure 2.4B). This
method provides a more conservative estimation of the RP onset as it reduces the
chance of finding an RP onset based on a small temporary negative jitter in the
EEG data.

•

RP onset using a t-test: similar to the method used by Trevena and Miller (2002),
a t-test over both left and right hand responses is used to find the RP onset. The
t-test determines whether the EEG signal at each time point is significantly below
the baseline. Such a t-test seems to be the most reliable measure of the RP onset
since it is able to look over the single trial data to see if the RP indeed significantly
starts at a certain point in time. After calculating the p values over the EEG data
using the t-test, the RP onset is determined by calculating the time point at which
three p values in a row are above 0.05, looking backwards from the button press
(see Figure 2.4C).

The RP onset is calculated for each individual participant and for the average over all
participants using each of these three measures. As there were no significant differences
in the RP onset of left- and right-hand responses measured at Cz, C3 or C4, the RP was
calculated over all measured responses (i.e. no distinction between left- and right-hand
responses was made). The RP onset is furthermore calculated over the grand average by
eye and with the 90% area measure. The t-test measure is furthermore used to calculate
the average RP onset over the concatenated data of all participants.
37

Chapter 2. Lost in time...
The RP onset was calculated over three different sets of electrodes:
•

Cz (vertex): the RP is said to be maximally negative at the vertex (Shibasaki &
Hallett, 2006), so similar to Libet et al. (1983) the RP was calculated over the Cz
electrode.

•

Cz, C3 and C4 (vertex and left and right motor area): because the experiment
involves both left and right hand movement, the RP onset was calculated in
addition over the left and right motor area together with the vertex.

•

Best set: since the Cz, C3 or C4 electrodes were not the most optimal electrodes
for each participant, the RP was also calculated over three electrodes (one left,
one right and one in the middle of the brain) were the RP seemed subjectively
largest. The best set of electrodes was visually determined for each participant by
looking at the average EEG signal recorded at each electrode and determining at
which three electrodes the RP signal had the earliest onset and largest amplitude.

When the RP onset is calculated over multiple electrodes using either measure, the
RP onset over each electrode is calculated separately and then averaged together.

2.5

Results
Table 2.1 contains the following results for each participant, the average over these
individual participant results and the grand average:
•

The number of left (L) and right (R) hand responses

•

The three sets of electrodes used to calculate the RP onset

•

The mean onset of the intention to act

•

The mean RP onset measured by eye over the three different sets of electrodes

•

The mean RP onset measured using the 90% area method over the three different
sets of electrodes

•

The mean RP onset measured using a t-test over the three different sets of electrodes

When using the same analysis as Libet et al. (1983) of looking at the average RP
onset of all participants over the vertex (Cz) measured by the 90% area measure and the
eye measurement, we do find the same results that Libet et al. found: the RP has its onset
on average between 836ms and 700ms before a button press. Since the intention to act
arises 156ms on average before a button press, the RP indeed precedes the intention to
act according to these measures. Calculating the RP onset over the best set of electrodes
for each participant provided similar results: the RP has its onset on average between
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Subject[L,R]

Intention

1 [86,63]

-30

2 [83,71]

-83

3 [120,33]

-103

4 [81,58]

-57

5 [62,82]

-688

6 [53,92]

-95

7 [126,27]

-38

Electrodes

RPeye

RP 90%

RP t-test

Cz
Cz, C3, C4
Best: Cpz, FC3, FC2
Cz
Cz, C3, C4
Best: Cz, CP3, C2
Cz
Cz, C3, C4
Best: CPz, C1, C2
Cz
Cz, C3, C4
Best: Cz, C3, FC2
Cz
Cz, C3, C4
Best: FCz, C3, C6
Cz
Cz, C3, C4
Best: CPz, C5, CP2
Cz
Cz, C3, C4
Best: Cz, C1, C2

-602
-469
-534
-453
-484
-469
-500
-299
-599
-1203
-716
-935
-1250
-1099
-982
-47
-500
-898
-1797
-1034
-1747

-453
-367
-432
-352
-401
-367
-398
-247
-516
-1047
-565
-766
-1148
-898
-747
-47
-417
-669
-1453
-852
-1317

-500
-266
-432
-148
-133
-284
-148
-133
-266
-500
-333
-352
-102
-148
-651
-453
-318
-549
-648
-450
-599

Average

-156

Cz
Cz, C3, C4
Best set

-836
-657
-881

-700
-535
-688

-357
-254
-447

Grand average

-156

Cz
Cz, C3, C4

-1203
-734

-703
-450

-500
-383

Table 2.1 Results on the average onset (in milliseconds) of the intention to act and the corresponding RP. The first 7 blocks of rows contain the average data of each participant. The 8th block
contains the averaged data of all participants and the last block contains the grand average data.
Note that the t-test data reported in the grand average block is not applied over the grand average
but over the concatenated data of all participants.

881ms and 688ms before a button press using the best set of electrodes. Calculating the
RP onset over the vertex and left and right motor area (Cz, C3 and C4) yielded slightly
later onsets: the average RP onset was found between 657ms and 535ms before a button
press.
The three measures for calculating the RP onset differ quite a lot in their results.
Overall the t-test measure finds the smallest distance (-357ms on average at the Cz
electrode) between the RP onset and the button press. A one-sided paired-sample t-test
confirmed this result and showed that the t-test measure finds significantly later RP
onsets compared to the eye and 90% measure when using Cz, C3 and C4 or the best
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Figure 2.4 Example of the RP onset calculated: [A] by eye, [B] using the 90% area method
or [C] using the ttest method for the EEG data of participant 1. The red vertical lines indicate
the calculated RP onsets. In [A] and [B], the blue lines represent the average responses for leftand right-hand actions recorded at the Cz electrode. In [C] the blue lines represent the p-values
calculated over the recorded EEG at Cz. The button press occurs at time 0.
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set of electrodes (p < 0.05). The t-test measure also finds significantly later RP onsets
compared to the eye measure over Cz (p < 0.05). The RP onsets of the eye and 90%
measures did not differ significantly from each other for each set of electrodes.
The mean RP onset and the mean onset of the intention to act differ quite a lot
between participants. The largest time difference between the onset of an intention
and the button press was 688ms where the smallest distance was only 30ms. The RP
onset ranged between 1453ms and 47ms before the button press looking at the 90% area
measure at Cz for instance.
In all, we were able to replicate the results found by Libet et al. (1983), but since
these results differ so much between participants and used measures they become a
bit questionable. Are we indeed measuring the onset of the neuronal preparation for
movement by looking at the RP onset? Are we correctly determining the RP onset? Do
the reported intentions indeed correspond to the first awareness of wanting to act? We
will describe the implications of the complexities we encountered during our experiment
in the next section.

2.6

The problem of semi hard data and soft concepts
We did find that the RP precedes the intention to act when looking at the average over
all participants, but do these findings accurately reflect the patterns in the data of the
individual participants? Do they reflect what occurs in individual trials? In this section
we will describe that although we were able to successfully replicate the results of
Libet et al. (1983), the relation of this semi hard data (the measured RP onset) to the
underlying soft concepts (the onset of the intention to act) is not straightforward, and
that this currently blocks a clear view on the implications of the data for the discussion
about the causal relationship between RPs and actions.
Since EEG data contains a lot of noise and uninteresting signals, some form of
preprocessing is necessary to be able to look at the signal of interest, in our case the RP.
However, these preprocessing steps all have their positive and negative effects on the
data which, as we found out, might lead to finding results that need not accurately reflect
what is going on in a person’s brain. Each participant produces different brain signals
and has a different understanding of what intentions they need to report. This makes
participant variability an important and complex issue within this research.
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Figure 2.5 The grand average measured at the Cz electrode. The RP is clearly visible looking
at the grand average. The slow negative slope of the RP starts around 1203ms before the button
press at time 0.

2.6.1 Averaging
EEG data recorded on a single trial is assumed to consist of both random noise and a
signal of interest (Luck, 2005), in our case the RP. Where the noise consists of different
random waveforms on each trial, the signal of interest is assumed to reflect a similar
pattern in both time and magnitude. When averaging over a large number of trials, the
signal of interest should remain and the random noise should be reduced. Making a grand
average allows you to average over a large number of trials by averaging together the
waveforms of each individual participant. Averaging in this way is often used to extract
a signal of interest from the overall EEG data (see Figure 2.5). However, averaging can
provide a distorted view of the single-trial waveforms, especially when their component
latencies vary from trial to trial (Luck, 2005). The averaged waveform will represent
the earliest onsets and latest offsets of the individual trials or participants that contribute
to the average. In general, these methods do not allow the claim that the RP always
precedes the intention to act, as it is unknown whether this is the case on a single trial
level (Radder & Meynen, 2013).
If you look at the onset of the RP measured by the t-test method over the Cz electrode
in Table 2.2, similar to the methods used by Trevena and Miller (2002), you see that
the RP precedes the intention to act in all but one of the participants: participant 5. The
intention of participant 5 by far precedes the measured RP onset with 586ms on average,
even when it is determined over different electrodes (see Table 2.1). But when we look
at grand average, similar to Libet et al. (1983), we still see the rather nice result of the
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RP preceding the intention to act by 344ms on average. This shows that the average
EEG signal in this case does not reflect the pattern of the individual participants; the RP
does not precede the intention to act in all participants.
2.6.2 Participant 5
Participant 5 produced quite different results compared to the other participants. Not
only did he report his intentions to precede his actions by 688ms on average, but his
average RP onset according to the t-test measure also appeared quite close to the button
press. However, the eye and 90% measures do find an early RP onset of around 900ms
prior to the button press. This means that using these analyses, the RP does precede
the intention to act for participant 5. So by choosing a different analysis, the results of
participant 5 can change entirely. Choosing the t-test measure determines the RP onset
to appear after the intention to act, but choosing the eye or 90% measures determines
the RP to precede the intention to act.
Perhaps participant 5 was somehow planning his actions, causing the early intention
onsets. However, according to previous research (Libet et al., 1983; Shibasaki & Hallett,
2006), planning your actions should also cause the RP to have a much earlier onset
than when you are acting spontaneously. We did not find this in the data of participant
5. Something of course could have gone wrong in the data collection of participant 5,
causing these strange results. But as far as we know, this participant completed the same
experiment as the other participants and received the same instructions. This shows that
the choice of analysis can have a great effect on the found results.
Participant

Intention(ms)

RP t-test (Cz) (ms)

RP – intention(ms)

1
2
3
4
5
6
7

-30
-83
-103
-57
-688
-95
-38

-500
-148
-148
-500
-102
-453
-648

-470
-65
-45
-443
+586
-358
-610

1-7

-156

-357

-201

Table 2.2 Comparison of the average RP onset found with the t-test method over the Cz electrode
and the average intention onset of each participant. Note the results of participant 5, here the
average intention seems to precede the average RP onset by 586ms. Since we cannot calculate
single trial RP onsets, we do not know whether the intention consistently preceded the RP onset
on each trial. However, we do know that 96% of the reported single trial intention onsets of
participant 5 occurred prior to the average RP onset.
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Figure 2.6 A. Filter 1: a bandpass filter with a cut-off frequency of 3dB between 0.5 and 20Hz
which completely removes all frequencies above 30 and below 0.1Hz is applied to the data of
participant 4. Using this filter, the eye method over the Cz electrode finds an average RP onset
of 1203ms before the button press. B. Filter 2: a bandpass filter with a cut-off frequency of 3dB
between 1 and 20Hz which completely removes all frequencies above 30 and below 0.1Hz is
applied to the data of participant 4. Using this filter, the eye method over the Cz electrode finds an
average RP onset of 500ms before the button press.

2.6.3 Temporal filtering
To further reduce noise in the recorded EEG, off-line filtering is often applied. A filter
can filter out certain frequency ranges that are of no interest. For instance, most EEG
signals of interest, including the RP, are composed of frequencies under 30Hz which
means that all signals above 30Hz will probably consist of noise (Luck, 2005). By
filtering out all frequencies above 30Hz in the recorded EEG, the noise is reduced and
the signal remains.
As the frequencies in the signal of interest and in the noise become more similar, it
is quite a tricky business to remove the noise without distorting the signal. For instance,
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filters can change the onset, duration and amplitude of a signal component, can make
monophasic waveforms appear multiphasic and add artifactual peaks (Luck, 2005). Since
precision in the time domain is inversely related to precision in the frequency domain,
the more tightly the frequencies are constrained in a certain signal (by filtering out a
broad range of frequencies), the more that signal will be spread out in time (Luck, 2005).
Using a slightly different filter can alter the results found by a Libet-type experiment
a great deal. Look for instance at Figure 2.6. In Figure 2.6A, we used a bandpass filter
with a cut-off frequency of 3dB between 0.5 and 20Hz, similar to the one used in our
analysis. This filter completely removes all frequencies above 30Hz and below 0.1Hz.
In Figure 2.6B, we used a slightly different bandpass filter with a cut-off frequency
of 3dB between 1 and 20Hz and which completely removes all frequencies above 30
and below 0.5Hz. So the only difference between these two filters is that filter 1 starts
removing frequencies below 0.5Hz and filter 2 starts removing frequencies below 1Hz.
However, the choice of filter greatly influences the results. Using filter 1, the RP has
its onset at -1203ms. Using filter 2, the RP has its onset at -500ms which is about half
of the RP onset found using filter 1. Thus, the choice of filter can greatly influence the
measurement of the RP onset, thereby increasing or decreasing (possibly even reversing)
the time interval between the RP onset and intention.
2.6.4 Slow waves
A change in the resistance of the skin or electrodes can cause slow voltage shifts to
appear in the raw EEG data. Since voltage is proportional to the product of current
and resistance (Ohm’s law), increasing the resistance of an electrical current without
changing the current flow, will increase the voltage (Luck, 2005). Sweating for instance,
causes a decrease in the resistance of the skin which results in slow voltage shifts called
skin potentials. Slight changes in the position of an electrode due to movement of a
participant, can also cause slow voltage shifts in the EEG data.
Filtering out the slow voltage shifts using linear detrending is a common thing to do.
But since the start of the RP consists of a slow negative wave, filtering out these slow
shifts could filter out the start of the RP signal as well. However, removing slow voltage
shifts will leave the more rapidly increasing second part of the RP intact. Changes to
the RP signal caused by filtering out the slow voltage shifts could therefore shift the
actual RP onset to a later time point, closer to the button press. Such a shift may lead to
a higher probability of individual reversals in the order between the RP and intention
(where the intention is now preceding the RP), such that the requirement for a causal
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relation between them will have a greater chance of being violated.
2.6.5 Intention onset
Imagine that you would participate in a Libet-type experiment and you were given the
task to press a button whenever you wanted to, and remember the time at which you first
knew you wanted to press that button. That is quite a difficult task. A participant has to
sit still for about two hours, covered with electrodes and listen to their inner sense to act.
This is probably not an everyday experience for them.
The participants in our experiment differed quite a lot on the average onset of their
intention to act. Although almost all participants had an average intention to act less
than 100ms before the button press, one participant reported their intention an average of
688ms before the button press. Most participants claimed that their understanding of how
to spontaneously intend an action improved as the trials progressed. This however was
not apparent through for instance less variable intention timings in the last testing blocks
compared to the first. One participant reported not to know the difference between the
timing of the button press and the timing of her intention to act. She claimed to have
been reporting the timings of the button presses, but this did not seem to be the case
looking at the data. Her data still contained intentions that preceded the button presses.
All in all, the task of reporting the time at which you are first conscious of your intention
is quite a hard thing to do.
On 28% of the intention trials, the intentions were reported as arriving just a little
later than the button presses. This seems to be incorrect, since this means a participant
first pressed a button and then got the intention to do it. Perhaps in these cases, the
participants reported the timing of their button press instead of their intention to press
that button. Of course it is possible that the intention to act arrives around the same time
as the button press. Or perhaps the participants were not able to accurately report the
timing of their intentions using the current clock.
Making spontaneous actions is not very easy when you are constantly looking at a
clock. A lot of participants reported making spontaneous actions by waiting for their
urge to plan their actions to fade away and quickly press a button at a random time.
Trying hard not to plan an action, could influence the report of an intention to act. The
focus might not have been on wanting to press a button but on trying not to plan an
action. If the actions were quickly made to avoid planning an action, reporting the onset
of the intention to act might have been affected. If this is the case, it might make sense
that the intentions were reported around the same time as the button press which, along
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with an error interval in remembering a clock position, could explain the 28% of the
intention trials on which the button press occurred earlier than the intention to act.
Fatigue can cause participants to lose their motivation to act. If you pressed a button
for over 80 times, do you still want to press that button when you hit it for the 81st time?
The duration and little variability in the task at hand, could have an effect on the report
of a intention to act.
All these complexities make it difficult to measure the onset of an intention to
act. Since you are trying to find out something about someone’s subjective experience,
you are dependent of that persons report on these experiences. There is, as far as our
knowledge goes, no way to objectively measure someone’s intentions to act.
To improve the accuracy in the reported intention times it might be helpful to give
participants feedback on their timing reports of an auditory or tactile stimulus during a
training phase of the experiment so they can learn how to be most accurate in reporting
clock positions, similar to the methods used by Libet et al. (1983).
Focusing more on the accuracy of the reported clock positions will provide information on the usefulness of this subjective measure. There are other possibilities of
measuring the onset of an intention to act. For instance, Matsuhashi and Hallett (2008)
developed a real-time method for estimating the onset of an intention to act during a
Libet-type experiment. While their participants made self-paced voluntary right hand
movements, a tone was presented at random intervals in time. Each tone probes the
participant for an intention report: participants should ignore the tone if they were not
thinking about their next movement, or veto their movement if they had started thinking
about it. Using the timing of the tones and the participant’s reaction to them, in relation
to the onset of the button presses enabled Matsuhashi and Hallett to create an individual
model of the RP in relation to the intention. This design is directly compared to the
original Libet design in a study by Verbaarschot, Haselager and Farquhar (2016).
2.6.6 Electrode selection
Every participant has a unique brain and produces different brain signals compared
to others. The vertex (Cz) does not have to be the place where the RP is maximally
negative for all participants. If you look at the average RP onset over all participants
measured over the best set of electrodes for each participant, you see that these times,
with an average of -688ms, are all earlier than those measured only at Cz or at Cz, C3
and C4. Since every participant produces different brain signals from somewhat different
locations, it might be a good idea to use the t-test measure for the electrode selection.
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A t-test checks for each electrode if the RP significantly starts its slow negative wave
at a certain time point over all individual trials. So by using this measure, you know
with a certain significance level whether the RP seen in the averaged signal at a certain
electrode indeed reflects the data found in the individual trials. This measure should be
combined with a cross-validation technique in order to prevent overfitting.

2.7

A small thought experiment
The results for participant 5 are likely due to a misunderstanding of the task at hand by
the participant. However, what would be the consequences if these results were in fact
correct? We would like to reflect briefly on this scenario. It would mean that we found
an opposite pattern of results compared to that of Libet et al.; for this participant, the
average onset of the intention to act was reported prior to the average onset of the RP.
The conclusion that is commonly drawn from Libet-type experiments (Bode et al., 2012;
Fried et al., 2011; Libet et al., 1983; Soon et al., 2008) seems to be that since the RP
is measurable prior to the average onset of the reported intention to act, the intention
itself does not play a causal role in action initiation. However, if we apply the same
logic to our results in case of participant 5, one might feel inclined to conclude that
the intentions of this participant would appear to be the cause of his actions. Here, we
assume that along with the intention to act, we could not find any brain signatures at that
point in time that were predictive of the upcoming act. The only thing we have is the
reported onset of the intention to act, followed by the neural preparation for movement
as indicated by the RP, and the act itself.
One might be tempted3 to consider the possibility that participant 5 actually would
have a causally efficacious conscious will, whereas the other participants would not.
Following a similar line of reasoning, one could argue that if such a reversed temporal
relation would be established in some individual trials (for participant 5 or for other
participants), then at least during those trials, we would have seen a causally potent
conscious will at work. For all other trials (and for all other participants on average) no
such implication could have been drawn. The same line of reasoning could be applied to
many other reports on Libet-type experiments. For example, Fried et al. (2011) were
able to predict 80% of the actions prior to the reported intention to act. However, what
does this mean for the remaining 20% of the actions? In these trials, were it not the
measured indecisive neural preparatory signals, but the intentions themselves that caused
3 We give this as an illustration of an alternative interpretation, but do not wish to suggest that it is
unavoidable. Simply put, if intentions would appear before the RP, it does not necessarily lead to dualism.
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the actions? Obviously, from a scientific materialist perspective, such considerations
would sound rather science fiction-like, if not just pure fiction.
Yet, the reversed pattern of results of participant 5 seems intuitive to many people
(Bloom, 2005). If one consciously thinks “I want to flex my finger right now”, and
your finger lifts, you infer that it was your intention to do so which caused your act. As
Wegner (2002) and others indicated, the reliably present temporal relation between the
intention and the action (and lacking alternative explanations) makes it at least intuitively
plausible that intentions cause actions. Likewise, from a folk-psychological perspective
it seems intuitively plausible that this is also reflected in the relation between one’s
intention and one’s neural processes: the intention to act would be expected to be found
to precede the neural preparation for the act 4 . Of course, from a scientific materialist
perspective, such intuitions make little sense. Where would the intention to act come
from? In virtue of what would such an intention have its causal powers, if it was not
somehow physically realized? What all this does indicate, in our view, is that findings
such as those of participant 5 would be genuinely shocking and revolutionary, if found
to be really true. The results generally found are actually those we would expect to find.
The conscious thought of wanting to act (i.e. intention) is implemented by and encoded
in brain activity. The excitement that surrounds the debate about Libet style results is to
a large extent, we believe, fuelled by residual dualism and folk-psychological intuitions.

2.8

Conclusion
We were able to replicate the results found by Libet et al. (1983): the RP we measured
preceded the intention to act by 544ms and the button press by 700ms on average over
all participants measured with the 90% area measure over Cz. Using the best set of
electrodes instead of Cz resulted in similar onsets: an average RP onset of 688ms before
a button press. Measuring the RP over Cz, C3 and C4 resulted in somewhat later onsets:
an average RP onset of 535ms before a button press. Overall, the eye measurement
gave the earliest RP onset times and the t-test measure the latest. However, zooming
in on more specific results, we sometimes find very large differences between them.
Differences between the three methods establishing the onset of RPs sometimes led to
differences of 1148ms (see participant 5 RPeye vs RPt-test results on the Cz electrode in
Table 2.1). Also, the difference between the standard set of electrodes (Cz, C3, C4) and
4 When we speak of actions and intentions, we speak of simple finger, wrist or hand movements that
are made spontaneously, without any planning on when to act, with an accompanying conscious thought of
wanting to act.
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the best set (FCz, C3, C6) was found to be high (503ms) for participant 5. Despite such
large differences, all measures over each electrode set gave the same average result over
all participants: the RP precedes the intention to act.
Knowing that the RP precedes the intention to act on average over all participants,
does not mean that this is true for all individual participants on all trials. As explained in
Section 2.6, the RP onset times are very sensitive to the preprocessing methods used.
For instance, using the eye or 90% measure on the data of participant 5 did determine
the RP onset prior to the intention onset, whereas the t-test measure yielded the opposite
pattern of results. Moreover, the grand average and average over all participants can be
misleading since they do not always reflect the pattern found in the individual participants
and trials. Although on average the RP precedes the intention to act, this was not found
to be the case for participant 5. Looking only at the average result, as done in previous
research (Libet et al., 1983; J. A. Trevena & Miller, 2002; Haggard & Eimer, 1999),
does not seem to be the best way to obtain results that are representative of an individual
subject. These results in fact, do not support the claim that the RP precedes the intention
to act in Libet-type experiments, because it is unclear whether this is the case on a single
trial level. In order to find out whether the RP indeed precedes the intention to act in
the individual data, the onset times of both RP and intention to act need to be known on
single trial level.
If the exact onset of the RP and the intention to act are known on every individual
trial, it can be checked whether the RP indeed precedes the intention to act in all recorded
cases, a requirement that is essential to establishing whether or not RPs could qualify
as a potential cause of the intention (Radder & Meynen, 2013). What we showed
above indicates that there are several options available to researchers for minimizing or
maximizing the probability of finding exceptions (i.e. reversals of the temporal relation
between RP and intention) through filtering, selection of electrode sets and ways to
determine RP onsets. Currently, there are no standard rules (although there is a growing
consensus on methods) on how to make a specific selection from the available options.
For future research, we therefore suggest to build a classifier and train it on the
collected data to determine the RP onset times more accurately on single trial level. A
classifier determines to which sub-class a certain piece of data belongs. The classifier
is trained on a set of data samples containing a sub-class label. This label contains the
sub-class name to which a certain data sample belongs. The classifier uses this training
set to learn by trial and error which data sample belongs to which sub-class. When
the classifier has learned to correctly classify the data in the training set, it can use this
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knowledge to classify new unlabelled pieces of data. Since the RP is not clearly visible
by eye on individual trial level and looking at the averaged data can be misleading, a
classifier can be used to learn the patterns in the recorded data and determine with a
certain accuracy level whether a certain piece of data contains an RP, and if so, where it
has its onset. If the classifier can be configured to use the RP to predict both which action
a person is going to make and when this action will take place before that act is intended
consciously by a person, this provides definite proof that the RP indeed precedes the
(awareness of the) intention to act.
We believe it is clear that in order to properly assess the implications of Libetstyle results for the debate on the causal efficacy and freedom of conscious will, more
detailed data on individual trials for individual subjects need to be obtained in a reliable,
generally agreed upon way. Having various options available to measure average RP
onset across subjects and trials (with differing results) will not enable us to draw the type
of conclusions regarding causal relations between RPs and intentions that this debate
requires.
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Chapter 3
Detecting traces of consciousness in
the process of intending to act

3.1

Introduction
Many researchers have aimed to clarify the role of our conscious intention to act in
voluntary action initiation. Libet et al. (1983) were among the first to use neuroscientific
methods to investigate the nature and temporal order of the processes of mind that
produce the experience of will and those that produce the action. They found that the
neural preparatory processes for action (i.e. Readiness Potential) preceded the act by
about 550 ms, whereas the onset of the intention to act was reported around 200 ms
prior to action. In other words, the neural preparation for action preceded the conscious
intention to act by about 350 ms. According to Libet et al., this suggests that the brain
starts preparing an act before it is intended consciously by a person. If this is true, it
could (and has been taken to) mean that our conscious intention to act does not play
a causal role in action initiation (Libet et al., 1983; Filevich, Kühn, & Haggard, 2013;
Soon et al., 2008).
The results of Libet et al. (1983) have been replicated several times (Haggard &
Eimer, 1999; Keller & Heckhausen, 1990; J. A. Trevena & Miller, 2002; Verbaarschot,
Farquhar, & Haselager, 2015) and their experimental design has been widely applied
This chapter has been published as: Verbaarschot, C., Haselager, P., & Farquhar, J. (2016). Detecting
traces of consciousness in the process of intending to act. Experimental Brain Research, 234(7), 1945-1956
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(Bai et al., 2011; Bode et al., 2011; Filevich et al., 2013; Soon et al., 2008). In these
Libet-type experiments, the onset of an intention to act is typically measured through a
self-initiated report by the participant. Often, the participant is instructed to watch some
variant of a clock and remember its spatial configuration at the time they first feel their
intention to act. The remembered configuration is reported after the performance of each
voluntary movement.
To the best of our knowledge, Matsuhashi and Hallet (2008) are the only ones to
have used a different approach to measure the onset of an intention to act. Instead
of relying on self-initiated post-action reports, they used auditory probes to initiate a
real-time intention report prior to action performance. Using this method, the onset of
the intention to act was measured up to 1.42s prior to movement, much earlier than the
0.2s of Libet et al. (1983). These results could be taken to contradict each other as a
single intention to act apparently can have different onsets. Alternatively, they might
represent different stages in the process of intending. However, up till now, the question
of whether the reported onsets of intending indeed differ significantly between the Libet
and Matsuhashi task within the same individuals has not been explored.
We developed a within-subject experiment in order to investigate whether different
ways of measuring (i.e. self-initiated report vs. auditory probing) lead to different onsets
of intending. We expected the onset of intending measured with auditory probes (Matsuhashi task) to significantly precede the onset of intending measured with self-initiated
reports (Libet task). Furthermore, we investigated during which phases of the neural
preparation for action the measured onsets of intending arise. We measured three neural
signatures of the preparation for voluntary movement using electroencephalography
(EEG): the Readiness Potential (RP), Lateralized Readiness Potential (LRP) (Kornhuber
& Deecke, 1965; Shibasaki & Hallett, 2006), and the event-related desynchronization
(ERD) in the alpha and beta band over the motor cortex (Pfurtscheller & Aranibar, 1979).
These signatures have been successfully used for the single-trial prediction of the onset
of voluntary movement in previous research (Bai et al., 2011; Blankertz et al., 2006;
Lew, Chavarriaga, Silvoni, & Millán, 2012; Schneider et al., 2013).
The results of our experiment are interpreted within a conceptual framework that
is an extension of the what, when and whether-model proposed by Brass and Haggard
(2008). Within this framework, results of studies like that of Libet et al. (1983) and
Matsuhashi and Hallett (2008) complement rather than contradict each other. In fact,
they seem to suggest that before a participant is able to provide a self-initiated report
of intending their act, some form of action-related awareness is already present and
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can be revealed by using external probes. We suggest that these results and those of
previous research support the interpretation of an intention to act as a multistage process
developing over time (D. Dennett, 1991; Uithol et al., 2014).
Section 3.2 will describe our experimental design. The results will be presented in
Section 3.3 and in Section 3.4 we interpret our results within the conceptual framework
for the process of intending. In Section 3.5 we provide our conclusions.

3.2

Experimental methods
We combined adapted versions of the Libet and Matsuhashi task into a within-subject
experiment. We believe that intended actions generally involve some form of reasoning
about the current situation and relevant background information and usually lead to some
observable effect for which the agent can take responsibility (Mecacci & Haselager,
2015). In the original Matsuhashi task, the acts did not involve any reasoning and did
not have any effect. Therefore, we made some changes to the original task design.
Inspired by Grey Walter (D. Dennett, 1991), we instructed our participants to watch
slides on a computer screen. The participants could proceed to a new slide by pressing a
button whenever they wanted to. With this everyday task, we created a more realistic
experimental setting since the acts could be made for a reason (where the simplest
one is being bored of the current slide) and have an effect (presenting a new slide on
the computer screen). Furthermore, participants did not perform their actions with a
certain frequency, but performed one action on each trial in order to enhance the level
of spontaneity. Finally, in our versions of the Libet and Matsuhashi tasks, participants
were free to choose what action to perform (a left or right hand button press) and when
to perform it.

3.2.1 Participants
Twelve healthy volunteers (23 ± 4 years old, 7 females, 10 right-handed) were tested.

All participants had normal or corrected-to-normal vision and gave informed consent.
The study was conducted in accordance with the ethical standards provided by the 1964
Declaration of Helsinki.
3.2.2 Apparatus
Instructions and stimuli were displayed on a 17” TFT screen with a resolution of 800
x 600 pixels and 60Hz refresh rate. In-ear headphones were used for auditory stimuli.
The participant held one small button box in each hand and used a computer mouse to
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indicate the remembered clock-configurations during the Libet task. The experiments
were run in BrainStream 1 (Severens, 2009). EEG was recorded with a Biosemi Active 2
system using 64 Ag/AgCl active electrodes sampled at 2048Hz placed according to the
International 10/20 System (Klem et al., 1999). Electrode offsets were kept under 25
µV. Four EOG (electroculogram) electrodes, placed in bi-polar pairs above/below the
left eye and on the outer sides of both eyes, were used to record the muscular activity
related to eye blinks and movements. To measure muscle activity in the arms, EMG
(electromyogram) electrodes were placed in two bi-polar pairs on the center of the
forearm (flexor flexor pollicis longus) and on both wrists.
3.2.3 Procedures
The participant was seated at a table in an electrically shielded room with the display
70cm directly in front of them. Five experimental tasks were tested: the Libet task,
Matsuhashi task, sound-response task, reaction time task and no-action task. Whereas
the Libet and Matsuhashi task were the main focus of this study, the remaining tasks
served to train the participants in performing these tasks.
The experiment was split into two sessions: a behavioural session and an EEG
session. The behavioural session consisted of: 5 reaction time trials and 30 Matsuhashi
trials for training purposes (15 mins), 2 x 20 reaction time trials alternated with 3 x 50
Matsuhashi trials for main testing (30 mins), and finally 20 sound-response trials and
10 Libet trials to prepare for the EEG session (15 mins). The EEG session consisted of
alternate blocks of 6 x 50 Matsuhashi trials, 4 x 25 Libet trials and 2 x 25 no-action trials
(60 min).
At the end of the experiment, the participants filled in a questionnaire (15 min). The
total duration of the experiment with self-paced breaks between blocks was approximately 3 hours.
Libet task

First, a stationary clock was presented for a period of 2 s. After that, it started running
(see Figure 3.1A). Participants were instructed to keep their eyes focused on the centre of
the clock. After the clock had made one revolution, participants were free to decide which
button to press (a left or right thumb button press) and when to press it. Participants were
instructed to wait for the feeling of wanting to press either button to arise and remember
the configuration of the clock at that time. When participants pressed a button, the clock
1 See
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Figure 3.1 A. Stimuli provided to a participant during a Libet trial. First, a stationary clock
was presented. After 2 s, the clock started running and the participant could press a button with
either their left or right hand whenever they felt the intention to do so. When a button was pressed,
the participant reported the remembered clock position at the time of the intention to act. Finally,
the participant reported whether the act was: ‘made spontaneously’, ‘planned’ or ‘don’t know’.
B. Sequence of events in a Matsuhashi trial in which a participant was aware of intending to act
at the moment the auditory probe was presented (at 8 s) and waited for the trial to end (at 12 s).
When the trial ended the participant was asked whether or not they had vetoed their act upon
hearing the auditory probe

stopped running after a random interval between 0.5 and 1 s. A new clock without a
hand was presented and participants used the mouse to indicate the remembered hand
position at the time they felt the intention to act. When participants were satisfied with
the indicated clock position, they clicked “OK”. Finally, the question “How would you
describe your action?” was displayed on the screen. Participants could answer with: (1)
Spontaneous, (2) Planned or (3) Don’t know.
Matsuhashi task

Participants were watching slides on a computer screen

2

(see Figure 3.1B), each

containing one natural landscape image (12 x 12 cm). Participants were instructed
to focus on the fixation point, empty their thoughts, breathe deeply in and out and relax
before intending any act. Participants could press a button with their left or right thumb
2 Images were selected from Flickr’s Creative Commons (www.flickr.com/creativecommons) and
were roughly symmetrical without any animate objects.
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to go to a new slide. While looking at these slides, a short beep was presented at a
random point in time. Upon the presentation of this auditory probe, participants should:
(1) veto their act if they were intending to act at the time they heard the beep and wait
until the current image disappears from the screen, or (2) otherwise ignore the probe.
When a participant pressed a button, the image slid off the screen in the direction of the
button that was pressed. Participants could relax for 2s between each trial. Whenever a
trial ended and no button had been pressed (caused by a conscious veto or the absence
of an intention to act), a question was presented, asking participants whether or not they
had vetoed the act upon probe presentation.
Participants were instructed not to plan but to act as spontaneously as possible. If
participants were acting too quickly (within the first 4s of a trial) or showed a certain
fixed action pattern (for example, alternate left and right hand actions), they were
reminded to make sure to take their time and not plan their actions. A maximum trial
length was defined in order to continue to the next trial in case of a veto. To prevent
absolute predictability of the trial length, it was set semi-randomly such that 80% of
the trials lasted 11 s, 10% lasted 12s and 10% lasted 13s. In case a trial would end
before participants had intended to press a button, they were instructed not to worry and
continue their normal routine at the start of the new trial.
In order to optimize the probe onsets such that most occur during the interesting
action intention period, an individual probe distribution was used for each participant.
Initially using the training data and the updated every 50 trials, the average and standard
deviation of the movement onset times were computed. A probe window was defined as
0.5s before the average movement onset (i.e. button press) plus and minus one standard
deviation. The window was shifted by -0.5s to increase the chance that a probe was
presented prior to action onset 3 . Within this window, 70% of the probes occur before
and 30% after the average movement onset -0.5s.
The Matsuhashi task of the behavioural session contained many auditory probes in
order to optimize the intention estimate. However, it contained very few probes in the
EEG session in order to minimise auditory artifacts. Specifically, in 4 Matsuhashi blocks
of the EEG session, 8 out of 10 trials probed at 10 seconds after trial onset whereas the
remaining 2 trials were probed randomly. This increased the chance that the participant
3 During training, this time window was set by default to run from 3 to 8s. When the variance of a
participant’s movement onset distribution was less than 1.5s, it was automatically set to 1.5s in order to keep a
minimum window of 3s within which probes could be presented. If the calculated time window fell within
the baseline period or outside the maximum trial length, it was automatically set to a minimum of 3.5s and a
maximum of 10.5s, respectively.
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would act before probe presentation in the EEG session. The participants were not
informed about these differences.
Training tasks

The sound-response task was similar to the Libet task, only here the participant should
remember the configuration of the clock and press a button at the time they heard an
auditory stimulus (the same short beep as used in the Matsuhashi task). This task was
used to train a participant in remembering and reporting clock configurations for the
Libet task. Furthermore, this task served as global accuracy measure of the reported
clock configurations.
A simple reaction time task was used to assess the elapsed time between the presentation of an auditory probe and a button press. At the start of each trial, a fixation cross
was presented for 1s, which was followed by a black screen. At a random point in time
within an interval of 3 seconds, a beep sound was presented. Upon hearing the sound,
the participant was instructed to press a button with either the left or right thumb as soon
as possible. The trials were divided into two blocks, one for left and one for right hand
responses.
These trials were similar to the Matsuhashi task, with the difference that the images
slided off automatically to the left or right side of the screen after a random interval of
5 to 5.5s. They served to bias participants towards pressing a button roughly each 5s
without explicitly instructing them to do so.
Questionnaire

At the end of the experiment, the participants filled in a questionnaire on their subjective
experience during the Matsuhashi task. This questionnaire aimed to find out whether the
acts were made spontaneously, whether a certain action strategy was used and whether
the probes had affected decision-making.
3.2.4 EEG analysis
The raw data of the Libet and Matsuhashi tasks was sliced in trials of 8s around each
button press (from 6s before each button press until 2s after). Each trial was labelled
according to its action type: a left or a right hand action. Furthermore, the raw EEG data
was down sampled from 2048Hz to 128Hz. For the Libet task, only trials in which the act
was reported to be ‘spontaneous’ were used in the analysis: i.e. ‘don’t know’ or ‘planned’
trials were excluded. Furthermore, trials in which the button press occurred within 4s
of the trial start were excluded, since the baseline period might include reactions to the
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stimuli changes at the start of the trial. For the Matsuhashi task, only trials containing
a button press were used for EEG analysis, excluding those in which the button press
occurred within 4.5s from the trial start 4 . Trials in which a probe was presented within
4.5s prior to the act were excluded, since they cause an additional event related potential
in the EEG, which may interfere with the baseline. To remove noise from the recorded
raw EEG, the data was pre-processed in the following order:
•

Linear detrending to remove slow drifts from the data

•

Re-referencing to the common-average

•

Rejection of bad trials (and channels) where the trial (resp. channel) power
deviated more than 3.5 standard deviations from the median

•

Removal of eye blinks and movements by linear decorrelation of the EEG and the
EOG (Gratton, 1998)

The EEG signal from 3.5s until 2.5s before each button press was used as a baseline
for both the Libet and Matsuhashi task. Since the participants were instructed to relax
and wait for their intention to act to arise during both tasks, this period was assumed to
represent normal brain activity. Furthermore, we did not expect the RP or ERD signals
to occur earlier than 2s prior to action onset (Kornhuber & Deecke, 1965; Shibasaki &
Hallett, 2006; Pfurtscheller & Aranibar, 1979). As described above, only trials in which
the baseline period contained resting non-artifact contaminated EEG data were analysed.
For the RP and LRP analysis, the EEG data was band-pass filtered between 0 and
15Hz, were any power above 30Hz was completely removed. Next, for each electrode
and trial, the average baseline signal was subtracted from the data. Finally, the data was
further down sampled to 96Hz 5 . For the ERD analysis, the signal amplitude in the alpha
(8-12Hz) and beta (13-30Hz) bands were calculated using a Hilbert transform between
8 and 30Hz. Next, the baseline (running from -3.5 until -2.5s) was subtracted and the
data down sampled to 96Hz. The Hilbert transform represents a signal in terms of its
amplitude and phase in the target frequency range varying over time (Bruns, 2004). Here
we only used the amplitude at each time-point allowing us to use the same methods to
find the alpha/beta ERD onset as used for the RP. A spectrogram was also calculated
using the short-time Fourier transform (STFT) technique (Bruns, 2004), restricted to the
frequency range of interest (3-40Hz) followed by subtraction of the baseline activity,
4 This period was 0.5s longer than the one used in the Libet task because the visual stimuli changes at
the start of a Matsuhashi trial (the presentation of a new image) were larger and might cause a longer brain
response than those at the start of a Libet trial (the transition from a stationary to a running clock).
5 We expected the RP/LRP signal to occur below 2Hz and the alpha/beta ERD to occur between 8 and
30Hz. Since the maximum component frequency that we expected to find is 30Hz, the Nyquist rate was 60Hz.
Therefore, we did not expect to find any informative information in the EEG data above 60Hz.
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using the same baseline period as for the other analyses.
Two different measures were used to determine the time point at which the ERD and
RP started for each individual participant:
•

Eye-measure: starting at the time of the button press, we looked back in time to
determine the point at which five subsequent data samples were above the baseline
value (similar to: Libet et al. (1983), Keller and Heckhausen (1990)). For this
measurement, we used only the Cz electrode as the early RP and ERD were most
clearly expressed in this location (Shibasaki & Hallett, 2006). Since there were no
signs of lateralization within the RP or ERD at the CZ electrode, this measurement
was based on the average EEG over all actions.

•

Classifier-measure: in order to get a more reliable estimate of the ERD and RP
onset, we trained a regularised logistic regression classifier on baseline and action
preparation data (similar to Lew et al. (2012)). For this analysis, we used a
slightly broader range of electrodes (Cz, C1, C2, C3, C4, FCz, FC1, FC2, FC3,
FC4, CPz, CP1, CP2, CP3, CP4) in order to catch the extended brain signal
correlated to motor preparation. During the baseline period (running from -3.5
to -2.5s prior to action), we assumed that there was no neural preparation for
action. For each trial, we took a 500ms sample (running from -3 to 2.5s prior to
action) from the baseline period. These samples represened the baseline class.
500ms Action preparation samples were taken each 10ms between -2.5 and 0s
prior to action. The samples taken from a specific time period over all trials
represened the action preparation class of that specific time period. For each time
period - i.e. [-2.500, -2.000], [-2.490, -1.990], . . . , [-0.510, -0.010], [-0.500,
0.000] - we trained a separate classifier to distinguish between baseline samples
and action preparation samples using 10-fold cross-validation. The classifier
input thus consisted of a vector of [15 channels, 49 time points, x trials] (see
Supplementary Material 8.5 for the amount of artifact-free trials that was used
for each participant). Classification performances were considered significant
when they were above the binomial confidence interval (Billinger et al., 2012).
The RP and ERD onset were determined by looking backward in time as the
earliest time-point after which three subsequent classification performances were
insignificant.

The LRP was calculated for each participant using the following formula (as in
Trevena and Miller (2002)): LRP = ((C3l

C4l) + (C4l

C3r))/2. Where: C3 and

C4 are the EEG recordings over the motor cortex of the left and right hemisphere
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respectively, and l and r indicate the average EEG activity of left or right hand actions,
respectively. The LRP onset was determined by looking backwards from the time point
of the button press to the time point where five data samples in a row were above the
baseline value (Libet et al., 1983).

3.3

Results

3.3.1 Reaction times
Whenever the measured EMG exceeded 20 µV, the muscle was assumed to be active;
indicating a button was being pressed. The average difference over all participants
between the button press and the onset of EMG activity was -0.002s (SD = 0.004s) for
both the Libet and Matsuhashi task. Since this difference was so small, the button press
instead of the EMG activity was used to indicate the action onset.
For the reaction time trials, the average reaction time over all participants between
hearing the beep and pressing a button was 0.295s (SD = 0.087s). For the sound-response
trials, the average was 0.365s (SD = 0.182s). The average difference over all participants
between the actual and reported sound onsets of the sound-response trials was 0.088s
(SD = 0.037s). An overview of all reaction times can be found in Supplementary Material
8.1.
3.3.2 Onset of intending
An overview of the results on the onset of intending during the Libet and Matsuhashi
task, including the onsets of the point of no return, is provided in Table 3.1.
Libet task

For each Libet trial, the onset of intending to act was calculated by counting backwards
from the button press. Since each button press should have been made spontaneously, the
intention was assumed to arrive within 2.56s before a button press (within one revolution
of the clock). However, on some trials the angle between the 12 o’clock position and the
clock hand at the time of intending was just larger than that of the clock hand at the time
of the button press (for more details, see Supplementary Material 8.2). This makes sense
given that the participants were on average 0.088s late (see Section 3.3.1) in reporting
the remembered clock configurations – which translates to an inaccuracy of 122 degrees
in the hand position. To address this issue, clock hand angles up to 40 degrees after the
angle of the button-press were treated as coming after the button press, with all others
before the button-press.
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Matsuhashi task

In order to calculate the onset of intending to act during the Matsuhashi trials, the
intention and probe distributions were calculated for each participant (see Figure 3.2C
for the distributions of participant 2). The intention distribution refers to the distribution
of the amount of probes that were followed by a button press at a later point in time. The
probe distribution refers to the amount of probes that were scheduled for presentation
during the experiment. The intention distribution started to differentiate from the probe
distribution close to action onset. All probes that have been followed by a veto will
not appear in the intention distribution, thus causing a gap: a period of time close to
action onset in which the presented probes were followed by a veto. During this gap, lots
of probes were presented, but no longer ignored since the participant started intending
their act. Very close to action onset, the intention distribution becomes similar to the
probe distribution again. At this point of no return, although a probe was presented to a
participant who was intending to act, they could no longer veto their act since the probe
occurred too close to action onset. The onset of intending was estimated by fitting a
sigmoid to the intention distribution (see Supplementary Material 8.3).
The questionnaire showed that 11 of the participants reported feeling relaxed or at
ease during the Matsuhashi task. None of the participants used a strategy to perform
their acts and 11 participants confirmed that they had made their actions spontaneously
or intentionally on each trial. All subjects confirmed that they felt that they were free to
choose what action they would like to perform and when they would like to perform it. 6
Participants found it hard to judge whether or not they were already intending their act at
the moment that they were presented with a probe. Moreover, 3 participants reported that
sometimes probe presentation induced a feeling of intending to act (see Supplementary
Material 8.4 for more details).
3.3.3 EEG data
For the Libet task, 82% of the actions over all participants were reported as ‘spontaneous’
and were used for subsequent analysis. 10% Of the actions were reported as ‘don’t know’
(10%) and 8% as ‘planned’ (8%), all of these trials were excluded from the analysis.
On average 82 (40 left and 42 right hand actions) and 156 (72 left and 84 right hand
actions) artifact-free trials were included in the per-participant EEG analysis of the Libet
and Matsuhashi task, respectively. The exact numbers of artifact-free trials of each
participant are provided in Supplementary Material 8.5.
The RP onsets are provided in Table 3.1. The mean significant performance of the
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Figure 3.2 A. Grand average of the RP for the Matsuhashi task. As can be seen in C3 and C4,
the lateralized nature of the RP was clearly expressed close to action onset. B. Grand average
time-frequency representation of the data of the Matsuhashi task. The ERD in the alpha/beta
range was clearly visible and seemed to start around 1.5s prior to action onset (time zero). C.
The intention (blue) and probe (grey) distributions of participant 2. Each bar in the intention
distribution represents the average number of times that a probe was presented and ignored at a
certain point in time prior to an act. Each bar in the probe distribution represents the average
theoretical number of probes that have been presented at a certain point in time. For example: 1s
prior to action, 2 probes were presented, ignored and followed by an action 1.4s later. However,
at that time a total of 7 probes have been presented. This means that 5 probes were not followed
by an act, since the participant started intending their act and performed a veto upon probe
presentation.

classifier was between 54.94% (SD = 1.48%) and 72.30% (SD = 4.80%) for the Libet
task and between 53.72% (SD = 1.09%) and 68.59% (SD = 5.42%) for the Matsuhashi
task. In addition to the RP onsets that were calculated for each participant, the RP onset
of the grand average over all participants was also calculated using the RP eye method
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(see Supplementary Material 8.6). The RP onset of the grand average was found to lie at
-1.938s for the Matsuhashi task and at -2.914s for the Libet task. The grand average over
Cz, C3 and C4 for the Matsuhashi task can be viewed in Figure 3.2A.
An overview of the LRP results can be found in Table 3.1. Participant 7 for the Libet
task was excluded from this analysis as only a single left hand action was performed.
Furthermore, participant 6 of the Matsuhasi task and participants 3, 4, and 5 of the Libet
task were excluded as the LRPs were obscured by noise. The grand average of the
LRP onset over all participants was also calculated in a similar way (for an image, see
Supplementary Material 8.6). The grand average of the LRP onset was found to lie at
-0.570s for the Matsuhashi task and at -0.320s for the Libet task.
An overview of the ERD results can be found in Table 3.1. The mean significant
performance of the classifier used to calculate the alpha/beta ERD onset was between
55.32% (SD = 1.52%) and 70.91% (SD = 6.22%) for the Libet task and between 53.46%
(SD = 1.32%) and 66.07% (SD = 4.32%) for the Matsuhashi task. The grand average
plot of the Hilbert transform of the Matsuhashi task can be found in Supplementary
Material 8.7. Participants 5, 7, and 12 from the Matsuhashi task were excluded from this
analysis, as the ERD was not visible. The grand average spectrogram is shown in Figure
3.2B.
3.3.4 Comparison Libet vs. Matsuhashi
Multiple paired-sample and 1-sided paired-sample t-tests were used to establish the
temporal order of events prior to action performance 6 . The alpha threshold was set to
.001 using the Bonferroni correction (Rice, 1989). The detailed results of these t-tests
can be found in Supplementary Material 8.9. These tests were performed on complete
data only. For instance, in order to investigate whether the LRP arises consistently earlier
than the RP, only the results of participants for which both the RP and LRP onsets could
be accurately calculated were used in the analysis.
The detailed results of these t-tests can be found in Supplementary Material 8.9.
These tests were performed on complete data only. For instance, in order to investigate
whether the LRP arises consistently earlier than the RP, only the results of participants
for which both the RP and LRP onsets could be accurately calculated were used in the
6 No significant differences were found between the ERD and RP onsets calculated by eye or by classifier
(see Supplementary Material 8.9). The calculation by classifier is the more conservative and reliable measurement since it aims to detect the ERD or RP onset as the point at which the EEG signal is significantly below
the baseline over all individual trials. Therefore, the onsets calculated by classifier are used as the ERD and
RP onset in the rest of the article. The ERD and RP onsets calculated by eye can be found in Supplementary
Material 8.6
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Sub.
1
2
3
4
5
6
7
8
9
10
11
12
Mean
Std

Int.
Lib.

Mat.

PONR
Mat.

Lib.

ERD
Mat.

Lib.

RP
Mat.

Lib.

LRP
Mat.

-0.325
-0.048
-0.059
-0.241
-0.005
-0.063
-0.135
-0.051
-0.074
-0.514
-0.087
-0.132
-0.145
0.147

-1.837
-1.200
-2.478
-3.249
-0.758
-2.672
-2.000
-2.594
-2.946
-1.662
-1.450
-3.196
-2.170
0.809

-0.250
-0.200
-0.200
-0.267
-0.080
-0.132
-0.204
-0.199
-0.670
-0.378
-0.199
-0.249
-0.252
0.150

-1.820
-1.710
-1.040
-2.170
-0.790
-1.070
-1.210
-1.340
-0.790
-2.430
-2.460
-0.510
-1.445
0.663

-0.510
-2.030
-0.780
-0.540
-0.510
-1.560
-0.990
-2.310
-1.740
-1.219
0.702

-1.320
-1.640
-0.760
-0.950
-2.330
-1.940
-2.480
-0.590
-1.570
-1.750
-2.940
-1.440
-1.643
0.705

-2.200
-0.810
-1.260
-1.320
-0.570
-0.980
-1.370
-1.200
-2.600
-2.480
-1.230
-1.680
-1.475
0.644

-0.270
-0.320
-2.310
-0.310
-0.350
-0.820
-0.380
-0.540
-0.660
0.690

-0.560
-1.370
-0.400
-1.350
-0.380
-2.810
-0.410
-0.910
-0.480
-0.530
-0.230
-0.860
0.760

Table 3.1 Overview of the intention (Int.), point of no return (PONR), alpha/beta event-related
desynchronization (ERD), readiness potential (RP) and lateralized RP (LRP) onsets of both the
Libet (Lib.) and Matsuhashi (Mat.) task. The ERD and RP onsets were calculated using a classifier
and the LRP onsets were calculated by eye. The mean and standard deviation (SD) are provided
for each column in seconds.

analysis.
In summary, the onset of intending as measured using the Matsuhashi task seemed
to arise around -2.170s prior to action. Around the same point in time, the RP and ERD
had their onset around -1.446s prior to action. After that, the LRP had its onset around
-0.760s prior to action onset. The LRP was followed by the point of no return around
-0.252s prior to action. The onset of intending as measured using the Libet task was
reported around -0.145s prior to action. Figure 3.3 provides an overview of these results
for the Matsuhashi task. Please note that this figure looks almost identical for the Libet
task (see Supplementary Material 8.10).
Furthermore, using a within-subject cluster-based permutation test

7

we tested

whether the RP and alpha/beta ERD data were exchangeable between the Libet and
Matsuhashi tasks (using electrodes: Cz, C1, C2, C3, C4, FCz, FC1, FC2, FC3, FC4,
CPz, CP1, CP2, CP3 and CP4). No significant difference was found between the RP
data of the Libet and Matsuhashi task. However, one positive cluster was identified
between the Hilbert transform data (8-30Hz) of the Libet and Matsuhashi task, indicating
that the alpha/beta ERD of these tasks differed significantly over time (for details, see
7 See
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Supplementary Material 8.8).

Figure 3.3 A box-and-whisker plot of the estimated RP, LRP, alpha/beta ERD and intention
onsets over all participants. The boxes denote the first and third quartiles of the data and the
whiskers extend to the most extreme data points (outliers are denoted by a red cross). The median
is denoted by a vertical line inside the box. The RP and alpha/beta ERD boxes incorporate the
onsets estimated by classifier for the Matsuhashi task. Similarly, the LRP box incorporates the
estimated LRP onsets by eye for the Matsuhashi task. A red star indicates that the estimated onsets
differed significantly between the indicated groups with p < .05.

3.4

Discussion
We have conducted a within-subject comparison between the Libet and Matsuhashi
task in order to investigate whether different ways of measuring (i.e. self-initiated
report vs. external probing) lead to different onsets of intending. Furthermore, we
investigated during which phases of the neural preparation for action the measured
onsets of intending occur. Our main hypothesis was confirmed: the onset of intending
measured using external probes (Matsuhashi task) preceded the onset of intending
measured using self-initiated reports (Libet task). This difference was 2s on average and
highly significant. Moreover, the onset of intending measured with the Matsuhashi task
occurred around the same time as the onset of the RP and ERD. The onset of intending
measured with the Matsuhashi task did significantly precede the onset of the LRP by
1.41s and the point of no return by 1.92s on average. Both the RP and ERD significantly
preceded the onset of the point of no return and the onset of intending measured with the
Libet task. Lastly, the RP significantly preceded the LRP by 0.80s on average.
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Before proceeding to any conclusions or interpretations of the data, there are some
limitations of this study that need to be addressed. First of all, the sample size of
12 participants for this study is quite low, even though it is comparable to previous
research (Libet et al., 1983; Haggard & Eimer, 1999; Matsuhashi & Hallett, 2008;
Bai et al., 2011; Miller, Shepherdson, & Trevena, 2011). The number of participants
included in the analysis was even lower since the ERD and/or LRP of some participants
were not visible or obscured by noise (as described in Section 3.3.3). However, since
we performed paired-sample statistics, we conducted our analysis on the individual
data of each participant. Moreover, the significance of our main results indicates that
we tested a sufficient amount of participants in order to draw a valid conclusion: the
onset of intending measured using external probes (Matsuhashi task) preceded the onset
of intending measured using self-initiated reports (Libet task). Although our main
conclusion seems valid, more data should be collected in order to clarify the more
subtle effects that were found in the data. For instance, from the present data we cannot
conclude whether the ERD precedes the RP or whether the point of no return precedes
the intention onset as measured by the Libet task.
Secondly, the Matsuhashi task needs more validation, as it remains unclear whether
the auditory probes are effective in measuring the onset of the intention to act. As
described in Section 3.3.2, half of the participants found it difficult to judge whether
they had intended to act upon probe presentation and three participants reported that
sometimes it felt like the probes induced an intention to act. Therefore, the early onset of
intending as measured during the Matsuhashi task might be due to a task-related artefact.
The present results cannot exclude whether the probes might have triggered an intention
to act or whether the probes induced a false positive intention report. A false positive
intention report means that upon probe presentation, the participant believed they were
intending to act, even though they in fact weren’t. However, since the reported onsets of
intending from the Matsuhashi task occur consistently and significantly earlier in time
compared to those of the Libet task, it seems unlikely that this difference in intending can
be explained as a side-effect of the probes alone. Moreover, the intention distributions of
the Matsuhashi task show that the probes at least do not always induce an intention to act:
there is a specific early time range prior to the act where the probes are ignored since the
participant was not yet intending to act (for example, up to approximately 1.3s before
action as shown in Fig 2a for Participant 2). More interestingly, there is a specific time
range in which the probes caused a veto of the act. Regardless of whether these vetos
indicate a false positive, triggered or true intention onset, they at least indicate that there
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is a specific period in time prior to action onset in which one is aware of intending to act
or in which one is susceptible to external disturbances. Future research is necessary to
determine what exactly is causing these vetos.
In this study, we were not aiming to validate the experimental designs of Libet or
Matsuhashi, we simply wanted to compare their results in a within-subject design. For
the remainder of this paper, we would like to focus on the possibility that the Libet
and Matsuhashi tasks show a difference in intention onset. Under this assumption, our
results show that the intention onset as measured using the Matsuhashi task significantly
precedes the intention onset as measured using the Libet task. This could mean that
(1) the Libet and Matsuhashi task evoke two different types of intentions which have
different onsets or (2) a single intention can have two different onsets depending on it’s
measurement procedure. Since the Libet and Matsuhashi task require the exact same
motor action, it seems implausible that the corresponding intention to act would be
entirely distinct. Therefore, we would like to argue that the Libet and Matsuhashi task
measure the same intention, but during different phases inside a process of intending.
The Libet task measures the point in time at which one is first able to (verbally) report
on one’s own to be intending an act. The Matsuhashi task measures the point in time
at which one is first able to report to be intending an act when being asked. In other
words, our results suggest that before a person is able to provide a self-initiated report
of intending their act, some form of action-related awareness is already present and
can be revealed using external probes. We suggest that these results and those of
previous research support the interpretation of an intention to act as a multistage process
developing over time.
3.4.1 The process of intending
Major advances have been made in measuring the neural correlates of intentional action
(Bai et al., 2011; Blankertz et al., 2006; Lew et al., 2012; Schurger et al., 2012; Soon
et al., 2008). An influential distinction between what, when and whether aspects of
intentional action is proposed by Brass and Haggard (2008). They show that the neural
preparation for an intended act seems to be distributed in both time and space as it seems
to start in the frontal regions of the brain and gradually travels backwards towards the
motor cortex (further described by Brass, Lynn, Demanet and Rigoni (2013)). In their
model, Brass and Haggard describe the different phases of the neural preparation for
action that seem to be correlated to the what, when and whether decisions involved in a
voluntary act. In this section, we would like to extend this model by adding information
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Figure 3.4 The process of intending consists of five phases (top box): 1. global whether decision,
2. waiting, 3. deciding what, 4. deciding when and 5. local whether decision. The phases in
the process of intending run from abstract (global agreement to participate) to specific (knowing
which action to perform and when to perform it). The middle box shows the reported onsets
of intending. Phase in the process of intending can be suggested to be linked to distinct neural
correlates in the brain (bottom box). The neural preparatory processes for action run from activity
in higher cognitive areas to lower cognitive areas. dMPFC dorsomedial prefrontal cortex, RCZ
rostral cingulate zone, SMA supplementary motor area, RP readiness potential, ERD event related
desynchronization
on the subjective experience of intending. Moreover, we distinguish ourselves from the
original model as we interpret the what, when and whether decisions not as different
states of intending, but as different phases of intending (in line with: Dennett (2004),
Uithol, Burnston and Haselager (2014)). In other words, we find that, similar to the
neural preparatory activity for action, the intention to act is also distributed in time.
Below, we suggest a conceptual framework describing this process of intending 8 (see
Figure 3.4). The framework distinguishes three aspects of intentional action: the different
phases in the process of intending, the potential neural correlates of each of these phases,
and the timing of the reported onsets of being aware of intending to act.
8 Note that the global whether component will not play a big role on a single trial level in this kind of
experiment since a participant agrees to perform an act on each trial by obeying the provided experimental
instructions. Making this agreement leads to implementing the whether component of intending by forming a
global intention to act and having an overall readiness for action. However, which action to perform and when
to perform it has to be decided spontaneously on each single trial.
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First, we will describe the five phases of intending:
•

Global whether decision: a global phase that starts when a participant decides to
participate in the experiment.

•

Waiting: in between the start of a trial and the moment of deciding what action to
perform and when to perform it, there is a period of doing nothing/waiting during
which the urge to act comes and goes. These urges might be represented by the
random fluctuations in neural activity as found by Schurger et al. (2012).

•

Deciding what: a phase during which specifics about the particular type of action
(e.g. pressing a left vs right button) are processed

•

Deciding when: the moment of action is being decided when an urge to act crosses
a certain threshold.

•

Local whether decision: a phase in which vetoing an intended act is still possible.

Second, we describe the different phases of intending in relation to the reports
concerning the participants’ awareness of their intention to act. Investigations of the
Matshuhashi and Libet tasks indicate that different ways of reporting provide different
‘windows of introspection’ on the intentional process. In our experiment two such
windows were studied. First of all, the ‘aware when probed’: the participant might
be able to report intending their act when they are probed by an external stimulus.
Secondly, the ‘self-initiated awareness report’: at this point, the decision to act enters
the participant’s awareness, which enables the subsequent report of consciously willing
to act.
Third, we describe the potential neural correlates of the intentional process. It is
currently not clear whether separate neural correlates of each of the five postulated
phases can be identified. Yet, one can suggest links between the sequence of phases
in the process of intending and various results on action preparation (Bai et al., 2011;
Bode et al., 2011; Blankertz et al., 2006; Libet et al., 1983; Pfurtscheller & Aranibar,
1979; Soon et al., 2008; Schurger et al., 2012; J. A. Trevena & Miller, 2002). Between
the (global) whether and what decision, urges to act might come and go. These urges
might be represented by the fluctuations described by Schurger et al., (2012). These
fluctuations might continue until one of them crosses a certain threshold and leads to a
decision on the what and/or when component in the process of intending. Furthermore,
the early frontal lobe activity found by Soon et al. (2008) and Bode et al. (2011) is
suggested to be predictive of the subsequent act and might arise during the waiting phase,
leading to the what decision in the process of intending. The activity in the preSMA
and SMA, as found by Libet et al. (1983) and Soon et al. (2008), might be more tightly
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linked to the initiation of the subsequent act, representing the when decision in the
process of intending (Brass et al., 2013).
Clearly, many details need to be further specified and experimentally investigated.
Yet, the folk psychological interpretation of intending to act as occurring at a single point
in time does not map correctly onto the results presented in this paper, as an intention
to act is found to be distributed in time. It seems to be much more plausible that an
intention to act is in fact a multi-stage process developing over time. If so, differentially
timed reports and neural correlates are exactly what one would expect.

3.5

Conclusion
This study presents another step in the investigation of the different phases in the process
of intending and has focused on those phases that are close to action onset. The average
onset of intending measured using the Matsuhashi task did not differ significantly from
the RP and alpha/beta ERD onset, suggesting that these processes have their onset around
the same point in time. The RP and alpha/beta ERD seem to play a part in the final
stages of action preparation. However, movement intent is visible much earlier in time:
starting in the frontal cortex and moving up to the (pre) supplementary motor area (Bode
et al., 2011; Soon et al., 2008). The current study suggests that the process of intending
develops during the process of acting, leaving traces in consciousness at certain points
along the road, ultimately reaching awareness and becoming reportable. More research
is needed to validate the experimental designs of the Libet and Matsuhashi tasks and to
differentiate the neural processes relating to acting from those relating to intending and/or
becoming conscious of intending. Our hope is that the currently emerging conceptual
framework for the process of intending will help to enable a more robust interpretation
of research results and set the stage for new experiments.
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Chapter 4
Probing for intentions

Why clocks do not provide the only measurement of time

4.1

Introduction
Having an intention to act is commonly operationalized as the moment at which awareness of an urge or decision to act arises (Alexander et al., 2016; Fried et al., 2011; Lau,
Rogers, & Passingham, 2007; Libet et al., 1983; Soon et al., 2008; Tabu et al., 2015).
Measuring this moment has been challenging due to the dependence on first-person
reports of subjective experience rather than objective behavioral or neural measurements
(Haggard, 2019; Wolpe & Rowe, 2014). A popular method to measure the timing of
an intention to act is the clock method of Libet et al. (1983). This method instructs
participants to look at a clock and remember its configuration as soon as they experience
an intention to act. This configuration is to be remembered and reported after the action
has been performed. Variants of this paradigm use a stream of letters (Bode et al., 2011;
Soon et al., 2008; Soon, He, Bode, & Haynes, 2013) instead of a traditional clock.
Although this method is widely applied (Dominik et al., 2018; Saigle et al., 2018), it has
been criticized repeatedly (Haggard, 2008; Nachev & Hacker, 2014; Navon, 2014; Wolpe
& Rowe, 2014). Major critiques concern the requirement of constant introspection, the
post hoc nature of the intention reports and the ecological validity of the experimental
This chapter has been published as: Verbaarschot, C., Haselager, P., & Farquhar, J. (2019). Probing for
intentions: Why clocks do not provide the only measurement of time. Frontiers in human neuroscience, 13
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task.
Matsuhashi and Hallett (2008) came up with an alternative to the clock method. They
invented a novel probing strategy to measure the experienced timing of an intention to act.
Their strategy uses auditory probes that are presented to a participant at random points
in time. These probes trigger a report on the awareness of an intention to act through
a behavioral response. When a probe is presented and the participant is experiencing
an intention, they need to refrain from acting (i.e. veto) and wait. Alternatively, when
a probe is presented when they are not intending to act, they should simply ignore the
probe and continue their self-paced actions. By comparing the timing of probes and
consequent actions, one can determine during which time period the participant was
aware of their intention to act.
We believe the probe method of Matsuhashi and Hallett provides a valuable addition
to the popular clock method of Libet et al. for several reasons. First of all, the probe
method does not require constant introspection: participants need to perform introspection only for a brief moment in response to a probe. Secondly, the probes are presented
during action preparation, measuring the timing of an intention to act in real-time rather
than post hoc after action performance. Thirdly, the probe method can easily be used
in combination with other visual or tactile stimuli. This provides the opportunity to
use this method within a more complex environment and study a more ecologically
valid experimental task. This way, the probe method can broaden our methodological
repertoire so we can study intentional actions under various circumstances. Fourth, in
addition to the timing of an intention to act, the probe method measures the point of no
return (Matsuhashi & Hallett, 2008). This point of no return indicates until what time
one is still able to veto an intended act.
Although the probe method of Matsuhashi and Hallett provides a valuable addition
to the conventional clock method, it has not been applied widely. To the best of our
knowledge, only one investigation (by us) has used this method since (Verbaarschot
et al., 2016). The vast majority of researchers use the clock method to investigate the
timing of an intention (Alexander et al., 2016; Banks & Isham, 2009; Bode et al., 2011;
Fried et al., 2011; Douglas, Maniscalco, Hallett, Wassermann, & He, 2015; Haggard &
Eimer, 1999; Haggard, Clark, & Kalogeras, 2002; Keller & Heckhausen, 1990; Miller et
al., 2011; Jo, Wittmann, Borghardt, Hinterberger, & Schmidt, 2014; Lau et al., 2007;
Rigoni, Kühn, Sartori, & Brass, 2011; Schlegel et al., 2013; Schneider et al., 2013;
Sirigu et al., 2004; Soon et al., 2008, 2013; Tabu et al., 2015; Wohlschläger, Haggard,
Gesierich, & Prinz, 2003). Perhaps this is due to the fact that, while the clock method is
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not without problems, the probe method has some concerns of its own. These concerns
mainly involve the effect that the probes might have on the experienced awareness of an
intention to act, the timing of the performed actions and the underlying neural activity
(as described in detail below). In order to address these concerns, a 2x2 within-subject
design is tested. In this design, two variables are manipulated: (1) the requirement of an
introspection report and (2) the presence of an auditory probe.
Three observables are measured that provide information about the timing of an
intention to act: (1) awareness reports of the subjective experience of having an intention,
(2) neural preparatory activity for action, and (3) behavioral data of the performed actions.
The measured intention reports can consist of a post hoc report on the vividness of an
experienced intention, analog to the required constant introspection of the clock method
(Libet et al., 1983). Alternatively, it can consist of the response to an auditory probe
(i.e. ignore the probe or veto the action), as used in the probe method of Matsuhashi
and Hallett (2008). The neural preparatory activity for action is recorded using an
electro-encephalogram (EEG). Both the readiness potential (RP) and event-related
desynchronization in the alpha (8-12Hz) and beta (13-30Hz) bands over the motor
cortex prior to action are investigated. Both signatures have been reported to correlate
with voluntary movement in previous research (Bai et al., 2011; Doyle, Yarrow, &
Brown, 2005; Khalighinejad, Schurger, Desantis, Zmigrod, & Haggard, 2018; Kornhuber
& Deecke, 1965; Libet et al., 1983; Lew et al., 2012; Shibasaki & Hallett, 2006;
Pfurtscheller & Aranibar, 1979). The performed actions are measured through the timing
of button presses and an electro-myogram (EMG) of the relevant arm-muscles.
Post hoc, we investigated the brain activity prior to ignored and vetoed probes. When
a probe is ignored, it means that the participant did not experience an intention to act
at probe onset. We know that the RP has its onset up to 2s prior to action, whereas the
awareness of an intention is reported up to 1.5s prior to action using the probe method
(Matsuhashi & Hallett, 2008). This means that if a participant ignores a probe, one would
expect no or a very weak RP prior to probe onset. However, when a probe is vetoed and
the participant was experiencing an intention to act, one would expect to see an RP prior
to probe onset. In this case the RP is time-locked to probe onset, therefore we expect
it to be less pronounced (i.e. smaller amplitude) than when it would be time-locked to
action onset. If we find an RP prior to vetoed probes and not prior to ignored probes, this
would provide further credence to the probe method as an accurate tool for measuring
the timing of an intention to act.
Before going into the details of our experiment, the next section (4.2) will provide
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additional background on the clock and probe methods. Section 4.3 describes our
experiment which quantifies the concerns about the probe method by assessing the
individual effects of the manipulated variables on each of the observables. Section 4.4
will compare the strengths and weaknesses of the probe method to those of the clock
method. By addressing concerns and explicating the added value of the probe method,
we hope to promote its use in future research.

4.2

Comparing probes and clocks

Figure 4.1 Comparison of the clock and probe methods.
Participants in studies that use the clock or probe method usually perform a similar
motor task: a spontaneous action (e.g. a button press or brisk flexion of the hand) that is
made by the participant whenever they experience an intention to do so. The difference
between these methods is in the way they collect a report on the timing of an intention to
act: see Figure 4.1. The clock method instructs participants to remember and report the
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configuration of a clock at the time of their experienced intention. The probe method uses
auditory beeps to probe the participant at different moments in time for their awareness
of an intention.
The probe and clock methods each have their strengths and weaknesses. First of
all, the clock method requires participants to remember and report the onset of their
intention after action performance (Libet et al., 1983). This post hoc method of gathering
first-person reports seems prone to inaccuracies (Wolpe & Rowe, 2014). Moreover, the
reported intention timings seem to be heavily influenced by the perceived action onset
and/or the consequences of acting (Banks & Isham, 2009). The probe method measures
the awareness of an intention on the spot. Participants need to respond immediately to a
probe and have no need to retain the exact onset of their intention to act. Furthermore,
since the awareness of an intention is measured prior to action performance, its timing
cannot be influenced by the act itself or any of its potential consequences.
Second, the clock method requires continuous introspection: participants need to
tune into their conscious experience to detect the slightest trace of an urge to act. This
requirement seems to have an effect on the neural signatures that can be observed at that
time (Lau et al., 2007). The probe method requires sporadic introspection: participants
need to perform introspection for a brief moment in time in response to a probe. This
happens once during a trial at most.
Third, the clock method requires an explicit intention report from a participant:
participants are instructed to track the onset of their intention to act and remember and
report its timing. Explicit awareness of an intention to perform a spontaneous (motor)
action is not something we usually exhibit in our daily life. Requiring this awareness
seems quite artificial. In contrast, the probe method uses the behavioral response to a
probe to infer the time course of an intention to act. This implicit intention report softens
the constraints on the level of awareness that is needed to perform the task. This situation
seems similar to one in everyday life where we can explain our intentions when asked
by someone.
Fourth, the required type of intended action that is studied by the clock and probe
methods does not seem ecologically valid. Most investigations involve simple spontaneous actions like a self-paced hand movement (Douglas et al., 2015; Schlegel et al.,
2013; Sirigu et al., 2004; Matsuhashi & Hallett, 2008; Libet et al., 1983) or a decision to
add or subtract a number (Soon et al., 2013; Wisniewski, Goschke, & Haynes, 2016). An
alternative (more ecologically valid) task is difficult to find for the clock method. This
is mostly due to the fact that it is difficult to combine the clock method with additional
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stimuli because focus and concentration is needed to observe a visually presented clock
and remember the time of the experienced intention to act. In contrast, the probe method
can easily be used in combination with other visual or tactile stimuli. This provides the
opportunity to investigate the timing of an intention to act while performing actions that
could be performed in everyday life. For instance, a recent study by Khalighinejad et
al. (Khalighinejad et al., 2018) made adaptations to a conventional moving-dot task in
order to measure meaningful spontaneous hand movements. The target actions consist
of voluntary decisions to skip a trial. Their design could be used in combination with the
probe method to gain information on the timing of the intention to skip.
Fifth, the clock method seems in line with a discrete interpretation of an intention
to act, whereas the probe method seems more in line with a dynamic one. The clock
method asks participants to remember and report the moment at which they are aware of
an urge or decision to act. This seems to assume that an intention is a discrete mental
state that ‘pops up’ in a participants mind at a specific moment in time, or at least that
the awareness of that intention occurs at a discrete time (Uithol et al., 2014). The probe
method questions the participant across a range in time, allowing a variaty of moments
at which one is aware of an urge or decision to act. Furthermore, the average onset of an
intention to act measured with the probe method seems to be much earlier (about 1.5
s prior to action performance (Matsuhashi & Hallett, 2008; Verbaarschot et al., 2016))
than when it is measured with the clock method (about 0.15 s prior to action (Alexander
et al., 2016; Banks & Isham, 2009; Bode et al., 2011; Fried et al., 2011; Douglas et
al., 2015; Libet et al., 1983; Haggard & Eimer, 1999; Haggard et al., 2002; Jo et al.,
2014; Sirigu et al., 2004; Soon et al., 2013; Tabu et al., 2015)). As argued previously
(Verbaarschot et al., 2016), these findings fit better with the interpretation of an intention
as a dynamic process rather than a discrete mental state. Unlike the clock method, the
probe method can measure different stages in this process. However, the success of this
method does come at a cost: quite a large amount of trials (±300) are required to get a
good estimate of the awareness of an intention to act for a single participant. In contrast,
the clock method provides a single-trial estimate of the onset of an intention.
Sixth and last, in addition to the timing of an intention to act, the probe method
measures the point of no return (Matsuhashi & Hallett, 2008). When a probe is presented close to action onset, participants can no longer veto their action. According to
Matsuhashi and Hallett, this inability to refrain from acting in response to a probe occurs
around 0.13 s prior to action onset. The point in time at which this happens is referred to
as the point of no return. Comparing the point of no return to the average brain activity at
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that point in time provides the opportunity to examine the stages of neural preparation for
action after which action execution becomes irreversible. Schutlze-Kraft et al. (2016),
who found the point of no return at 200 ms prior to action onset, show that even after
the onset of the Readiness Potential and alpha/beta ERD one can still veto an intended
act. The clock method does not allow for any such analyses as it is unable to capture the
point of no return.
Although the probe method seems to be a valuable addition to the clock method, it
also raises some concerns. The requirement of an introspection report and the presence
of a probe could potentially disrupt the ‘natural’ process of intending to act in unknown
ways (see Figure 4.2 A). We have identified six possible scenarios that would invalidate
the probe method as a tool to measure the timing of an intention to act 1 :
1. Probes speed up brain signals: in an experimental context in which spontaneous
actions are performed in absence of a clear external stimulus on when to act,
intentions to act may be based largely on spontaneous fluctuations in neural
activity (Schurger et al., 2012). Whenever the neural activity crosses a certain
threshold, this results in an action. Threshold crossing tends to happen at crests
in the ongoing neural fluctuations. Probes may affect these fluctuations and push
them over the threshold for action performance (see 4.2B). This influence may
happen irrespective of the current stage of development of the RP and alpha/beta
ERD. If this is the case, we expect to find more variance in these neural signatures
in conditions with probes (sound + probe) compared to those without (control +
introspect). On the other hand, the neural signatures may be susceptible to probes
only during a specific stage in their development. If this is the case, we expect to
find a later onset of these signatures relative to action performance in conditions
with probes compared to those without. Irrespective of these two cases: if probes
speed up brain signals, actions should speed up as well. Therefore, we expect
that in both these cases actions will be faster in conditions with probes than those
without. It could be the case that probes affect brain signals only if participants
should pay attention to them. If this is the case, we expect to find the differences
described above in the probe condition only.
2. Probes delay brain signals: rather than pushing the neural fluctuations over the
threshold for action performance, probes may bring neural activations back to
baseline level (see 4.2C). If this is the case, we expect to find more variance in the
RP and alpha/beta ERD in conditions with probes (sound + probe) compared to
1 We

note that similar criticisms could be raised for the moving clock stimulus used in Libet-type studies.
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Figure 4.2 Illustration of hypotheses. (A) Schematic overview of the (top: brain) brain processes
(e.g. RP), (middle: light bulb) experienced intentions and (bottom: notebook) intention reports
(e.g. through veto and ignore responses to probes) prior to a spontaneous act. The gap in the
distribution of ignored probes is due to vetos: prior to action onset, participants are aware of their
intention and perform a veto in response to any probes that are presented at this time. Shortly prior
to action onset, ignored probes reappear in the distribution: at this point, probes are presented so
close to action onset that participants are unable to veto. (B) Probes could speed up brain signals
by pushing the neural activity over the threshold for action. This should speed up actions as well.
(C) Probes could delay brain signals, bringing the neural activity back to baseline. This should
delay the actions. (D) Probes could induce awareness of intending to act. In this case, probes
would often elicit a veto response, causing a sparse distribution of ignored probes that lacks a
clear gap. (E) Probes could also suppress the awareness of intending to act. In this case, the
distribution of ignored probes closely resembles the underlying distribution of scheduled probes.
A clear gap due to consistent veto responses is missing.
those without (control + introspect). Moreover, we expect to find slower actions
in conditions with probes compared to those without. Again, these effects may be
specific to conditions in which the probe matters for the task at hand. In that case,
we expect to find these differences in the probe condition only.
3. Probes induce awareness: the presentation of a probe may enhance the awareness
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of an intention to act or even cause an intention to act (see 4.2D). If this is the case,
almost all probes in the probe condition should result in a veto response. This
would cause the distribution of ignored probes to look sparse.
4. Probes suppress awareness: probes may also suppress awareness of an intention
to act (see 4.2E). In this case, probes should almost never result in a veto response
in the probe condition. The distribution of ignored probes should look very similar
to the distribution of scheduled probes.
5. Veto influences action: participants may dislike the required veto response and may
therefore attempt to act before a probe is presented. In this case, actions should be
performed faster in the probe condition compared to the other conditions.
6. Inaccurate intention report: participants may simply not be able to report their
intentions to act using the probes. In this case, veto’s are expected to be performed
randomly in response to a probe. In this case, the distribution of ignored probes
of the probe condition should look quite similar to the distribution of scheduled
probes: there is no clear time range during which vetos are consistently performed.
To quantify these six concerns, each scenario is tested using the methods described
in the next section.

4.3

Materials and Methods

4.3.1 Participants
The experiment was conducted in accordance with the ethical standards provided by
the 1964 Declaration of Helsinki. The study protocol was approved by the local Ethics
Committee of Faculty of Social Sciences of the Radboud University Nijmegen. A total
of 21 healthy participants (15 females, mean age: 26 years old, youngest participant: 19
year old, oldest participant: 55 years old) volunteered to perform the experiment with
their written informed consent. All participants were right-handed and had normal or
corrected-to-normal vision. Participants received 25 Euros or 2.5 course credits for their
participation.
Five participants were excluded from the analysis. One participant reported to
suffer from a brain disease that affects the amount of blood vessels present in the brain.
Since it is unknown how this disease might affect their brain activity or behavior in this
experiment, it was decided to exclude this participant from further analysis. Another
participant reported to be nauseous during the experiment and could not sit still. Due
to the large amount of resulting movement artifacts in the EEG data, this participant
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was excluded from further analysis. Similarly, many movement artifacts were found in
the data of one other participant, leading to their exclusion from further analysis. Two
participants did not follow instructions correctly, as was apparent from their answers to
a post-experiment questionnaire. They were also excluded from analysis. The data of
the remaining 16 participants was analyzed.
4.3.2 Experimental procedure
The experiment consisted of a 2x2 within subject-design in which the following variables
were manipulated: (1) the requirement of an introspection report and (2) the presence
of an auditory probe. The main task of the participants, underlying each of the four
conditions, was to press a button with the index finger of their right hand whenever they
wanted to, similar to Libet et al. (1983) and Matsuhashi and Hallett (2008). Participants
were instructed not to plan their actions, but press the button as soon as they felt an
intention to do so. While performing these self-paced spontaneous actions, participants
were instructed to look at a fixation cross that was displayed at the center of a computer
screen. As long as the fixation cross was present, participants were instructed to relax,
rest their arms and hands in between button presses and blink as little as possible.
When there are no reasons for deciding when to act other than a spontaneous intention
to do so, it is challenging to prevent participants from acting as soon as possible (i.e.
within the first 2 s of a trial). In Libet-type experiments this is done by instructing
participants to wait for at least one full revolution of the clock before acting (Libet et al.,
1983; Haggard & Eimer, 1999). Matsuhashi and Hallett (2008) instructed participants
to perform their actions at intervals of roughly 5 to 10 s, without planning their actions
or keeping time. When the action intervals were too long or short, participants were
notified by the experimenter. Because details are missing on exactly when and how the
participants were notified during the experiment of Matsuhashi and Hallett, we achieved
the action interval of 5-10 s using trial-by-trial color feedback: immediately at every
button press, the color of the fixation cross changed for 1 s before the cross disappeared.
If it turned blue, the action was made too slow; if it turned red, the action was made too
fast; and if it turned green the action timing was perfect. The participant was instructed
to adjust the timing of their button-presses depending on the color feedback. In this
way, participants had no need to keep track of time, but could rely on the color feedback.
The trained action timing provided a window of opportunity of about 5 s. During this
time window, participants were free to perform a spontaneous act. This window ensured
that there would be enough data for the subsequent EEG analysis and sufficient time to
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Figure 4.3 Overview of experimental conditions. In all conditions, participants were pressing a
button at their own pace. In addition, the ‘sound’ and ‘probe’ conditions presented an auditory
probe to participants at pseudo-random moments in time. The ‘introspect’ and ‘probe’ conditions
both required a report on the awareness of an intention to act. In the ‘introspect’ condition,
participants needed to report post hoc how vividly they experienced their intention to act. In the
‘probe’ condition, participant needed to veto their action in response to a probe when at that time
they were aware of their intention to act.

present a probe prior to action onset.
On top of the main task of performing self-paced button presses, each of the two
independent variables were individually manipulated. This resulted in the following four
experimental conditions (visualized in Figure 4.3):
1. Control: participants performed the main task of pressing a button at their own
pace roughly every 5 to 10 s. An introspection report on their experienced intention
was not required. This was the most basic condition as it consisted solely of the
performance of spontaneous voluntary actions. With no additional stimuli or
mental tasks, this condition provided pure control data for the timing of intended
actions and their preceding neurological signals.
2. Sound: in addition to the main task, an auditory probe was presented at random
times. Participants were instructed to ignore this probe completely because it
has no importance to the experiment. Again, an introspection report on their
experienced intention was not required. This condition allowed the investigation
of any potential effects of the added auditory stimuli on the neural preparation for
action, the awareness of an intention and the action itself.
3. Introspect: This condition did not involve any probes, but did require an introspection report. In addition to the main task, participants were instructed to focus
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their attention on the first moment at which they felt the urge to press the button. Immediately at every button press, the following multiple-choice question
was presented: “How did you experience your intention to act?”. Participants
could answer this question by pressing one of three buttons corresponding to the
following answer options: “vivid and conscious", “a vague feeling of wanting"
or “pressed the button without thinking about it". To prevent action preparation
prior to the presentation of this question, the order of these answer options was set
randomly at the start of each trial. Using these instructions and questions, participants were required to maintain a constant meta-awareness of their intention to
act. This requirement mimicked the level of introspection required in a Libet-type
experiment (Libet et al., 1983) and allowed the investigation of any effects of the
pure introspection task - without the additional visual stimuli and memory tasks
required by the clock method. Color feedback on action timing was provided
immediately after answering the multiple-choice question.
4. Probe: in addition to the main task, an auditory probe was presented at random
times and an introspection report was required. When the probe is presented while
(1) they had an intention to act: they should veto the intended act (i.e. not press the
button) and wait for the fixation cross to disappear. Alternatively, when a probe is
presented while (2) they did not have an intention to act: they should ignore the
probe and press the button whenever they wanted to. These instructions were a
direct replication from Matsuhashi and Hallett (2008). Whenever a trial ended
without a button press, the question “did you intend to act at the time you heard the
beep?" was presented. The participant could answer this multiple-choice question
with either “yes” or “no". To prevent action preparation prior to the presentation
of this question, the order of these answer options was determined randomly at
the start of each trial. This question was presented in order to distinguish a veto
from the absence of a button press (i.e. the trial ended before the participant
experienced an intention to act). The subjective experience of an intention was
reported indirectly through the behavioral response (i.e. veto or ignore) to a probe
and was confirmed by answering the question at the end of a trial. This was the
core condition that implemented the full probe method. Color feedback on action
timing was provided immediately at each button press or, in case a trial ended
without a button press, after answering the multiple-choice question.
At the end of the experiment, participants 8 to 21 completed a short questionnaire in
order to gain more insight into their subjective experience during the experiment. The
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questionnaire consisted of the following seven questions (translated from Dutch):
1. Did you act spontaneously?
(a) Yes, I pressed the button as soon as I wanted to
(b) No, long before I pressed the button, I already decided to act
2. Was the difference between the tasks clear?
(a) Yes
(b) No
3. What did you think about the beeps?
(a) Annoying
(b) Neutral
(c) Stressful
(d) Other: ...
4. Was it difficult to determine whether you had an intention to act at the time you
heard the beep?
(a) Yes
(b) No
(c) Sometimes
5. How did you decide whether you could press the button after you heard a beep?
6. Was there a clear difference between the moment at which you had an intention to
press the button and the moment at which you pressed the button?
(a) Yes, the intention to press the button was clearly distinguishable from the
button press itself
(b) No, the intention to press the button occurred at the same time as the button
press
(c) Other: ...
7. Did the beeps influence your intention to press the button?
(a) No
(b) Yes, because: ...
4.3.3 Stimuli
The participant was seated on a comfortable chair in front of a table inside a quiet room.
The instructions and visual stimuli were displayed using a 17 inch TFT screen with a
resolution of 800 by 600 pixels and a refresh rate of 60Hz that was placed roughly at
70cm directly in front of the participant. In-ear headphones were used to present the
auditory probes. A button box containing a total of four buttons was used to perform the
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self-paced button presses and answer the questions in the introspect and probe conditions.
The experiment was run in BrainStream 2 .
The auditory probe consisted of a short ‘beep’ that was created in Matlab 3 . The
probe had a frequency of 1200 Hz and duration of 0.04 s. Matsuhashi and Hallett (2008)
state that “Tones were applied pseudo-randomly at intervals of 3–20 s, controlled by one
of the investigators in a way that was not predictable by the subjects” (p. 2345-2346).
However, because further details on the exact timing of the probes are missing, these
probes times are not replicable. For this reason we designed our own probe distribution.
The timing of our probes are pre-determined on the basis of 25 control trials that were
collected during a training block at the start of the experiment. The probe onsets ranged
from 0.5 s before the average action time plus and minus one standard deviation. Within
this interval, auditory probes followed a truncated normal distribution such that most
probes were presented before the average action time (see Figure 4.4. A minimum
probe interval of 3 s before the average action time was ensured. Moreover, the probe
interval was ensured to start at least 3 s after trial onset. As well as being explicable, this
probe distribution was designed to optimize experimental efficiency by ensuring that
approximately one third of all trials would present a probe within 3 s before movement
onset (during which awareness of an intention to act is most likely to occur). Both the
sound and probe conditions used the exact same probe distribution per participant. Every
trial in the sound or probe conditions could contain maximally one probe. Depending on
the participants action time, this probe may or may not be presented on a certain trial.
The color feedback was slightly random. The fixation cross turned red (i.e. too
fast) if the button press was made within the first 5 s after trial start + a random time
interval between 0 to 3 s. The fixation cross turned blue (i.e. too slow) if the button
press occurs more than 10 s after trial start + a random time interval between 0 to 3 s.
In all other cases where a button press was made, the fixation cross turned green. This
means that the boundaries between each feedback color were blurred by 0 to 3 s. These
blurred boundaries within the color feedback were designed to encourage the element
of spontaneity. They made it difficult for a participant to count time or otherwise plan
their actions to perform them at a ‘correct’ time. Instead, they needed to refrain from
planning and focus on their intention to act within the learned window of opportunity.
The presentation of the fixation cross marked the start of a trial. Each trial had a
maximum duration of 9 to 14 s. The exact trial duration was chosen randomly at the
2 see
3 see
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start of each trial. A trial ended either because the participant had pressed the button or
because the maximum trial duration was reached. The inter trial interval was chosen
randomly between 1.5 and 3 s on each trial.

Figure 4.4 Example probe distribution. Here, the measured action times during training have a
mean of 5.563 s (mean AT) and a standard deviation of 1.513 s (std AT). Probes are sampled from
a normal distribution with a mean of mean AT - std AT - 0.5 and a standard deviation equal to std
AT. The sampled probe onsets follow a truncated normal distribution within the interval of 0.5s
before the average action time plus and minus one standard deviation.

4.3.4 Experimental timeline
At the start of the experiment, participants performed two training blocks. The first
block consisted of 20 control trials and was used to train participants on the main task of
pressing a button whenever they wanted to. This block was repeated until the participant
performed the desired actions at roughly the right time interval. The second block
consisted of 25 control trials and was used to collect the action times required to set
the time distribution of the probes. The remainder of the experiment consisted of 4
test sequences. Each test sequence consisted of 4 blocks of 25 trials of each condition
in a random order. The type of condition was displayed to the participant prior to
each sequence of 25 trials of a single condition. In total, 100 trials were acquired per
condition.
The experiment took 1.5 to 2 hours + 0.5 hours for setting up the EEG, which resulted
in a maximum total duration of 2.5 hours.
4.3.5 Behavioral data
Three behavioral measurements were collected during the experiment: (1) the introspection reports, (2) the timing of the performed actions and (3) the answers to the
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questionnaire. In the introspect condition, the introspection reports consisted of the
experienced vividness of the intention to act. In the probe condition they consisted of
a behavioral response to a probe (a veto or ignore) and its confirmation at the end of a
trial. The action timing was measured using the button presses and the onset of muscle
activation as recorded with an EMG.
In order to quantify hypotheses 3, 4 and 6 (see Section 4.2), we needed to determine
whether the probes in the probe condition lead to veto responses across a consistent time
range prior to action onset. In other words: is there a gap in the distribution of ignored
probes, as illustrated in Figure 4.2A and found by Matsuhashi and Hallett (2008)? To
answer this question, the timing of the ignored and scheduled probes relative to action
onset was analyzed. The distribution of scheduled probes refers to the average amount
of probes that should by design occur prior to action onset, as described in Section 4.3.3.
Since participants performed self-paced actions during the experiment, one could not
predict their exact action onsets. Therefore, the amount of probes that were actually
presented prior to action onset will always differ a bit from the scheduled ones. The
distribution of ignored probes is a sample from the scheduled probe distribution that
shows how many of the scheduled probes were actually presented and ignored by the
participant.
To determine the distribution of scheduled probes relative to action onset, the scheduled probe onsets that precede each individual action were sampled per participant.
Subsequently, the action onset was subtracted from each corresponding sampled probe
onset in order to calculate the probe timing relative to action onset. A histogram with 33
time bins of 150 ms, running from 5 s prior to action until action onset, was constructed
of the scheduled probe timings. In order to get an estimate of the average number of
scheduled probes per participant, the histogram of scheduled probes was divided by
the total number of performed actions. In addition, a histogram was created of the
ignored probe times (probes that were followed by an action at a later point in time)
using identical time bins. Lastly, the mean distribution of scheduled and ignored probes
was calculated across all participants. A Wilcoxon signed-rank test (Wilcoxon, 1945)
was used to assess whether the values of each time bin differ significantly between the
ignored and scheduled probes across participants. The alpha-level for significance was
Bonferroni corrected and set at .05/33 = .0015. The consecutive time points at which
the number of ignored probes were found to be significantly less than the number of
scheduled probes define a time range during which participants were on average aware
of their intention to act (see Figure 4.6). As a control, these steps were repeated for the
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sound condition (which should not show a gap in the distribution of ignored probes prior
to action onset).
The EMG measurement served to check the accuracy of the button presses. The
EMG was recorded using two electrodes, placed in a bipolar pair on the right wrist and
the center of the right forearm (on the flexor pollicis longus). For analysis, the EMG
data of the bipolar electrodes was subtracted and band-pass filtered between 51 and 250
Hz. Subsequently, the absolute value was taken and the data was sliced in epochs of 4
s prior to a button press until 1 s after. For each participant, the average EMG activity
was calculated across all trials. From this average the median and standard deviation
were calculated for each participant over all time points. An individual threshold for
muscle activation was set at the median EMG activity plus 2x its standard deviation.
The average onset of muscle activity was determined as the point in time at which the
average EMG activity exceeded the set threshold.
The mean and standard deviation of the action times relative to trial start were
calculated for each participant. To quantify hypotheses 1, 2 and 5 (see Section 4.2), a
two-factor within-subject repeated measures ANOVA was used to assess any significant
effects of the manipulated variables on the mean and standard deviation of the action
times between conditions. The two factors are: (1) the requirement of an introspection
report and (2) the presence of probes. By using a Bonferroni correction for these two
factors and their potential interaction, the significance level was set to .025/3 = .008 for
a two-sided significance test. When a main effect of either manipulated variable was
found, individual post-hoc paired-samples t-tests were used to assess specific differences
in action mean or standard deviation between conditions. The significance level of these
individual tests was set to .025 for a two-sided significance test.
In addition, the relation between probes and actions was investigated by looking
at differences between conditions in action times relative to probe onset. In order to
calculate the action times of the control and introspect conditions relative to probe
onset, the same probe distribution was used as presented in the sound condition. These
simulated probe onsets - button press times represent the absence of a connection between
probes and actions in the control and introspect conditions and served as a control for
the sound condition in which such a relation may be present. Differences in action
mean or standard deviation relative to probe onset were assessed using a paired-sample
t-test on all three possible combinations of the control, introspect and sound conditions.
The significance level was set to .025/3 = .008. The probe condition was left out
of this analysis since it would differ by design from all other conditions due to the
89

Chapter 4. Probing for intentions
performed veto responses: creating a potential gap in the distribution of ignored probes,
as illustrated in Figure 4.2A.
4.3.6 Brain data
EEG data was collected using 64 Ag/AgCl active electrodes sampled at 512 Hz using
Biosemi equipment 4 . The electrodes were placed according to the International 10/20
system. The electrodes measured all frequencies between 0 and 512 Hz. Two electrodes
were placed on the left and right mastoids and four electro-oculogram (EOG) electrodes
were placed in bipolar pairs above and below the left eye and on the outer sides of both
eyes. The neural data was analyzed using Fieldtrip 5 .
The EEG data was preprocessed using the following steps:
1. Data was sliced in epochs of 10 s before to 5 s after action onset (i.e. button press),
so the data was time locked to action onset (at 0 s).
2. Data is downsampled to 256 Hz.
3. Trials in which the participant acted within 4 s after trial start were removed to
ensure a decent baseline period.
4. Trials in which a probe was presented between 4.5 and 2.5 s before action onset
were removed to ensure a decent baseline period.
5. Data of all conditions was concatenated per participant.
6. Data was rereferenced using a linked-mastoid reference.
7. Baseline correction was performed per trial and electrode by subtracting the
average EEG signal between 3.5 and 2.5 s prior to action onset.
8. EOG artifacts were removed using a linear decorrelation of the recorded EEG and
EOG (Gratton, 1998).
9. A band-pass filter between 0.2 and 47 Hz was used to filter out slow drifts and 50
Hz line noise.
10. Epochs of -5 to 3 s around action onset were retained.
11. Bad channels were removed if they differed more than 3.5 standard deviation in
power from the median across all channels.
12. Bad epochs were removed if they differed more than 3.5 standard deviation in
power from the median across all trials.
13. Bad channel rejection was repeated.
14. A spherical spline interpolation was used to reconstruct bad channels (Perrin,
4

see www.biosemi.com
www.fieldtriptoolbox.org

5 see
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Pernier, Bertrand, & Echallier, 1989).
To quantify hypotheses 1 and 2 (see Section 4.2), individual Event-Related Potentials
(ERPs) were calculated per participant and per condition. To assess the main effects of
the requirement of an introspection report and the presence of probes on the RP, mean
ERPs were calculated across the following conditions:
1. Control and sound: providing information about all conditions without introspection reports.
2. Introspect and probe: providing information about all conditions with introspection
reports.
3. Control and introspect: providing information about all conditions without probes.
4. Sound and probe: providing information about all conditions with probes.
Two within-subject cluster permutation tests with 1000 permutations were used to assess
whether the last 2.5 s of data prior to action onset differed between these grouped
conditions: introspection vs. no introspection and no probe vs. probe conditions (Maris
& Oostenveld, 2007). After a Bonferroni correction, the significance level was set
to .025/2 = .013 for a two-sided significance test. If significant main effects were
found, post-hoc within-subject cluster permutation tests were used to identify significant
differences between individual experimental conditions. The significance level of these
individual tests was set to .025 for a two-sided significance test.
Data from the probe condition was used to analyze the RP prior to ignored and
vetoed probes, since this was the only condition that contained both ignore and veto
responses to probes. From this data, four types of trials were extracted (see Figure 4.5):
1. Action-without-probe: trials in which no probe occurred and an action was performed at least 4 s after trial start (to ensure a decent baseline).
2. Ignore: trials in which a probe occurred at least 4 s after trial start and was followed
by an action more than 0.5 s later (which was determined as the point of no return,
as shown in Section 4.4.1).
3. Veto: trials in which a probe occurred at least 4 s after trial start and was followed
by a veto (i.e. no action). The veto response was confirmed by the answer to the
veto question at the end of the trial.
4. Incorrect action: trials in which a probe occurred at least 4 s after trial start and
was followed by an action within 0.5 s.
According to Matsuhashi and Hallett, vetos should consistently be performed across
a specific time range prior to action onset. Moreover, this time range should coincide
with the build-up of the RP (Verbaarschot et al., 2016). If this is the case, we expect to
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Figure 4.5 Schematic timeline of events that could happen within a trial of the ‘probe’ condition.
The ‘+’ indicates trial start. Each ‘probe’ trial could develop in one of four ways. (1) Ignore:
a probe is presented when the participant is not intending to act. The participant ignores the
probe and presses the button at a later point in time when he/she feels the intention to do so. (2)
Veto: a probe is presented when the participant experiences an intention to act. The participant
vetos his/her action and waits for the trial to end. (3) Incorrect action: a probe is presented
when the participant experiences an intention to act. The probe happens so close to action
onset, that the participant is unable to veto his/her action and presses the button anyway. (4)
Action-without-probe: the participant presses a button when he/she feels the intention to do so.
They are uninterrupted by a probe. The darker colored portions of each row indicate the portion
of the trial that is used for EEG analysis. This portion is either time-locked to probe (ignore, veto
and incorrect action trials) or action onset (action-without-probe trials).

find a weak RP signature prior to vetoed probes and no RP prior to ignored probes (see
Figure 4.6). To test this, action-without-probe trials were time-locked to the performed
button press, whereas the ignore, veto and incorrect action trials were time-locked to
probe onset. To extract the general signature of the RP (i.e. a negative potential relative
to baseline), the mean activities during the last 1.5 s to 0.5 s and 0.5 s to 0 s prior
to action or probe onset were calculated per participant at electrode Cz. These two
time intervals were used to assess whether there are differences in the early and/or late
phase of the RP between these different trial types (Shibasaki & Hallett, 2006). For the
two time intervals, two-sided dependent samples t-tests were used to test whether the
activity differs significantly between action-without-probe and incorrect action trials and
action-without-probe and veto trials (Bonferroni corrected at .025/8 = .003). A further
one-sided dependent samples t-tests were used to test for both time intervals whether
the activity was more negative in veto and action-without-probe trials relative to ignore
trials (Bonferroni corrected at .05/8 = .006).
To quantify hypotheses 1 and 2 (see Section 4.2), individual alpha/beta ERDs were
assessed. For this reason, the data of all conditions was concatenated and a spectogram
was calculated between -5 and 3 s around action onset. Frequencies of interest were
92

4.3 Materials and Methods

Figure 4.6 The top plot shows a schematic grand average of the distribution of scheduled and
ignored probes relative to action onset. The difference between the scheduled and ignored probe
distribution, as highlighted in dark grey, shows the time points at which participants are expected
to perform a veto in response to a probe. The gap provides an estimated time period during which
participants are expected to be aware of their intention to act. The bottom plot shows a schematic
grand average of the expected RP. When looking at the average brain activity prior to an action, a
full RP is expected to be present. When looking at the average brain activity prior to an ignored
probe, no RP is expected. The analysis window prior to a vetoed probe is expected to sample the
early phase of the RP, which given the shape of the RP will look like a weaker version of the full
RP.

defined from 5 to 30 Hz using 2 Hz bins. A flexible Hanning window was used such that
it included at least 7 cycles of each frequency of interest. The data was baselined using a
relative baseline, resulting in the relative signal change compared to baseline (where a
value of 1 means no change). The baseline activity was defined per electrode, frequency
and trial as the median power between 3.5 and 2.5 s prior to action. Subsequently, the data
was separated into the different conditions. The ERD was calculated per participant by
taking the median power across trials for each electrode, frequency and trial. Mean ERDs
were calculated per participant for no introspection (control and sound) vs. introspection
conditions (introspect and probe), and no probe (control and introspect) vs. probe
conditions (i.e. sound and probe). Within-subject cluster permutation tests (Maris &
Oostenveld, 2007) with 1000 permutations were used to assess whether the last 2.5 s of
data prior to action onset differed between the no introspection vs. introspection and no
probe vs. probe conditions. After a Bonferroni correction, the significance level was set
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to .025/2 = .013. When a significant main effect was found, post-hoc within-subject
cluster permutation tests were used to identify significant differences between individual
experimental conditions. The significance level of these individual tests was set to .025
for a two-sided significance test.

4.4

Results
The raw data supporting the conclusions of this manuscript will be made available by
the authors, without undue reservation, to any qualified researcher.

4.4.1 Behavioral data
Questionnaire

A total of 14 participants completed the questionnaire at the end of the experiment
(see Section 4.3.2). Due to the exclusion of some participants (see Section 4.3.1), the
answers of a total of 12 participants were analyzed. All 12 participants indicated that
the differences between the control, sound, introspect and probe conditions were clear.
Eleven participants indicated that they acted spontaneously during the entire experiment,
i.e. they pressed the button as soon as they wanted to. In contrast, 1 participant indicated
that he/she did not act spontaneously, i.e. he/she already decided to act long before they
pressed the button.
Six participants always experienced a clear difference in timing between an intention
and action, whereas 1 participant only experienced this sometimes and 1 other participant
only had this experience when he/she perceived the intention consciously and vividly.
One participant experienced the intention as always occurring prior to the action. Three
participants did not experience any difference in timing between the intention and action
and perceived them as occurring at the same time.
Concerning the sound and probe conditions, 7 participants reported the probes
as neutral: they did not experience any positive or negative effects caused by the
probes. However, 5 participants experienced some negative effects from the probes as
they reported them to be “annoying" (2 participants), “stressful" (2 participants) or as
“disturbing their relaxed state" (1 participant). Moreover, 9 participants believe that the
probes did influence their course of action, whereas 3 participants did not experience
any influence of the probes.
During the probe condition, 8 participants found it sometimes difficult to judge
whether or not they were experiencing an intention to act when a probe was presented.
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One participant always experienced this intention assessment as difficult and 3 participants had no trouble with it at all. Eight participants followed instructions correctly and
vetoed their intended movement when they experienced an intention to act upon probe
presentation, whereas another 2 participants did not use any particular strategy to decide
whether or not they could press the button after a probe was presented. Two participants
determined whether or not they should veto their act based on their expectation of a
probe. Whenever they were expecting a probe and a probe was presented, they would
veto their subsequent act. In their case, the performed veto’s did not relate to their
intention to act but to their expectation of a probe. Because these participants were
effectively not following instructions correctly, they were excluded from further analysis
(as indicated in Section 4.3.1).
In summary, 92% of the participants who completed the questionnaire acted spontaneously throughout the experiment. Although 75% of the participants at least sometimes
perceived their intentions and actions as two different events in time, 75% of participants
also found it difficult to assess upon probe presentation whether or not they were intending to act. Lastly, the probes seem to be experienced in a negative way by at least 42%
of participants.
Intention reports

Each participant completed 100 trials of the introspect condition. Twenty-three (=1%)
trials across all participants ended without a button press. Participants reported having
experienced their intention as “vivid and conscious" in 45% (±2%) of all trials containing
an action. In 34% (±1%) the intention was experienced as a “vague feeling of wanting".
In the remaining 21% (±1%), participants reported to have “pressed the button without
thinking about it". Figure 4.7A shows the reports on the subjective experience of
intending to act for each participant and across all participants.
Similar to the introspect condition, 100 trials were collected per participant in the
probe condition. In 63% (±1%) of all trials across participants, a probe was presented.
Seventy-eight% (±16%) of the presented probes across participants were followed by
an ignore response, whereas 20% (±14%) was followed by a veto response. Three %
(±5%) of the presented probes were followed neither by an ignore or a veto response;
the trial simply ended before an action was made. Figure 4.7B shows the number of
ignore and veto responses for each participant and the percentage of these responses
across all participants.
Figure 4.8A,B show the number of observed ignored probes and scheduled probes
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Figure 4.7 (A) Reported experience of an intention to act in the introspect condition. Participants
could report their intention to act after every trial as “vivid and conscious", “a vague feeling of
wanting" or “pressed the button without thinking about it". The number of times each possible
answer was selected is shown per participant. The percentage of each selected answer across all
participants is shown in the pie chart in the top right corner. (B) Overview of the responses to a
probe in the ‘probe’ condition. The number of times a presented probe is followed by an ignore
or a veto response is shown for each participant. The percentage of presented probes that were
followed by an ignore or veto response across all participants is shown in the pie chart in the top
right corner. The gap in the pie chart shows the percentage of presented probes that were ignored
but not followed by an action (i.e. the participant did not intend to act during the trial).

relative to action onset across all participants for the probe and sound conditions. As
noted in Section 4.3.5, the distribution of observed ignored probes will always differ a bit
from the distribution of scheduled probes since the scheduled probes are an approximation of the observed probes: i.e. the predicted amount of probes that on average should
occur prior to action onset. Furthermore, the distribution of ignored probes includes
the amount of probes that are presented and followed by an action only, whereas the
distribution of scheduled probes also includes probes that are not followed by an action
(i.e. a veto).
Since our probes do not follow a uniform but a truncated normal distribution, our
plot looks slightly different from those of (Matsuhashi & Hallett, 2008). Similar to
Matsuhashi and Hallett, we observe a significant decrease in the fraction of ignored
probes between 1.4 and 0.65 s prior to action (p < .0015) for the probe condition. During
this time period, participants mostly performed a veto in response to a presented probe.
Shortly prior to action, from 0.5 s to action onset, the fraction of ignored probes increases
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Figure 4.8 (A) The mean and standard deviation of the ignored probes across all participants
in the ‘probe’ condition. (B) In gray the mean number of probes that were scheduled to be
presented prior to action across all participants in the ‘probe’ condition (standard deviations
across participants are provided on top of the histogram). In purple the mean number of probes
that were ignored and followed by an action (at time 0) across all participants. Around -1.4 s
prior to action, participants start to veto their action in response to a probe: this is apparent
by the decrease in the observed fraction of probes that were followed by an action compared to
the scheduled fraction of probes. Around -0.5 s prior to action, participants are no longer able
to veto their action in response to a probe due to their close proximity in time (i.e. point of no
return), hence the increase in ignored probes. Note: the purple distribution of ignored probes in
(B) is identical to that in (A), but with a different scaling factor. Significant (p < .0015) differences
between the amount of scheduled and ignored probes are indicated with an asterisk (*). (C) In
gray the mean number of probes that were scheduled to be presented prior to action across all
participants in the ‘sound’ condition. In green the mean number of probes that were actually
presented and followed by an action (at time 0) across all participants.

again. This increase could be due to the point of no return as defined by Matsuhashi and
Hallett. At the point of no return, a probe was presented in such close proximity to action
onset that participants are not able to cancel their action anymore to perform a veto.
As shown in Figure 4.8C, the distribution of presented probes of the sound condition
also shows a slight decrease in the amount of probes between 1 and 0.5s prior to action.
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However, this deviation between the scheduled and presented probes was not found to
be significant.
Action distribution

Across all participants, the mean onset of muscle activation was found at 81 ms (±78ms)
prior to a button press. Since this difference is small relative to the magnitude of the
expected intention reports (about 1 s) and estimation errors, the timing of the button
press is used as action onset throughout the analysis.
A boxplot of the action times of the control (mean: 7.501 s, standard deviation:
1.549 s), sound (mean: 7.180 s, standard deviation: 1.447 s), introspect (mean: 7.720
s, standard deviation: 1.618 s) and probe (mean: 7.179 s, standard deviation: 1.493 s)
conditions across all participants is shown in Figure 4.9A. A significant main effect of the
presence of probes on the mean action time was found (df = 15, F = 15.704, p = .0013).
Individual post-hoc tests reveal that this is due to significant differences between the
probe and control (df = 15, t =

3.100, p = .007), sound and introspect (df = 15, t =

3.823, p = .002), and probe and introspect conditions (df = 15, t =

4.199, p = .000).

No significant main effect of the requirement of an introspection report on mean action
time was found (df = 15, F = 3.291, p = .090). Furthermore, no significant main effects
of the requirement of an introspection report or the presence of probes was found on the

Figure 4.9 (A) Boxplot of action times per condition across all participants. Action times are
measured relative to trial start. (B) Boxplot of action times per condition across all participants.
Action times are measured relative to probe presentation. Significant differences (p < .025 for A
and p < .008 for B) between conditions are indicated with an asterisk (*).
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standard deviation of action times.
Furthermore, the effect of the presence of a probe on action timing was explicitly
investigated by comparing the action timings relative to probe onset across all conditions.
A boxplot of the action timings relative to probe onset of the control (mean: 0.886 s,
standard deviation: 1.801 s), sound (mean: 0.574 s, standard deviation: 1.704 s) and
introspect (mean: 1.110 s, standard deviation: 1.840 s) conditions across all participants
is shown in Figure 4.9B. Again, the mean action time of the sound condition was found to
differ significantly from that of the introspect (df = 15, t = 3.8226, p = .002⇤ ) condition.
No significant differences in mean action time were found between the control and

Figure 4.10 (A) Grand average readiness potential at electrode Cz for conditions without
(control + introspect) and with probes (sound + probe). (B) Grand average readiness potential
at electrode Cz for conditions without (control + sound) and with intention reports (introspect +
probe). Action onset is at time 0 and is indicated by a vertical line. The colored shade indicates the
standard error across participants. The topoplots show the grand average EEG activity at each
electrode, averaged across the last 0.5s prior to action onset. Significant differences (p < .013)
are indicated by a grey box. Note, the data is baselined between 3.5 and 2.5 s prior to action, as
indicated by a small horizontal line in the bottom left corner of each plot.
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introspect or control and sound conditions. No significant differences in the standard
deviation of action times were found between any of the conditions.
4.4.2 Brain data
After preprocessing, 85 (minimum: 40, maximum: 91) trials remained for analysis of the
control condition, 85 (minimum: 46, maximum: 92) trials for the sound, 87 (minimum:
48, maximum: 96) trials for the introspect and 75 (minimum: 28, maximum: 89) trials
for the probe condition.
Readiness Potential

Figure 4.10 shows the grand average of the RP for conditions with and without introspection reports and with and without probes. Visually, the RP seems to have its earliest
onset around 2 s prior to movement. The shape and timing of the RP confirm previous
research involving spontaneous voluntary right hand movements (Kornhuber & Deecke,
1965; Libet et al., 1983; Shibasaki & Hallett, 2006). Significant main effects of the

Figure 4.11 (A) Topoplot showing the grand average EEG activity at each electrode, averaged
across the last 0.5s prior to action onset. (B) Grand average of the readiness potential at electrode
Cz. Each color shows the grand average RP of a single condition surrounded by two lines,
indicating the standard error across participants. Action onset is at time 0 and is indicated by a
vertical line. Note, the data is baselined between 3.5 and 2.5 s prior to action, as indicated by a
small horizontal line in the bottom left corner of plot B. The introspect condition was found to
differ significantly from all others (p < .025).
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requirement of an introspection report and the presence of probes are found on the last
2.5 s of the RP (N = 16, p < .008, see Figure 4.10). Whereas probes seem to cause a
slight increase in RP amplitude, the requirement of an introspection report seems to
cause a slight decrease in RP amplitude. The introspect condition seems to lie at the
heart of these effects, as the RPs in this condition were found to differ significantly from
those in all other conditions (N = 16, p < .025). Figure 4.11 shows the grand average of
the RP for each individual condition.
After action onset, the RP of the introspect condition deviates from the others (see
Figure 4.11. This is due to a difference in events after action onset: immediately after
action performance in the introspect condition, participants are prompted with a question
about the vividness of their intention to act and need to respond to this question by
pressing one of three buttons.
Concerning the post hoc analysis of the RP prior to vetoed and ignored probes, Figure
4.12 shows the grand average ERP for different trials of the probe condition. The number
of ignored and vetoed probes differ greatly among participants within this condition (see
Section 4.1.2). Especially the number of vetoed probes is quite low: around 20%. For
this reason, we removed some participants from further analysis: only those participants
who retained at least 10 trials action-without-probe, ignore and veto trials were kept
for further analysis. This resulted in a total of 8 participants containing on average 39
(minimum: 30, maximum: 53) action-without-probe trials, 25 (minimum: 19, maximum:
32) ignore trials, 15 (minimum: 10, maximum: 20) veto trials and 11 (minimum: 5,
maximum: 18) incorrect action trials per participant.
Figure 4.12 (A) shows a clear negativity across the motor cortex for the actionwithout-probe and incorrect action trials. This is to be expected since both trial types
include an intended action and thus should look similar to the RP in Figure 4.11. The
incorrect action trials are a weaker version of the action-without-probe trials because
they contain less data and are time-locked to probe onset rather than action onset. As
the RP increases in amplitude up to action at 0 s, time-locking to earlier times in the RP
development results in reduced ERP amplitudes, as seen here for the incorrect action
trials where probes occur randomly somewhere in the last 0.5 s before action onset. The
veto trials show a medium and more widespread negativity across the motor cortex,
whereas this negativity seems completely absent for ignore trials. A similar trend can
be observed from Figure 4.12B: a clear negativity (i.e. RP) can be observed for actionwithout-probe trials, whereas ignore trials remain around baseline. Veto trials (which we
expect are randomly sampled from -1.4 to -0.65 s before action based on the intention101
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Figure 4.12 (A) Topoplot showing the grand average EEG activity of the probe condition
averaged across the last 0.5s prior to action (action-without-probe trials) or probe onset (ignore,
veto or incorrect action trials). (B) Grand average ERP at electrode Cz. Each color shows the
grand average RP of a single trial type surrounded by the standard error across participants. For
simplicity, we leave out the incorrect trials, since they closely resemble the action-without-probe
trials. Time 0 corresponds to action (action-without-probe trials) or probe (ignore or veto) onset
and is indicated by a vertical line. A significant difference between action-without-probe and
ignore trials was found across -1.5 to 0 s. Note, the data is baselined between 3.5 and 2.5 s prior
to action or probe onset, as indicated by a small horizontal line in the bottom left corner of plot
(B).

window identified in Figure 4.8) are in between ignore and action-without-probe trials,
showing a medium negativity shortly prior to probe onset.
One-sided dependent samples t-tests showed that the action-without-probe trials are
significantly higher in amplitude compared to the ignore trials during both the early (-1.5
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Figure 4.13 Topoplots showing the grand average power across 8-30 Hz at each electrode,
averaged across the last 0.5 s prior to action onset. Averages across conditions with (sound
+ probe) and without probes (control + introspect), and with (introspect + probe) and without
intention reports (control + sound) are shown. A significant difference (p < .013) is found between
conditions with and without intention reports.

to -0.5 s: df = 7, t =

3.5217, p = .005) and late (-0.5 to 0 s: df = 7, t =

5.4562, p =

.001) phase of the RP. No significant differences were found between the action-withoutprobe and incorrect action trials (df = 7, t = 0.3285, p = .752), action-without-probe
and veto trials (df = 7, t =

1.928, p = ..095) or veto and ignore trials (df = 7, t =

1.014, p = .172) for the early phase of the RP. Similarly, no significant differences
were found between the action-without-probe and incorrect action trials (df = 7, t =
0.4593, p = .670), action-without-probe and veto trials (df = 7, t = 1.969, p = .090)
or veto and ignore trials (df = 7, t = 2.587, p = .018) for the late phase of the RP.
Figure 4.12 also shows differences between action-without-probe, ignore, veto and
incorrect action trials after time 0s. Note however, that time 0 s refers to action onset for
action-without-probe trials only and to probe onset for ignore, veto and incorrect action
trials. Therefore, any differences after time 0s likely reflect the presence of an action or
probe (or the combination of the two for incorrect action trials). We do not investigate
brain activity after time 0 s because any differences in brain processing related to action
preparation will be contaminated by the brain response to probe presentation or action
performance.
Alpha/beta event-related desynchronization

Significant main effects of the requirement of an introspection report and the presence of
probes are found on the last 2.5 s of the RP (N = 16, p < .013, see Figure 4.13). Figure
4.14 shows the grand average of the ERD across the alpha (8-12 Hz) and beta (13-30 Hz)
bands at channel C3 for each condition. An ERD is visible in the average time-frequency
spectrum prior and during action (time 0). The ERD seems to have its earliest onset at
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around 2s prior to action onset. Judging from the topoplot provided in Figure 4.14A, the
ERD seems enhanced in the introspect and especially probe conditions compared to the
control and sound conditions. After action, an event-related synchonization is visible
in the control, sound and probe conditions, whereas the ERD seems to continue after
movement in the introspect condition. This continued ERD in the introspect condition is
caused by the second button press that is required to answer the multiple-choice question
on the subjective experience of the intention to act. Overall, the shape and timing of
the observed ERD and ERS signatures confirm those of previous research (Doyle et
al., 2005; Pfurtscheller & Aranibar, 1979). Individual post-hoc tests reveal significant
differences in the ERD between the probe and sound, probe and control, and introspect
and control conditions (N = 16, p < .025).

4.5

Discussion
The probe method of Matsuhashi and Hallett (2008) promises to be a valuable addition
to the clock method of Libet et al. (1983) in studying the timing of an intention to
act. Here, it was put to test to verify its accuracy and quantify any potential concerns
that might limit its usage. In a 2x2 within-subject design (1) the requirement of an
introspection report and (2) the presence of an auditory probe were manipulated. In total,
the experiment consisted of 4 conditions: control, sound, introspect and probe. In all
conditions, participants were instructed to make a spontaneous self-paced right hand
movement between 5 and 10 s after trial start. The control condition consisted solely of
the performance of these voluntary actions. In addition, the sound and probe conditions
contained (identical) auditory probes. Furthermore, the introspect and probe conditions
required a report on the experienced intention to act. In the introspect condition, this
report was provided by answering a multiple-choice question on the vividness of an
experienced intention. In the probe condition, it was provided through the response to a
probe: ignoring the probe or vetoing the intended action. In addition, 14 participants
completed a questionnaire to get more insight into their subjective experience during
the experiment. The effect of the two manipulated variables on the neural preparatory
activity for action (RP and alpha/beta ERD), the awareness of an intention, and the
performed actions was investigated.
The presence of probes had a significant effect on the observed mean action times.
This effect was due to significant differences in mean action time between the sound and
introspect, control and probe, and probe and introspect conditions. Regardless of the
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Figure 4.14 (A) Topoplot showing the grand average power across 8-30Hz at each electrode,
averaged across the last 0.5s prior to action onset. (B) Grand average of the event-related
desynchronization across the alpha (8-1 2Hz) and beta (13-30 Hz) bands measured at electrode
C3. Each spectogram corresponds to the grand average data of an individual condition: ‘control’
(left), ‘sound’ (left of middle), ‘introspect’ (right of middle) and ‘probe’ (right). The dotted vertical
line indicates action onset (time 0). The data is baselined between 3.5 and 2.5 s prior to action, as
indicated by the horizontal line in the bottom left corner.

requirement of an introspection report, the presence of probes seem to speed up the mean
action time by roughly 0.3 s. One possible explanation for this observation is that the
action times get tuned towards the probe distribution. The probe distribution is designed
to be a shifted version of the action distribution. On average, this shift causes the probes
to be presented slightly prior to the actions. This precedence of probes could bias the
actions by speeding them up. Although a significant difference is found between the
control and probe conditions, it was not found between the control and sound condition.
On the one hand, this may be due to the fact that the sampling of actions in the probe
condition slightly enhances the effect of the probes: slow actions are more likely to
be turned into a veto response due to a probe. Because these slow actions will not
be performed, they do not add to the mean action time. This enhances the difference
between mean action onset in the probe compared to the sound condition. On the other
hand, this result may also confirm hypothesis 5: veto influences action. Participants may
act faster in the probe condition because they want to either explicitly (consciously) or
implicitly (subconsciously) decrease the chance of having to perform a veto.
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When specifically investigating the effect of the probes on the action times, the mean
action times relative to probe onset of the sound condition were found to differ from
those of the introspect condition. However, the action times relative to probe onset did
not differ significantly between the sound and control nor the introspect and control
conditions, suggesting that the difference between the sound and introspect conditions
are a combined effect from the relatively slower action times in the introspect condition
and faster action times of the sound condition.
Although probes seem to speed up actions, they do not seem to speed up brain signals.
In contrast, it is not the presence of probes, but the requirement of an introspection report
that seems to influence brain signals: reducing the amplitude of the RP and increasing
the desynchronization in the alpha and beta bands prior to action onset. Specifically, the
RPs in the introspect condition have the lowest amplitude of all. This may suggest that
the introspection requirement influences the threshold for action performance, making
one more susceptible to small fluctuations in neural activity. Moreover, performing
introspection may enhance the level of attention, which reduces the general level of
alpha activity and could cause a relatively enhanced desynchronization in this range.
These types of effects of introspection, i.e. tuning attention towards ones internal state,
have been reported to induce changes in brain activity in the past (Lau et al., 2007).
Nine out of 12 participants who completed the questionnaire indicated that they found
it difficult to assess whether or not they were intending to act upon probe presentation
in the probe condition. Yet, vetos were performed in a specific time range across all
participants: running from 1.4 until 0.65 s prior to action onset. Finding a significant
descrease in the amount of ignored probes during this time range confirms the main
behavioural findings of Matsuhashi and Hallett (2008). Moreover, within the probe
condition, we found a significant difference in brain activity prior to an ignored probe
and an action: we see a clear RP prior to action onset, but nothing like an RP prior to
an ignored probe. This suggests that there is no neural preparatory activity for action
present prior to an ignored probe, providing further evidence indicating that participants
are indeed not experiencing an intention to act when they ignore a probe.
The average onset of the awareness of an intention to act found here and in previous
research (Matsuhashi & Hallett, 2008; Verbaarschot et al., 2016) is much earlier than
that found by studies using the clock method (Alexander et al., 2016; Banks & Isham,
2009; Bode et al., 2011; Fried et al., 2011; Douglas et al., 2015; Libet et al., 1983;
Haggard & Eimer, 1999; Haggard et al., 2002; Jo et al., 2014; Sirigu et al., 2004; Soon
et al., 2013; Tabu et al., 2015). This suggests that probes spread out the awareness of
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an intention to act. During a specific time range prior to action (starting around 1.4 s
before), probes seem to facilitate the awareness of an intention. Within this time range,
probes are consistently followed by a veto response across all participants. As argued
previously (Verbaarschot et al., 2016; Uithol et al., 2014), these findings suggests that an
intention to act reflects a dynamic process rather than a discrete mental state. The probe
method is able to measure the awareness of intending during the earlier stages of this
process, during which one seems susceptible to external stimuli. In contrast, the clock
method seems to measure only its final stage, during which intentions become available
for self-initiated report.
The probe distribution is designed to present the majority of probes in the last 3s
prior to action onset, where awareness of an intention is most likely to occur (Matsuhashi
& Hallett, 2008; Verbaarschot et al., 2016). The choice of probe distribution may codetermine the results: awareness of an intention to act starting earlier than 3s prior to
action onset may be missed using our probe distribution. We believe our choice of probe
distribution should be sufficient since our results as well as those of Matsuhashi and
Hallett and Verbaarschot et al. show that probes are consistently followed by a veto
response starting from 1.5s prior to action onset, and not earlier. If needed, the probe
distribution could be extended in future research to investigate earlier awareness of an
intention to act. If one would want to measure the timing of an intention to act across a
larger time period, one would need to extend the experiment in order to retain a similar
time resolution: a fixed amount of probes with small variations in timing provides a
more detailed approximation of the timing of an intention to act during a limited time
period, than the same amount of probes with big variations in timing across a larger time
period.
Eleven out of 12 participants who completed the questionnaire indicated that they
acted spontaneously throughout the experiment. Although participants were instructed
to act whenever they experienced an intention to do so, only 45% of these intentions
were reported as vivid and conscious across all participants in the introspect condition.
The remaining intentions were either perceived as a vague feeling of wanting (34%) or
without any conscious thought at all (21%). These results might be related to the type of
task that participants were asked to perform: an arbitrary button press that is performed
without any reason or consequence. In daily life, these actions are usually not preceded
by a vivid intention. This type of task has been criticized in the past (A. R. Mele, 2010;
Nachev & Hacker, 2014) and highlights the importance of designing an ecologically
valid experiment that aims to measure meaningful actions (Mecacci & Haselager, 2015).
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In contrast to the clock method, the probe method can be used to reach this goal as it does
not require constant introspection and can be used in combination with other stimuli.
Additional stimuli can be used to create an ecologically valid experimental context in
which actions can be made for a reason and have some consequence.
We used trial-by-trial color feedback rather than a sporadic verbal correction (as most
probably used by Matsuhashi and Hallett) to prevent potential instructional differences
between participants. In addition, the feedback was designed to provide an intuitive
feeling of the time window of opportunity for acting without the need to keep track of
time. However, the feedback may have enhanced the artificial nature of the experimental
task and decreased the element of spontaneity in comparison to that of Matsuhashi and
Hallett. In a previous study we conducted a Matsuhashi style experiment without the
use of color feedback (Verbaarschot et al., 2016). Participants had complete freedom to
decide when to act and what action (a left or right hand button press) to perform. In our
current study, we observed a similar action pattern to that of our previous Matsuhashi
style experiment in terms of action mean and variance across all conditions. As we
believe that action variance increases with spontaneity, this suggests that the actions
measured in this experiment are at least as spontaneous as those measured in our previous
Matsuhashi type experiment that did not use any color feedback. Moreover, since
participants acted around 5-7 s after trial start in the previous Matsuhashi experiment,
the 5-10 s window of opportunity used in the current experiment does not seem to
restrict the average participant’s spontaneous actions in an obvious way (Verleger, Haake,
Baur, Śmigasiewicz, et al., 2016). In future research, we encourage the use of a more
ecologically valid task that evokes the required action timing and pattern in a natural and
intuitive way without the use of explicit feedback.
In summary, our test of the probe method has confirmed certain effects of the
presence of probes and the requirement of an introspection report: probes speed up
actions and introspection changes the neural preparation for action. However, we do not
believe that these effects make the probe method an unsuitable alternative to the clock
method to study the timing of intentions to act. The RP and alpha/beta ERD were clearly
detectable in all experimental conditions, confirming previous findings on the neural
preparation for a voluntary movement (Libet et al., 1983; Shibasaki & Hallett, 2006;
Pfurtscheller & Aranibar, 1979). Moreover, vetos were performed consistently across
participants from 1.4 to 0.65 s prior to action onset. Together with previous research,
this time range has been confirmed in three independent investigations (Verbaarschot et
al., 2016; Matsuhashi & Hallett, 2008). Probes do seem to affect the timing of actions,
108

4.5 Discussion
speeding them up a bit (about 300 ms on average compared to the control condition). But
they do not seem to speed up or delay brain signals. The requirement of an introspection
report does influence the brain signals. However, this effect is common to both the probe
and clock methods, as they both require introspection reports. Moreover, the continuous
introspection, as required by the clock method and mimicked by the introspect condition,
seems to exacerbate these effects as shown by the lower amplitude RP and enhanced
desynchronization in the alpha and beta bands prior to action onset.
We believe that the probe method provides a valuable addition to the clock method.
The probe method can be used in combination with other tactile, visual, or even auditory
(if the probe is easily detectable) stimuli, creating the possibility to embed it in a more
realistic and ecologically valid experimental task. By including it in our repertoire,
intentional actions can be studied in various experimental contexts. In contrast to the
clock method, the probe method measures the awareness of an intention to act in real-time
during action preparation. As such, it requires only sporadic introspection. Moreover,
the probe method seems capable of measuring earlier stages of intending compared to
the clock method. Depending on one’s research objective, one might favor the clock or
probe method over the other. When the amount of experimental time needs to be limited
and one is interested in the onset of a reportable intention to act, one might best opt for
the clock method. On the other hand, when devising a complex and ecologically valid
experimental task and one is interested in the time period during which one is aware of
an intention to act, the probe method seems the best way to go. With this overview and
our current findings, we hope to encourage the use of Matsuhashi and Hallet’s probe
method in future research and extend the repertoire for experimentally studying intended
action.
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Free Wally

Where motor intentions meet reason and consequence

5.1

Introduction
Research on the relation between the neural preparation and subjective experience of an
intention to act focuses mostly on one type of action: spontaneous movement. Specifically, self-paced wrist extensions, finger flexions or button presses (for an overview: see
Saigle, Dubljević and Racine (2018)). Although some studies investigate spontaneous
decisions rather than movements (e.g. Bode, Bogler and Haynes (2013); Soon et al.,
(2013)), it is the general element of spontaneity that seems most important for actions
to be considered free (Deutschländer, Pauen, & Haynes, 2017). However, it is also the
element of spontaneity that makes these actions most trivial (Banks & Pockett, 2007).
Imagine you are a participant in a Libet-type experiment (Libet et al., 1983). You are
instructed to perform a self-paced wrist extension whenever you feel the intention to do
so. As soon as you notice an intention to move, you are asked to remember and report the
configuration of a clock that is in front of you. As you may notice, this task feels quite
artificial. There are no apparent reasons to perform the action, other than to follow the
experimental instructions. Moreover, action performance has no noticeable effect on the
environment, nor does it involve any consequences that can be evaluated and experienced
This chapter has been published as: Verbaarschot, C., Farquhar, J. & Haselager, P. (2019). Free Wally:
Where motor intentions meet reason and consequence. Neuropsychologia, 133, 107156
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by the actor or others. When asking for the motivations behind such acts, one receives no
further explanations other than ‘I just wanted to’ or simply a shrug. This is not the type of
action about which societally relevant questions regarding responsibility, accountability,
or even free will, will be raised (Nachev & Hacker, 2014; Mecacci & Haselager, 2015).
The spontaneous actions measured by neuroscience research are not the most straightforward cases of intended action. Besides the lack of reasons and consequences, it is
questionable whether these actions would be preceded by a consciously experienced
intention in daily life. Therefore, the reported intention onsets in Libet-type experiments
may relate more to the onset of an urge than an intention to act (A. R. Mele, 2010;
Roskies, 2011). For these reasons, neuroscience experiments on intended action have
often been criticized about whether their results will hold for the more complex and
deliberate actions that we may perform in daily life (Radder & Meynen, 2013; Saigle et
al., 2018). In order to study deliberate intended action in an ecologically valid way, we
suggest the following aspects should be represented in an experiment:
•

A goal: something you want to achieve. Your actions are an attempt to reach that
goal.

•

A strategy: the course of action by which you can achieve your goal.

•

Some type of deliberation: inference based on relevant stimuli, leading up to a
decision to act. We consider actions to be free when there are reasons for acting,
but these reasons do not compel one to do anything in particular (Mecacci &
Haselager, 2015).

•

An intention: being or becoming committed to an act. In daily life, intended
actions usually involve three components: we need to decide what we want to do,
when we want to do it and whether or not we still want or can do it when the time
comes (Brass & Haggard, 2008).

•

An action: e.g. an intended movement. Immediate actions are performed as soon
as the intention to act arises. With planned actions, there is some time between
the intention to act and the action performance.

•

A certain outcome: the change in the environment caused by the action.

•

The consequences of the achieved outcome: the impact of the outcome. Certain
outcomes can lead to consequences that could evoke an evaluative or emotional
experience, such as a sense of achievement or failure, or pride or shame.

Each of these aspects can involve a sense of responsibility. For instance, a person
is responsible for setting their own goal and for selecting, evaluating and executing a
strategy to achieve that goal. We believe that these elements are required for experiments
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measuring deliberate intended actions to be considered ecologically valid and therefore
societally relevant. One needs to perform experiments including these factors to validate
that they do not invalidate the conclusions of less ecologically valid experiments.
We have implemented each of these elements in a computer game called “Free
Wally”. Free Wally allows players to perform intended actions to achieve a goal: free
a whale that is held captive on top of a hill. Stimuli provide reasons to act and actions
have consequences, increasing the ecological validity of the measured actions. The game
offers a choice of what action to perform, when to perform it and whether to execute
it, incorporating all components of an intention (Brass & Haggard, 2008). Although
external stimuli play a role in the development of an intention to move, commitment
to an intention is based primarily on the player’s own initiative. This type of intention
involves the availability of options to the player about what to do, and requires a decision
(A. R. Mele, 2010). It is this type of intended action for which a person can explicitly
formulate why they chose to behave a certain way, including evaluations of the intention,
the act and its outcomes. Moreover, it is this type of action that we consider most
important for our feeling of agency and free will (Roskies, 2011; Mecacci & Haselager,
2015).
Distinctive neural activities have been found predictive of, or correlated with, the
what, when and whether components or phases (as argued in Verbaarschot, Haselager
and Farquhar, (2016)) of intended action (Brass et al., 2013; Zapparoli, Seghezzi, &
Paulesu, 2017). These distinct activities are usually identified by allowing the freedom
to decide on only one out of three decisions, e.g. contrasting self-paced button presses of
the right hand (fixed whether and what, free when) with spontaneous left and right hand
button presses at a cued moment in time (fixed whether and when, free what) (Krieghoff,
Brass, Prinz, & Waszak, 2009; Hoffstaedter, Grefkes, Zilles, & Eickhoff, 2012). The
task that a participant needs to perform in this type of experiment is often quite artificial,
e.g. intend to press a button with your right hand and at the last possible moment in time,
veto your act (Brass & Haggard, 2007). In daily life, we usually decide on all three what,
when and whether components prior to an intended act. Moreover, we do so based on
reasons rather than acting of out of the blue. Importantly, we have the freedom to decide
to do nothing: we are not required to act. This element is often missing in previous
research, as participants are usually required to act on every single trial. Focusing only
on one or two out of three phases of intending may lead to incomplete datasets that
may fail to capture the full story behind an intended act. Moreover, although the neural
correlates underlying these phases have received some attention, the potential differences
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in awareness of these phases has been left largely unexplored. With the exception of
Soon et al. (2008), who investigated the timing of the awareness of the what and when
phase separately, all studies seem to assume that there is only a general awareness of
intending to act, ignoring potential differences in the timing of the subjective experience
of the what, when and whether components. Linking the subjective experience of these
components with the underlying neural correlates may increase our understanding of
human motor cognition. Free Wally can be used as a tool to do so.
To measure the subjective timing of the what, when or whether phases of intending
to act, Free Wally adopts the probe method designed by Matsuhashi and Hallett (2008).
While a participant is playing Free Wally, an auditory probe may be presented at a
pseudo random moment in time. When at the moment a probe is presented, the player:
•

experienced an intention to act; they should cancel (veto) their action and wait for
the next trial to start.

•

did not experience an intention to act; they should ignore the beep and continue
the game.

Every time that a player did not intend to act during a trial, they are asked to confirm
whether or not they vetoed their action in response to the probe that was presented
during that trial. By looking at the timing of all probes that were ignored by a player
and followed by an action, one can infer the time range relative to action onset during
which a player experienced an intention to act: the distribution of ignored probes will
show a gap prior to action onset. During this period, presented probes were followed
by a veto response, indicating that the participant experienced an intention to act at that
moment in time. Matsuhashi and Hallett used this strategy to investigate the subjective
timing of the when phase of intending to act. However, one could easily adopt this
strategy to measure the timing of the awareness of the what and whether phases. To
investigate the what phase, the player would need to veto their action when a probe is
presented at a time when they know what action they intend to perform. To investigate
the whether phase, the player would be instructed to revert their decision to act or not
act when a probe is presented at a time when they decided whether or not to act: i.e. the
player should act when they decided not to act, or veto when they decided to act. After
every action, the participant would be asked to confirm whether or not they reverted
their whether decision due to a probe. Unlike Libet’s clock method, the probe method is
insensitive to potential post-hoc influences of action execution or consequence on the
reported timing of an intention because all intention reports are collected prior to action
onset (Verbaarschot et al., 2019).
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As a first step, we test Free Wally against another game called the “Object Game”,
which mimics the traditional designs of previous research and measures self-paced
actions. The stimuli are made similar to Free Wally, in terms of their appearance and
behavior, but lack any meaning: the actions are unreasoned and have no consequences.
Therefore, the Object Game measures spontaneous actions: actions based on urges. In
contrast, Free Wally measures deliberate actions: intended actions that are done for
reasons and have consequences. To investigate whether the most frequently claimed
results of previous research hold within the more ecological valid setting of our Free
Wally game, we measure the timing of only the when phase of intending. In addition,
we measure the (lateralized) readiness potential (Haggard & Eimer, 1999; Kornhuber
& Deecke, 1965; Shibasaki & Hallett, 2006; Verbaarschot et al., 2015) and 8-30Hz
event-related desynchronization (ERD) (Pfurtscheller & Berghold, 1989) across the
(pre)supplementary motor area. The readiness potential (RP) can start up to 2s prior to
movement onset and consists of a slowly decreasing negative potential that is maximal
over the vertex (i.e. Cz). Around 500ms prior to movement onset, the RP is most
negative on the contralateral side of the hand that is about to move. Similar to the RP, the
8-30Hz ERD is visible up to 2s prior to movement onset and becomes more pronounced
around 500ms on the contralateral side to the hand that is about to move. Whereas the
early part of the RP and 8-30Hz ERD are thought to be predictive of when a person will
move, the late parts also indicate what movement a person will perform (Pfurtscheller &
Berghold, 1989; Shibasaki & Hallett, 2006).
The exact relationship between these brain signals and the experience of an intention
to move or the performance of a movement remains unclear (A. R. Mele, 2010; Radder
& Meynen, 2013). Both the (L)RP and 8-30Hz ERD have been used to detect voluntary
movement onset in real-time (e.g. Bai et al. (2011); Lew et al. (2012), Schultze-Kraft et
al. (2016)). However, although some predictions occur shortly (620 to 100ms) prior to
movement onset, many (around 45%) motor intentions are missed or are “predicted” after
movement onset. This suggests that self-paced movements are at least not consistently
preceded by a detectable (L)RP or 8-30Hz ERD. Although these brain signals may
not be sufficient or necessary for movement performance, they do seem to correlate to
some degree with the experience of an intention to move. For example, the RP specifically precedes self-paced voluntary movement, but not involuntary or cued movement
(Jahanshahi et al., 1995; Shibasaki & Hallett, 2006). Moreover, the RP increases with
intentional engagement and decreases with mental indifference (Kornhuber & Deecke,
1965). Lastly, the RP is visible prior to a moment at which a person reports experiencing
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an intention to move, even in absence of movement performance (Verbaarschot et al.,
2019). Investigating the (L)RP and 8-30Hz ERD prior to spontaneous and deliberate
intended movements may further increase our understanding of these signals in relation
to the experience of an intention to move.
By comparing Free Wally and the Object Game, differences in neural preparation
for- and awareness of- intentions between spontaneous and deliberate movements are
investigated. With this data, we aim to verify that actions are experienced as more
deliberate than spontaneous in Free Wally compared to the Object Game. Moreover,
we will verify that Free Wally does not determine a single “correct” action, having
participants perform a variety of possible actions across identical situations in the
game, thus measuring self-paced voluntary actions rather than cue-based actions. We
further investigate the influence of stimulus dependence on the neural preparation- and
experienced intention- to act using Free Wally. Specifically, we investigate whether
there is a difference in the (L)RP/8-30Hz ERD or the timing of an experienced intention
between Free Wally trials that have a clear optimal action (i.e. one action has the highest
reward) and those that do not (i.e. all possible actions lead to more or less equal rewards).
Although we do not expect any differences in the neural preparation for movement
because the performed movements are identical between games (i.e. self-paced leftand right-hand button presses), we do expect potential differences in experience of an
intention to act. Free Wally requires active reasoning about the current game situation
with a long-term goal in mind, whereas the Object Game requires explicit attention to
the occurrence of spontaneous intentions. Perhaps it is easier to report the timing of an
intention to act when there are reasons to act (Free Wally), leading to a clearly defined
period in time during which vetoes are performed in response to a probe. In absence of
these reasons (Object Game), it may be difficult to determine the onset of an intention,
providing a very broad window in time during which vetoes are performed. If the (L)RP
(and possibly 8-30Hz ERD) are indeed sensitive to differences in the experience of an
intention to act (as suggested above), a difference in these signals may be observed
between Free Wally and the Object Game.
In this first experiment, we aim to verify Free Wally as a tool to study ecologically
valid intended movements in an experimental context. Although we focus only on the last
stages of the neural preparation for movement (i.e. (L)RP and 8-30Hz ERD) and measure
the timing of only the when phase of an experienced intention, Free Wally is suitable for
further research into the formation and content of motor intentions. Specifically, Free
Wally is designed to disentangle the neural preparation and subjective experience of the
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what, when and whether phases of intending to act. Disentangling these phases will
further advance our understanding of human cognition and may benefit the development
of brain-controlled prosthetic devices or rehabilitation techniques. If we can detect what
movement a person wants to perform at the moment that they experience an intention
to do so on the basis of brain activity, we can use this to develop e.g. a prosthetic arm
that moves only when a user intends to move. For these devices to work outside of a
controlled scientific environment, one needs to acquire datasets that are representative of
real-life situations, thus measuring deliberate rather than spontaneous intended actions.

5.2

Materials and methods

5.2.1 Experimental design
Two computer games are tested in a between-subject experiment 1 : the Object Game
and Free Wally. During the experiment, participants are seated on a comfortable chair in
front of a table inside a quiet room. A 17-inch TFT screen with a resolution of 800 by
600 pixels and a refresh rate of 60Hz is used to present stimuli at a distance of roughly
70cm in front of the participant (visual angle: 12 degrees). Both games are controlled
via a button box with 5 buttons. Probes are presented through speakers. Experimental
control is done in BrainStream 2 .
Participants are trained on at least 10 trials of their (randomly assigned) target game
until they completely understand its rules. After this, the participants complete another
training block of at least 20 trials. This block is used to collect some initial data on their
action distribution, which is used to create an initial probe distribution. The probes are
used to investigate the timing of the awareness of intending to act while playing either
game. Each game contains a total of 36 unique trials in terms of stimuli appearance and
behavior (see Supplementary Material 8.11). During testing, these trials are repeated
4 times per participant in a random order, adding up to 144 trials per participant. Each
test block contains at least 15 trials and takes about 5min to complete. At the end of the
experiment the participants complete a short questionnaire on their subjective experience
during the game. In total, the experiment takes about 1h and 40min.
During the experiment, EEG data is collected using 64 Ag/AgCl active electrodes
1 Pilot tests were conducted in a within-subject fashion, where participants played both games. However,
the experiment was too long (> 2 hours) to be conducted like this without leading to fatigue. Because Free
Wally is intended to measure ecologically valid intended actions in an engaging and fun way, this -in our
opinion- implies limiting the amount of time that a participant needs to sit still and pay attention (as is required
when measuring EEG).
2 See www.brainstream.nu
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sampled at 512Hz, placed according to the International 10/20 system. 4 Electrooculogram (EOG) electrodes are placed in bipolar pairs above and below the left eye and
on the outer sides of both eyes. Furthermore, an electro-myogram (EMG) is recorded
from two bipolar electrode pairs on the wrist and the center of the left and right forearm
(flexor pollicis longus).

Figure 5.1 “Wally is a sad little whale. He has been captured on top of a hill. Wally wants to
break free and join his friends in the sea. But he can’t because hunters are building a cage around
him. Fortunately, he also has some friends who try to break down the cage. Wally (you) can try to
flush away the hunters by shooting water from his blowhole. However, he has to be careful not to
flush away his friends. . . ” (fragment from Free Wally instructions).

Free Wally

Free Wally is a 2D game made in Unity 3 (see Figure 5.1), designed to generate deliberate
actions in an artificial environment. The exact instructions for participants are provided
in Supplementary Material 8.12. In the game, participants try to free a whale called
Wally that is held captive on top of a hill. Every ‘day’ in the game (corresponding to a
trial in the experiment), 5 people appear on each side of the hill. Initially, these people
are grey (see Figure 5.3). Over time, they show their identity by changing color: friends
turn green and hunters turn red. Hunters try to strengthen the cage and friends try to
break it down. Wally has one defense mechanism: once each day, he (the participant)
can decide to shoot water from his blowhole in order to flush away all the people on one
side of the hill and prevent them from approaching the cage. When Wally shoots water,
the identity of all the people is revealed. Wally does not need to shoot but can also do
nothing. When either all the people have revealed their identity, or after Wally has shot,
all remaining people will start walking towards the cage.
3 www.unity3d.com
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Over time, hunters get stronger and friends get weaker, which is displayed by them
growing or shrinking in size. Their strength determines how many (between 0 and 2)
bars they can remove from, or add to, the cage. Due to this time penalty, there is a
trade-off between waiting to gather enough information to make a sensible act, and
acting to prevent hunters from gaining power and friends from growing weak. It takes
multiple days to free Wally from his cage. However, Wally can only survive 15 days
without water. If he shoots, his water supply runs out faster: Wally has enough water
to shoot 10 times. This means that the participant has to take Wally’s water supply
into account when deciding whether or not to act. In order to minimize eye artifacts, a
fixation cross is displayed in the middle of the hill while the people reveal their identity.
The game window is small enough that participants can see all people while keeping
their eyes fixed on the fixation cross. While the fixation cross is visible, the only things
that are animated are Wally (wagging his tail and blinking every once in a while) and
the sea (flowing from left to right). In 12 out of all 36 unique trials (see Supplementary
Material 8.11), Wally will shortly whistle (animated with musical notes, without sound)
or cry during this period, for additional motivation of participants. Once the participant
acts or all people are revealed, the fixation cross disappears and the people start walking
towards the cage. When they have added or removed their bar(s), the people vanish into
thin air.
Free Wally implements all aspects (as described in the Introduction) that we believe
are necessary to study deliberate action in an ecologically valid way:
•

Goal: in Free Wally, participants can choose to free Wally or let him dehydrate.
Moreover, participants will play multiple runs (± 10 to 15) of Free Wally during
the experiment to try and break a (fake) high score across these runs.

•

Strategy: participants need to come up with a strategy on whether or not to act,
when to act and what action to perform.

•

Deliberation: Free Wally evokes actions that are in-between self-initiated and
stimulus-response: although stimuli provide reasons to act, they do not lead to a
specific action. Specifically, stimuli provide reasons to decide whether or not to
act, what action to perform and when to act, but avoid a clear stimulus-response
design in which certain stimuli directly cue a certain action. The participant has to
come up with their own course of action based on the information that is available
to them, i.e. they go through a problem-solving process to reach an optimal choice
of action. They may not be conscious of this deliberation process, but once they
have acted, they should be able, e.g. when asked, to describe their reasons for
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acting in terms of the presented stimuli. In order to create stimuli that do not
provide a direct cue for a specific action, we implemented certain equivocal phases
into the game:
– Equal ratio of friends/hunters on both sides of the hill. For example, if there
are 3 hunters on the left and 3 on the right of the hill, shooting left or right is
optimal.
– Random order of revealing friends/hunters. For example, if 2 hunters are
revealed on the left side of the hill, you might be inclined to shoot left.
However, it can be the case that another 3 hunters will be revealed on the
right of the hill, which would make a shot to the right more optimal.
– Time penalty: friends get weaker over time and hunters get stronger. There
is a tradeoff between waiting until you have enough information in order
to act sensibly and acting early in order to prevent weak friends and strong
hunters. Participants must decide for themselves when the time is right to
act.
•

Intention: Free Wally is designed in such a way that it provides input for the what,
when and whether phases of intending (Brass & Haggard, 2008; Verbaarschot et
al., 2016). The what phase corresponds to deciding to shoot water to the left or
right side of the hill: this corresponds to a left- or right-hand button press. This
decision can be based on the ratio of hunters and friends that are visible on the left
and right side of the hill. The when phase corresponds to deciding to shoot water
at a specific time. This decision can be based on the current amount of information
about the people’s identity and the size of the revealed friends and hunters. The
whether phase concerns the decision about whether or not to act during a certain
day (in the game). This whether decision can be based both on the amount of
water that Wally has left before he dehydrates, and the ratio of revealed friends
and hunters. In this experiment, a probe method (Matsuhashi & Hallett, 2008) is
used to measure the timing of the awareness of the when phase of intending.

•

Action: Free Wally could involve both immediate and postponed actions.

•

Outcome: the outcome of an intended action within Free Wally is a button press,
leading to the visualization of Wally shooting water to the corresponding side of
the hill and the disappearance of all people on that side.

•

Consequences: every action can lead to certain evaluative or emotional experiences: a sense of doing well or badly, feeling happy to have washed away many
hunters and being closer to your goal, feeling sad because you could not yet free
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Wally, etc.
By implementing these aspects, we create an experimental setting in which intended
actions are made for a reason and involve some consequence: two ingredients that we
believe are especially important for considering experimental actions that could plausibly
be performed in daily life.
Reinforcement learning is one plausible strategy that humans may adopt for learning
and decision making (Cohen & Ranganath, 2007). Therefore, we believe that the
outcome of such a model will be (at least partially) representative of the expected human
behavior in Free Wally. We used reinforcement learning to set a time penalty and to
identify the optimal order for revealing friends and hunters. To do so, a matrix with all
possible game states was defined. Each state was defined as [nr. friends left, nr. hunters
left, nr. friends right, nr. hunters right], where each number corresponds to the total
amount of revealed friends and hunters on the left and right site of the hill. In addition,
the set of all possible actions included: shooting water to the left of the hill, shooting
water to the right of the hill and waiting for the next reveal (i.e. state). A transition matrix
defined how to navigate through all possible states using all possible actions. A reward
matrix determined the reward of each state: where you get a reward for each friend
that reaches the cage and an equal punishment for each enemy that reaches the cage.
Through a series of iterations, a value matrix (initially set to zero) was continuously
updated, learning the associated rewards of performing a certain action in a certain state.
The value matrix was updated until the total reward across all possible states and actions
did not change more than 0.001 between two subsequent iterations.
Once the value matrix was learned, it was used to identify the optimal order of
successive states: an order of friend/hunter reveals that induces ambiguity in action
choice (the what phase of intending) over time. The sequences of reveals (i.e. states) of
which the best and second-best actions maintained equal rewards across multiple friend
and hunter reveals were selected. In addition, the reinforcement learning paradigm was
repeated using several possible time punishments. For each [state, action] pair of the
value matrix, a time penalty was subtracted such that the longer you wait, the stronger
the hunters get and the weaker the friends. The optimal time penalty was chosen such
that a decision to wait or act would be equally probable for as long as possible within
the possible sequences of reveals.
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Figure 5.2 “This game is set on a hill along a sea side. On top of the hill, is a red moving object
in the shape of a star. Each round, grey objects will appear on the hill. Over time, these grey
objects can change in size and receive a certain color. The objects, their size and color have no
meaning. They do not matter. Your task during this game is to press button 1 or 5 whenever you
feel like it. . . . Important: let the intention to act be the only incentive to act. In other words,
do not let the game influence your button presses in any way. . . ” (fragment of Object Game
instructions).

Object Game

Similar to Free Wally, the Object Game is also a 2D game made in Unity (see Figure
5.2). In contrast to Free Wally, the Object Game is designed to measure spontaneous selfinitiated actions that are performed independently of the presented stimuli (mimicking
the most well-known studies on intended action: Libet et al. (1983); Soon et al. (2008);
Bode et al. (2011); Fried at al. (2011)). In order to evoke similar visual artifacts, the
stimuli are made as similar as possible to those of Free Wally in terms of their shape,
size and behavior (see Figure 5.3). The exact instructions for participants are provided
in Supplementary Material 8.12. Once every round (corresponding to a trial in the
experiment), participants are free to press a button with their left or right hand whenever
they want to. They do not need to act every round and can also decide to do nothing.
While doing so, participants view a scene consisting of a big red star sitting on top of
a hill surrounded by 10 rectangles and hexagons that turn purple or orange over time
(see Figure 5.3). The rectangles decrease in size while the hexagons increase in size. If
participants do not act on a given trial, the trial will end once all objects have revealed
their color. To minimize eye artifacts, participants are instructed to look at a fixation
cross displayed at the middle of the hill (similar to Free Wally). Once they act, the
fixation cross disappears and the game continues for a random amount of time between
0 and 8s. In contrast to Free Wally, the Object Game is actually not much of a game at
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Figure 5.3 Screenshots of Free Wally (A-F) and the Object Game (G-L). A, At the start of a
‘day’ in Free Wally, the current day and water supply (i.e. the remaining number of shots) are
indicated. B, Initially, all people are grey. C, At random intervals between 0.5 and 1.5s, people
reveal their identity: friends turn green and hunters turn red. Over time, the hunters grow stronger
and the friends grow weaker, which is reflected by their size. During this time, a probe can be
presented. When the participant is not experiencing an intention to act at that moment in time,
they can simply ignore it. D, By pressing a button with their left or right hand, the participant can
have Wally shoot water to the left or right side of the hill. This shot will wash away all people on
that side of the hill. As soon as the participant presses a button, the fixation cross disappears. E,
At the end of a day, the remaining people walk up the hill: friends will remove bars from the cage
and hunters will add bars. How many bars are added or removed depends on the strength of the
hunter or friend (ranging from 0 to 2 bars). F, Eventually, the goal of the game is to break the cage
down completely and have Wally return to the sea. G, At the start of a round in the Object Game,
the total number of played rounds is indicated. H, Initially, all objects are grey. I, At random
intervals between 0.5 and 1.5s, objects receive a color: rectangles turn purple and hexagons turn
orange. Over time, the hexagons increase in size, while the rectangles decrease in size. During
this time, a probe can be presented and followed by an ignore or veto response. J, During I, the
participant is free to perform a button-press with their left or right hand. K, Once the participant
presses a button, the fixation cross disappears and the game will continue for another 0-8s. L,
After 10 rounds the game ends, which is displayed on the screen.

all as it lacks a storyline and actions have no effect on the game.
Probe method

While playing either game, a short (110ms) auditory beep (1716Hz) can be presented at
most once every trial (similar to Matsuhashi and Hallett (2008)). This probe will evoke
an intention report on the when phase of intending. When a probe is presented and: (1)
at that moment the participant did not intend to act, then they should ignore the probe
and continue the game, or (2) at that moment the participant did intend to act, then they
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should cancel (veto) the intended act and wait for the next day to start. Importantly,
participants veto their action in response to a probe only when they experienced an
intention to act now at that moment in time, i.e. reporting the when phase of intending,
similar to Matsuhashi and Hallett (2008) and to Libet et al. (1983).
During training, probes times are drawn from a normal distribution such that, on
average, probes are presented 7s ±2s after trial start. After training, the probe distribution is initialized based on the second training block. A running mean and standard

deviation of the participant’s action times are calculated during the test phase. Based
on Matsuhashi and Hallett (2008) and Verbaarschot, Haselager and Farquhar (2016),
we expect awareness of intending no earlier than 2s prior to action onset. Each trial,
a minimum cost function takes the current mean and standard deviation of the action
times, and calculates a distribution of possible probe times such that: 33% of probes
are presented before the earliest expected onset of intending (probe time < -2s prior to
action), 33% of probes are presented while the participant is expected to be aware of
their intention to act (-2s <= probe time < 0s prior to action) and 33% of probes are
presented after action onset (probe time >= 0s prior to action). The probe time for a
given trial is drawn randomly from this distribution. If a participant needs to veto an
intended action due to a probe in Free Wally, that day is removed from the game history
will not count towards their score (i.e. the game will reset to the situation at the start of
that day, see Figure 5.4)
Questionnaire

At the end of the experiment, participants fill in a short questionnaire of 4 closed- and 15
open-ended questions on their subjective experience during the game: see Supplementary
Material 8.13 for the full questionnaire. The questions were designed to investigate: (1)
whether participants followed instructions correctly; (2) whether participants experienced
their actions as more deliberate than spontaneous in the Free Wally game compared
to the Object Game; (3) the strategies for deciding what movement to make, when to
move, and whether or not to move; (4) any differences in the experienced “freedom” of
acting between the two games; and (5) any difficulties that participants may have had in
reporting their intention to act using the probe method.
5.2.2 Participants
The experiment is conducted in accordance with the ethical standards provided by
the 1964 Declaration of Helsinki. The study protocol is approved by the local Ethics
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Figure 5.4 Screenshots of Free Wally when a participant does not act during a certain day in
the game. C, While the people are being revealed, a probe is presented. D, After this happens, the
participant does not press a button during that day. E, To clarify whether this was due to a veto
or whether the participant simply did not intend to act that day, a question is prompted. F, If the
participant confirms that they performed a veto in response to the probe, the current day will be
removed from the game history: G, the next day is reset to the start of the current day. H, If the
participant did not intend to act during the day, I, the game will continue and start from the final
situation of the current day.

Committee of the Faculty of Social Sciences of the Radboud University in Nijmegen, The
Netherlands. 41 Healthy adult participants volunteered to participate in the experiment,
providing their written informed consent. 21 Participants played Free Wally (mean 27 ±

10 years old, 13 females) and 20 the Object Game (mean 26 ± 9 years old, 14 females).
All participants are right-handed and have normal or corrected-to-normal vision and
hearing. All participants reported not to suffer from color blindness.
5.2.3 Statistical analysis
Probes

The probe method of Matsuhashi and Hallett (2008) is edited to optimize the probe
distribution such that 33% of probes are presented roughly prior to awareness of intending
to act, 33% while a participant is aware of their intention to act, and 33% after the action
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is already performed. To check whether the presented probes indeed follow this predicted
distribution, the timing of predicted and observed probes is compared. In order to do
so, probe times that are followed by a left-hand action, right-hand action, or veto are
extracted relative to trial start (see Figure 5.3-B,-H) across participants. Subsequently,
the action times are subtracted from the corresponding probe times to calculate the probe
timing relative to action onset. The number of probes occurring more than 2s prior to
action onset, between 2 and 0s prior to action onset and after action is calculated as a
percentage of all presented probes. The probes that were followed by a veto are added
to the percentage of probes that fall within 2 to 0s prior to action onset. A two-sided
dependent samples Wilcoxon Signed Rank test (with an alpha level of .025) is used to
determine whether the percentages of predicted and observed probes differ significantly
across participants within each game. Moreover, the percentage of presented probes that
were followed by no action, a veto, or an ignore response are analyzed. These percentages
are compared between games using a two-sided independent samples Wilcoxon rank
sum test (with an alpha level of .025).
Actions

The EMG measurement serves to check the timing accuracy of the button presses. This
is done for all left- and right-hand actions separately. For analysis, the difference in
activity of two bipolar EMG electrodes is computed and band-pass filtered between 51
and 250Hz. Subsequently, the absolute value is taken and the data is sliced in epochs of
-0.5 to 0.5s around a button press. Individual thresholds for muscle activation are set to
the median EMG activity plus 2x the standard deviation. The average onset of muscle
activity is determined as the point in time at which the average EMG activity exceeds the
set threshold. To investigate whether there are any differences in action timing (i.e. the
timing of a left- or right-handed button press relative to trial start) between Free Wally
and the Object Game, the mean and standard deviations of the individual action times
are compared separately between games using an independent samples t-test (alpha level
is set to 0.025).
Lastly, Free Wally is designed to evoke actions that are in-between self-initiated
and stimulus-response. In order to verify whether Free Wally does not compel one to
perform a single optimal action at a single point in time, the variability in action choice
and time was analyzed across participants in identical situations. For this purpose, we
calculated the mean and standard deviation of the action times relative to trial start, for
each of the 36 unique trials within Free Wally, across participants. Moreover, for each
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unique trial, we calculated the percentage of left hand, right hand and no action choices
across all participants. For comparison, the same analysis was performed across the 36
unique trials of the Object Game.
Intentions

Using the probe method, the timing of the awareness of the when phase of intending
was investigated during each game. Differences in the timing of this awareness are
compared between games. In order to do so, the distribution of scheduled and ignored
probes is calculated. The distribution of scheduled probes indicates how many probes
are, on average, presented to a participant at a certain point in time prior to action.
During the experiment, maximally one probe is selected for presentation per trial. We
simulate running this probe-selection step multiple times to get a probe distribution
relative to action onset. To determine the distribution of scheduled probes relative to
action onset, the scheduled probe onsets that precede each individual action are sampled
per participant. Subsequently, the action onset is subtracted from each corresponding
sampled probe onset in order to calculate the probe timing relative to action onset. A
histogram with 51 time bins of 100ms, running from 5s prior to action until action onset,
is constructed of the scheduled probe timings. This histogram is divided by the total
number of actions of a participant to calculate the average number of presented probes
prior to action onset. The distribution of ignored probes contains the timing of all probes
relative to action onset that were presented and ignored by the participant (indicating that
the participant was not experiencing an intention to act at that moment in time). Each
of these probes is followed by an action at a later point in time. To get this distribution,
a histogram is created of the ignored probe times using the same bins as those of the
scheduled probe distribution.
The sum of the histograms of scheduled and ignored probes is taken over all participants per condition, resulting in one distribution of scheduled probes and one distribution
of ignored probes across all participants per condition. A bootstrap approach (Efron
& Tibshirani, 1994) with 10000 repetitions is used to re-generate the histogram of
scheduled and ignored probes across participants. For each bootstrap: a random sample
with replacement of equal length to the original sample is taken from the scheduled and
ignored probe times of each participant. For each time bin between 5s prior to action
until action onset, it is investigated whether the number of ignored probes is less than the
number of scheduled probes. In order for two bins to differ significantly, the number of
ignored probes should be lower than the number of scheduled probes across 10000-9.804
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= 9990.196 of the bootstrap samples. The alpha level is Bonferroni corrected for the
number of bins: 50/51 = 9.804 (1-sided test).
Furthermore, the distribution of ignored probes is expressed as percentages of the
corresponding distributions of scheduled probes (i.e. ignored probe distribution / scheduled probe distribution) for each condition. These distributions of ignored probes are
compared between the two games. The alpha level is set at 250/51=4.902 (2-sided test).
This means that in order for two bins to differ significantly, the percentage of probes in a
bin of Free Wally should be consistently higher/lower than the corresponding bin of the
Object Game for 1000-4.902 = 9995.098 of the bootstrap samples.
Lastly, the onset of intending and point of no return are calculated from the distribution of ignored probes of each bootstrap. The onset of intending is calculated as the
earliest time bin after which the distribution of ignored probes is consistently lower than
that of scheduled probes. The point of no return is taken as the earliest time bin after the
onset of intending after which the distribution of ignored probes is consistently higher
or equal to the distribution of scheduled probes. The onset of intending and point of
no return were considered to differ significantly between conditions when they were
consistently earlier/later across 9750 bootstrap samples (2-sided test).
Brain

Analysis of the recorded EEG data is performed using Fieldtrip 4 . Preprocessing consists
of the following steps: (1) trials are sliced running from -10 to 5s, time-locked to action
onset; (2) trials in which the participant acted within 4s after trial start are removed to
ensure an artifact free baseline period; (3) the EEG data is re-referenced using a linked
“mastoid” reference (i.e. channels P9 and P10); (4) the EEG and EOG data are demeaned;
(5) EOG artifacts are removed using linear decorrelation of the EEG and EOG (Gratton,
1998); (6) a band-pass filter is applied between 0.2 and 47Hz to filter out slow drifts and
50Hz line noise; (7) bad channels are removed (> 3.5 standard deviations from mean
power); (8) bad trials are removed (> 3.5 standard deviations from mean power); (9) bad
channel removal is repeated (as sensitivity has been improved by removing bad trials);
(10) missing channels are recreated using spherical spline interpolation (Perrin et al,
1989); and (11) the EEG is baselined between -3.5 and -2.5s prior to action onset.
In order to analyze the RP, the event-related potential (ERP) is calculated per participant and game. A between-subject cluster-permutation test (1000 permutations,
alpha = .05) is used to detect any significant differences between Free Wally and the
4 See
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Object Game across 2.5 to 0s prior to action (Maris & Oostenveld, 2007). To assess
differences between left and right hand actions, the LRP is calculated for each participant
as: [(C3le f t

C4le f t) + (C4right

C3right)]/2 (J. A. Trevena & Miller, 2002), where

C3 and C4 are the EEG recordings over the motor cortex of the left and right hemisphere
corresponding to left and right hand trials. A between-subject cluster-permutation test
(1000 permutations, alpha = .05) is used to detect any significant differences in LRP
activity between Free Wally and the Object Game across 0.5 to 0s prior to action.
In order to analyze the alpha/beta ERD, a spectrogram is calculated between -5 and
3s around action onset. Frequencies of interest are defined from 5-30Hz using 2Hz
bins. A flexible Hanning window is used such that it includes at least 7 cycles of each
frequency of interest. The baseline activity is defined per electrode, frequency, and trial
as the median power between 3.5 and 2.5s prior to action. The data is baselined using
a relative baseline (where a value of 1 means no signal change compared to baseline).
The ERD is calculated per participant by taking the median power across trials for each
electrode, frequency and trial. Again, a between-subject cluster-permutation test (1000
permutations, alpha = .05) is used to detect any significant differences between the
spectrograms of Free Wally and the Object Game, averaged across 8-30Hz, running
from 2.5 to 0s prior to action.
To investigate potential differences in neural preparation prior to easy and difficult
action decisions, under the assumption that difficult decisions result in more variation in
action choice and timing across trials and participants, Free Wally trials were divided into
two categories: low variance and high variance trials. These low and high variance trials
were calculated for each of the what, when and whether phases related to an intended
act. To calculate the low and high variance trials related to the what phase, the 25th and
75th percentiles were calculated of the percentage of left- and right-hand decisions per
unique trial across participants. The same was done on the percentage of act and no act
trials for the whether phase. To calculate the low and high variance trials related to the
when phase, the 25th and 75th percentiles of the standard deviation of action times per
unique trial across participants was calculated. Differences in action choice or standard
deviations in action timing that fall above the 75th percentile were considered as high
variance trials, whereas those that fall below the 25th percentile were considered as low
variance trials. Using a within-subject cluster-permutation test with 1000 permutations,
the RP and alpha/beta ERD are compared between the low and high variance trials of
each phase across 2.5 to 0s prior to action onset (with an alpha level of .025).
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Figure 5.5 A, Percentages of predicted (pred.) and observed (obs.) probes within Free Wally
and the Object Game. The predicted and observed probes can fall in 1 of 3 categories: before
the earliest expected awareness of intending to act (<2s prior to action), during awareness of an
intention to act (>2 and <0s prior to action) or after action (>0s). The percentage of predicted
and observed probes during intending and after action differed significantly (p < .025) within the
Object Game. B, A probe can be followed by: no action, a veto or an ignore. The distribution
of these responses is visualized as a stacked histogram showing the sum of occurrences of each
response across participants for each game.

5.3

Results
Eight Participants had to be excluded from the analysis because they were not following
instructions correctly. These participants used the probes to cheat in Free Wally, always
ignored the probes, were counting time and planning their actions in the Object Game, or
were making decisions based on stimuli in the Object Game. This leaves 33 participants
for analysis: 17 of which played Free Wally.

5.3.1 Probes
The relative percentages of the predicted and observed probe times before the awareness
of intending, during awareness of intending, and after action are analyzed for Free
Wally and the Object Game (see Figure 5.5A). The median percentages of predicted
and observed probes in Free Wally all roughly approach the expected 33%. However,
those of the Object Game deviate slightly, with less observed probes during awareness
of intending and more after action. The percentage of predicted and observed probes
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before awareness of intending is not significantly different for both Free Wally (z=1.160,
r=0.199, p=.246) and the Object Game (z=-0.465, r=-0.080, p=.642). Moreover, the
percentage of predicted and observed probes during intending is not different for Free
Wally (z=-1.302, r=-0.223, p=.193), but is different for the Object Game (z=2.585,
r=0.443, p=.010*). Similarly, the percentage of predicted and observed probes after
action is not different for Free Wally (z=-0.592, r=-0.102, p=.554), but is different for the
Object Game (z=-2.275, r=-0.390, p=.023*). We believe that these differences between
the predicted and observed probes in the Object Game can be explained by the fact that
participants acted faster in the Object Game compared to the Free Wally Game (see
Section 3.1.2). When participants act faster, probes are less likely to occur during the
awareness of intending and more likely to occur after action.
The percentage of presented probes followed by no action (Free Wally: 26.38% ±

12.29%; Object Game: 18.17% ± 12.72%), a veto (Free Wally: 20.65% ± 18.15%;
Object Game: 13.53% ± 11.44%) or an ignore (Free Wally: 52.97% ± 20.14%; Object

Game: 68.31% ± 17.52%) response are calculated per game across participants (see
Figure 5.5B). No significant differences are found for the percentages of probes followed

by an ignore (z=-2.035, r=-0.354, p=.042), veto (z=0.919, r=0.160, p=.358) or no action
(z=1.819, r=0.317, p=.069) response between Free Wally and the Object Game.

Figure 5.6 A, Distribution of mean action times (relative to trial start) of all participants for
the Free Wally and Object Game. The distributions differ significantly (p < .025). B, Standard
deviations of the action times of all participants. The standard deviations differ significantly (p <
.025). C, Distribution of median EMG onsets (relative to the button press) across participants for
Free Wally and the Object Game.
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5.3.2 Actions
Action times correspond to the timing of a left or right handed button press relative to
trial start. Mean action times are calculated per participant for each game (see Figure
5.6A). The standard deviations of the individual action times are indicated in Figure 5.6B.
On average 93 (±24) actions were measured per participant in Free Wally with a mean
action time of 9.093s (±1.867s). In the Object game 112 (±19) actions were measured
on average per participant with a mean action time of 7.340 (±2.561s). The mean
action times are significantly different between the Object Game and Free Wally (df =31,
t=4.5224, p<.025): the actions in the Object Game are performed earlier than those
in Free Wally. Moreover, the standard deviations of the action times are significantly
different between the Object and Free Wally game (df =31, t=-4.9015, p<.025): the
action times in the Object Game show a greater spread than those of Free Wally.

Figure 5.7 Average trial-by-trial variability in action choice and timing across all participants.
From the top (whether) plot, it is obvious that participants are more inclined to act in the Object
Game compared to Free Wally. From the middle (what) plot, we see that the choice for left and
right handed action is quite random for the Object Game and not random for Free Wally. The
bottom (when) plot shows that the Object Game has more or less equal variance across the action
timings of all days whereas Free Wally shows more variability across days.
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The average onset of muscle activity as measured using EMG differs by -39.637ms
(±60.867ms) for Free Wally and -53.223ms (±70.876ms) for the Object Game relative
to the button press (see Figure 5.6C). Because this difference is so small (<100ms)
relative to the action times (<1%), the button presses are used to time-lock the EEG data
throughout the rest of the analyses.
The variability in action choice and timing across each unique trial of Free Wally and
the Object Game are determined across participants (see Figure 5.7). The percentages of
actions vs. no actions (whether) and the percentages of left vs. right hand actions (what)
are investigated. In addition, the mean and standard deviation of the action times (when)
are investigated. From Figure 5.7, we see that participants are more inclined to act in
the Object Game compared to Free Wally. Furthermore, we see that the choice for left
and right handed action is quite random for the Object Game and not random for Free
Wally. Lastly, we see that the Object Game has more or less equal variance across the
action timings of all trials whereas Free Wally shows more variability. Overall, these
results show that action timing and choice depend on the presented stimuli in Free Wally,
whereas this is not the case in the Object Game. Moreover, some trials in Free Wally
show more variance across action choice and timing than others, whereas the variance
is more or less equal across trials in the Object Game. This indicates that there is not a
single optimal action choice and time for every trial of Free Wally. In other words, Free
Wally is not a pure stimulus-response task but requires some form of internal deliberation
to come up with an action strategy to achieve a certain goal based on the current game
situation.
5.3.3 Intentions
Figure 5.8A shows the distribution of scheduled and presented probes across all participants for Free Wally and the Object Game. For both games, we observe a dip in the
number of ignored probes relative to the number of scheduled probes between roughly
2 and 0.2s prior to action. During this time period we know that multiple probes were
presented to participants, but most of these probes were followed by a veto response,
and create a dip in the histogram of ignored probes. The period after which vetoes
are consistently performed across all participants is seen as the period during which
awareness of intending to act arises. This period starts at 1.1s prior to action for Free
Wally and at 1.3s prior to action for the Object Game. Subsequently, this period ends at
0.4s prior to action for Free Wally and the Object Game (see Figure 5.8A).
Shortly prior to action, the dip in the number of ignored probes seems to disappear:
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the number of ignored probes approaches the number of scheduled probes again. The
time point at which this happens is referred to as the point of no return (Matsuhashi
& Hallett, 2008). At this point of no return, probes are presented so close to action
performance that the participant is no longer able to veto their action. This point of no
return is found at 0.3s prior to action for both Free Wally and the Object Game. No
significant differences are found between the distributions of ignored probes of Free
Wally and the Object Game (see Figure 5.8A). Furthermore, no significant differences
were found between the onset of intending or point of no return between Free Wally and
the Object Game (see Figure 5.8B).

Figure 5.8 A, The top and middle plot show the distribution of scheduled and ignored probes
summed across all participants per game. The asterisk(*) indicates significant differences between
the ignored and scheduled probes across the 10000 bootstrap samples. The bottom plot shows the
percentage of ignored probes relative to the number of scheduled probes across all participants
per game. These percentages can be greater than 100% in cases where the number of presented
and ignored probes exceeded the number of expected (scheduled) probes. Standard deviations are
indicated in grey. B, Mean and standard deviation of the onset of intending and point of no return
across the 10000 bootstraps per game.
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Figure 5.9 A, Grand average RP at electrode Cz for Free Wally and the Object Game, including
a topoplot of the grand average RP from -0.5 to 0s. B, Grand average RP on top of all individual
RPs per participant for Free Wally and the Object Game. C, Grand average LRP for Free Wally
and the Object Game.

5.3.4 Brain
Figure 5.9A shows a grand average of the RP in Free Wally and the Object Game. In
both games, we observe a slowly increasing negative potential that is maximal over the
central motor cortex (Cz), starting around -2s prior to action onset. The shape and timing
of this RP matches those found in previous research (Libet et al., 1983; Shibasaki &
Hallett, 2006; Verbaarschot et al., 2016). A between-subject cluster-permutation test on
the RPs of Free Wally and the Object Game with a pre-selected time range of -2.5 to
0s prior to action did not find any significant differences between the two games. Any
post-action differences in the ERP are likely due to differences in stimuli after action
onset: visualized consequences of acting in Free Wally vs. no change in stimuli in the
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Figure 5.10 A, Grand average ERD for Free Wally and the Object Game at electrode Cz. B,
Topoplot of the ERD from -1 to 0s of Free Wally and the Object Game.
Object Game.
Figure 5.9C shows a grand average of the LRP in Free Wally and the Object Game.
We observe the LRP as a small positive potential, showing the difference in neural
activity between hemispheres for left- and right-handed actions. This shape matches that
of previous literature (J. A. Trevena & Miller, 2002). On average, the LRP seems to start
round 400ms prior to action in the Object Game and a bit later, around 200ms prior to
action in Free Wally. However, a between-subject cluster-permutation test on the LRP’s
of the Free Wally and Object Game conditions with a pre-selected time range of -0.5 to
0s prior to action did not find any significant differences between the two games (see
Figure 5.9).
Figure 5.10 shows a spectrogram of the grand average alpha and beta activity prior
to action in Free Wally and the Object Game. In both spectrograms, we see a clear ERD
starting around 2s prior to action. Around 0.5s after action, we observe an event-related
synchronization (ERS), confirming previous literature on the alpha/beta signatures
related to movement preparation and performance (Pfurtscheller & Berghold, 1989). A
between-subject cluster-permutation test on the ERD’s from 8-30Hz of Free Wally and
the Object Game with a pre-selected time range of -2.5 to 0s prior to action did not find
any significant differences between the two games.
In order to analyze differences in neural preparation prior to trials in which actions
show more or less variability, high and low variance trials are selected within Free Wally.
Figure 5.11 shows the grand average RP for low and high variance trials of the what,
when and whether phases. The late RP, starting around 0.5s prior to action onset, seems
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Figure 5.11 Grand average RP for low and high variance what, when and whether trials of
Free Wally.

Figure 5.12 Individual RPs across electrode Cz for low and high variance what, when and
whether trials of Free Wally. The grand average RP is shown in blue (low variance) and green
(high variance).

more pronounced in the low variance what trials than the high variance ones. Moreover,
the low variance whether trials seem to have an earlier onset of the RP than the high
variance ones. No visual difference is observed in the low and high variance when trials.
When looking at the individual RPs across all phases between the low and high variance
trials (see Figure 5.12), the high variance trials seem to show a larger general variance
across participants than the low variance trials. However, no significant differences
are found between the low and high variance trials across the what, when and whether
137

Chapter 5. Free Wally
phases.
Figure 5.13 shows the spectrograms of low and high variance trials across the what,
when and whether phases. Although we observe a clear ERD in the alpha and beta bands
for low variance trials, we only see a very vague ERD for the high variance trials. This
difference seems most expressed for the what and whether phases, and is confirmed by a
between-subject cluster permutation test (p < .025). No significant difference is found
between low and high variance trials of the when phase.

Figure 5.13 Grand average ERD of electrode Cz for low and high variance what, when and
whether trials. Both the low and high variance what and whether trials differ significantly from
each other (p < .025).

5.3.5 Questionnaire
The full questionnaire and accompanying answers can be found in Supplementary
Material 8.13. On average, participants judged their actions to be more spontaneous in
the Object Game and more deliberate in Free Wally (see Figure 5.14A). “Spontaneous”
was interpreted as acting randomly, impulsively, immediately, without strategy, without
consideration, without control, irrespective of presented stimuli or based on feeling.
“Deliberate” was interpreted as pre-meditated, intentional, with consideration, with
control, related to stimuli or in line with a certain strategy. Although internal deliberation
was important for acting in both Free Wally and the Object Game (see Figure 5.14B),
the current game situation was judged to be more important for acting in Free Wally
than the Object Game (see Figure 5.14C).
Most participants in Free Wally used some strategy to decide whether or not to
act (see Figure 5.14E). Reported strategies include: shoot if there are more hunters
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Figure 5.14 Overview of questionnaire results across 21 participants of Free Wally and 20 of the
Object Game. Note: (D) is about whether participants felt in control over Wally’s fate, therefore no
results on the Object Game are presented. For the full questionnaire and accompanying answers,
see Supplementary Material 8.13.

than friends, always act, be more inclined to shoot when the cage is large, act when
there or more than 2 hunters on one side of the hill, etc. Even though participants were
instructed to act spontaneously and unrelated to the stimuli, some (3) participants in the
Object Game still used some strategy to decide whether or not to act. These strategies
include: deciding beforehand whether or not to act during the trial, not act if an itch was
experienced, act if there are 2 orange objects at the start of a trial. A similar observation
is made for the decision on what action to perform: most participants used a strategy in
Free Wally, whereas most participants in the Object Game acted randomly (See Figure
5.14E). For Free Wally, the reported strategies on what action to perform largely overlap
139

Chapter 5. Free Wally
with those reported for deciding whether or not to act. In addition, four out of twenty
participants reported some strategy for deciding what action to perform in the Object
Game: switch between button 1 and 5, only press button 5, experienced an urge to act
when an object popped up fast, felt a preference for button 5 and actively pressed button
1 every once in a while. The majority of participants reported to decide randomly when
to act during both Free Wally and the Object Game (see Figure 5.14E). Strategies that
were used and reported in Free Wally include: shoot when 3 people are revealed, act
faster if the cage is large, act faster if there are only a few days left, wait as long as
possible, etc. Strategies reported in the Object Game include: act based on the reveal of
objects, or act after a certain number of pre-defined seconds.
Most participants felt largely in control over Wally’s fate (see Figure 5.14D). Moreover, most participants felt moderately or completely free to do what they wanted during
both games (see Figure 5.14F). Similarly, most participants felt moderately or very
responsible for their actions or the outcome of their actions in both games (see Figure
5.14G). Although Free Wally aroused either positive or negative emotions (but not much
in-between), the Object Game mostly aroused mostly nothing, or only mild negative or
positive emotions (see Figure 5.14H).
Lastly, in Free Wally some participants perceive the probes as stressful (3 participants), unfair (1 participant) or as a means to cheat the game (2 participants). In the
Object Game some participants perceived the probes as stressful (2 participants), loud (1
participant), frustrating (1 participant), or unexpected (1 participant). Most participants
sometimes ignored the beeps in Free Wally, whereas they did not do so in the Object
Game (see Figure 5.14I).

5.4

Discussion
In this experiment, participants played one of two computer games that measured
their intended actions within an artificial environment. One of them, Free Wally, was
designed to measure deliberate actions that are performed for a reason and involve some
consequence. In the game, participants are responsible for accepting to attempt to free
Wally as their goal, and for selecting, evaluating and executing an action strategy to
achieve that goal. Moreover, in contrast to previous Libet-style paradigms, Free Wally
provides input to each of the what, when and whether phases of intending. The other,
the Object Game, measures spontaneous actions that are performed independently of
presented stimuli, have no consequences and serve no goal. These urge-based actions
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are similar to those studied previously in the field of neuroscience (e.g. Libet et al.
(1983), Bode et al. (2011)), but may lack a clear conscious intention to act and may
not resemble the intended actions for which we take or are assigned responsibility to
in daily life. To investigate whether the results of previous research hold within the
more ecologically valid context of Free Wally, the deliberate actions of Free Wally were
compared to the spontaneous actions of the Object Game. Specifically, differences in the
neural preparation for action (i.e. LRP, RP, alpha/beta ERD) and the timing of the when
phase (i.e. consciously deciding to act now) of intending to act were compared between
Free Wally and the Object Game.
Both games seem to have been successful in measuring the two targeted types of
intended action. Participants rated their actions in Free Wally as mostly deliberate, while
those in the Object Game rated theirs as mostly spontaneous. Moreover, participants
indicated that the current game situation was important to the timing and choice of
their actions in Free Wally, whereas this was not the case for the Object Game. This
was confirmed by the measured variability of actions within the unique trials of both
games: the variability in action choice and timing was quite consistent across the unique
trials of the Object Game, but it clearly differed between the unique trials of Free Wally.
This suggests that participants were indeed using the presented stimuli as reasons for
acting in Free Wally, whereas they acted mostly independent of the presented stimuli in
the Object Game. Moreover, participants reported specific strategies on the what and
whether phases of intending within Free Wally, whereas they indicated to act mostly
random during the Object Game.
No significant differences were found between the Object Game and Free Wally in
terms of brain signals or the timing of the awareness of the when phase of intending to
act. The RP, LRP and alpha/beta ERD all confirm previous research, considering their
shape and timing. Furthermore, awareness of the when phase of intending was found,
on average, up to 1.3s prior to action for the Object Game, and 1.1s for Free Wally
(similar to Matshuhashi and Hallett (2008) and Verbaarschot, Haselager and Farquhar
(2016)). This suggests that at least the last stages prior to action performance are similar
between spontaneous and deliberate actions in terms of their neural preparation for
action and awareness of when to act. In other words, increasing the ecological validity
of the experimental context did not affect any results compared to those of previous
research. Some researchers may find this surprising, as the brain signals and timing of a
conscious intention to act are often expected (or hoped) to differ between spontaneous
and deliberate actions in order to ‘save’ a libertarian notion of free will (Saigle et al.,
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2018). However, since the performed movement is identical between the two games, we
would also not expect to find any differences in these final stages of intended action that
seem to concern action preparation mostly.
The current study focused only on the (L)RP and 8-30Hz ERD. Although we may not
expect any differences in these brain signals between spontaneous and deliberate actions,
we may expect to find differences in brain signals that are related to intention formation
and selection. Activity in frontopolar cortex, precuneus, and posterior cingulate cortex
has been found predictive of action outcome up to 8s in advance of movement onset (Soon
et al., 2008; Bode et al., 2011). Moreover, different frontal regions seem responsible
for each of the what, when and whether phases of an intended act (Brass & Haggard,
2008; Brass et al., 2013). Specifically, Zapparoli, Seghezzi and Paulesu (2017) found a
rostro-caudal gradient within the medial prefrontal cortex, where more anterior regions
(right anterior cingulum, right anterior insula) are related to abstract decisions of whether
or not to act, and posterior regions are involved in determining what action will be
performed (middle cingulum, supramarginal gyrus) and when it will be performed
(supplementary motor area, frontal operculum). In future research, we will focus on
these brain regions to assess potential differences in the what, when, and whether phases
of intending between the Object Game and Free Wally.
We did expect to find some differences in subjective experience between the two
games in terms of responsibility, experienced freedom and vividness of intending. However, this was not the case. In both games, participants reported to feel free to do what
they wanted, felt responsible for their actions, and experienced their intentions as moderately vivid to vivid. We did find a difference in the level of emotions that each game
evoked in their players: whereas Free Wally evoked either positive or negative emotions,
the Object Game was experienced as mostly neutral. This confirms that at least in Free
Wally, participants were engaged in the consequences of their actions and committed to
their goal. This is strengthened by the fact that most participants indicated that they felt
in control over Wally’s fate.
Our findings contradict those of Maoz et al. (2017), who conducted a similar study
comparing the ERP activity prior to arbitrary and deliberate decisions. In their study,
participants chose, on a per-trial basis, which one out of two non-profit organizations
they would like to donate money to. In “deliberate” trials, the chosen organizations
would advance to a lottery at the end of each experimental block, where they could
win a 20 dollar donation. Furthermore, each winning organization would advance to a
between-subject lottery, where they could win an additional 1000 dollar donation. In
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“arbitrary” trials, the organizations of one random trial would both receive 10 dollars at
the end of each experimental block. The randomly selected trials would further advance
to a between-subject lottery where two organizations of a randomly selected trial would
both receive 500 dollars. In other words, the participant’s choice did not matter in
arbitrary trials, as randomly selected organizations would receive an equal amount of
money. In both arbitrary and deliberate trials, participants were instructed to act (i.e.
press a button with their left or right hand) as soon as they made their decision. In
contrast to our study, Maoz et al found a clear RP prior to arbitrary but not prior to
deliberate decisions. Similar to our study, the LRP was equally visible prior to both
arbitrary and deliberate decisions.
Prior to the experiment of Maoz et al., participants were asked to rate all participating
organizations, pre-defining the participant’s preferences across organizations at the start
of the experiment. During the experiment, this may lead to a kind of stimulus-response
action because the participant already decided what organizations they prefer over
another: as soon as they see their preferred organization (stimulus), they act accordingly
(response). In other words, there is a clear pre-decided “optimal” action in the experiment
of Maoz et al. that participants select as soon as they detect it. In contrast, Free Wally
did not include a clear optimal action across all trials, and was specifically designed to
evoke self-paced actions: stimuli were designed in such a way that multiple actions may
receive equal rewards over time, making the decision on when to act slightly random.
The absence of an RP prior to deliberate decisions in the experiment of Maoz et al. may
be due to the possible stimulus-response nature of the actions: stimulus-response actions
are usually not preceded by an RP, whereas self-paced actions are (Jahanshahi et al.,
1995; Shibasaki & Hallett, 2006).
The questionnaire showed that 14 people often or sometimes wrongfully ignored the
probes in the Free Wally game, whereas only 8 people always or sometimes wrongfully
ignored the probes in the Object Game. We suspect because participants were trying
to reach a goal, they were more likely to ignore the veto instruction in the Free Wally
game compared to the Object Game. In future research, one could potentially avoid this
issue by reversing the veto instruction: in case a probe is presented at the moment a
participant experiences an intention to act, they should perform the intended act as soon
as possible. If they do not experience an intention at probe onset, they can ignore the
probe and continue the game. This makes the experimental instructions more intuitive as
it avoids the requirement of a veto and any consequences of having to veto (i.e. resetting
the state of Wally’s cage to the previous day). Moreover, it removes the possibility of
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using the probes as a means to cheat the game. Although these instructions would not
allow the measurement of the point of no return, they still allow the measurement of the
timing of the awareness of intending to act. The actions that are made in response to
a probe (because the participant is aware of their intention to act) would cause a local
change in the distribution of probes. In contrast to the original design of Matsuhashi and
Hallett (2008), this local change would consist of an increase rather than decrease in the
number of probes shortly prior to movement onset. In a short calibration task, one would
need to determine how fast participants are able to respond to a probe, so the movements
that are performed in response to a probe can be separated from the movements that are
performed after an ignored probe.
Lastly, we investigated whether the neural preparation for action differs between easy
and difficult action decisions in Free Wally. For instance, in the case that 5 hunters are
revealed on the left of the hill and 5 friends on the right, the decision to shoot water to the
left of the hill is quite easy. However, in when 3 hunters are revealed on both the left and
right of the hill, the decision to shoot left or right is much trickier. In cases with an easy
decision, the presented stimuli are all pointing more or less towards one optimal action
choice and time. Therefore, these trials should involve less variance in action choice
and timing across repetitions. In contrast, difficult decisions involve stimuli that provide
evidence for multiple concurring action choices. Therefore, these trials should show
more variance in action choice and timing across repetitions. Although no significant
differences were found between the RPs of low and high variance trials, significant
differences were found between the ERDs of low and high variance concerning the what
and whether phases of intending. A clear pre-movement ERD is visible for the low
variance what and whether trials, but is much less pronounced in their high variance
counterparts. This result is perhaps not surprising, as easy action decisions can be
more easily planned than difficult action decisions: whereas more and more evidence
is collected towards a single action choice in easy trials, conflicting evidence in action
choice is gathered in difficult trials.
The easy trials are largely stimulus-driven, whereas the difficult trials are more
dependent on internal deliberation. Although the current study examined the difference
between these stimulus-driven and internally deliberated trials to some extent, future
research should make this comparison explicit. One could test a version of Free Wally in
which the identity of all friends and hunters is revealed at the start of a trial, providing
a player with complete information and removing the time penalty. In this way, the
optimal action is stimulus-driven and dictated by the presented stimuli (although trials in
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which two possible actions would receive equal reward should be excluded from this
condition). When comparing this stimulus-driven version of Free Wally with the original
game, one can explicitly investigate the element of intentionality that differs between
these conditions.
Although participants were not explicitly instructed to free Wally, all participants
attempted to do so. One could say that the goal of the game was set, or emotionally
coerced upon the participants, by the stimulus design: the sad looking whale invokes
a general desire to help him. Therefore, it may be debated whether the performed
deliberate actions can be considered “free”, as their overall goal is pre-determined by
the game. However, in daily life, we believe that the context in which we intend and act
will also co-determine our goals and subsequent actions, even though this may be less
apparent than in the simplistic Free Wally game. Importantly, in daily life as well as Free
Wally, the choice of action is not forced upon a person. People are free to determine
their own strategies to reach their goal. Even though a goal may be context dependent,
this -in our opinion- does not make the performed action less free.
To the best of our knowledge, Free Wally is a first attempt to measure deliberate
actions in an ecologically valid context that provides information for the what, when
and whether phases of intending to act. Although this study measured only the timing
of the awareness of the when phase of intending, Free Wally can easily be adjusted to
measure the timing of the awareness of the what and whether phases as well. To measure
these phases, players need to veto in response to a probe when they have consciously
decided what action to perform or whether or not they will act during a certain trial. In
this way, Free Wally can be used to investigate the link between the neural signatures
that have been found predictive of the what, when and whether phases of an intended
act and the timing of subjective awareness of these phases. With this game as a tool,
we hope to enable future research into the formation and content of ecologically valid
intended action.
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Chapter 6
Flip-that-Bucket

A fun EEG-BCI game on gooey movement intentions

6.1

Introduction
When we move, imagine movement or observe movement, specific parts of our brain
activate: the premotor, supplementary and primary motor cortices (termed ‘motor cortex’
in the remainder of this paper). When we perform self-paced voluntary movements, we
typically see a readiness potential (RP) and event-related desynchronization (ERD) at 830Hz across the motor cortex (Fried et al., 2011; Kornhuber & Deecke, 1965; Lew et al.,
2012; Pfurtscheller & Aranibar, 1979; Shibasaki & Hallett, 2006). Interestingly, these
brain signals are visible, on average, around 1.5s before a person reports a conscious
feeling of wanting to move. This suggests that the brain starts preparing a movement
before a person reports a conscious intention to move (Libet et al., 1983). Other studies
show that using a real-time probing method, awareness of an intention to move can be
reported up to 2s prior to movement onset (Verbaarschot et al., 2016). How exactly a
conscious intention to move relates to these neural signals remains unclear.
In this paper, we present “Flip-that-Bucket”: a BCI game that serves as a tool to
investigate or demonstrate the relation between the neural preparation and reported
This chapter has been published as: Verbaarschot, C.S., Gerrits, A.B.W., Haselager, W.F.G., & Farquhar,
J.D.R. (2019). Flip-that-Bucket: A fun EEG-BCI game on gooey movement intentions. Proceedings of the 8th
Graz Brain-Computer Interface Conference 2019
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Figure 6.1 Screenshots of Flip-that-Bucket. The game consists of several rounds during which
both the player (the scientist) and the robot can gather as much gooey green slime as possible. At
the start of each round, an empty bucket is displayed for 2s. (A) This bucket fills with green slime
over time, although the exact content of the bucket remains hidden. (B) The player and robot can
flip the bucket emptying its contents onto their opponent any time they want. Whoever flips the
bucket first will get points for the amount of slime they threw over their opponent. Whoever has
been slimed the least wins the game.

awareness of movement intentions (see Figure 6.1). In contrast to previous research (Bai
et al., 2011; Blankertz et al., 2006; Fried et al., 2011; Haggard et al., 2002; Kornhuber
& Deecke, 1965; Lew et al., 2012; Libet et al., 1983; Pfurtscheller & Aranibar, 1979),
the game provides an engaging real-time set-up to measure spontaneous self-paced right
hand movements in an intuitive way. In the game, players try to beat a virtual robot
opponent in a slime-bucket challenge. Across multiple rounds, both the participant and
robot try to gather as much green slime as possible to throw over their opponent’s head.
Both the player and robot have access to the same bucket, which can flip over only
once each round to spill out its gooey content. The robot is sneaky: he tries to predict a
player’s intention to move using their action history, muscle activity, or brain activity.
As soon as the robot detects a player’s intention to move, he will flip over the bucket
of slime. Because the robot uses different types of predictions (based on action history,
muscle or brain activity), the game serves as a thought-provoking means to explain to
the general public how movement intent travels from the brain to the muscles in order to
perform a voluntary movement.
In a first experiment, we use robot predictions based on action history. We collect
EEG data to assess whether there is a strong correlation between the RP and/or ERD and
the awareness of an intention. To do so, participants are asked to report whether they
experienced an intention to move at the moment when a prediction is made (i.e. when the
robot moves). This ante-hoc probing strategy measures awareness of movement intent
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Figure 6.2 Schematic visualization of the possible moments in time at which a robot could
predict a player’s intention to move (movement onset is at time 0s). We distinguish four possible
categories of robot predictions. (1) Too early: no visible ERD/RP, no visible muscle activity,
only negative intention reports. (2) Early: no or weak ERD/RP, no visible muscle activity, more
negative/unknown intention reports than positive ones. (3) On time: medium to strong ERD/RP,
possibly showing a stronger amplitude in the hemisphere contralateral to the moving hand (i.e.
the lateralized RP, or LRP in short), low to high muscle activity, more positive intention reports
than negative/unknown ones. (4) Too late: strong (lateralized) ERD/RP, high muscle activity, no
intention reports collected.

prior to movement performance, which avoids the potential confound of movement
execution on post-hoc awareness reports (Haggard et al., 2002). We expect to see a clear
RP and ERD prior to a movement intent prediction that is reported as “intended” and
no (or a weak) RP and ERD prior to a movement intent prediction that was reported as
“unintended” (see Figure 6.2).
Flip-that-Bucket is implemented as an extension to an existing open-source BCI
development toolbox, called “buffer_bci” 1 , enabling further development of our
project ideas by both academics and the general developer community. Anyone with
access to an EEG system can try the game. It can be used at home, during public events
or in scientific experiments.

6.2

Materials and methods

6.2.1 Participants
41 healthy volunteers were tested at the InScience festival in Nijmegen, the Netherlands
2.

The experiment was conducted in accordance with the ethical standards provided by

the 1964 Declaration of Helsinki. The study protocol was approved by the local Ethics
Committee of the Faculty of Social Sciences of the Radboud University Nijmegen. All
1 www.github.com/jadref/buffer_bci
2 www.insciencefestival.nl
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participants gave their written informed consent. Ten participants were excluded from
analysis because they did not follow instructions correctly or would not stop talking or
moving during the experiment.
6.2.2 Task
Participants play 4 blocks of Flip-that-Bucket 3 (see Figure 6.1): a practice block of 3
trials, a training block of 60 trials, a hidden validation block of 15 trials and a test block
of 60 trials. This experimental structure is used to accommodate future experimentation
including brain-based robot predictions. Between the training and validation blocks
is a self-paced break and a short questionnaire. Participants are informed that we are
testing a new BCI that attempts to predict the moment at which they intend to move, and
are asked to report whether or not they wanted to move when a prediction (i.e. robot
move) was made. During the training block, predictions of movement intent are made
based on the participant’s action history. Based on Verbaarschot, Haselager and Farquhar
(2016), we expected awareness of intending no earlier than 2s prior to action onset. For
each trial, a minimum cost function takes the current mean and standard deviation of
the player’s action times (relative to trial start), and calculates a distribution of possible
robot action times such that: 1/5 robot acts are performed earlier than 2s prior to the
average scientist move, 3/5 robot acts between 2s and 0s prior to the average scientist
move, and 1/5 robot acts are performed after the scientist moves (i.e. the robot loses).
The robot action time for a given trial was drawn randomly from this distribution. After
the training block, a combined features classifier (incorporating both RP and 8-30Hz
ERD features of pre-move and non-move data) was trained on the collected labeled EEG
data and used to provide brain-based predictions during the test block. Unfortunately,
due to technical errors (i.e. accidentally including post-move data in the training set and
switching class labels during real-time prediction) the brain-based predictions were not
executed properly and the predictions made in the second block were roughly random.
At the end of the training block and test block, participants fill in a short questionnaire
asking them (1) what they thought about the game on a scale of 1 (boring) to 5 (fun),
(2) whether they felt free to do what they want (Yes/No), (3) how difficult it was to win
on a scale of 1 (easy) to 5 (difficult), and (4) how accurate the robot was in predicting
their actions on a scale of 1 (inaccurate) to 5 (accurate). At the end of the test block,
they were asked how good they thought the robot’s predictions were in the second block
3 Flip-that-Bucket can be found at: www.github.com/jadref/buffer_bci/tree/master/matlab/
movementBCIgame
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compared to the first on a scale of 1 (worse) to 5 (better). For additional motivation, a
high-score list across all players and robots is maintained. In total, the experiment took
24 minutes (excluding cap fitting).
6.2.3 Data acquisition
The experiment was run in MATLAB 4 . Instructions and visual stimuli were displayed
using a 17 inch TFT screen with a resolution of 800 by 600 pixels and a refresh rate of
60Hz that was placed roughly at 70cm directly in front of the participant. To flip the
bucket, participants press SPACE with their right hand on a regular keyboard. EEG data
was collected using the TMSi Porti system 5 , with water-based electrodes sampled at 512
Hz placed at Fp1, Fp2 F3, Fz, F4, C4, Cz, C4, P3, Pz, P4, POz, TP9 and TP10 (according
to the International 10/20 system). In addition, muscle activity was recorded using two
EEG electrodes in a bipolar pair on the wrist and the center of the right forearm (flexor
pollicis longus).
6.2.4 Analysis
All analyses were performed on the 31 participants who followed instructions correctly.
To assess the correlation between the RP and/or ERD and a reported intention to move,
epochs of -15 to 15s around a player and robot act are analyzed. Epochs around a robot
act are further subdivided in epochs in which the robot acted when the participant did
or did not want to move. To ensure a decent baseline period, only epochs in which the
player or robot acted slower than 4s after trial start are kept for analysis. Linear trends
are removed from the data. Subsequently, the data is re-referenced by subtracting the
average signal from all outer channels (Fp1, Fp2, F3, P3, POz, F4, P4, TP9, TP10) from
each individual channel. This was done to remove as much noise as possible without
losing the signals of interest. Since most recorded channels cover the motor cortex, a
full common average reference would subtract much of the signal of interest along with
the noise (leading to a decrease in RP amplitude). Eye-artifacts are removed using linear
de-correlation of channels Fp1 and Fp2 with respect to the other EEG channels. Only
the central channels (F3, C3, P3, Pz, Fz, F4, Cz, C4 and P4) are kept for further analysis.
Channels that differ by more than two times the standard deviation in power from the
median are removed. If necessary, spherical spline interpolation is used to reconstruct
missing central channels. The data is band-pass filtered between 0.2 and 35Hz. Bad
4 www.mathworks.com

5 www.tmsi.com/products/porti/
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trials that differ by more than two times the standard deviation in power from the median
are removed. For the ERD, frequencies of interest are defined from 4 to 30Hz using 2Hz
bins. A flexible Hanning window is used such that it includes at least 7 cycles of each
frequency of interest. The baseline activity is defined per electrode, frequency and trial
as the median power between 3.5 and 2.5s prior to action. A relative baseline (where
a value of 1 means no signal change compared to baseline) is subtracted from the data.
The ERD is calculated, per participant, by taking the median power across trials for each
electrode, frequency and trial.
6.2.5 Offline classification
For each participant, a linear classifier is trained using 10-fold cross-validation to
distinguish baseline data from pre-movement data. Baseline data is extracted from the
last 500ms of the baseline period. Pre-movement data is extracted from the last 500ms
prior to a player move. All training data is extracted from the training block. The data is
pre-processed using the same steps as described in the Analysis section. The RP features
consist of 257 time points for each channel and epoch. The ERD features consist of the
average power of each of the 14 frequencies (4, 6, . . . , 28, 30Hz) for each channel and
epoch. The classifier is trained on both RP and ERD features, giving a total of 2439
features per epoch. Data from the validation block is used to set an optimal threshold
for classification. This threshold is set such that the number of on time (between 1 and
0s prior to a player move) predictions is maximized, whereas the number of too early
(more than 2s prior to a player move) predictions is minimized (see Figure 6.2). The
accuracy of the classifier is assessed using data from the test block. The trained classifier
is applied to non-overlapping 500ms epochs starting from the start of a trial until a player
or robot move. For each trial that includes an intention to move (the player moved or
reported an intention to move at the time of a robot move), the first classifier prediction

Figure 6.3 Distribution of player and robot moves relative to trial start (0s) across all participants during the training block.
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that exceeds the optimal threshold for motor intention detection is selected. The timing
of each first motor intention prediction is determined relative to the corresponding robot
or player move and categorized as too early, early, on time or too late (see Figure 6.2).

6.3

Results
An average of 69 (min: 42, max: 104) player moves, 20 (min: 5, max: 54) robot moves
with player intent and 33 (min: 9, max: 67) robot moves without player intent are
collected across the experiment. An overview of player and robot move times during
training is provided in Figure 6.3.
The majority of participants reported the game as fun and slightly difficult to win
(see Figure 6.4). Although opinions on the accuracy of the robot predictions varied
greatly, participants judged the robot predictions of the second experimental block
as more accurate than the first (even though these predictions were roughly random).
Furthermore, a within-subject t-test on the questionnaire data of the first and second

Figure 6.4 Questionnaire results. Participants felt significantly less free to do what they wanted
during the test compared to the train block. In question 4, “this block” refers to the test block and
“the previous one” refers to the training block.
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Figure 6.5 Grand average EEG data of Flip-that-Bucket. Left column: grand average ERPs
including the standard error, and topoplots across the last 500ms prior to a player/robot move until
action onset (0s). Right column: grand average spectrogram across 4 to 30Hz before player/robot
action onset (at 0s). Baseline activity between 3.5 and 2.5s prior to action onset is subtracted from
the ERD data. Although a clear RP and ERD is visible prior to a player move (top row), no RP
and or ERD is visible prior to a robot act that occurred when the player did not intend to move
(bottom row). A weak RP and ERD is visible when the player did intend to move when the robot
acted (middle row).

experimental blocks revealed that participants felt significantly (p < .05) less free to
act during the second block of the experiment compared to the first. No significant
differences were found between the number of robot actions that happened at a time
when the player did or did not intend to move during the first and second experimental
blocks.
A clear RP and 8-30Hz ERD are visible in the grand average prior to a player move,
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starting up to 2s prior to movement onset (see Figure 6.5). A weak RP and ERD is
visible prior to a robot act that happened at a time when the player intended to move
(i.e. a correct prediction), and no RP or ERD is visible prior to a robot act that happened
when the player did not intend to move (i.e. an incorrect prediction). After a robot
acts, a big positive response is visible in the recorded EEG. This response is due to the
additional button press that is required to report whether the robot moved at a time when
the player wanted to move. Any differences between the post robot move responses may
be due to the presence or absence of an intention to move, leading to a superimposed
error potential in one case, but not in the other. Moreover, a player may show different
levels of surprise or frustration after the robot moved, depending on the presence or
absence of an intention to move.
Classifiers are trained on an average of 48 (min: 44, max: 50) pre-move and 47 (min:
42, max: 50) baseline epochs from the training block. A mean classifier performance of
74% across all participants is found on the training data (see Table 6.1). Although these
results seem promising, the performance of the classifier on the sequential test data is
rather poor. On average, a mere 12% of all motor intentions is detected on time (within
1s prior to a player or robot move). The majority of motor intentions is detected too early
(24%) or too late (54%).

6.4

Discussion
Moving your body at will seems trivially easy. You probably do it all the time. You can
knock on a table, stomp with your feet and flap your arms whenever you want to. But
what mechanism enables you to initiate these movements? Moreover, how does this
mechanism relate to your conscious experience of wanting to move? Flip-that-Bucket
is a fun and thought-provoking EEG-BCI game on movement intentions. In the game,
a virtual robot tries to predict a player’s intention to move using the player’s history
of action times, the onset of muscle activity or the neural preparation for movement.
Flip-that-Bucket can serve as a means to educate a general public about the neural
mechanisms that underlie our ability to perform voluntary movements: the connection
between a participant’s brain signals and their voluntary movements are made explicit to
them by means of the robot opponent.
Here, we demonstrate that predictions based on action history are effective to create
a competitive game. Furthermore, we demonstrate that both the RP and 8-30Hz ERD are
clearly visible across the motor cortex prior to a player move, whereas it is not visible
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prior to an incorrect robot prediction (i.e. the robot acted when the participant did not
experience an intention to move). In the case of a correct robot prediction (i.e. the robot
acts when the participant experienced an intention to move), a weak RP and 8-30Hz
ERD are visible across the motor cortex. Along with previous research (Bai et al., 2011;
Blankertz et al., 2006; Schneider et al., 2013; Schultze-Kraft et al., 2016), these results
suggest that brain-based predictions of movement intent may be reasonably successful.
If this is the case, brain-based predictions may be used to assess the relation between the
RP and ERD in real-time in further experiments. It would be interesting to see whether
brain-based predictions are more accurate compared to behavior-based predictions (i.e.
the robot predictions are more often reported to be correct when using brain-based rather
than behavior-based data).
Flip-that-Bucket can also facilitate scientific investigations on the neural preparation
for a voluntary movement. Although some studies aimed to predict movement onset
in real-time prior to movement performance based on the RP and 8-30Hz ERD across
the motor cortex, e.g. (Bai et al., 2011; Blankertz et al., 2006; Schneider et al., 2013;
Schultze-Kraft et al., 2016), the accuracy and timing of single-trial predictions remains
difficult to assess, since often only averages across participants are reported. Flip-thatBucket can be used to assess the accuracy and timing of brain-based predictions on a
single trial level with continuous data. A correct prediction of movement intent would
happen at a time when a participant reports that they want to move, their muscles are
active in preparation of the upcoming movement or when it coincides with movement
performance. Furthermore, predictions that happen very early (more than 2s) prior to
movement onset would be considered incorrect (false positive), whereas those happening
shortly (within 1s) prior to movement onset would be correct (true positive). A first
offline analysis of these prediction results suggests that our combined features classifier
would perform rather poorly, detecting only about 12% of all motor intentions. The
current discrepancy between the performance on the training and test data, may be due to
a potential expectation effect that builds up during a trial: the longer a trial develops, the
more likely a player or the robot is to act. This expectation effect may induce additional
brain responses that are maximally different between baseline and pre-move training
data, but less so between subsequent epochs of test data. Based on previous research
(Bai et al., 2011; Blankertz et al., 2006; Schneider et al., 2013; Schultze-Kraft et al.,
2016), we expect that better results should be achievable. Possible improvements could
be made by (1) including more instances of “non-move” data during classifier training,
(2) implementing a more sophisticated method to set an optimal threshold for detecting
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a motor intention, or (3) using different brain signals that are indicative of movement
preparation.
Assessing the accuracy and timing of real-time predictions of movement intent on
continuous data may greatly benefit future applications in prosthetics and motor rehabilitation. Delays in activating an assistive device could be minimized by detecting
movement intent early on, which potentially increases the therapeutic benefit by minimizing the time between motor-planning in the cortex and the execution of that plan
with the assistive device.
Flip-that-Bucket is made as an extension to the existing open-source buffer_bci
development toolbox, enabling further development of the game by both academics and
the general developer community. This extended toolbox is available to anyone with
access to an EEG system. It can be used at home, during public events or in scientific
experiments.
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Participant

Performance

Too early

Early

On time

Too late

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

76
92
64
90
78
90
79
61
72
60
69
83
88
66
60
74
75
61
65
84
76
59
98
71
68
80
68
60
82
70
65

7
0
6
17
15
18
45
64
21
41
0
56
4
29
28
70
85
21
2
0
21
35
19
17
0
24
6
32
17
23
35

0
8
8
0
6
0
15
31
38
14
0
12
0
3
26
17
5
3
2
0
50
13
2
22
0
10
2
6
9
12
7

0
13
8
12
17
20
10
6
29
5
0
9
2
12
16
4
5
18
2
0
25
15
7
26
0
19
10
3
20
37
11

93
79
78
71
62
63
30
0
13
41
100
23
93
56
30
9
5
59
93
100
4
37
71
35
100
48
82
58
54
28
48

mean

74

24

10

12

54

Table 6.1 Offline classification results. For each participant the cross-validated test performance
of the classifier on the data of the training block is provided. Furthermore, for each trial in the
test block that includes a motor intention, the first classifier prediction that exceeds the chosen
threshold for motor intent is determined. These predictions are categorized as too early, early, on
time or too late relative to the robot or player move. The percentage of predictions within each
category compared to the total number of motor intentions present is provided in the remaining
columns.
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General discussion

7.1

Discussion
In this thesis, we have presented five independent experiments on the neural preparation
and subjective experience of intended action. We have focused on one type of intended
action: that of intended movement. This type of action is performed by all (healthy)
humans on a daily basis and is essential to our sense of agency, responsibility and free
will. Across our experiments, we have limited or expanded the influence of external
stimuli, providing different contexts in which to intend and act. Some movements were
made spontaneously, in absence of any identifiable external reasons for what action to
perform or when to perform it (Chapters 2, 3 and 4). Others were made deliberately, in
a gaming context that required an action strategy based on the current game situation
(Chapters 5 and 6). Whereas the spontaneous movements lacked action consequences,
the deliberate ones had specific effects within the game (e.g. shooting water or flipping
a bucket) that involved specific consequences (e.g. earning points or feeling regret).
The neural preparation for these movements was measured in terms of the (lateralized)
readiness potential (RP) and 8-30Hz event-related desynchronization (ERD) across the
(pre)supplementary motor area using EEG. Reports on the experience of an intention
to move were collected post-hoc using Libet’s clock method or ante-hoc using a probe
method. The probe method either measured the behavioral response (i.e. ignore the
probe or veto the action) to a pseudo-randomly timed probe (Chapters 3, 4 and 5), or
requested a report on the awareness of an intention to move as soon as movement intent
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was detected from ongoing EEG activity (Chapter 6). Using these methods, we set out
to investigate (a) the influence of context on these brain signals and intention reports,
and (b) the nature of the relation between these brain signals, the experience and report
of an intention, and the action.
Across these experiments, we have found that the timing of when an intention
becomes conscious or reportable depends on the chosen method of reporting. Using the
clock method, we measured awareness of an intention up to 150ms prior to movement
onset (Chapter 2 and 3), whereas a probed intention report detected awareness up to
2s prior to movement (Chapter 3, 4 and 5). This suggests that only shortly prior to
action, the experience of an intention can be reported at a person’s own initiative. Before
this time, although unavailable for self-initiated report, awareness of an intention to
act seems reportable (or becomes available to consciousness) via the presentation of
probes. This provides credence to the interpretation of intending as a gradual process
rather than a discrete all-or-nothing state (Chapter 3) (Miller & Schwarz, 2014; Uithol
et al., 2014). Furthermore, we have consistently found the (L)RP and 8-30Hz ERD to
precede movement onset on average (Chapters 2 to 6). Moreover, medium strength RPs
were visible prior to probes that are presented while a participant reports to be aware
of their intention to move, whereas weak to no RPs were visible prior to probes that
were presented while a participant did not experience an intention to move (Chapter 4).
However, on a single trial level these brain signals were found to contain little predictive
power of an upcoming motor intention, failing to detect movement onset in more than
half of the cases (Chapter 6). Although our results do indicate some correlation between
these neural signatures and the experience of an intention to move, we did not prove
them to be necessary or sufficient for the experience of an intention or the performance
of a movement (Radder & Meynen, 2013).
We consider the results summarized above to be consistent with the view that
intention reports are forms of self-interpretation. The content and timing of these reports
will depend on the context in which they are elicited. Depending on the context, various
sources of information may be used to construct an intention report at a given moment
in time: ongoing brain processes, overt behavior, action consequences, and the absence
or presence of environmental events (i.e. the context). In a situation where there are no
clear external reasons for deciding when to move, we believe that brain signals such as
the (L)RP and 8-30Hz ERD may be (partially) responsible for triggering a report on an
intention to move 1 . In other words, the neuronal activity that generates these signals
1 We do not exclude the possibility of a hidden common cause that may trigger both the RP and the intention
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could be a source of information to other brain processes that lead up to intention reports.
Therefore, in specific contexts, the (L)RP and 8-30Hz ERD may be considered potential
instigators of intention reports, rather than causes or implementations of experienced
intentions. Individuals (‘brains’) can vary in the extent to which such neural traces can
be picked up by report-related brain processes.
In this final discussion we zoom in on the RP to exemplify how, under certain
circumstances, it may act as an instigator of intention reports. To do so, we first
demonstrate a correlation between the RP and the reported experience of an intention to
move across the different contexts of our five experiments. We will argue that the RP
is likely to reflect the expectation rather than preparation of movement onset, making
it a useful source of information to (co-) inform an intention report rather than being a
cause of the intention report or movement. Furthermore, we show that there are large
individual variations in intention reports across all our experiments, which may reflect
the role of different sources of information in constructing an intention report. Finally,
we give our concluding remarks and provide some suggestions for future research.
7.1.1 Readiness Potentials in different contexts
Across five independent experiments, we have consistently found the RP to on average
precede movement onset (see Figure 7.1). The grand average RP of each experiment
confirms findings of previous research: around 1.5s prior to movement onset, a slowly
decreasing negative potential can be observed (Kornhuber & Deecke, 1965; Libet et al.,
1983; Shibasaki & Hallett, 2006). Although the amplitude of the RPs seems to vary
across our experiments (where the RPs of Chapter 3 have the lowest amplitude of all),
the shape and timing of the RPs is consistent. However, even though these average
results look promising, single-trial data seems less consistent: predictions of movement
onset based on the occurrence of the RP failed to detect motor intent in more than half
of the cases (Chapter 6). Schurger et al. (2012) provide a possible explanation for this
result: in a situation where there are no reasons for deciding when to act, action onset
may be based largely on spontaneous fluctuations in neural activity. Action performance
occurs when these fluctuations exceed a certain threshold. By looking backward in time
from an action onset, we see a single clear RP. However, in reality there may be many
“RPs” prior to this moment that get averaged out as noise when looking at an average
across trials or participants. For this reason, real-time predictions based on the RP would
report. As long as we cannot pinpoint this potential common cause, the RP may act as a plausible trigger for
intention reports
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Figure 7.1 Grand average RP across different experiments and conditions. (A) Overview of
the stimuli used in each experimental context. “Just act” corresponds to the data of the control
condition in Chapter 4, “report vividness” corresponds to data of the introspect condition in
Chapter 4, “clock(1)” and “clock(2)” correspond to the Libet style tasks used in Chapter 2 and
3, “probe(1)” and “probe(2)” correspond to the Matsuhashi style tasks used in Chapter 3 and 4,
and the “Object Game” and “Free Wally Game” correspond to the two experimental conditions
described in Chapter 5. (B) Shows the grand average RP (time locked to movement onset) for
each experimental context defined in A. The colors in (A) match those in (B). The colors used in B
map onto the same colors in A; showing a single readiness potential in B for each experimental
context defined in A.

provide a lot of false positive predictions, as the classifier may detect each fluctuation
in the ongoing EEG that exceeds a certain learned threshold. Schmidt et al. (2016)
provide another possible explanation: people are more likely to act when their ongoing
slow cortical potentials are in a negative phase. By looking at an average across trials or
162

7.1 Discussion
participants, we may see an RP even though about 1/3 of all movements are preceded by
a positive potential (a positive RP, if you like). If this were the case, a linear classifier (as
used in Chapter 6) would work poorly, predicting around 66% of intentions correctly.
Even though the RP may not be a good predictor of movement onset on a single
trial level, we do observe some relation between the presence of an RP and the report
of an experience of an intention to act. First of all, we have found that on average,
the onset of the RP precedes the onset of a clock-style reported intention, whereas it
coincides with a probe-style reported intention (Chapter 3). Importantly, intentions are
reported to be experienced after or at RP onset, but almost never earlier (Chapter 2 and
3). Moreover, across two experiments (Chapter 3 and 4), we have found that the neural
activity preceding ignored probes remains around baseline, whereas the activity prior to
vetoed probes seems to show an RP-like shape (see Figure 7.2). This suggests that the
reportable experience of an intention to act coincides with the presence of an RP: when
a person is not aware of an intention to act (and ignores the probe), there is no clearly
observable RP prior to movement onset, whereas there is an RP visible prior to probes
that occur when a person is aware of their intention (and vetoes their action). Lastly,
people who experience their motor intentions vividly and consciously appear to show a
larger RP amplitude compared to people who experience their intentions only as a vague
feeling of wanting to act (see Figure 7.3). When looking at the reported vividness of
intentions on a single trial level, we observe that intentions that are reported as “vivid
and aware” or as “a vague feeling of wanting to act” show a stronger RP than those
reported as “acted without thinking” (see Figure 7.3).
Based on these results, we believe that in a context in which there are no decisive
external reasons for when to act, the RP may trigger a report on an intention to move.
Although in our experiments external stimuli could influence decisions about whether or
not to act and what action to perform in some of our experiments (Chapter 5 and 6), the
when decision was always kept spontaneous to a certain degree: there were no obvious
external stimuli indicating an optimal time to act, making a decision to act self-paced
rather than cue-based. In such contexts, the RP may be very similar (if not identical) -in
terms of timing, amplitude, location and shape- to the Contingent Negative Variation
(CNV) that occurs prior to an expected stimulus (Alexander et al., 2016; Brunia, van
Boxtel, & Böcker, 2012; Walter, Cooper, Aldridge, McCallum, & Winter, 1964). To
evoke the CNV, participants are trained on a stimulus-response task in which a first
cue signal is followed by a second response signal. After training, a slow negative
deflection in the EEG can occur after stimulus cue onset. This negative deflection -the
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Figure 7.2 A: comparison of the grand average RP between participants of Chapter 5. Participants who reported experiencing their intentions vividly and consciously show significantly
larger RP amplitudes than those who acted without thinking. B: comparison of the grand average
RP between different trials within participants of Chapter 4. Trials of the “introspect” condition
during which intentions were reported as vivid and conscious or as a vague feeling of wanting to
act seem to show a larger amplitude RP than those in which participants acted without thinking.

CNV- reflects motor preparation in expectation of the response signal (Walter et al.,
1964). Similarly, the RP may indicate nothing more than a person expecting his/her
upcoming movement. In all our experimental contexts, the chance of moving increased
as a trial progressed over time. This increase in expectation may be reflected by the RP.
This is supported by previous research that shows that when participants are instructed
to perform voluntary movements at slow intervals, the RP has a higher amplitude and
earlier onset compared to fast intervals (Verleger et al., 2016). Brain processes may tune
in on this neural expectation signal and use it to report their intention to move. That is,
whatever neural process is involved in making an intention to act reportable may use
pre-movement neural signals like the RP to construct an intention report.
We recognize that the RP may not be the only or best source of information for
a person to report the onset of an intention to move. In fact, the RP may reflect
nothing more than spontaneous neural noise and may be visible only due to a specific
experimental context experiment in which the decision on when to move is quite random
(Schurger et al., 2012). In other contexts, where there are reasons to decide when to
perform an action, other brain signals or contextual cues would likely more useful to
inform an intention report.
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Figure 7.3 A: comparison of the grand average RP between participants of Chapter 5. Participants who reported experiencing their intentions vividly and consciously show significantly
larger RP amplitudes than those who acted without thinking. B: comparison of the grand average
RP between different trials within participants of Chapter 4. Trials of the “introspect” condition
during which intentions were reported as vivid and conscious or as a vague feeling of wanting to
act seem to show a larger amplitude RP than those in which participants acted without thinking.

7.1.2 Constructing intention reports
Individual differences in the reported content and timing of intentions undoubtedly exist.
Although the average clock-style intention report is found shortly prior to action onset,
single trial intention onsets may be reported at or even after movement onset (Dominik
et al., 2018). We have observed this in our own experiments, where many intention
onsets are reported at or after movement using the clock method (see Figure 7.4).
Moreover, when looking at Figure 7.4, we observe that some participants consistently
report their intentions prior to movement onset, whereas others report as many intentions
preceding as following movement onset. These individual variances may be due to
differences in the understanding of the task: different participants may use different
criterions for reporting their intention onsets, depending on their interpretation of the
task at hand (Miller & Schwarz, 2014). For instance, (Dominik et al., 2017) suggest
that the measured intention onsets are quite dependent on a person’s interpretation of
and previous experience with the clock method. Specifically, when participants were
required to report the onset of their intention to act before reporting the onset of their
movement in a subsequent experimental block, no significant differences between the
intention and movement onsets were found. However, if a report on movement onset
was required prior to a report on intention onset, intentions were reported significantly
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Figure 7.4 Individual results on the clock (left) and probe (right) method in Chapter 3. Left: the
blue line indicates the average reported intention to act and the red line indicates action onset.
Please note that intentions may be reported earlier than 600ms prior to movement onset. These
reported intention onsets are not plotted here. Right: the orange box indicates the time range
of the reported awareness of intending to act. The bottom row shows the summed results across
participants.

earlier than movements.
Alternatively, individual differences in the reported timing of an intention may also
reflect differences in the sources of information that are used to construct an intention
report. Whatever information is available at the moment when an intention report is
required, may be used to inform an intention report. Possible sources of information are:
ongoing brain processes, observable behavior, action consequences, and environmental
events. Whereas in a Libet-type context, (1) some participants’ brains may be most
responsive to overt behavior or action consequences, (2) others may rely most premovement brain processes. Using the clock method, participants of the first category
will likely report their intentions at or around action onset, whereas participants of the
second category are expected to report their intentions as preceding action onset. When
using the probe method, participants depend on ongoing brain processes to report their
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intentions since overt behavior and action consequences are not yet available at the
time of probe presentation. Whereas some participants may easily tune into these brain
processes, others may struggle. These differences may be reflected by clear and less
clear gaps in the distribution of ignored probes: whereas some participants perform their
vetos consistently in response to probes across a specific time period, others are less
consistent (see Figure 7.4). To what source of information one’s brain is most sensitive,
may (at least partly) be related to certain personality traits. For instance, Giovannelli
et al. (2016) found a positive relationship between the reported intention onsets and
impulsivity traits: the higher the impulsivity score, the lower the difference between
intention and movement onset.
These results suggest that the degree to which people may tune in to neural signatures
like the RP for reporting intentions may differ from person to person. It may be that some
people are simply better at reporting their experiences than others. The neural processes
involved in producing intention reports of these people may be more sensitive to neural
cues like the RP, to report the timing of an intention to act. On the other hand, it may
also be that people have an equal ability to report their intentions, but their report-related
neural processes use different sources of information: where one person’s brain may use
neural signatures like the RP, other peoples’ brains may use other neural signatures or
simply behavioral cues alone.

7.2

Conclusion
Performing intended movements is common to all (healthy) humans. These movements
are performed on a daily basis in response to events that happen in and outside our
body: grabbing a drink from the fridge because you are thirsty, visiting your grandma
because it is her birthday, getting up because the sun is shining through your bedroom
window, etc. Multiple events may be processed within our body at a given moment in
time, leading to the preparation of multiple actions (Cisek, 2007; D. Dennett, 1991).
Some of these actions will actually be performed, whereas others may never reach their
final stage. At various points along such parallel roads, we may consciously experience
intending to move. Whether or not this will happen depends on the context in which we
intend and act. An intention report can happen spontaneously or may be prompted by
the environment, e.g. by another person. Throughout our experiments, we have seen that
these intention reports are dependent on the task at hand. If we wait for a spontaneous
intention report (using the clock method), we get different measurements than if we
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prompt a person for an intention report (using the probe method). The content of these
intention reports will depend on the available information at that moment in time. Brain
signals, behavior and action consequences may all (co-)inform such an intention report.
Therefore, we believe that what is measured greatly depends on the experimental context
in which the measurements are performed.
In order to study the neural preparation and subjective experience of intended movement at its core, neuroscientists traditionally aimed to strip all external events from the
experimental context. In these cases, the only reason for acting is the spontaneous urge
or will to act (Libet et al., 1983; A. R. Mele, 2010; Passingham et al., 2010). However, as
Nachev points out (2010): a decision to act is never completely unconditional, something
has to initiate the intended act. By instructing a person to act spontaneously, this person
is basically being told to conceal his/her reasons for acting, both to the experimenter as
well as to him/herself. In such cases, we believe that the (L)RP and 8-30Hz ERD may
act as instigators of intention reports. In a context where there are no external reasons
to act and intention reports are explicitly required, these brain signals may represent
the accumulative anticipation of one’s own movement and may serve as instigators of
intention reports. At least this seems to be the case when the decision of when to act
is largely spontaneous, which is the case in all our conducted experiments. It is quite
possible that we may not find an (L)RP or 8-30Hz prior to intended movements that
are performed in the presence of external reasons on when to act, since both our own
as well as previous research does not prove these signals to be necessary nor sufficient
for intention reports nor movement performance (Chapter 6) (Radder & Meynen, 2013;
Schultze-Kraft et al., 2016). In fact, when Maoz et al. (2017) asked participants in a
two-option forced-choice task what charity they wanted to give their money to by means
of a button press, they did not find an RP prior to these deliberate movements.
Acting truly spontaneously seems quite unnatural to most humans: when asked to act
in an unpredictable fashion, we are still quite predictable on the basis of our action history
alone (Lages et al., 2013). More importantly, these spontaneous actions are not the ones
that we care about in daily life. We identify ourselves as independent agents when we
make reasoned and deliberate choices that have some effect on our environment (Mecacci
& Haselager, 2015). To investigate the neural preparation and subjective experience of
intended movement, we should investigate various contexts and identify what factors are
common across these contexts. Especially when developing brain-controlled prosthetic
or rehabilitation applications, the need for collecting ecologically valid datasets becomes
apparent. In order to develop applications that reliably detect an intention to move from
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brain data, one needs to gather training data that is representative of real-life situations.
In real-life, intended movements are messy: one usually decides whether or not to move,
what movement to perform and when to perform it based on various internal and external
events. With Free Wally and Flip-that-Bucket, we present two possible paradigms to
gather such datasets. With these games, we hope to aid and encourage future research
into the neural preparation and subjective experience of intended action.

7.3

Future directions
Various avenues of research have been left unexplored in this thesis due to time constraints. To encourage further research, we present these ideas below.
Probe by forced movement: in Chapters 3-5, we have used auditory probes to investigate the timing of a conscious intention to act. In Chapter 6, we used animated
robot actions to interrupt a participant and prompt an intention report as soon as an
intention to move was detected on the basis of their action history or ongoing EEG
data. In addition to this, it would be interesting to use functional electrical stimulation
(FES) to perform a forced movement as soon as movement intent is detected from a
person’s brain data. This forced movement can be made as similar as possible to the
intended movement. This direct means of feedback may lead to different results from
those reported in Chapters 3-6 because the probe mimics the output of the developing
process of intended movement, whereas an auditory probe or robot prediction does not.
Perhaps such a forced movement can stimulate the awareness of an intention to act even
more, leading to earlier reported onsets of intending to act compared to those in Chapters
3-5. Moreover, repeatedly interfering with the neural preparation for movement by
performing a forced movement before the neural threshold for moving has been achieved
(Schurger et al., 2012), may lead to an adapted threshold for movement performance.
Error potentials as intention reports: when a person is presented with an incorrect
prediction of their intention based information from a Brain-Computer Interface (BCI),
an error potential may occur around 50 to 100ms after prediction onset across the frontocentral regions of the brain (Buttfield, Ferrez, & Millan, 2006; Omedes, Schwarz,
Müller-Putz, & Montesano, 2018). These error potentials may occur during Flip-thatBucket, in cases where the robot wrongfully predicts a player’s intention to move. If
these error potentials occur after an incorrect robot prediction, they may be used to infer
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a person’s awareness of intending to act at that moment in time. This could be used
to simplify the probe method of Matsuhashi and Hallett (2008), as the presence of an
error potential can replace the need for a behavioral (ignore/veto) response, simplifying
the experimental instructions and intuitiveness of the experimental design. Brain-based
predictions are not necessary for this paradigm, as predictions based on action history
are expected to perform above chance level (Chapter 6) (Lages et al., 2013). As long as
participants are made to believe that a classifier is trying to predict their intentions to act,
error potentials are expected to occur.
Beyond the (L)RP and 8-30Hz ERD: in addition to the (L)RP and 8-30Hz ERD, certain patterns in theta and gamma band activity have been found predictive of movement
intent. Popivanov, Mineva and Krekule (1999) found an increase in 3-7Hz oscillations
before voluntary movement onset and an increase in 35-40Hz power right before movement performance across the supplementary motor area, premotor and parietal cortex.
Moreover, Bulea et al. (2014) were able to predict what movement would be performed
(i.e. standing up, sitting down or rest) from delta-band (0.1-4Hz) activity. Each of these
brain signatures is related mostly to the when component of an intended movement and
occur shortly (1.5 to 0.25s) prior to movement onset. Spatial patterns in the medial
and lateral prefrontal cortex, posterior cingulate cortex and precuneus have been found
predictive of the what component of an intended movement as early as 10s in advance
of a reported intention to move (Soon et al., 2008; Bode et al., 2011). In addition, the
whether component of an intended movement seems related to activity in the rostral
cingulate zone (Brass et al., 2013). None of these signatures have been used to predict
movement onset in real-time. It would be useful to do so in order to investigate the
single-trial correlations between these neural preparatory signals for movement and the
subjective experience of intending to act.
Include measurements of what and whether: activity in different networks in the
brain seem to be predictive of different components of an intended action, i.e. the
what, when and whether components (Brass & Haggard, 2008; Brass et al., 2013). Our
research as well as previous research has focused mostly on the subjective experience
of only the when component of intending: the thought of wanting to act now. To the
best of our knowledge, Soon et al. (2008) are the only ones to have separately measured
the timing of the what and when components of an intended act. In order to gain more
insight into the subjective experience of an intention to act and learn more about human
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consciousness, it would be interesting to gather intention reports on the what, when
and whether components of an intended action. Specifically, it would be interesting to
investigate whether there are differences in the timing of awareness of these components,
i.e. can these components be disentangled in subjective experience or is there only a
generalized awareness of all components together? If these components can be disentangled, it would be interesting to find out whether these timings correlate with specific
neural activations that are predictive of each of these components. Free Wally can serve
as a means to disentangle these components as it allows the measurement of the what,
when and whether components of an intention to act.
These and other suggestions can be explored to further elucidate the link between
brain processes and the timing and content of experienced intentions. On the basis of the
research presented in this thesis, it is to be expected that when it comes to intentions,
perhaps there’s more in the report than what the report is about.
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8.1

Reaction times
Average reaction times (button press – start trial) of the sound-response and reaction
time trials. Recall - sound, indicates the average difference between the reported and
actual sound onset during the sound-response trials.
Subject

RT Libet(s)

Recall-sound(s)

RT Matsuhahsi(s)

1
2
3
4
5
6
7
8
9
10
11
12

0.238
0.267
0.239
0.423
0.331
0.292
0.380
0.834
0.260
0.599
0.309
0.206

0.116
0.097
0.185
0.072
0.102
0.058
0.071
0.098
0.066
0.055
0.072
0.059

0.270
0.344
0.398
0.447
0.223
0.419
0.284
0.278
0.258
0.205
0.229
0.183

Mean
Std

0.365
0.182

0.088
0.037

0.295
0.087
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8.2

Reported intention onsets of the Libet task reflect action onset
Intuitively speaking, most reported intention onsets should occur prior to action onset,
since the thought of wanting to act is assumed to come to mind prior to action performance (as can be seen in Figure ??A, for example). Surprisingly, around 28% of the
onsets of intending over all participants were reported to occur after action onset. In
contrast to Figure ??A, the reported intentions in these cases seem to surround the button
press rather than precede it (see Figure ??B, for example). What participants report as
the onset of intending seems to be more or less equivalent to action onset, with a certain
precision error. Moreover, since the point of no return was found to precede the onset
of intending significantly, these intentions seem to be related more strongly to action
performance than action initiation. However, the coincidence of the reported onsets of
intending and the measured onsets of acting seems quite intuitive since a participant is
instructed to perform spontaneous actions without any preplanning or focus on when
to act. Thus, although the reported intention onsets still occur prior to action onset on
average, it is important to keep in mind that these onsets do not seem to differ much on a
single trial level.
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8.3

Calculation intention onset and point of no return
Estimated intention onset (green) and point of no return (pink) of participant 2 using a sigmoid fit
(red). The blue bars display the normalized intention distribution excluding (left plot) or including
a(1) + a(2)
(right plot) the bins close to action onset. The sigmoid is of the form: sigmoid =
.
x a(3)
(1 + e) a(4)
Where a(1): the earliest time point on the horizontal asymptote, a(2): the latest time point on the
horizontal asymptote, a(3): the point of inflection and a(4): the width of the inflection. All these
variables are estimated using the matlab nlinfit function (see mathworks.com/help/stats/
nlinfit.html).
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8.4

Probes of the Matsuhashi task induce the feeling of wanting
to act
During the Matsuhashi task, 3 participants reported that sometimes, they had the feeling
that the auditory probes induced the intention to act. This could be explained by the
reaction time trials as participants were instructed to press a button as soon as possible
after probe presentation. This learned response mapping between probes and actions
could cause a vague intention to act after each probe presentation during the Matsuhashi
task. This in turn might explain the earlier onsets of intending of the Matsuhashi task
compared to the Libet task.
However, since the reported onsets of intending of the Matsuhashi task occur consistently and significantly earlier in time compared to those of the Libet task, it seems
unlikely that this difference can be explained as a side-effect of the probes alone. Moreover, the intention distributions of the Matsuhashi task show that the probes do not
always induce an intention to act. There is a specific time range prior to the act where
the probes are ignored since the participant was not yet intending their act. Also, there is
a specific time range where the probes caused a veto of the act since the participant was
intending to act at that point in time.
Actually, these results fit rather well in the proposed framework of intending as a
process, as the use of external probes seems to enable participants to report their onset
of intending before they are be able to do so on their own. In other words, although the
presented probes make a participant aware of their intention to act, they do not seem to
cause their intention to act.
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8.5

Overview type of action
Overview of the number of left (# Left) and right (# Right) hand actions per participant
for the Libet and Matsuhashi task. These numbers indicate the artifact free trials that
were used in the RP, LRP and ERD analysis.
Subject

Libet
# Left

# Right

Matsuhahsi
# Left

# Right

1
2
3
4
5
6
7
8
9
10
11
12

21
40
32
73
38
45
1
47
36
62
33
54

75
40
43
12
57
39
76
29
39
23
28
39

69
69
78
34
78
100
28
92
97
70
93
61

78
50
82
51
54
110
138
76
108
91
99
65

Mean
GA

40
482

42
500

72
869

84
1002
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8.6

Measurements by eye
Overview of the intention, point of no return (PONR), alpha/beta event-related desynchronization (ERD), readiness potential (RP) and lateralized RP (LRP) onsets of both
the Libet (Lib.) and Matsuhashi (Mat.) task. The ERD, RP and LRP onsets were all
calculated by eye. The mean and standard deviation (Std) are provided for each column
in seconds. The last row provides the grand average (GA) results of the ERD, RP and
LRP. Unfortunately, the RPs of the Matsuhashi task of participant 2 and the Libet task of
participant 3 and 5 were obscured by noise, which made the calculation of the RP by
eye impossible. The same holds for the LRP of participant 6 for the Matsuhashi task and
participants 3,4 and 5 for the Libet task. Participant 7 for the Libet task was excluded
from the LRP analysis as only a single left hand action was performed. Participants 5, 7,
and 12 from the Matsuhashi task were excluded from the ERD analysis, as the ERD was
not visible.
Sub.

Int.
Lib.

Mat.

PONR
Mat.

Lib.

ERD
Mat.

Lib.

RP
Mat.

Lib.

LRP
Mat.

1
2
3
4
5
6
7
8
9
10
11
12

-0.325
-0.048
-0.059
-0.241
-0.005
-0.063
-0.135
-0.051
-0.074
-0.514
-0.087
-0.132

-1.837
-1.200
-2.478
-3.249
-0.758
-2.672
-2.000
-2.594
-2.946
-1.662
-1.450
-3.196

-0.250
-0.200
-0.200
-0.267
-0.080
-0.132
-0.204
-0.199
-0.670
-0.378
-0.199
-0.249

-1.410
-1.140
-0.520
-1.880
-1.240
-1.120
-1.230
-2.210
-1.450
-2.790
-2.650
-0.010

-0.160
-0.740
-0.260
-0.090
-0.080
-1.570
-0.010
-2.080
-1.380
-

-2.600
-2.530
-2.660
-2.930
-2.870
-3.060
-2.660
-2.950
-2.230
-0.030

-2.710
-2.460
-1.910
-0.810
-1.160
-0.930
-1.000
-2.540
-1.810
-2.720
-3.130

-0.270
-0.320
-2.310
-0.310
-0.350
-0.820
-0.380
-0.540

-0.560
-1.370
-0.400
-1.350
-0.380
-2.810
-0.410
-0.910
-0.480
-0.530
-0.230

Mean
Std
GA

-0.145
0.147
-

-2.170
0.809
-

-0.252
0.150
-

-1.470
0.810
-3.070

-0.710
0.780
-1.050

-2.450
0.880
-2.910

-1.920
0.840
-1.940

-0.660
0.690
-0.320

-0.860
0.760
-0.570
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Grand average LRP
Estimated LRP onset by eye (green dotted line) of the grand average over the Matsuhashi task.
The positive peak prior to action performance (time 0) indicates contra-lateral activity over the
(C3l C4l) + (C4r C3r)
motor cortex. The LRP was calculated using LRP =
, where C3 and
2
C4 are the EEG recordings over the motor cortex of the left and right hemisphere respectively, and
l and r indicate the average EEG activity of left or right hand actions, respectively.
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8.8

Cluster permutation test on the ERD of the Libet and Matsuhashi task
A. Grand average of the Hilbert transform between 8 and 30 Hz of the Libet and Matsuhashi task.
The area shaded in grey indicates the time window (running from -1.65 until 0 s) of the significant
cluster identified by the permutation test. B. Results of the within-subject cluster permutation test
of the Libet and Matsuhashi task. The test was performed on the data of electrodes Cz, C1, C2,
C3, C4, FCz, FC1, FC2, FC3, FC4, CPz, CP1, CP2, CP3 and CP4 using a time window of -3 to 0s
(action onset). The electrodes of the identified significant positive cluster are highlighted.
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T-tests
Results of the paired-sample (indicated by nog equal or equal) and 1-sided paired sample
(indicated by < or >) t-tests. The Bonferroni corrected alpha threshold was set to .001
(i.e. 0.05/36). P-values marked by ** are below the Bonferroni corrected threshold and
p-values marked by * are below the normal alpha threshold of 0.05
Test

Comparison

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Intention Matsuhashi
Intention Matsuhashi
Intention Matsuhashi
Intention Matsuhashi
Intention Matsuhashi
Intention Matsuhashi
Intention Matsuhashi
ERD eye Libet
ERD eye Libet
ERD classifier Matsuhashi
ERD classifier Matsuhashi
ERD classifier Matsuhashi
ERD classifier Matsuhashi
ERD classifier Matsuhashi
ERD classifier Libet
ERD classifier Libet
ERD classifier Libet
ERD classifier Libet
ERD classifier Libet
RP eye Matsuhashi
RP eye Matsuhashi
RP classifier Matsuhashi
RP classifier Matsuhashi
RP classifier Matsuhashi
RP classifier Matsuhashi
RP eye Libet
RP classifier Libet
RP classifier Libet
RP classifier Libet
LRP eye Matsuhashi
LRP Matsuhashi
LRP Matsuhashi
LRP Libet
LRP Libet
LRP Libet
Point of no return

<
<
<
6
=
<
<
<
6
=
<
<
6
=
6
=
<
<
6
=
6
=
<
<
<
6
=
6
=
6
=
<
<
<
6
=
<
<
<
6
=
<
<
<
6
=
<
<

ERD classifier Matsuhashi
ERD classifier Libet
RP classifier Matsuhashi
RP classifier Libet
LRP Matsuhashi
Intention Libet
Point of no return
ERD classifier Libet
ERD eye Matsuhashi
ERD eye Matsuhashi
RP classifier Matsuhashi
LRP Matsuhashi
Intention Libet
Point of no return
ERD classifier Matsuhashi
RP classifier Libet
LRP Libet
Intention Libet
Point of no return
RP classifier Matsuhashi
RP eye Libet
RP classifier Libet
LRP Matsuhashi
Intention Libet
Point of no return
RP classifier Libet
LRP Libet
Intention Libet
Point of no return
LRP eye Libet
Intention Libet
Point of no return
Intention Libet
Point of no return
Intention Libet
Intention Libet

df

t

p

8
11
11
11
10
11
11
11
8
8
8
7
8
8
8
11
7
11
11
10
8
11
10
11
11
9
7
11
11
6
10
10
7
7
7
11

-2.339
-2.122
-2.813
-1.362
-3.734
-8.553
-8.700
-0.182
-5.765
-3.901
1.082
-1.880
-4.598
-3.970
-1.861
0.764
-2.230
-7.675
-6.064
-0.748
0.178
-0.562
-2.087
-8.273
-8.053
-0.470
-3.302
-7.071
-6.469
-1.164
-3.018
-2.565
-1.973
-1.406
-1.973
-2.104

.024*
.029*
.008*
.201
.002*
<.001**
<.001**
.859
<.001**
.002*
.311
.102
<.001**
.002*
.100
.461
.031*
<.001**
<.001**
.111
.863
.585
.032*
<.001**
<.001**
.650
.007*
<.001**
<.001**
.299
.007*
.014*
.045*
.203
.045*
.030*
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8.10 Box-and-whisker plot
A box-and-whisker plot of the estimated RP, LRP, alpha/beta ERD and intention onsets over all
participants. The boxes denote the first and third quartiles of the data and the whiskers extend to
the most extreme data points (outliers are denoted by a red cross). The median is denoted by a
vertical line inside the box. The RP and alpha/beta ERD boxes incorporate the onsets estimated by
classifier for the Libet task. Similarly, the LRP box incorporates the estimated LRP onsets by eye
for the Libet task. A red star indicates that the estimated onsets differed significantly between the
indicated groups with p < .05. Two red stars indicate a significance of p < .001.
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8.11 Stimuli list
Trial

Wally

Stimuli left of hill

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

left
left
right
right
left
right
right
left
left
right
right
left
left
right
left
right
right
right
left
right
right
left
left
right
left
right
left
right
left
right
left
right
left
left
right
left

H10
H10
H10
H09
H10
H10
H08
H08
H10
H10
H10
H09
H10
H10
H09
H10
H08
F09
F07
F06
F10
F08
F09
F10
F07
F10
F10
F10
F10
F08
F10
F09
F10
F10
F10
F10

H08
H07
H09
H07
H09
H09
H07
H06
H09
H09
H09
H06
H09
F09
F07
H07
H05
H08
H05
F05
F08
F07
H08
F08
F06
F08
F08
F08
F09
F07
F09
F08
F09
F09
F09
F08

H06
H06
H07
H06
H08
H08
H05
H05
H07
H08
H08
H05
H08
H08
H05
H04
H04
F05
H04
H04
F07
H06
H05
F06
F03
F05
F07
F04
F07
F06
F08
F07
F08
F08
F08
F06

H04
H04
H06
H04
H06
H07
H02
H04
F06
H06
F07
H04
F04
H07
F02
F02
F03
H02
F03
H03
H04
H05
F03
H02
F02
F03
F05
F02
H05
H03
F07
F06
F06
F07
F07
F05

Stimuli right of hill
H01
H02
H04
H03
H05
H02
F01
F02
H03
F01
H04
F01
F02
F04
H01
F01
F02
H01
F01
F01
H02
F03
F02
H01
H01
H01
H04
H01
F03
F01
F04
F03
F03
F02
F04
F02

H02
F01
H01
F01
F01
F01
H03
H01
H01
H02
F01
F02
H01
H01
F03
H03
H01
F03
H02
F02
H01
F01
F01
F03
H04
F02
F01
F03
H01
F02
H01
F01
H01
H01
F01
F01

H03
H03
H02
H02
F02
F03
H04
F03
H02
H03
H02
F03
H03
F02
H04
H05
F06
F04
H06
H07
F03
F02
F04
F04
H05
H04
H02
H05
F02
F04
H02
H02
F02
H03
H02
F03

H05
H05
H03
H05
H03
F04
H06
H07
F04
F04
F03
F07
H05
H03
F06
F06
F07
F06
H08
H08
H05
F04
F06
F05
H08
H06
F03
F06
F04
F05
H03
H04
F04
F04
F03
F04

H07
H08
F05
F08
F04
F05
H09
H09
H05
F05
F05
F08
H06
H05
H08
F08
F09
F07
H09
H09
F06
H09
F07
F07
H09
H07
H06
F07
F06
F09
H05
H05
H05
F05
F05
F07

Bonus
H09
H09
F08
F10
F07
F06
H10
H10
F08
F07
F06
F10
H07
H06
H10
F09
F10
F10
H10
H10
H09
H10
H10
F09
H10
H09
H09
H09
F08
F10
H06
H10
H07
F06
F06
F09

no
cry
no
no
no
no
whistle
no
cry
whistle
no
no
cry
no
no
whistle
no
no
cry
no
no
whistle
no
no
whistle
no
no
cry
no
no
whistle
no
cry
no
no
no

Overview of the stimuli used in the 36 unique trials of Free Wally and the Object
Game. The trial numbers correspond to the unique days and rounds of Free Wally and
the Object Game. The columns in grey are relevant to Free Wally only: ‘Wally’ indicates
whether Wally is looking to the right or left of the hill and ‘Bonus’ indicates whether
there was a bonus animation presented on this trial (i.e. Wally cries or whistles). ‘Stimuli
left and right of hill’ indicate the type of stimuli presented on the left and right of the hill
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and the order in which they are revealed. An ‘F’ corresponds to a friend in Free Wally
and to a rectangle in the Object Game. An ‘H’ corresponds to a hunter in Free Wally
and to a hexagon in the Object Game.
In order to analyze differences in the neural preparation prior to trials in which actions
show more or less variability, high and low variance trials were selected within Free
Wally. These selections resulted in the following subsets of trials for each of the three
phases of an intended act:
What phase:
Low variance: 2, 5, 6, 11, 12, 18, 24, 30, 31
High variance: 3, 9, 10, 15, 16, 20, 21, 28, 36
When phase:
Low variance: 2, 4, 8, 12, 26, 30, 31, 33, 35
High variance: 9, 10, 11, 17, 18, 23, 27, 28, 36
Whether phase:
Low variance: 3, 5, 6, 7, 9, 13, 19, 25, 31
High variance: 21, 22, 23, 24, 27, 29, 30, 33, 34
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8.12 Instructions
Instructions Free Wally:
Wally is a sad little whale. He has been captured on top of a hill. Wally wants to break
free and join his friends in the sea. But he can’t because hunters are building a cage
around him. Fortunately he also has some friends who try to break down the cage.
Wally (you) can try to flush away the hunters by shooting water from his blowhole.
However, he has to be careful not to flush away his friends.
Every day, people will appear on both sides of the hill. Some of them are hunters, while
others are friends. It takes Wally some time to recognize who is who. Hunters will be
identified by their angry red color and friends by their gentle green color. While the
people are standing still, Wally can choose to shoot water to the left or right of the hill
(using button 1 or 5). Please use your left index finger to press button 1 and your right
index finger to press button 5.
Wally does not need to shoot: sometimes it is best to do nothing.
The longer Wally waits before shooting, the stronger the hunters get and the weaker the
friends. If hunters have the upper hand, the cage will get stronger and harder to break
down.
Sometimes during a day, you will hear a short beep. When you hear this beep and:
1) You intended to shoot water –> please do !not! shoot and wait for the day to end.
2) You did not intend to shoot water –> please ignore the beep and continue the game.
When you did not shoot on a certain day, you will be asked to indicate whether this was
due to a beep or not. If you had to withhold your shot due to a beep, that day will not
count.
Beware: Wally only has water for 10 shots and needs to be freed within 15 days, or else
he dehydrates.
Please relax, try to keep your eyes fixed on the ‘+’ as long as it is visible and try not to
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blink while it is visible.
Instructions Object Game:
This game is set on a hill along a sea side. On top of the hill, is a red moving object in
the shape of a star. Each round, grey objects will appear on the hill. Over time, these
grey objects can change in size and receive a certain color. The objects, their size and
color have no meaning. They do not matter.
Your task during this game is to press button 1 or 5 whenever you feel like it. Please act
(press button 1 or 5) as soon as you feel the intention to do so. Use your left index finger
to press button 1 and your right index finger to press button 5.
Important: let the intention to act be the only incentive to act. In other words, do not let
the game influence your button presses in any way.
Sometimes during a round, you will hear a short beep. When you hear this beep and:
1) You intended to act –> please do !not! act and wait for the round to end.
2) You did not intend to act –> please ignore the beep and continue the game.
When you did not act on a certain round, you will be asked to indicate whether this was
due to a beep or not.
You do not need to act each round: you are free to do nothing if you feel like it.
The game lasts no longer than 10 rounds.
Please relax, try to keep your eyes fixed on the ‘+’ as long as it is visible and try not to
blink while it is visible.
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8.13 Questionnaire
Overview of the questionnaire and accompanying answers for the Free Wally (21pp) and
Object Game (20pp).
1. What do you think about the game?

2. Was the game. . . ? (You can cross multiple answers)

3. Did you look at the ‘+’ as long as it was visible?
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4. Do you think your acts were. . . .?

5. Did you act –press a button- immediately after you felt the intention to do so?

6. On a scale of 1 (not important) to 5 (very important), how important was internal deliberation
for your intention to act?

7. On a scale of 1 (not important) to 5 (very important), how important was the current game
situation for your intention to act?
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8. On a scale of 1 (not aware) to 5 (vivid and conscious), to what degree were you conscious of
your intentions to act?

9. Did you use a strategy to decide whether or not to act (i.e. press a button or not)?

10. Did you use a strategy to decide what action to perform (i.e. press button 1 or 5)?

11. Did you use a strategy to decide when to perform an act?

12. Did you change your mind on what to do during a day (in the game)?
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13. Did you change your gaming strategy throughout the game?

14. What did you think about the beeps? (You can cross multiple answers)

15. How often did you ignore the beep even though you had an intention to act?

16. Did you feel in control over Wally’s fate?

17. Did you feel free to do what you wanted?
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18. Did you feel responsible for your actions?

19. Did the game arouse any emotions while you were playing it?

191

Bibliography

Alexander, P., Schlegel, A., Sinnott-Armstrong, W., Roskies, A. L., Wheatley, T.,
& Tse, P. U. (2016). Readiness potentials driven by non-motoric processes.
Consciousness and cognition, 39, 38–47.
Baars, B. (1988). A cognitive theory of consciousness. New York: Cambridge University
Press.
Bai, O., Mari, Z., Vorbach, S., & Hallett, M. (2005). Asymmetric spatiotemporal
patterns of event-related desynchronization preceding voluntary sequential finger
movements: a high-resolution eeg study. Clinical Neurophysiology, 116(5), 1213–
1221.
Bai, O., Rathi, V., Lin, P., Huang, D., Battapady, H., Fei, D.-Y., . . . Hallett, M. (2011).
Prediction of human voluntary movement before it occurs. Clinical Neurophysiology, 122(2), 364–372.
Banks, W. P., & Isham, E. A. (2009). We infer rather than perceive the moment we
decided to act. Psychological Science, 20(1), 17–21.
Banks, W. P., & Pockett, S. (2007). Benjamin libet’s work on the neuroscience of free
will. The Blackwell companion to consciousness, 657–670.
Baumeister, R. F. (2008). Free will in scientific psychology. Perspectives on psychological science, 3(1), 14–19.
Bayne, T. (2011). Libet and the case for free will scepticism. Free will and modern
science, 25–46.
193

Chapter 8. Supplementary materials
Billinger, M., Daly, I., Kaiser, V., Jin, J., Allison, B. Z., Müller-Putz, G. R., & Brunner,
C. (2012). Is it significant? guidelines for reporting bci performance. In Towards
practical brain-computer interfaces (pp. 333–354). Springer.
Blankertz, B., Dornhege, G., Lemm, S., Krauledat, M., Curio, G., & Müller, K.-R.
(2006). The berlin brain-computer interface: Machine learning based detection of
user specific brain states. J. UCS, 12(6), 581–607.
Block, N. (1997). On a confusion about a function of consciousness. In The nature of
consciousness. MIT Press.
Bloom, P. (2005). Descartes’ baby: How the science of child development explains what
makes us human. Random House.
Bode, S., Bogler, C., & Haynes, J.-D. (2013). Similar neural mechanisms for perceptual
guesses and free decisions. Neuroimage, 65, 456–465.
Bode, S., Bogler, C., Soon, C. S., & Haynes, J.-D. (2012). The neural encoding of
guesses in the human brain. Neuroimage, 59(2), 1924–1931.
Bode, S., He, A. H., Soon, C. S., Trampel, R., Turner, R., & Haynes, J.-D. (2011).
Tracking the unconscious generation of free decisions using uitra-high field fmri.
PloS one, 6(6), e21612.
Brass, M., & Haggard, P. (2007). To do or not to do: the neural signature of self-control.
Journal of Neuroscience, 27(34), 9141–9145.
Brass, M., & Haggard, P. (2008). The what, when, whether model of intentional action.
The Neuroscientist, 14(4), 319–325.
Brass, M., Lynn, M. T., Demanet, J., & Rigoni, D. (2013). Imaging volition: what the
brain can tell us about the will. Experimental brain research, 229(3), 301–312.
Brunia, C. H., van Boxtel, G. J., & Böcker, K. B. (2012). Negative slow waves as
indices of anticipation: the bereitschaftspotential, the contingent negative variation,
and the stimulus-preceding negativity. In The oxford handbook of event-related
potential components.
Bruns, A. (2004). Fourier-, hilbert-and wavelet-based signal analysis: are they really
different approaches? Journal of neuroscience methods, 137(2), 321–332.
Bulea, T. C., Prasad, S., Kilicarslan, A., & Contreras-Vidal, J. L. (2014). Sitting and
standing intention can be decoded from scalp eeg recorded prior to movement
execution. Frontiers in neuroscience, 8, 376.
Buttfield, A., Ferrez, P. W., & Millan, J. R. (2006). Towards a robust bci: error potentials
and online learning. IEEE Transactions on Neural Systems and Rehabilitation
Engineering, 14(2), 164–168.
194

References
Chalmers, D. J. (1995). Facing up to the problem of consciousness. Journal of
consciousness studies, 2(3), 200–219.
Cisek, P. (2007). Cortical mechanisms of action selection: the affordance competition hypothesis. Philosophical Transactions of the Royal Society B: Biological
Sciences, 362(1485), 1585–1599.
Cohen, M. X., & Ranganath, C. (2007). Reinforcement learning signals predict future
decisions. Journal of Neuroscience, 27(2), 371–378.
Crick, F., & Koch, C. (1998). Consciousness and neuroscience. Cerebral Cortex, 8(2),
97–107.
Dennett, D. (1991). Consciousness explained (p. weiner, illustrator).
Dennett, D. C. (2004). Freedom evolves. Penguin UK.
Desmurget, M., Reilly, K. T., Richard, N., Szathmari, A., Mottolese, C., & Sirigu, A.
(2009). Movement intention after parietal cortex stimulation in humans. science,
324(5928), 811–813.
Deutschländer, R., Pauen, M., & Haynes, J.-D. (2017). Probing folk-psychology: Do
libet-style experiments reflect folk intuitions about free action? Consciousness
and cognition, 48, 232–245.
Dominik, T., Dostál, D., Zielina, M., Šmahaj, J., Sedláčková, Z., & Procházka, R.
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Summary

What is the topic?
As humans, we perform actions to achieve the things we want, and we do so on a
daily basis. These intended actions can range from small movements to important life
decisions. While preparing or performing these actions, we may experience conscious
intentions: thoughts or feelings of wanting to act. Such intentions may arise ‘out of
the blue’ due to reasons unknown to us, or they may develop in response to identifiable
events within our body or environment. For example: craving a drink because you are
thirsty, or wanting to visit your grandma because it is her birthday. We may report
such conscious intentions to others via language or behavior. In this thesis, we focus on
one particular type of intended action: intended movement. We want to know (1) how
intended movements come about in terms of behaviour and brain processes, (2) what
factors may influence these brain processes and the reportability of an intention, and (3)
how these brain processes link to conscious experience.
Why do we care?
So far, intended actions have only been studied in settings that are far from any real
life situation. Usually, participants are asked to perform repetitive movements that are
seemingly pointless: they have no effect on the environment and they serve no goal other
than following experimental instructions. While performing these movements, their
brain activity is measured and they are asked to report the times at which they experience
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an intention to move. These studies have led to claims such as ‘it is our brain and not
our conscious intention that initiates our actions’, thereby questioning the existence of
free will. We believe that these claims may be misguided or premature as little is known
about whether and how these results will transfer to situations that we experience in
daily life, that is, they have little ecological validity. Furthermore, as the results of these
studies are typically based on averages, questions remain to be answered on the nature
and timing of the uncovered brain processes, and their relation to both the movement
and the experience of an intention to act on a single trial level.
Increasing knowledge of motor intentions is not only interesting and relevant for
healthy humans, but also for people with motor disabilities. Understanding when and
how a conscious intention to move arises in relation to observed neural preparation for
movement, will help to enhance and develop motor rehabilitation programs and prosthetic devices. For instance: a prosthetic arm that initiates a movement whenever the user
wants to move, by detecting the intention to move rather than the (imagined) movement
itself. Especially when developing such brain-controlled prosthetic or rehabilitation
applications, the need for collecting ecologically valid datasets becomes apparent. In
order to develop applications that reliably detect an intention to move from brain data,
one needs to gather training data that is representative of real-life situations. In real-life,
intended movements are complex: one usually decides whether or not to move, what
movement to perform and when to perform it based on various internal and external
events. We need to use experimental paradigms that capture the complexity of this data
in order to deal with it in future applications.
What did we do?
In this thesis, we present five independent experiments in which we have limited or
expanded the influence of external stimuli, providing different contexts in which a person
can intend and act. In order to achieve a more ecologically valid context compared
to previous research, we developed two computer games: Free Wally (Chapter 5) and
Flip-that-bucket (Chapter 6). Similar to intended actions that we may perform in daily
life, these games require participants to develop an action strategy to reach a long-term
goal: free Wally the whale from angry hunters, or gather the biggest amount of slime.
Moreover, they are designed to be fun. Whereas spontaneous movements (Chapter
2, 3 and 4) lack action consequences, the deliberate movements within these games
have specific effects (e.g. shooting water or flipping a bucket) that involve specific
consequences (e.g. earning points or feeling regret).
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In order to detect an intention to move from brain activity, we measured three
distinct neural processes that are typically reported in the context of intended movement:
the Readiness Potential (RP), Lateralized Readiness Potential (LRP) and event-related
desynchronization (ERD) across 8-30Hz. These brain signals occur about 2 to 0.5s prior
to movement onset across the (pre)supplementary motor cortex and have been found
indicative of movement onset and type. In principle, these signals can be recorded in
real-time using electro-encephalography (EEG), making them suitable candidates to
decode movement onset for prosthetic and rehabilitation purposes.
Reports on the experience of an intention to move were collected post-hoc via a
self-initiated report (Chapters 2 and 3) or ante-hoc using a probe method (Chapters 3,
4, 5 and 6). In order to provide a self-initiated report, participants were instructed to
watch a clock and remember and report its configuration at the time of their conscious
intention to act. The probe method presented a participant with a short sound at various
moments in time. Each time a sound was presented, the participant was asked to indicate
whether or not they wanted to move at that moment in time via a behavioural response.
If the participant felt an intention to move at that moment in time, they had to refrain
from acting. If they did not experience an intention to move, they could simply ignore
the sound and continue the task. The timing of these probes was based either on a participant’s average action time (Chapters 3, 4 and 5), or on the detection of an intention to
move from ongoing EEG activity (Chapter 6). By comparing the time intervals between
sounds and actions, we could determine when a person was aware of their intention to act.
What did we find?
Across these experiments, we have found that the measured timing of a conscious intention depends on the chosen method of reporting. When you wait for a person to tell
you when they experience an intention to move, awareness is measured up to 150ms
prior to movement onset (Chapter 2 and 3). However, when you probe a person for
an intention report at various moments in time prior to action performance, awareness
of an intention to move is detected up to 2s prior to movement (Chapter 3, 4 and 5).
This suggests that only shortly prior to action, the experience of an intention can be
reported at a person’s own initiative. Before this time, although unavailable for selfinitiated report, awareness of an intention to act seems reportable (or becomes available
to consciousness) via the presentation of probes. Furthermore, although we have consistently found the (L)RP and 8-30Hz ERD to precede movement onset on average
(Chapters 2 to 6), they had little predictive power of an upcoming movement on a sin205
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gle trial level, failing to detect movement onset in more than half of the cases (Chapter 6).
What did we learn?
We suggest that the results summarized above are consistent with the interpretation
of intention reports as forms of self-interpretation. Multiple events may be processed
within our body at a given moment in time, leading to the preparation of multiple
actions. Some of these actions will actually be performed, whereas others may never
reach their final stage. At various points along such parallel roads, we may consciously
experience an intention to move. Whether or not this will happen depends on the context
in which we intend and act. For instance: riding a bike to work may happen quite
thoughtlessly, whereas driving a car under the supervision of a driving instructor may
prompt explicit reports on ones intentions to act. Throughout our experiments, we have
seen that intention reports are context dependent: if we wait for a spontaneous intention
report, we get different measurements than if we prompt a person for an intention report.
The content of these intention reports will depend on the available information at that
moment in time. Brain signals, behavior and action consequences may all (co-)inform
such an intention report.
Although our results do indicate some correlation between the (L)RP and 8-30Hz
ERD and the experience of an intention to move, we did not prove them to be necessary
or sufficient for the experience of an intention or the performance of a movement.
However, in a situation where there are no clear external reasons for acting, i.e. when
you act spontaneously, we believe that these brain signals may be (partially) responsible
for triggering a report on an intention to move. In other words, the neuronal activity
that generates these signals could be a source of information to other brain processes
that lead up to intention reports. Therefore, in specific contexts, the (L)RP and 8-30Hz
ERD may be considered potential instigators of intention reports, rather than causes or
implementations of experienced intentions, as is claimed by previous research. With
Free Wally and Flip-that-Bucket as a tool, we hope to aid and encourage future research
into the neural preparation and subjective experience of intended action. On the basis of
the research presented in this thesis, it is to be expected that when it comes to intentions,
perhaps there’s more in the report than what the report is about.
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Samenvatting

Wat is het onderwerp?
Mensen verrichten dagelijks doelgerichte handelingen. Deze intentionele handelingen
kunnen uit kleine bewegingen bestaan, maar ook uit het nemen van belangrijke beslissingen. Tijdens de voorbereiding en uitvoering van deze handelingen, kunnen we intenties
ervaren: de wil om iets te doen. Zulke intenties ontstaan soms zomaar uit het niets,
of gebeuren als reactie op bepaalde gebeurtenissen om ons heen of in ons lichaam.
Zoals bijvoorbeeld drinken omdat je dorst hebt, of bij je oma op bezoek gaan vanwege
haar verjaardag. We kunnen onze bewuste intenties kenbaar maken aan anderen via
taal of gedrag. In dit proefschrift concentreren we ons op een bepaald type handeling:
vrijwillige bewegingen. We willen weten (1) hoe deze bewegingen tot stand komen door
middel van hersenprocessen en gedrag, (2) hoe de betrokken hersenprocessen verband
houden met het ervaren van intenties, en (3) welke factoren deze hersenprocessen en de
rapporteerbaarheid van een intentie kunnen beïnvloeden.
Waarom is dit belangrijk?
Tot nu toe werden vrijwillige bewegingen vaak bestudeerd in erg onrealistische situaties.
Proefpersonen worden meestal gevraagd om schijnbaar zinloze repetitieve bewegingen
uit te voeren, zoals het bewegen van een vinger op een tijdstip naar keuze. Deze
bewegingen hebben geen effect op de omgeving en dienen geen ander doel dan het
gehoorzaam opvolgen van experimentele instructies. Tijdens het uitvoeren van een
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dergelijke taak, wordt de hersenactiviteit van proefpersonen gemeten. Ook word hen
gevraagd om de tijdstippen te rapporteren waarop ze een intentie ervaren om te bewegen.
Dit soort studies hebben geleid tot beweringen als ‘het zijn onze hersenen en niet onze
bewuste intenties die onze bewegingen aansturen’. Dit heeft tot veel discussie geleidt
over de vraag of wij mensen al dan niet beschikken over vrije wil. Wij geloven dat
dit soort claims misleidend en voorbarig zijn, omdat het nog onduidelijk is of deze
resultaten ook zullen gelden in situaties die wij in het dagelijks leven ervaren, dat wil
zeggen, we twijfelen aan de ecologische validiteit van deze resultaten. Daarnaast zijn de
resultaten van deze studies doorgaans gebaseerd op gemiddelden. Om deze reden is het
nog onduidelijk of de relatie tussen de gevonden hersenprocessen en intentierapporten
ook blijft bestaan bij individuele bewegingen.
Het verbeteren van onze kennis over het tot stand komen van vrijwillige bewegingen
is niet alleen interessant en relevant voor gezonde mensen, maar ook voor mensen met
motorische problemen. Beter inzicht krijgen in wanneer en hoe een bewuste intentie
om te bewegen ontstaat in relatie met de neurale voorbereiding van een beweging, kan
ons helpen bij het ontwikkelen en verbeteren van revalidatieprogramma’s en prothesen.
Denk bijvoorbeeld aan een armprothese die in beweging komt wanneer de gebruiker
wil bewegen, of een loopband die gaat rollen wanneer iemand wil gaan lopen. Bij
het ontwikkelen van dergelijke hersengestuurde toepassingen, wordt het belang van
het verzamelen van ecologisch valide data nog eens extra duidelijk. Om op betrouwbare wijze intenties af te kunnen lezen uit hersenactiviteit, is het essentieel om deze
detectiemethoden te ontwikkelen op basis van realistische data. In realiteit zijn onze
bewegingen vaak complex: we besluiten wat we gaan doen, wanneer we dat doen en
of we iets doen op basis van verschillende interne en externe gebeurtenissen. Om in
toekomstige toepassingen om te kunnen gaan met deze complexiteit, moeten we dit ook
opnemen in onze experimentele data.
Wat hebben we gedaan?
In dit proefschrift presenteren we de resultaten van vijf onafhankelijke experimenten
waarin we de invloed van externe gebeurtenissen op intenties hebben beperkt of uitgebreid, zodat we verschillende contexten creëerden waarin iemand vrijwillig kon bewegen.
Om een meer ecologisch valide context te maken, hebben we twee computerspellen
ontwikkeld: Free Wally (hoofdstuk 5) en Flip-that-bucket (hoofdstuk 6). Net als de
vrijwillige bewegingen die we in het dagelijks leven uitvoeren, vereisen deze spellen dat
spelers een strategie bedenken om een lange-termijn doel te behalen: het bevrijden van
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Wally de walvis, of het meeste slijm verzamelen. Daarnaast zijn deze spellen ontworpen
om leuk te zijn. Terwijl spontane bewegingen (hoofdstuk 2, 3 en 4) geen consequenties
hebben, hebben de doelgerichte bewegingen binnen deze spellen specifieke effecten
(bijvoorbeeld het spuiten van water of het omkieperen van een emmer) die leiden tot
specifieke consequenties (bijvoorbeeld punten verdienen of spijt hebben).
Om een intentie om te bewegen te detecteren in hersenactiviteit, hebben we drie verschillende hersenprocessen bekeken die doorgaans worden geassocieerd met intentionele
bewegingen: de Readiness Potential (RP), Lateralized Readiness Potential (LRP) en de
event-related desynchronisation (ERD) in 8-30Hz. Deze hersensignalen worden ongeveer
2 tot 0.5 seconden voor de start van een beweging zichtbaar in de (pre)motorische cortex
en lijken aan te geven wanneer een beweging zal plaatsingen en wat voor beweging dit
zal zijn (bijvoorbeeld: een beweging met de linker- of rechterhand). In theorie kunnen
deze signalen direct gemeten worden via electro encephalografie (EEG), terwijl iemand
bezig is met een taak. Hierdoor zijn deze signalen in principe geschikt voor het aansturen
van prothesen en revalidatietechnieken via hersenactiviteit.
We hebben twee methoden gebruikt om het ervaren van een intentie te meten. Bij de
eerste methode word een intentie zelfstandig gerapporteerd na afloop van de beweging
(hoofdstukken 2 en 3), en bij de tweede methode wordt de proefpersoon voorafgaande
aan een beweging gevraagd om een intentierapport (hoofdstukken 3, 4, 5 en 6). In het
eerste geval, krijgen proefpersonen de taak om naar een klok te kijken en de stand van de
klok te rapporteren op het moment waarop zij een intentie om te bewegen ervaren. In het
tweede geval, horen proefpersonen op verschillende momenten een korte piep. Wanneer
zij dit geluid horen, worden ze gevraagd om aan te geven of zij op dat moment een
intentie om te bewegen ervaren. Wanneer proefpersonen op dat moment wilden bewegen,
mochten ze dit juist niet doen. Wanneer ze niet wilden bewegen, mochten ze het piepje
negeren en konden ze gewoon doorgaan met de taak. De momenten waarop de piepjes
werden gepresenteerd werden bepaald door de gemiddeld tijd tussen opeenvolgende
bewegingen (hoofdstukken 3, 4 en 5), of door het detecteren van een intentie om te
bewegen vanuit hersenactiviteit (hoofdstuk 6).
Wat hebben we ontdekt?
Onze experimenten hebben aangetoond dat het tijdstip waarop een bewuste intentie word
gerapporteerd afhankelijk is van de manier waarop je het meet. Wanneer je afwacht tot
iemand zelfstandig aangeeft dat hij of zij een intentie ervaart, gebeurt dit gemiddeld
150 milliseconden voor de start van een beweging (hoofdstukken 2 en 3). Wanneer
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een proefpersoon op verschillende momenten voorafgaande aan de beweging telkens
ondervraagd wordt door middel van een piepje, meten we de aanvang van een intentie
gemiddeld reeds 2 seconden voor de start van een beweging (hoofdstuk 3, 4 en 5). Dit
suggereert dat pas kort voor de start van een beweging, de ervaring van een intentie
op eigen initiatief kan worden gerapporteerd. Voorafgaande aan dit moment lijkt een
intentie niet beschikbaar voor een zelfstandig rapport, maar kan deze wel bewust en
rapporteerbaar worden gemaakt door middel van ondervraging (bijvoorbeeld via piepjes). Daarnaast hebben we gezien dat de gemeten hersensignalen, de(L)RP en 8-30Hz
ERD, consequent te meten zijn voorafgaande aan een beweging als wij kijken naar
gemiddelden (hoofdstukken 2 tot en met 6). Echter, wanneer we deze signalen bekijken
voorafgaande aan individuele bewegingen, zien we dat ze weinig voorspellende kracht
hebben. Als we deze signalen gebruiken voor het voorspellen van een intentie om te
bewegen, lukt dit maar in minder dan de helft van de gevallen (hoofdstuk 6).
Wat hebben we geleerd?
De resultaten van onze experimenten lijken erop te wijzen dat je een intentierapport kan
zien als een vorm van zelfinterpretatie. In ons lichaam worden continue verschillende
gebeurtenissen verwerkt, wat kan leiden tot het voorbereiden van meerdere handelingen.
Sommige van deze handelingen worden ook daadwerkelijk uitgevoerd, terwijl anderen
deze eindfase misschien nooit bereiken. Op verschillende momenten tijdens deze
parallelle processen, kunnen we een intentie ervaren. Of en wanneer dit zal gebeuren
hangt af van de context waarin we handelen. Bijvoorbeeld: wanneer je dagelijks fietst
naar je werk doe je dit waarschijnlijk zonder erbij na te denken, terwijl je tijdens een
autorijles wellicht expliciet gevraagd wordt om je intenties te rapporteren en verklaren.
In onze experimenten hebben we gezien dat dergelijke intentierapporten inderdaad
context afhankelijk zijn: wanneer we wachten op een spontaan rapport van een intentie
krijgen we een andere meting dan wanneer we een persoon om een rapport vragen. De
inhoud van deze rapporten lijkt daarnaast afhankelijk van de op dat moment beschikbare
informatie. Hersensignalen, gedrag en consequenties van handelen kunnen een dergelijk
intentierapport allemaal informeren.
Hoewel onze resultaten wel op een correlatie wijzen tussen de (L)RP en de 830HZ ERD en de ervaring van een intentie om te bewegen, hebben we niet kunnen
aantonen dat deze signalen noodzakelijk zijn voor het tot stand brengen van een intentie
of een beweging. In een situatie waarin er geen duidelijke externe redenen zijn om
te handelen, d.w.z. wanneer je spontaan handelt, lijken deze hersensignalen echter
210

References
wel (gedeeltelijk) verantwoordelijk te kunnen zijn voor het tot stand brengen van een
rapport over een intentie om te handelen. Met andere woorden: de hersenactiviteit
die deze signalen genereert, kan een informatiebron zijn voor andere hersenprocessen
die leiden tot intentierapporten. We geloven daarom dat in specifieke contexten de
(L)RP en 8-30HZ ERD kunnen worden beschouwd als potentiele aanstichters van
intentierapporten, in plaats van de oorzaak of implementatie van de intenties zelf (wat
werd beweerd in voorgaand onderzoek). Met behulp van Free Wally en Flip-that-Bucket
hopen wij verder onderzoek naar de relatie tussen hersenprocessen en bewuste ervaringen
omtrent vrijwillige bewegingen te ondersteunen en aan te moedigen. Op basis van het
onderzoek in dit proefschrift, verwachten we in elk geval dat er meer informatie uit een
intentierapport op te maken is dan je op het eerste gezicht zou denken.
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Dankwoord

Lieve opa,
Deze is voor jou. Het heeft een hele tijd geduurd voordat ik de moed kon vatten
om weer te tekenen. Ditmaal zonder jou. Op de kaft een uitwerking van de laatste
tekenopdracht die jij me gaf: een vlakverdeling van vierkantjes. Uiteraard zijn dit niet
zomaar vierkantjes, elk vierkantje heeft zijn eigen waarde en vult zijn eigen betekenis.
Hoewel de vierkanten samen een structuur vormen, gaan ze tevens elk hun eigen weg:
een spoor van intentionele acties binnen de voortdurende processen in ons complexe
brein. Opa, jouw tekenlessen waren voor mij een baken van ontspanning in drukke tijden.
Door jouw zachte aanwezigheid, optimisme en open houding, voelde ik mij begrepen en
gesteund. Door jouw lessen kijk ik anders naar de wereld. Door jou weet ik wat familie is.
Ik had nooit gedacht dat ik een PhD zou doen. Lange tijd was ik er zelfs van overtuigd
dat dat het laatste zou zijn wat ik zou doen. Zo zie je maar weer: zeg nooit nooit. Mijn
bachelor- en masterscripties waren mij zo goed bevallen dat dit mijn mening over het
doen van wetenschap rigoureus deed veranderden. Toen Pim mij tegen het eind van
mijn masterstage vroeg of ik niet een NWO TopTalent beurs aan wilde vragen, dacht ik
dan ook: “Waarom niet? Dat betekent tenminste vier jaar lang leuk werk!”. Van deze
keuze heb ik geen spijt gekregen. Tijdens dit project ben ik volwassen geworden. Graag
bedank ik hier de mensen die mij nieuwe inzichten, vertrouwen, liefde en steun hebben
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gegeven. Jullie zijn mij allen erg dierbaar.
Peter, ontzettend bedankt voor het mede-mogelijk maken van mijn PhD aanstelling
binnen het Donders Instituut. Ik waardeer je oprechte interesse, creativiteit en eigenzinnigheid. Ik ben je dankbaar voor alle kansen die je me geeft en ben blij dat ik nog een
tijdje voor je mag blijven werken.
Pim, jij doet me denken aan mijn oudste broer: anarchist in hart en nieren, creatief,
sociaal, eerlijk en integer. Onze ontmoetingen waren oprecht, humoristisch en ontzettend
leerzaam. Ik sta telkens weer verbaasd van de hoeveelheid kennis die je hebt. Met jou
kun je werkelijk over elk mogelijk onderwerp een inhoudelijke en interessante discussie
voeren. Door jou kwam ik telkens tot nieuwe inzichten over zaken waarvan ik dacht
dat ik allang wel snapte hoe het zat. Van jou leerde ik om eerst heel goed te denken en
dan pas te doen, zodat het resultaat hoe dan ook leerzaam is. Ik ben dankbaar voor jouw
zorg, inzet en betrouwbaarheid, die je zelfs na de afronding van mijn PhD nog toont.
Jason, you remind me of my middle brother: funny, honest and incredibly smart.
What I value most about you is your open attitude and sincere interest in science. No
matter whether you are talking to a student or a professor, you take everyone seriously
and listen to what they have to say. While doing so, you think outside the box and
come up with novel ideas. Karen and me often said to each other that you are our
role model. Although I am not sure whether I can ever catch up, I strive to one day
have your knowledge and skills. Over the years, I have seen you grow as a teacher and
supervisor. Where we both once got lost in our enthusiasm for science, thinking of a
hundred questions to answer, you now take a step back and know how to plan things
realistically.
Pim and Jason, I could not have wished for better supervisors during my PhD. You
both gave me exactly what I needed: enthusiasm and faith. Our discussions were not
only inspiring, but also gezellig. I hope to see you regularly in the future, both in and
outside science, as you are not only great scientists but also great people that I am lucky
to know.
Bettina and Florian, thank you for your guidance and interest in my fMRI project. I
am grateful that I got the chance to meet you and learn about real-time fMRI analysis. It
has been a pleasure working with you and I hope to one day continue our collaborations.
Marcel, hartelijk dank voor de mogelijkheden die jij me geboden hebt. Ik heb
erg genoten van het half jaar dat ik als docent heb mogen werken bij Kunstmatige
Intelligentie. Hopelijk zien wij elkaar in de toekomst!
Stichting IT Projecten, en Leo in het bijzonder, hartelijk dank voor jullie ondersteun216
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ing van mijn onderzoek. Zonder jullie was het laatste hoofdstuk van mijn proefschrift er
niet geweest.
Karen, Eliana and Jana: what a joy that we started working in the BCI group together!
We hit it off right from the start and I am thankful for the laughs, tears and hugs that we
shared together. Eliana, I could recognize your laugh and beautiful curls from a distance.
Thank you for the crazy dances, your enthusiasm and your care. Jana, I really enjoyed
the Donders Discussions sessions that we hosted together and the crafty afternoons at
your place. Thank you for your honesty, warmth and making me laugh all the time.
Karen, where to start? I have known you since my bachelors and over the years we have
become inseparable. I can’t really imagine working somewhere without you. You are
one of the smartest and most loyal people I know. I will never forget how you left pieces
of chocolate at my doorstep for three days in a row, when I felt like I had lost the world.
You are truly a good friend and I am happy to have you by my side as my paranimf.
Anne en Yvonne, wat heb ik geboft dat ik zulke getalenteerde masterstudenten heb
mogen begeleiden. Hartelijk dank voor jullie toegewijde inzet bij mijn onderzoek zowel
binnen als buiten jullie masterstage. Yvonne, wat ben ik trots dat jij inmiddels een PhD
onderzoek bent gestart. Met jouw vrolijke enthousiasme en doortastende vragen, weet
ik zeker dat je een mooi proefschrift neer zal zetten. Anne, wat hebben wij gevochten
om het laatste hoofdstuk van mijn proefschrift rond te krijgen. Ik kijk op naar jouw
doorzettingsvermogen en de wijze waarop jij nieuwe kennis binnen no time eigen maakt.
The BCI Lowlands team: Yvonne, Anne, Iris, Jordy, Karen, Marzieh, Jordi, Alexandra and Peter. Thank you all for your enthusiasm and support with the “typen met je
brein” experiment on Lowlands Science. It has been great to dance, laugh and work
with you. Marzieh, thanks for the weird dance moves that we shared. Jordi, dankzij
jou ruikt mijn haar nu altijd heerlijk door Garnier Loving Blends Honing Goud. Jordy,
jij bent een geboren wetenschapper: rustig en secuur werk je naar een antwoord op je
vragen. Het is een feestje om jou als collega te hebben, niet alleen door je intellect, maar
ook door je humor. Samen met jou en Karen een onderzoeksgroep leiden, lijkt me zo’n
slecht idee nog niet. . .
The InScience team: Anne, Djamari, Ines, Jana, Jason, Josi, Karen, Marta, Randi,
Yvonne and Peter. Thank you all for your support at the InScience festival, which turned
my last thesis chapter into reality.
Goede wetenschap doe je niet alleen. Philip, hartelijk dank voor alle technische
ondersteuning die je mij hebt geboden. Jij gaf mij het gevoel dat domme vragen niet
bestaan. Bedankt voor alle problemen die je voor mij oploste, ondanks dat er soms maar
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weinig tijd voor was. Miriam, bedankt voor alle lab support, advies over praktische zaken,
en de hulp bij het verbeteren van het reilen en zeilen in het BCI lab. Ronnie, ik denk dat
er geen betere manager van het BSI lab kan bestaan. Hartelijk dank voor je nuchtere
houding en de vriendelijke begroetingen in de wandelgangen. Beste proefpersonen,
hartelijk dank voor jullie aanwezigheid en inzet, zonder jullie was dit proefschrift er niet
geweest.
Aoju Chen, Iris van Rooij en Sabine Hunnius, wat fijn om zulke vrouwelijke rolmodellen te hebben. Door jullie aanstekelijke enthousiasme en passie voor wetenschap zijn
jullie elk een grote inspiratie voor me geweest toen ik nog student was.
Ger, bedankt voor jouw feedback op het ontwerp van mijn kaft. Het voelde voor mij
bijzonder om dit met jou, een goede vriend van mijn opa, te mogen doen.
Al het harde werk was mij niet gelukt zonder een creatieve en sportieve uitlaatklep.
Hoewel ik een hart voor wetenschap heb, ben ik niet gemaakt om dagen lang achter een
bureau te zitten. Nijmeegse Funrunners, hartelijk dank voor alle heerlijke hardlooprondjes. Ik had nooit gedacht dat ik ooit een halve marathon zou lopen, maar met jullie hulp
is dit gewoon gelukt! Menno en Joost, hartelijk dank voor jullie gezelligheid tijdens de
zwemles. Met jullie erbij is het werkelijk een feestje! Saskia, wat ben ik blij dat ik jou
ken. Ons samenspel heeft van mij niet alleen een betere pianiste gemaakt, maar ook
geleid tot een hoop plezier bij het behalen van nieuwe doelen.
Eelke, hartelijk dank voor de wiskundelessen en introductie tot Kunstmatige Intelligentie. Zonder jou had ik nooit van deze studie geweten. Ik vind het grappig om te zien
hoezeer ik in jouw voetstappen volg en hoop je nog vaak tegen te komen in de toekomst.
Minke, Bouke, Anna, Hannah, Liang, Ward, Maria en Jorien, jullie zijn mijn Italiaanse familie: bij jullie ervaar ik oprecht de blijdschap van een Bertolli reclame. Ons
wederzijds vertrouwen, gedeelde humor en eerlijkheid is mij erg dierbaar. Door jullie
weet ik dat ik niet alleen ben.
Anke en Mao, dank voor jullie steun en vriendschap. Ik ben blij dat wij onze PhD
samen hebben mogen beleven. Mao, dank voor het onderdak, de goede gesprekken en
de gezelligheid die wij als huisgenootjes mochten delen.
Yvon, men zegt wel eens dat een PhD zwaar is. Als ik het vergelijk met wat jij voor
je kiezen kreeg, dan stelt het werkelijk niks voor. Ondanks dat, steunde jij mij in alles
wat ik deed en waar ik tegenaan liep. Zelfs met tranen op onze wangen, konden wij
samen lachen. Onze lol, jouw optimisme en onze oprechte gesprekken vergeet ik niet.
Jou vergeet ik niet.
Dorothé, hartelijk dank voor alle schrijfweken in Friesland. Zonder jouw hulp had
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dit proefschrift nog veel langer op zich laten wachten.
Mamma, pappa, Thom, Lieke, Patrick, Ryanne, Mies, Tygo en Max: als familie zijn
wij wellicht wat onorthodox, maar als ik één ding zeker weet dan is dat wel dat wij van
elkaar houden en op elkaar kunnen vertrouwen. Ik zou geen andere familie willen dan
jullie. Mamma, jij kent mij als geen ander. Bedankt dat je er altijd voor mij bent.
Lieve Frank, niemand kent mijn proefschrift beter dan jij. Keer op keer mocht ik
mijn experimenten op je testen, hielp je me bij het vinden van proefpersonen, dacht
je mee over mijn vraagstukken, gaf je me feedback op mijn artikelen en hielp je me
met de planning van al mijn activiteiten. Jouw bijdrage aan dit proefschrift is groot.
Frank, niemand kent mij beter dan jij. Wij groeiden samen op, leerden wat liefde is en
gingen samen op avontuur. Jij bent mijn beste vriend en mijn familie. Momenten met
jou behoren tot de mooiste in mijn leven. Dank dat je ook tijdens mijn verdediging aan
mijn zijde staat.
Steef, graag zwem ik met jou mijn leven door. Wanneer er zonsondergangen en
wilde paarden bij betrokken zijn, weet je wel dat het menens is <3
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accepted to the Cognitive Neuroscience master of the Donders Institute in Nijmegen (another great
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develops commercial EEG systems. Having deleted all doubts, she finished her masters in 2014
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Donders graduate school

For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established the
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a national graduate school in 2009. The Graduate School covers training at both Master’s and PhD
level and provides an excellent educational context fully aligned with the research programme of
the Donders Institute.
The school successfully attracts highly talented national and international students in biology,
physics, psycholinguistics, psychology, behavioral science, medicine and related disciplines.
Selective admission and assessment centers guarantee the enrolment of the best and most motivated
students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang
University in South Korea, NTNU Norway, University of Illinois, North Western University,
Northeastern University in Boston, ETH Zürich, University of Vienna etc.. Positions outside
academia spread among the following sectors: specialists in a medical environment, mainly in
genetics, geriatrics, psychiatry and neurology. Specialists in a psychological environment, e.g. as
specialist in neuropsychology, psychological diagnostics or therapy. Positions in higher education
as coordinators or lecturers. A smaller percentage enters business as research consultants, analysts
or head of research and development. Fewer graduates stay in a research environment as lab
coordinators, technical support or policy advisors. Upcoming possibilities are positions in the
IT sector and management position in pharmaceutical industry. In general, the PhDs graduates
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almost invariably continue with high-quality positions that play an important role in our knowledge
economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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