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In our daily lives, we frequently execute actions that require several steps to bring about the out-
come. However, investigations on how the sense of agency—the sense of controlling our actions
and their outcomes—evolves in multi-step actions are still lacking. The purpose of the present
research is to fill this gap. In the present study, the participants executed one-step, two-step, and
three-step actions in which one, two, or three keys had to be pressed consecutively to generate a
tone. We used sensory attenuation as an implicit measure of the sense of agency. Sensory attenu-
ation means that self-produced sensory effects are perceived as less intense than externally gener-
ated effects. In the present experiment, sensory attenuation was measured in a psychophysical
paradigm and increased in multi-step actions compared to the one-step action. We also asked the
participants to explicitly rate the amount to which they felt that they had generated the tone. Rat-
ings were highest in the one-step condition and dropped for multi-step actions, thus showing the
opposite pattern of the sensory attenuation data. We assume that enhanced sensory attenuation
in multi-step actions could be due to increased effort or more accurate sensorimotor predictions of
action effects. The decrease in explicit ratings for multi-step actions might be attributed to reduced
perception of causality.

INTRODUCTION

Implicit approaches to agency measure perceptual or neutral chang-

es that may be related to the SoA. One of these is sensory attenuation,

Many actions in our daily lives require several steps before the ex-

which means that sensory effects following one’s own actions are per-

pected outcome occurs, for example writing this paper, shopping at the

ceived as less intense than externally generated sensory effects of the

grocery store, or making coffee. The sense of agency (SoA) refers to

same intensity, or that processing self-generated effects is attenuated

the sense of controlling our actions and their effects (Haggard, 2017).

at the neural level (Beck et al., 2017; Blakemore et al., 1999; Blakemore

However, it is to date unclear how the SoA evolves in the context of

multi-step actions.

et al., 1998; Desantis et al., 2012; Gentsch et al., 2015). It can be meas-

ured, for example, by comparing the subjective intensity of internally

There are different approaches to measure the SoA. The most direct

and externally generated stimuli (Weiss et al., 2011). Another very

way is to ask a person whether they caused a certain sensory effect or
not, or to use graded evaluations of how strongly a person feels that
they have caused a certain effect (e.g., Schwarz et al,, 2018; Timm et al.,
2016). These techniques belong to the group of explicit agency meas-
ures. Although this is a very practical way to measure the SoA, explicit

measures may be subject to biases (Wegner & Wheatley, 1999).

common approach to measure SoA implicitly is intentional binding:

the subjective temporal compression of the action-effect interval for
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voluntary actions (Haggard et al., 2002). This phenomenon has also
been termed temporal binding (Dewey & Knoblich, 2014; Majchrowicz
& Wierzchon, 2018) or causal binding (Buehner & Humphreys, 2009;
Rohde et al., 2014).

Both implicit and explicit techniques are supposed to measure the
SoA. However, some studies that have combined different SoA meas-
ures have failed to reveal significant correlations between them (Dewey
& Knoblich, 2014; Saito et al., 2015). Thus, the different methods may
capture distinct aspects that all contribute in some way to the agency
experience, and several methods should be combined to obtain a more
comprehensive picture of the SoA.

Research on the SoA has employed different kinds of actions and
action effects. A common approach is to have participants press a
key, which leads to some sensory effect (e.g., Barlas & Obhi, 2014;
Haering & Kiesel, 2014; Haggard et al., 2002; Wang et al., 2017). Some
authors have also used more complex actions that trigger an effect,
such as mouse movements (Damen et al., 2014), joystick movements
(Ebert & Wegner, 2010; Franck et al., 2001), or line drawings (Asai,
2015). Furthermore, apart from this common one action-one effect
sequence, studies have shown intentional binding in (a) effect-action-
effect triads (Yabe et al., 2017), (b) for a second tone that followed the
classical keypress—tone sequence in the form of an additional action
effect (Ruess et al., 2018), and (c) in longer alternating sequences of
voluntary actions and their ensuing effects (Imaizumi et al., 2019).
However, none of this research has addressed the question of how the
number of action steps influences the SoA for that action.

One could assume that multi-step actions may be perceived as more
effortful than one-step actions. Thus, research on how effort during an
action influences the SoA may provide some relevant background for
the present study. Effort has been manipulated in different ways: (a)
increasing physical effort, that is, that more bodily strength had to be
used during certain actions (Demanet et al., 2013; Howard et al., 2016;
Minohara et al,, 2016), (b) increasing mental effort in the context of
a dual-task paradigm (Howard et al.,, 2016), and (c) increasing mo-
tor difficulty by using the non-dominant hand (Damen et al., 2014).
Increased effort has been associated with increased SoA (Damen et
al., 2014; Demanet et al., 2013; Minohara et al., 2016), although one
study reported the opposite (Howard et al., 2016). These studies have
either employed intentional binding as an implicit approach to SoA
(Demanet et al., 2013; Howard et al.,, 2016) or used explicit agency
measures (Damen et al., 2014; Minohara et al., 2016), but not a combi-

nation of the two. None of these studies measured sensory attenuation.

The Present Research

In the present study, we investigated the SoA for multi-step actions. We
were interested in how the number of action steps may influence both
implicit and explicit measures of the SoA.

As an implicit approach to the SoA, we measured sensory attenua-
tion using a psychophysical approach. The paradigm has been estab-
lished in previous studies (Sato, 2008; Weiss et al., 2011): Participants
press a key, which generates a tone of constant intensity, followed by a

comparison tone of the same frequency and duration, which may or

may not differ in intensity from the self-generated tone. Participants
judge which of the two tones sounded louder to them. The responses
are used to calculate the point of subjective equality (PSE), which is the
intensity of the comparison tone at which the probability of judging the
comparison tone as louder than the self-generated tone is exactly 50%.
We also measured the SoA explicitly by including some trials in which
participants rated the extent to which they felt that they had gener-
ated the tone. These explicit rating trials were included in the learning
phase, during which the participants acquired the relationship between
actions and their subsequent auditory effects. The inclusion of a learn-
ing phase was in line with the procedure of two previous studies on
which the present research was based (Sato, 2008; Weiss et al., 2011)
and follows the idea that these rather artificial action-effect pairings—
as opposed to body-related phenomena such as tickling oneself—have
to be learned (Dogge et al., 2019).

We varied the number of action steps between one and three, which
means that one, two, or three keys had to be pressed consecutively
in order to trigger the self-generated tone. Based on previous studies
that measured how effort influences the SoA, we reasoned that more
action steps would require higher amounts of effort, simply because
more steps need to be taken before an action effect occurs. Therefore,
we predicted that both explicit and implicit indicators of SoA would
increase across the three action levels, that is, that the subjective ratings
of having caused the tone would rise and that the PSEs would decrease

with more action steps.

METHODS

Participants

Thirty-nine students of Justus Liebig University Giessen participated in
the present experiment. One participant was excluded due to a techni-
cal failure during the measurement. Two more participants were with-
drawn because they showed unrealistic PSE values (63 dB and 22 dB,
respectively, while the self-generated tone had an intensity of 74 dB),
which indicates that they had not understood the task. The remaining
36 participants had a mean age of 23.4 years (SD = 3.1; range: 19 - 31
years), 24 were female. They either participated for course credit or re-
ceived financial compensation of €8 for their participation. The study
was approved by the ethics committee at the Department of Psychology
and Sports Science at Justus Liebig University Giessen. All participants

provided written informed consent prior to the experiment.

Stimulus Material

The equipment consisted of a standard computer, a keyboard, a mouse,
and headphones (Sennheiser HD 202). The arrow keys of the keyboard
were used to execute the different actions as follows: one-step action:
left arrow key; two-step action: left arrow key and down arrow key; and
three-step action: left arrow key, down arrow key, and right arrow key.
Pure tones with three different frequencies (500, 1000, and 1500 Hz),
seven different intensity levels (71, 72, 73, 74, 75, 76, and 77 dB), and 100
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FIGURE 1.

« Panel A: Time course of a trial in the learning phase. Panel B: Time course of a trial in the test phase.

ms duration served as stimuli. Presentation software (Neurobehavioral

Systems, San Francisco, USA) was used to run the experiment.

Procedure

The experiment was presented to the participants as a study investi-
gating tone perception. It consisted of three blocks: a one-step action
block, a two-step action block, and a three-step action block. Each
block was subdivided into a learning phase, comprising 100 trials, and
a test phase, comprising 175 trials, resulting in a total of 825 experi-
mental trials. Block order was assigned randomly to each participant.
Furthermore, each tone frequency (500, 1000, and 1500 Hz) was ran-
domly assigned to one of the blocks for each participant.

Each learning phase started with the instruction that the participant
would now acquire the relationship between an action and an event.
The participant was asked to freely choose a point in time and execute
the corresponding action for the current block, using only the right
index finger. Participants were also informed that they would be asked
on a regular basis as to how much they felt that they had produced the
tone. The instructions for the two- and three-step actions emphasized
that the action keys had to be pressed one after another in a speedy
manner. If a participant took more than 700 ms between two keypress-
es, the program asked the participant to press the keys faster, and the
trial was repeated. Actions were followed by a tone of constant intensity
(74 dB). The inter-trial interval (ITI) was 1 s.

After 20, 30, 40, 50, 60, 70, 80, and 90 trials (eight times in total dur-
ing the learning phase), an explicit agency judgment was acquired. In
these cases, the tone was followed by a screen asking participants how
much they felt that they had produced the tone. Ratings were provided
on a continuous scale with the verbal label “not at all” on the left and
“very much” on the right, using the left mouse button to move the cur-
sor, which was initially placed at the center of the scale. Figure 1, Panel
A shows the procedure of a trial in the learning phase.

The test phase had a similar procedure. However, the self-generated
74 dB tone was followed by a second tone after a variable delay. The
second tone had the same frequency and duration as the self-generated
one, but varied randomly in intensity (71 -77 dB). The delay between
the two tones varied randomly between 800 and 1200 ms. After the

second tone, the participants decided which one was louder using the
“1” or “2” key on the left side of the computer keyboard. The ITI lasted
1 s. Figure 1, Panel B shows the procedure of a trial in the test phase.
In total, the experiment lasted about an hour. After the experiment, the

participants were thanked for their participation and debriefed.

Data Analysis

The only independent variable in this experiment is the number of ac-
tion steps: one, two, or three. To measure sensory attenuation, we cal-
culated the PSEs in decibels as our dependent variable. For the explicit
measurement, we used the agency ratings translated into percentages,
ranging from 0 to 100%.

The PSE values were calculated as follows: for each intensity level of
the comparison tone, the proportion of “second tone louder” responses
was determined separately for each of the three action conditions. A
logistic function was then fit to the data using a maximum-likelihood
procedure, as implemented in the Palamedes toolbox (www.palame-
destoolbox.org; Prins & Kingdom, 2009) running on Matlab (The
MathWorks, Natick, USA). To check whether potential PSE differences
between conditions could be attributed to differences in perceptual
sensitivity, we also calculated the just noticeable difference (JND) for
the three actions by subtracting the intensity of the comparison tone
judged as louder in 25% of the trials from the intensity of the compari-
son tone judged as louder in 75% of the trials, divided by 2. Raw data
are available from the Open Science Framework, doi: 10.17605/OSE
IO/WKVG4.

RESULTS

Table 1 and Figure 2 show the sensory attenuation results. To test our
hypothesis of stronger sensory attenuation in multi-step actions, we
calculated a repeated-measures analysis of variance (ANOVA) on
the PSEs. The result (Greenhouse-Geisser corrected) was significant,
F(1.645,57.591) = 3.385, p = .05, qu =.088. The difference contrast (re-
verse Helmert contrast) revealed that the PSE in the three-step action

was significantly lower than in both the one-step and two-step actions,
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TABLE 1.

Descriptive Statistics

1-step action

2-step action 3-step action

Point of subjective equality (dB)

Mean (SD) 73.81(0.52) 73.77 (0.63) 73.51 (0.82)
Just noticeable difference (dB)
Mean (SD) 0.91 (0.39) 0.94 (0.34) 0.90 (0.37)
Explicit rating
Mean (SD) 83.07 (28.10) 79.27 (24.81) 79.85 (26.01)
Median 97.34 92.13 94.13
t=2.586, p = .012 (contrast: three-step vs. one-step and two-step con- DISCUSSION

ditions), while the PSEs in the one- and two-step actions did not differ
significantly (p = .775; contrast: one-step vs. two-step condition). Thus,
sensory attenuation increased with more action steps, but this effect
was driven by the three-step action. For detailed information on the
proportion of “second tone louder” responses for each comparison
tone intensity, separated by action condition, see Table 2.

An additional repeated-measures ANOVA on JND values re-
vealed no significant difference between the three conditions (p >
.776; see Table 1 for the descriptive values).

Explicit agency judgments were higher in the one-step condition
than in the other two (see Table 1), and the data were left-skewed
(i.e., most ratings were provided on the right side of the scale). Due
to strong deviations from normality, we used the non-parametric
Friedman test, which revealed a significant result, x> = 6.687, p =
.035. To further analyze this effect, we conducted a Wilcoxon signed-
rank tests to compare the three conditions. Since the descriptive data
pointed in the opposite direction to what we had hypothesized, we
used the two-sided test (Pagano, 2009). There was a significant dif-
ference between the one- and two-step actions, Z = 419.5, p = .013.
Other comparisons were not significant (ps > .34).

While timing in the one-step condition was constant (i.e., one
button press followed by a tone 50 ms later), pressing two or three
keys in a row could introduce some additional temporal variation
due to different delays between keypresses. Therefore, we also ana-
lyzed the relationship between this temporal variation and the three
outcomes: PSE, explicit rating, and JND. For the two-step action,
we calculated the SD of the delays between the first and the second
keypress (M = 37.89 ms, SD = 13.63 ms, range: 14.29-65.54 ms) for
each participant. For the three-step action, we calculated the SDs
between the first and second (M = 31.63 ms, SD = 14.03 ms, range:
14.59-73.39 ms), and between the second and the third keypress (M
= 32.28 ms, SD = 14.45 ms, range: 13.26-66.31 ms), and correlated
these values with our three outcome variables. This procedure was
derived from Weiss et al. (2011). None of these correlations were
significant (ps > .43).

To sum up, our findings indicate that sensory attenuation—as an
implicit indicator of the SoA—increases in multi-step actions while

explicit agency judgments are reduced.

The present study investigated how the SoA evolves in multi-step
actions. We used actions requiring one, two, or three steps (keypress-
es), and showed that sensory attenuation for self-generated tones
was stronger in multi-step actions than in the one-step action, while
explicit agency ratings decreased in multi-step actions as compared
to the one-step action. The JND analysis showed that the differences
in sensory attenuation could not be attributed to differences in per-
ceptual sensitivity between the three action conditions.

Our findings with respect to sensory attenuation, which is consid-
ered an implicit measure of SoA, confirmed our initial predictions
based on research showing a stronger SoA for more effortful actions
(Damen et al., 2014; Demanet et al., 2013; Minohara et al., 2016).
Thus, one explanation for the present results could be that multi-step
actions are experienced as more effortful than the one-step action.
However, since we did not measure subjective effort, this explanation
will need to be addressed in future research.

An alternative explanation for our results could be that sensori-
motor prediction was more accurate in multi-step actions than in the
one-step action. Previous research has shown that as stimuli become
more predictable, sensory attenuation increases, even when the

stimuli are not self-generated (Kaiser & Schiitz-Bosbach, 2018). In
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FIGURE 2.

Psychometric curves averaged across all participants for each
of the three conditions. The horizontal line indicates the PSE
(probability of “second tone louder”responses = 50%).
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[ TABLE 2.
Proportion of “Second Tone Louder”Responses for Each Com-
parison Tone Intensity, Separated by Action Condition

Comparison tone . . .
1-step action 2-step action 3-step action

intensity
71dB .07 .06 .08
72 dB .10 13 13
73 dB 24 27 .33
74 dB .55 .56 .60
75dB .83 .82 .83
76 dB .93 91 .94
77 dB .97 .96 .98

fact, latter study which measured N1 reduction in the event-related
potential (ERP) as an indicator for sensory attenuation reported
that N1 reduction for the condition in which a three-step countdown
(but no participant action) preceded the effect was greater than when
the action effect had been generated by a single button press from the
participant. Another ERP study using a similar procedure reported a
seemingly contradictory result, with self-generated sounds resulting in
stronger N1 attenuation than fully predictable but externally generated
sounds (Klaffehn et al., 2019). A key difference between both studies
could be the way in which the externally generated effect was made
predictable: In the study by Klaffehn et al. (2019), a filling-up bar was
presented on screen, while Kaiser and Schiitz-Bosbach (2018) used a
visual countdown (3-2-1) to announce the externally generated effect.
This rather rhythmic way of announcing an effect may be key to in-
creased sensory attenuation, potentially due to a temporal expectancy
effect (Jones et al., 2017). Future research will have to further explore
the possibility of more accurate sensorimotor predictions in the con-
text of multi-step actions and how they come about.

Contrary to our predictions, explicit agency judgments were
reduced in multi-step actions. This finding is at odds with the litera-
ture on the relationship between effort and the SoA, which reported
increased judgments of agency for more effortful actions (Damen et
al,, 2014; Minohara et al., 2016). The effect cannot be explained by
increased temporal variability between keypresses in the two- and
three-step actions because the correlation between temporal variability
and explicit agency judgments was not significant. We propose that the
diminished judgments of agency in multi-step actions could be due to
a reduced perception of causality, one of the key mechanisms of the
SoA (Desantis et al., 2011). Potentially, if an action consists of several
steps, the perceived likelihood that mechanisms beyond the person’s
actions could play a role in generating the observed action effects
increases (Wegner & Wheatley, 1999) because “more “is happening”
between action initiation and the ensuing effect. Therefore, causality
should be manipulated in future studies in order to shed more light on
this explanation.

Our results also add to the evidence showing that implicit and ex-
plicit agency measures capture different aspects of the SoA (Dewey &
Knoblich, 2014; Saito et al., 2015). Results from implicit and explicit

agency measurements pointed into opposite directions, in line with

some previous findings (Majchrowicz & Wierzchon, 2018; Wen et al.,
2015). However, due to the temporal separation of explicit (learning
phase) and implicit (test phase) measurements in the present study,
these results should be interpreted with caution, because temporal
proximity between implicit and explicit agency measures may abolish
potential dissociations between these two types of measures (Imaizumi
& Tanno, 2019).

Adopting the idea of reduced causality perception with more action
steps, we cannot currently discard the possibility that the sensory atten-
uation effects observed in the present experiment captured something
else than an implicit measure of the SoA. If causality perception indeed
decreases with more action steps, an implicit measure of SoA should
also reflect this. In fact, both sensory attenuation and intentional bind-
ing have been questioned regarding their ability to adequately capture
the SoA, because they have also been observed outside the context of
voluntary actions (Kaiser & Schiitz-Bosbach, 2018; Kirsch et al., 2019;
Suzuki et al., 2019). Thus, in line with some arguments outlined above,
the present sensory attenuation effects may be a consequence of better
temporal predictability of the tone in the three-step action, rather than
reflecting a stronger SoA.

One key limitation to the present study is that more action steps also
implied longer delays between action initiation and the corresponding
action effects. Our results suggest a dissociation between the action—ef-
fect delay on the one hand and the action initiation—effect delay on the
other. Longer action—effect delays have been associated with reduced
SoA (Blakemore et al., 1999; Elijah et al., 2016), while our sensory
attenuation data indicate an increase of this implicit SOA measure at
longer action initiation-effect delays. More complex designs are need-
ed to isolate the effects of the number of action steps on the one hand

from the duration of the action initiation—effect delay on the other.
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