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Time estimation is a necessary mechanism for most cognitive functions. Common theories of temporal cognition therefore position
the sense of time as part of central cognitive processing, influenced by perception, memory, and affective state, and used for timing
judgements and timed responses. In contrast to stages of processing models, action-perception theory argues that action-
representations alter perception and cognition. Here, we propose that the dynamic, sensorimotor relationship between intention
and action outcomes determine time perception. This hypothesis was tested in three experiments (total N = 94, 57 female, 34 male, 3
non-binary, age 28.6, SD 7.3 years) that combined a motor control task with a temporal reproduction paradigm. Within a timed in-
terval (T1), participants tracked a linear moving target using a pointing device, then matched T1 by manually reproducing it. Despite
the tracking being independent of T1’s objective duration, the experiments consistently showed subjective time was biased by action
and perception properties. Experiment 1 showed distance of tracking target and sensorimotor resistance increased temporal estimates
bias while delay of visual action outcomes reduced these bias. Experiment 2 replicated these findings in an online sample, while
Experiment 3 partially extended them towards temporal anticipation. Across studies, experimental manipulation of cognitive demands
and use of passive control conditions show that neither attentional mechanisms nor perceptual differences can account for the
observed effects on time estimation. Instead, we argue that action representations alter time perception and that our sense of time is
shaped by the intentions behind, motions during, and consequences of our behaviour in time and space.

1. Introduction

Whether we are boiling an egg, waiting for a traffic light, or playing an instrument in an orchestra, estimating the duration of time is
an important capability that enables us to function in a world that is constantly changing. Traditionally, cognitive scientists have
explained this ability by inferring a central time-keeping mechanism that works similarly to a natural biorhythm or internal clock; a
hypothetical, sensory organ of time. The principal model, scalar expectancy theory [1,2], involves a pacemaker, an ‘internal clock’ [3,
4] ticking at a variable but relatively consistent speed, and an accumulator, collecting ticks if an attentional switch requires a temporal
judgement. Despite its simplicity, the model accounts for a variety of empirical findings of distortions in time perception [5,6]. For
example, temporal dilation, or overestimating objective time subjectively, may occur both as a result of arousal speeding up the
pacemaker (e.g. [7]) and from novel, deviant stimuli increasing attention, causing more ticks to be accumulated [8].
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Given the positioning of the pacemaker and accumulator as central cognitive mechanisms, it is perhaps understandable that scarce
attention has historically been given to the role of action planning and execution in perception of time. After all, in the classic,
cognitivist stimulus-processing paradigm, temporal effects of perception and attention will ultimately change how time is reported, but
how time is reported should not change its perception’. Thus, while action control and motor execution are necessary for any time
estimation task, these are typically understood as process-pure indicators of how timing is affected by the perceptual or central
variables under investigation. Consequently, while time perception clearly affects action, relatively scant attention has been paid to the
question of whether action affects time perception.

If we take perception, however, as a cognitive function with a behavioural goal of steering action towards important stimuli [10],
then it becomes plausible to assume action is as central to perception of time as it is to other modalities. Here, we argue on the basis of
two theories that perception of the consequences of our actions determines subjective time perception. First, according to the
sensorimotor account of visual consciousness [11], perception entails the knowledge of how movements result in sensory conse-
quences. Given that movement is necessarily temporally defined, our experience of time may derive from the dynamic sensorimotor
unfolding of action. Second, according to ideomotor theory, voluntary action results from the anticipation of the perceptual conse-
quences of action, while we have otherwise no conscious access to the motor system itself (c.f. James, 1890, p. 501-502, [12]).
Temporal cognition is only implicit in the theory, but is essential to observing an effect like intentional binding, in which sensory
consequences to voluntary action are estimated as occurring earlier in time than those following involuntary motion [13]. Taking these
theories together, we hypothesize that the dynamic, sensorimotor relationship between intention and action outcomes defines the
subjective perception of time.

One source of evidence in support of an integrated action-perception theory of time comes from work on action timing and
imaginary action. Indeed, the body of evidence related to action simulation theory [14] underlines how action itself, including its
planning, execution, and motor control, necessarily involves temporal cognition to exercise dynamic control. For example, Decety
et al. [15] studied the time used to imagine moving from one place to another and observed that this time strongly correlated with the
movement time if the same participant were to actually move to the position. Moreover, motor parameters that affect action execution,
such as physical abilities and environmental constraints, similarly alter imaginary action [16]. Action simulation theory thus makes a
strong point that motor processes, for example represented by subliminal activation of the motor cortex, are used to estimate the
duration of actions, whether imaginary or real. Importantly, however, although the theory involves both time and action, it makes no
claim on action affecting perception of external (i.e. non-imagined) stimuli, their timing, or the perceived duration of actions.

There are, however, indications that the subjective durations of perceptual stimuli are affected by imaginary actions. Using two
temporal cognition tasks, we previously [17] investigated whether action imagery would alter the estimated durations of videos. In
one task, participants were asked to either directly report the duration of visual stimuli, in the other to keep a constant pace of tapping
while watching the stimuli. Critically, while doing so, participants were requested to imagine running faster and faster or walking
slower and slower. These two conditions resulted in respectively temporal overestimation and underestimation of the video duration
and a related gradual increasing or decreasing tapping speed as a function of mental imagery. It therefore appears that imaginary
action affects the timing of stimuli as well as the timing of action, but this does not answer whether actual action alters time perception.

The second source of evidence comes from the recent body of work investigating the subjective time of sensory intervals within
periods of motor activity or inactivity (for a recent review see [18]). For example, Yokosaka et al. [19] showed visual intervals
presented while participants made unrelated movements, and in comparing these against probes (without movements) using a method
of constant stimuli, found relative temporal compression for fast movements. Interestingly, not only does movement itself alter interval
timing, but various parameters of movements have been shown to affect temporal judgements in surprising ways. For example,
auditory intervals presented while manipulating a robotic arm showed temporal compression as a function of the amount of viscosity
introduced to the arm, which in turn reduced the distance of the movement [20]. Duration of movements likewise affects subjective
timing: executing short and long movements bias judgements of auditory intervals towards congruent responses, suggesting a type of
cross-modal integration [21]. On the other hand, the direction of hand movements as either pointing towards or away from the body
has been shown to influence timing, showing that time perception is affected by even relatively subtle, configural motor parameters
[22]. Finally, irrelevant movements have been shown to not only bias temporal judgements, but also affect their precision. For
example, restricting movements has been shown to reduce accuracy of timing in bisection and temporal reproduction tasks [23,24].

The evidence thus shows the timing of visual and auditory intervals is affected by ongoing movement, although the degree to which
this due to decisional effects as opposed to a purely perceptual effect of action on time can be hard to determine. Bisection tasks (as
used by Refs. [20,23]) in particular make the assumption that episodic traces are retained over a long period of time for comparison
against novel stimuli. Cue-probe comparisons suffer to a lesser extent of a reliance on memory, yet as this paradigm still invokes
response categories (as long or short), which may be easily primed by an ideomotor effect (c.f [25]), a contamination of judgement by
interference from long or short action categorisations. To avoid such problems, some studies used computational models to separate
perceptual from decisional effects and explicitly compared outcomes from the bisection task with the temporal reproduction task, since
the latter eliminates or at least reduces requirements related to the use of response categories [20].

A further limitation of most of the studies mentioned is the degree to which movements are dissociated from perceptual events.
Seeing fast moving stimuli has long been known to alter their subjective timing [26,27], while the spatial distance between two visual

1 Of course, there are multiple different tasks used in the literature, and results of some experimental manipulation may vary depending on the
task (e.g. [9]). However, such differences are generally understood as reflecting the validity of a paradigm in a deeper sense, not in whether, for
example, time was reported using a touchpad or a keyboard.
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cues increases the perceived temporal asynchrony, a phenomenon known as the kappa-effect [28]. Careful steps need therefore be
taken to separate motoric from perceptual events, for example by hiding the hand movements [19]. However, this omits the fact that
hiding visually does little to reduce tactile sensations accumulating as a hand glides over a glass plate or manipulates a robotic arm.
Strictly speaking therefore, much of the literature may have shown only that haptic feedback resulting from actions alter cross-modal
interval judgements. As perception-action theories tend to view action and perception as by their nature integrated, we believe a more
fruitful approach may be therefore by to take it as a given that action involves sensory elements, and to investigate how the relation
between motor movements and sensory consequences define time estimation.

2. Present study

To investigate the causal role of actions in time perception, we used a time reproduction task, in which a standard interval was
marked by two visual cues and then manually reproduced using a key press. Critically, in between the two visual markers, participants
engaged in a motor control task based on Spapé & Serrien (2010), during which they tracked a target moving from the centre of the
screen to the periphery using a cursor controlled by drawing with a digital pen on a tablet. The key question was whether the time
reproduction would be influenced by the task characteristics of the motor control task, even though the latter was experimentally
independent from the time perception task. Four factors were manipulated during the motor control task to determine the role of the
three essential aspects of action: its goal, the execution, and its related effects. First, the goal of the action was defined by the tracking
distance between start and destination of tracking (Fig. 1, I). Second, the execution was defined by the motor resistance (II), or the
inverse of the pen’s sensitivity. Third, the action effect was operationalised as a sensorimotor delay between movement and visual
feedback (III). To disentangle action-effects from cognitive effects, such as attentional requirements, we furthermore implemented a
perturbation using an angular tracking distortion of pen movements (IV), requiring significant adjustment to stay on target [29].
Finally, to dissociate perceptual effects from action-related effects, a pure ‘observation’ condition was included, in which recorded
tracking motions were visually replayed while no actual movements were performed.

Note that apart from these movement parameters and the reproduction task itself — cue-probe and bisection tasks being more
common - there were two critical differences with the discussed literature. First, the movement period occurred within the timed
period, as opposed to having a longer period of movement within which the timed interval occurs. Essentially, we therefore investigate
whether the narrow period of movement affects the wider context of the visually presented interval as opposed to the other way
around. Second, while the movement execution and temporal task were physically independent, they were connected within the same
visual modality. Rather than strictly separating and hiding congruent action, we aimed to instead manipulate sensory, motoric, and
sensorimotor parameters of the task and relate these to temporal cognition.

3. Experiment 1

In Experiment 1, we tested whether actions performed during interval timing affected estimated time. If time perception is in-
dependent from actions made during the motor control task, none of the factors related to action goals, executions, or outcomes should
affect time perception. Secondly, if any effect would still be observed, but merely be related to visual differences, it should affect
temporal reproduction both during the real, ‘performance’ conditions and observation-only conditions. Specifically, if actions do affect
time perception then we would predict both distance and resistance should increase reproduced times, while delay should reduce it
(predictions pre-registered in more detail at https://osf.io/8dc3b/wiki/Predictions/). The effects of resistance and delay should
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Fig. 1. Experiment procedure. Top: Following a directional cue (a), the green circle indicated standard interval (T1) onset (b). During T1 (c), a
stylus was used to draw (unfilled circle) continuously from the centre to the shown destination (asterisk) while following a target (filled circle) for
1500, 2500, or 3500 ms. The red circle (d) then indicated the end of T1, which was followed by an inter-stimulus interval (e) of 500-1000 ms). The
same sequence of events then played out (f, g, and h being respectively Start T2, T2, and End T2), but now participants self-timed T2 by pressing a
key when T2 subjectively matched T1. Bottom: schematic illustration of how actual movement (M, straight arrows) translates to visual feedback
(dashed arrows) during T1 as a function of (I) distance of destination (in pixels), (II) resistance of movement (physical movement (M)/resistance =
visualised movement), (III) delay of movement (in ms), and (IV) perturbation (in degrees).
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furthermore critically depend on motor activity and therefore not replicate in the observation-only task. Finally, if the effect of motor
control on attention determines time perception, then perturbation should affect time perception in similar direction to resistance and
delay.

4. Methods
4.1. Participants

A pilot study was conducted to determine expected effect sizes for all effects under consideration, following which G*Power was
used to determine the number of participants required to attain sufficient (95%) power for each. This suggested a sample between N =
13 and N = 23. To accommodate for fallout due to technical errors and human performance, a sample of N = 26 volunteers was
recruited via opportunity sampling. Of these, 16 were female, 10 male, their age was between 19 and 59 (M = 30.27, SD = 9.26) years,
25 reported being right-handed, 1 left-handed, and the majority were undergraduate or postgraduate students from the University of
Helsinki. Participants received full instructions regarding the experimental procedure and were made aware of their rights, including
the right to withdraw from the study at any point in time during the study or two months after, without fear of negative consequences.
The study was in accordance with the guidelines set out by the University of Helsinki’s Ethical Committee in Social and Behavioural
Sciences (#422021).

4.2. Stimuli and apparatus

The experiment made use of a motor control task, a time reproduction task, and a sense of agency questionnaire, presented using E-
Prime 3.0.3.82 running on Windows 10 PC. Visual stimuli were presented using a 21” LCD screen running at 60 Hz and a resolution of
1920 x 1080 px, while responses were captured using a USB keyboard and a Wacom Intuos 5 Touch tablet (27.5 x 19.0 cm) with
stylus. During the motor control task, this tablet was used to move a ring-shaped cursor (r = 15 px) from the centre of a large, grey
circle (r = 350 px) towards a destination asterisk (r = 10 px) placed 150 or 300 px off centre at an angle of 45°, 135°, 225° or 315°.
Participants were instructed to follow a tracking target, a black circle (radius = 5 px), which moved at a linear velocity to reach the
destination within 1500, 2500, or 3500 ms, keeping it surrounded by the cursor as much as possible. To do this, they drew with the
stylus from the centre of the tablet in the cued, diagonal direction for a distance of ca. 1.80 cm (for destinations of 150 px) or 3.61 cm
(for 300 px).

Asillustrated in Fig. 1 (lower panels), four aspects of the task were independently manipulated. First, the distance of the destination
was either 150 or 300 px. This distance corresponded to the visual goal of the movement, but not necessarily the amount of movement,
since this was defined by both the degree to which a participant stayed on target, and the resistance. Second, this resistance redefined
the degree of physical movement on the tablet to visual movement on the screen by a factor 1 (normal speed) or 2 (half speed) in a
continuous manner. That is, if the participant moved the pen on the tablet within one frame of the samphng frequency (at ca 30 Hz) to a
distance normally corresponding to 2 px, a resistance of 2 would reduce the length of movement to 1 px”. Consequently, a destination
distance of 150 px, which would normally require 1.80 cm of stylus movement needed ca. 3.61 cm to complete the same trajectory with
aresistance of 2. Third, the delay was implemented by recording the visual movements, and playing these back 0 (no delay), 3 (100 ms
delay) or 10 (333 ms) frames later. Note that this does not mean a shorter period of manual movement: participants still started their
movement on cue, but their cursor only followed these movements later. Nor did it mean a longer period of visual feedback: both
tracking target and cursor were removed from view following the signal ending T1. Fourth, the perturbation was a directional
distortion of visual feedback, causing movements to appear rotated by an angle of 0°, 10°, or 25°. A video demonstration of the task is
provided in the supplementary material (SI 1).

Parameters and movements were recorded for use in observation trials, during which participants did not use the tablet, instead
passively viewing the drawings. The time reproduction task (Fig. 1, f-h) that immediately followed the motor control task used the
same visual presentation, except without tracking target or cursor.

4.3. Procedure

Following signing of informed consent, participants were given more detailed task instructions, watched a demonstration video and
undertook training during a short block of 8 trials before starting the experiment. Training trials were similar to the normal experi-
ment, but with longer trial durations (1500-6000 ms), and without any experimental manipulations (no delay or perturbation and
distance and resistance halfway between the experimental parameters). After completing this, participants undertook three experi-
mental blocks of 108 trials each, of which one was a regular motor control block, one was a recorded motor control block, and one was
an observation block. These were arranged in one of three orders (counter-balanced): regular-recording-observation, recording-
observation-regular, recording-regular-observation.

During regular motor control blocks, participants used the stylus to follow the tracking target (as shown in Fig. 1) during the motor

2 This is similar to the inverse of the mouse pointer (Windows) or tracking (OSX) speed that can be adjusted in most PC operating systems. Given
that there was relatively little manual movement (average 1.08 cm/s, compared to 5.45 cm/s on screen), the subjective experience of the
manipulation was rather subtle, and never commented upon by any participant, as opposed to the more obtrusive effects of delay and perturbation.
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control task between two visual indicators marking the first temporal interval T1 (Fig. 1: a-d). After an inter-stimulus interval (ISI),
randomized between 500 and 1000 ms, the interval onset cue was repeated, indicating the start of interval T2 (Fig. 1: f). Participants
were requested to passively wait and press the X key with their left hand as soon as the duration of T2 matched T1. Doing this caused
the ending signal of T2 to appear for 100 ms, followed by performance feedback. If T2 was more than twice or less than half the length
of T1, they were informed that their trial was repeated due to their error. If T2 was 50% longer or 33% shorter than T1, they were urged
to improve their performance and requested to press space to continue the experiment (the trial was not repeated). With lower errors, a
simple smiley emoticon was presented for 750 ms before the next trial started automatically. During recorded motor control blocks, the
trial sequence was exactly the same as during regular motor control blocks, but with motor control performances being recorded. These
were then displayed during observation blocks, during which participants were requested not to use the stylus but simply observe as the
drawings appeared on the screen.

In a subset of 8 trials, a short questionnaire appeared after the end of a trial to obtain experienced levels of sense of agency based on
Longo & Haggard (2009[30]). During these, participants indicated their agreement with three statements on a Likert-type scale (1: not
at all agree, 5: very much agree). In addition to statements regarding control (“It felt like I was in control of the cursor”) and pre-
dictability (“It felt like the cursor went exactly where I wanted it to go”), we added one pertaining to effort (“It was easy to stay on
target”). Each statement was presented randomly in its negative or positive form. The entire experiment took ca. 1 h to complete.

4.4. Design

Each experimental block consisted of 108 trials obtained by orthogonal presentation of five randomized variables: trial duration
(1500, 2500, or 3500 ms), distance (300 or 600), resistance (low or high), delay (0 ms, 100 ms or 333 ms), and perturbation (0°, 10° or
25%). These experimental manipulations were also logged during the recorded motor control block, their order randomized during
display in the observation block.

The primary outcome measure was the subjective time, as estimated by the reproduced time (RT, ms). Note that this marks a
departure from the preregistered analysis, which suggested proportional accuracy (T2/T1) to partially control for the main effect of
duration and the concomitant increase in variance for longer than shorter intervals (roughly in accordance with the Weber-Fechner
law). However, we chose the more direct analysis due to its more obvious interpretation of a shorter or longer subjective time, as
opposed to a more or less accurate estimation. The originally conducted analysis on temporal bias (i.e. proportional accuracy) is still
provided in the supplementary information SI 2 for readers who wish to confirm that the results are similar if not identical.

Three analyses were conducted using linear mixed models designed in jamovi 2.3.24.0 (Jamovi Project, 2022[31]), using R 4.1
[32], and the GAML;j package [33] to test effects of the experimental manipulations. Independent linear mixed models (with sum of
squares estimation type I) were designed with duration, distance, resistance, delay, and perturbation as factors in full factorial
composition®. Participant was used for clustering the variables, i.e. using the linear mixed model as a multilevel model by nesting the
other factors within each single subject and using the participant as a random factor for estimating each intercept [34]. The model
parameters were estimated using restricted maximum likelihood estimation and the denominator degrees of freedom were estimated
using Satterthwaite’s approximation [35]. First, we report the subjective time estimated during active blocks as our primary analysis.
Second, to verify whether these effects were not merely due to visual effects, we repeat the analysis but with subjective time estimated
during observational blocks. Third, to gain insight into the motor control accuracy, we repeated the analysis for active blocks, but with
drawing error as dependent, measured as the root mean square over the minimum distance between the cursor and the least squares
estimation between start and destination vector. Finally, we analysed sense of agency, computed as the average across three ques-
tionnaire items (negative items reverse scored), by means of more traditional repeated measures ANOVAs, since the questionnaire was
taken relatively infrequently. Readers who are unfamiliar with linear mixed models may also refer to Supplementary Information 2,
which presents also the outcomes of the other analyses using ANOVAs.

5. Results

As documented in the pre-registration, we analysed the reproduced times (RTs), including only trials with relatively accurate time
reproductions (subjective/objective time >0.5 and <1.5), and during which participants moved as per instruction. This resulted in 1
participant with more than 33% data loss, and 2 subjects with missing cells within the analyses. The remaining sample was used to test
whether increased distance and resistance causes temporal expansion, delay causes temporal compression, and perturbation causes
temporal compression with a linear mixed model with temporal bias as dependent and duration, distance, resistance, delay, and
perturbation as factors. To test whether these effects were found only for visual/motor conditions, or for both visual/motor and visual-
only conditions, we then report the same analysis, but on the observational, control trials. We then analysed the effects of distance,
delay, and perturbation on incidental questionnaire data for sense of agency with a single repeated measures ANOVA. As none of the
analyses suggested effects of perturbation on timing or agency, we did not test preregistered hypothesis 5 (the effect of perturbation on
temporal bias should reduce after controlling for sense of agency). However, we included an exploration on the relation between
control and timing by analysing the drawing error using a linear mixed model with duration, distance, resistance, perturbation, and
delay as factors.

3 Although the LMM provided an analysis at the trial level, the full factorial model involves few observations for each design cell at the higher
(34) levels, for which reason caution for type-I errors must be exercised especially for non-preregistered tests (i.e. any interaction).
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5.1. Time estimation during active blocks

A total of 357 trials (7.2%) were removed due to low accuracy or failure to follow drawing instructions, resulting in 4611 trials
remaining (200.5 per participant on average) for the analysis of time estimation during active blocks. Reproduction times (RTs) for
these trials entered a linear mixed model analysis with objective duration (1500 vs 2500 vs 3500 ms), distance (150 vs 300 px), delay
(0 vs 100 vs 333 ms), and perturbation (0 vs 10 vs 25 °) as factors, and participant as random effect. The resulting model had a fit (AIC)
of 68836.69, and the coefficient of determination (marginal R?) indicated it accounted for 57.9% of within-participant variance.

The results showed objective duration significantly affected RT, F (2, 4481.21) = 4052.11, p < .0001, suggesting that the intervals
were clearly distinguishable, even though a central tendency could be observed: 1500 ms was estimated as 1855 (SE = 49.64), 2500 as
2615 (SE = 49.47), and 3500 ms as 3219 (SE = 49.46) ms. Increased distances had a significant effect on RT, F (1, 4481.05) = 35.47, p
< .0001, Cohen’s & = 1.24 (95% CI [0.69, 1.78]), with increasing distance enlarging RTs by 73 (SE = 12.13) ms. Likewise, a higher
resistance resulted in significantly longer (34 ms, SE = 12.20) RTs, F (1, 4481.04) = 7.59, p = .006, Cohen’s & = 0.57 (95% CI [0.13,
1.02]). Conversely, increased delay shortened RTs, F (2, 4481.04) = 20.04, p < .0001: a delay of 100 ms reduced RTs by 57 ms (SE =
14.94), Cohen’s 8 = 0.79 (95% CI [0.32, 1.26]) versus the 0 delay condition, while a delay of 333 ms reduced RTs (vs 0) by 94 (SE =
14.94) ms, Cohen’s 8 = 1.31 (95% CI [0.74, 1.87]). Perturbation, however, had no significant effect, F (2, 4481.05) = 0.50, p = .61.
The only significant interaction observed was between objective duration and distance, F (2, 4481.05) = 18.76, p < .0001. A simple
effects analysis with Bonferroni corrections applied showed that the effect of distance was mainly found for objective durations of 2500
(mean difference (D): 97 ms, SE = 20.9 ms, p < .0001) and 3500 (D = 151, SE = 20.57, p < .0001) ms, but not for 1500 ms (D = —31,
SE = 22.16, p = .17).

Since few interactions were observed, the results could be adequately summarized as in Fig. 2: Distance and resistance increased
RTs, delays reduced it, and perturbation had no clear effect.

5.2. Time estimation during passive blocks

The same type of linear mixed model was used to analyse temporal bias during trials in which participants merely observed drawing
before reproducing the intervals, the results of which are presented in Fig. 3. Here, objective duration again significantly affected
temporal bias, F (2, 2153.73) = 2207.62, p < .0001, in a manner analogous to that observed for active blocks. Likewise repeating the
pattern of active blocks, distance had a significant effect, F (1, 2153.05) = 39.06, p < .0001, with longer distances increasing RTs by
101.89 (SE = 16.27), Cohen’s = 1.31 (95% CI [0.74, 1.86]). This effect was again moderated by trial duration, F (2, 2153.05) =
10.06, p < .0001, with an effect of distance observed for 2500 ms (mean difference (D) = 88, SE = 27.13, p =.001) and 3500 ms (D =
198, SE = 26.80, p < .0001), but not for 1500 ms (D = 20, SE = 30.48, p = .52). However, neither resistance, F (2153.08) = 0.01, p =
.93, nor delay, F (2, 2153.05) = 0.53, p = .59, significantly affected bias. Perturbation again had no significant effect, F (2, 2153.07) =
0.45, p = .64. Surprisingly, a significant four-way interaction was observed between delay, distance, resistance, and perturbation, F (4,
2153.06) = 2.79, p = .025, although we did not find a clear source of this interaction and considered it a false positive that was not
replicated in any of the other analyses or experiments.

5.3. Sense of agency

Three repeated measures ANOVAs were conducted to test the effect of distance, delay, and perturbation on sense of agency
separately. Sense of agency was not significantly affected by distance, F (1, 21) = 0.01, p =.93, 175 = 0.00, or by perturbation, F (2, 42)
=0.44,p = .65, ;13 = 0.021, although it was affected by delay, F (1.72, 36.17) = 7.34, p = .003, ;13 = 0.26. As is summarized in Fig. 4,
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Fig. 2. Main effects of duration, distance, resistance, delay, and perturbation on estimated time. Presented successively across five panels, the
effects of duration (ms), distance (pixels), resistance (low vs high), delay (ms) and perturbation (degrees of distortion) refer to the experimental
manipulations occurring during the standard interval (T1), while estimated time was measured by reproducing this interval during T2. The results
are shown in violins displaying distributions of scores with circles representing participant averages for each condition. Note: these are presented
without adjustment for the first panel (duration), but with baseline timing error subtracted for all other panels. Shaded areas in violins display first
and third quartiles, whiskers show standard errors of marginal means, and asterisks summarize post-hoc tests (Bonferroni-adjusted *: <0.05; **:
<0.01; ***: <0.001).
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Fig. 3. Main effects of duration, distance, resistance, delay, and perturbation on estimated time during passive blocks. Violins show distribution of
scores with circles representing participant averages for each condition, being presented without adjustment for the first panel (duration), but with
baseline timing error subtracted for the panels presenting the effects for distance, resistance, delay, and perturbation. Shaded areas within violins
show first and third quartiles, and whiskers show standard errors of marginal means.

delay showed a linear, negative effect on sense of agency, F (1, 21) = 12.34, p =.002, ng = 0.37, with mean sense of agency decreasing
from 3.24 (at 0 ms) on a scale of 1-5, to 2.78 (at 100 ms), and 2.54 (at 333 ms). To further examine how sense of agency was affected by
delay, we undertook an exploratory analysis, in which we separated the mean sense of agency score into the three subscales control,
effort, and predictability. This showed an effect of delay on control, F (1.76, 36.90) = 5.24, p = .01, ;13 = 0.20, and on effort, F (1.84,

38.64) = 8.54, p = .001, 1 = 0.29, but not on predictability, F (2, 42) = 2.99, p = .06, 17 = 0.13.
5.4. Exploratory analyses

To determine how motor control during the standard interval was influenced by distance, resistance, perturbation, and delay, we
conducted the same linear mixed model analysis as presented for RTs, but with error (px) as dependent. This showed significant effects
for distance, F (2, 4481.32) = 177.02, p < .0001, distance, F (1, 4481.07) = 212.57, p < .0001, resistance, F (1, 4481.07) = 332.33, p
<.0001, delay, F (2, 4481.06) = 344.18, p < .0001, and perturbation, F (2, 4481.07) = 38.47, p < .0001. These results, as summarized
in Fig. 5, show an interesting similarity to those of temporal bias: as with temporal bias, errors were reduced with increasing duration
but increased with longer distances. On the other hand, while temporal bias was increased for higher resistance but reduced for
increased delay, errors show a reversed pattern, with lower error observed for higher resistance, and higher for increased delay.
Perturbation showed an effect on errors, unlike on temporal bias, with 25 ° of perturbation increasing errors by 5.04 px vs 0 ° (SE =
0.65, p < .0001, Cohen’s & = 1.55 (95% CI [0.98, 2.23]), while 10 ° did not have a significant effect (if anything, it reduced error by
0.22 px, SE = 0.65, p = 1.0). Unlike timing estimation, error was affected by several two (duration x delay, duration x distance, delay x
distance, duration x resistance, delay x resistance, distance x resistance, all ps < .003), three-way (duration x delay x distance, duration
x delay x resistance, duration x distance x resistance, delay x distance x resistance, all ps < .0001), and four-way (duration x delay x
distance x resistance, p < .0001) interactions, but since none of these patterns repeated effects observed for the timing task, we did not
further analyse their specific direction.
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Fig. 4. Main effects of distance, delay, and perturbation on sense of agency. Successively presented across four panels, the effects of distance
(pixels), delay (ms) and perturbation (degrees of distortion) refer to experimental manipulations occurring during the immediately preceding trial.
Sense of agency was calculated as the average across three Likert-type self-report items pertaining to ease, predictability, and control, with a range
from 1 to 5. Violins show distribution of scores with circles representing participant averages for each condition (no adjustment for any panel).
Shaded areas within violins show first and third quartiles, and whiskers show standard errors of marginal means.
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Fig. 5. Main effects of duration, distance, resistance, delay, and perturbation on error during T1. Presented successively across five panels, the
effects of duration (ms), distance (pixels), resistance (low vs high), delay (ms) and perturbation (degrees of distortion) refer to the experimental
manipulations occurring during the standard interval. Error is the root mean square across recordings during this interval between cursor and
nearest point on the optimal path from start to destination. Violins show distribution of scores with circles representing participant averages for each
condition (no adjustment for any panel). Shaded areas within violins show first and third quartiles, and whiskers show standard errors of marginal
means. Note that the outliers in the upper tails of each figure concern all concern the same participant. We repeated the main analysis reported
under ‘Time estimation during active blocks’, but did not find the results were negatively affected by removing the individual.

6. Conclusions

In an experiment in which a motor control task was combined with a temporal reproduction task, the effects of perceived and
enacted motion on time perception were investigated. Longer perceived distances resulted in longer time reproductions, as did longer
executed distances, while longer visuomotor delays resulted in shorter time reproductions. However, in trials during which partici-
pants merely observed recordings of their motor performance, only the distance was found to alter time reproduction, while neither
resistance nor delay had such an effect. Thus, the effect of distance can be attributed to visual perception, as the other effects were
removed in visually identical but motorically passive control conditions.

The results thus argue in favour of a remarkably simple explanation: Time was proportionally overestimated whenever more motion
occurred, whether the motion was visual, motoric, or visual-motoric. Thus, as longer distances increased time estimates, so too did
longer motoric distances - in terms of the pen’s drawing on the tablet — yield longer time estimates. A delay between drawing action
and visual perception is tantamount to a shorter distance in visual-motoric distance, so the finding that delays elicit shorter time
estimates is entirely consistent with this explanation.

Alternative explanations of the findings might, however, focus on critical differences between the conditions in terms of attentional
mechanisms. Firstly, resistance might increase motor control demands and increase attentional focus, consequently dilating subjective
time. This seems unlikely since increased attentional demands would more obviously move towards the motor control task and away
from the timing task, reducing time estimates. More importantly, a control task involving a directional perturbation — which is known to
strongly increases motor control requirements [29,36] — did not produce similar effects on time estimations, nor did erroneous
movement in its own right.

A second alternative explanation involves the known effect of novelty on subjective time. For example, in the rapid serial visual
presentation paradigm, infrequent task-relevant ‘oddball’ stimuli are often perceived as having a longer duration, even if their physical
display time is exactly equal to the frequent, task-irrelevant ‘standard’ stimuli amongst which they are interspersed [37]. Thus, perhaps
the drawing ‘not behaving as expected’ incurred an oddball effect [38] resulting in generally longer estimates. In order then to 1)
replicate our own findings, 2) more strongly delineate the boundaries of the observed effects, and 3) to ascertain that the novelty of
visuomotor resistance could not explain the results, we conducted Experiment 2.

7. Experiment 2

Experiment 2 was designed to replicate and extend the findings of Experiment 1 by including more levels of each of the two factors
purely involving movement: perceived distance, and visuomotor resistance. Of critical importance was the inclusion of a resistance
condition that was lower than normal. If novelty caused the experiment 1 effect of resistance, then reduced resistance (i.e. increased
sensitivity) should cause an identical effect, being as ‘novel’. In other words, if a temporal oddball type of effect would account for the
previous effects, then both increased and decreased resistance should produce increased time estimates. If, on the other hand,
movement itself caused the observed effects, then decreased resistance should reduce subjective time.

Three further changes to the experimental setup were made. First, to keep the task from running overly long, one level was removed
from the other two factors, of visuomotor delay and perturbation. Second, due to COVID-19, we conducted Experiment 2 in an online
environment. This meant a drawing tablet was unavailable, so participants used either a laptop’s touchpad or a desktop mouse for
drawing. Third, since effects in temporal cognition are known to sometimes depend on the specific mode of response in the temporal
reproduction task [39], we adjusted the task and requested participants to manually indicate both the start and the end of the interval,
rather than just the end (as in Experiment 1). If this would provide similar results, it would indicate the effects were not due to the
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technical minutiae of the experimental paradigm.
7.1. Methods

7.1 1. Participants

Due to COVID-19 lockdown, the present study was conducted online using the E-Prime Go platform. E-Prime Go is an online version
of the more familiar E-Prime environment [40], which participants can download and run on their local PC. As preregistered on
aspredicted.org (https://aspredicted.org/x6u9m.pdf), we aimed to collect ca. 30 participants, with the added stopping rule to include
those who had already signed up before the 30 was reached. Of the N = 38 thus participating in the experiment, 25 identified as female,
10 as male, and 3 as non-binary. They were between 18 and 47 years of age (mean = 26.8, SD = 6.33) and generally were Finnish
residents (N = 35, the others from Czech Republic, Hungary, and The Netherlands), and most reported being right-handed (N = 33, 1
ambidextrous, 4 left-handed). As before, participants received full instructions regarding the experimental procedure and were made
aware of their rights prior to providing their informed consent. Participants received €7 or €7,50 (if they also volunteered for an
unrelated experiment) for their participation or could indicate a favourite charity to receive the money instead.

7.2. Stimuli and apparatus

Due to the experiment being conducted online, a variety of different hardware was used. While all PCs were using Microsoft
Windows 7 or higher as an operating system, there was strong variation in resolution, with the largest group running the experiment at
a resolution of 1920 x 1080 px. The remaining had either a lower (7 with 1366 x 768, 1 with 1600 x 900) or higher (2 with 2560 x
1440, 1 with 3200 x 1800) resolution, while of 3 participants, there was no data on display device used. All but three ran the
experiment at a refresh rate of 60 Hz, the others at 40, 65, and 75 Hz. Since we expected few people to use a drawing tablet for regular
interaction, we asked participants to report the device used in the experiment: 23 reported using a mouse, while 15 used a touchpad
during the experiment.

7.3. Procedure

Following signing of informed consent, participants ran the experiment. The experimental task and the instructions were the same
as before, except for the following changes. First, the design now included lower (factor 0.5) as well as higher resistance, and a medium
distance (225 px). Second, owing to the additional design cells, there was a need to reduce the length of the experiment, especially due
to it now being run online. For this reason, no observation block was included and questionnaire items were displayed only in one of
the 3 blocks (randomized), and only after the 36 trials in which the duration was 2500 ms. Third, to keep performance standards high,
we showed negative feedback if objective time was 43% longer than subjective time or subjective time was 40% longer than subjective
time, and repeated trials with subjective/objective time <0.6 or >1.7. Fourth, T2 was indicated by pressing the X-key twice, the
interval between designating the estimated time of T1 to be more consistent with the literature [41,42]. Fifth, the sense of agency
questionnaire was shortened to only the three items in their positive statement: ‘I had to use almost no effort to stay on target’; ‘It felt
like I was in control of the cursor’; and ‘It felt like the cursor went exactly where I wanted it to go’. Finally, some minor coding im-
provements were added to reduce CPU requirements and improve reliability across different computers. Full experimental source code
is available at: https://osf.io/7hwm8/. The experiment took on average 60.0 (SD = 10.8) minutes to complete.

7.4. Design

Experiment 2, like Experiment 1, included three blocks of 108 trials. In each block, trial duration (1500, 2500, or 3500 ms),
distance (150, 225, or 300 px), resistance (low, medium, or high), delay (33 or 200 ms), and perturbation (0° or 20°) were randomized
and repeated three times. We altered the analysis reported for Experiment 1 accordingly, conducting a linear mixed model analysis
with trial duration, distance, resistance, delay, and perturbation as factors in a full factorial model with the reproduced times (RTs) in
ms as dependent and participant as random effect. Note that traditional repeated measures ANOVAs as were originally preregistered
are provided as supplementary material. All post-hoc analyses are conducted with Bonferroni adjustments.

8. Results

As described in the preregistration (https://aspredicted.org/x6u9m.pdf), trials were removed if fewer than 75 or more than 600
pixels were drawn; if less than 20% of the path was completed; if subjective time/objective time (temporal bias) was below 0.5 or
above 1.5. Participants were removed from further analysis if fewer than 6 trials (ca. 33%) in any design cell remained after these
procedures. The latter rule was rather liberal in hindsight: on average 16.5 trials (91.9%, SD = 8.1%) remained following filtering.
Accordingly, all participants entered data analysis.

8.1. Main analysis

A total of 1015 trials (7.8%) were removed due to low accuracy or failure to follow drawing instructions, resulting in 11,914 trials
remaining (330.9 per participant on average) for the analysis of time estimation. These trials were analysed using a linear mixed model
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analysis with objective duration (1500 vs 2500 vs 3500 ms), resistance (low vs medium vs high) distance (150 vs 225 vs 300 px), delay
(33 vs 200 ms), and perturbation (0 vs 20 °) as factors, and participant as random effect. The resulting model had a fit (AIC) of
176744.62, and the coefficient of determination (marginal R?) indicated it accounted for 53.4% of within-participant variance.

The results showed objective duration significantly increased reproduced times (RTs), F (2, 11771.28) = 9409.23, p < .0001. As
with Experiment 1, the durations were clearly distinguished, but a central tendency effect was noticeable: objective durations of 1500
were reproduced as 1808 ms (SE = 42.42), of 2500 as 2515 (SE = 42.36), and of 3500 as 3046 (SE = 42.34). Both increased distance, F
(2, 11771.09) = 9.40, p < .0001, and resistance, F (2, 11771.07) = 5.77, p = .003, resulted in significantly increased RTs, while
increasing delay reduced RTs, F (1,11771.09) = 28.76, p < .0001. Perturbation again had no significant effect, F (1, 11771.04) = 0.08,
p = .77. Post-hoc analysis further specified the effect of distance as mainly concerning the difference between the 300 px and 150 px
conditions (mean difference (D) = 39, SE = 8.97 ms, p < .0001, Cohen’s § = 0.70 (95% CI [0.35, 1.06])), rather than between 225 and
150 (D =18, p =.14) or 300 and 225 (D = 21.28, p = .054), although a clear linear trend is visible (see Fig. 6). A similar pattern was
observed for resistance, although less clearly so: medium resistance resulted in longer RTs than low resistance (D = 25, SE=8.97,p =
.02, Cohen’s & = 0.45 (95% CI [0.12, 0.78]), as did high resistance (D = 28, SE = 8.97, p = .006, Cohen’s 6 = 0.50 (95% CI [0.17,
0.84]). No significant difference was found between high and medium resistance (D = 3, SE = 8.96, p = 1.0). The effect of 200 ms of
delay resulted in 39 ms longer RTs (SE = 7.32, p < .0001, Cohen’s 8 = 0.87 (95% CI [0.49, 1.23]). As with Experiment 1, distance
interacted with duration, F (4, 11771.05) = 4.14, p = .002, with a simple effects analysis indicating that no significant distance effect
occurred in 1500 ms durations, F (2, 11771.10) = 0.34, p = .71, while this effect was clearly significant in 2500 ms, F (2, 11771.02) =
7.73, p = .0004, and 3500 ms, F (2, 11771.04) = 10.88, p < .0001. Unlike Experiment 1, however, resistance here entered also in an
interaction with duration, F (4, 11771.05) = 3.24, p = .011. Here, simple effects analysis showed significant effects across durations,
Fs > 3.08, ps < .05, but in a dissociable manner: for 1500 ms and 2500 ms, medium resistance increased RTs (in 1500 ms: D = 40 ms, p
=.013; in 2500 ms: D = 46 ms, p = .003), but high resistance did not differ from low resistance (in 1500 ms: D = 21, p = .18; in 2500
ms: D = 29, p = .058); while for 3500 ms intervals, only an effect of high vs low resistance was observed (D = 32, p = .03). Only one
other interaction was observed, between delay and perturbation, F (1, 11771.05) = 3.90, p = .048, but as with the unanticipated 4-way
interaction in Experiment, no clear pattern could be observed, and the finding was considered likely to be a false positive.

8.2. Exploratory analysis

As will be discussed further on, one explanation of the findings regarding resistance involved a suspected influence of response
device. Accordingly, we conducted an exploratory analysis to investigate whether the type of response device could potentially ac-
count for the differences between Experiments 1 and 2. This analysis used a similar linear mixed model to analyse the reproduced times
(RTs) at the trial level with trial duration, distance, resistance, delay, and perturbation as factors, but now with response device (mouse
vs trackpad) added as between subjects factor. Since this 6-factor model risked overfitting, we removed every interaction between the
five within-subject factors, and only added response device in two-way interaction with the other factors. Interestingly, this showed
only (in addition to the previously reported effects) a clear interaction effect between pointing device and trial duration, F (2,
11862.23) = 26.29, p < .0001, with mouse users showing less of a central tendency effect (1500 vs 2500 vs 3500 ms judged as 1799,
2533, 3090) than trackpad users (1819, 2486, 2977). Furthermore, given that the ad-hoc added between-subjects factor afforded low
statistical power to compare the mouse-using majority (N = 23) with a trackpad-using minority (N = 15), we investigated the sup-
position that the response device played a role descriptively. This showed that while those using a mouse showed an effect in-line with
Experiment 1 (resistance low vs medium vs high: 2453, 2476, 2492 ms), those with a trackpad had no linear effect of resistance (2416,
2442, 2425 ms).
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Fig. 6. Main effects of duration, distance, resistance, delay, and perturbation on anticipatory reaction time in Experiment 3. Presented successively
across five panels, the effects of duration (ms), distance (pixels), resistance (low or high), delay (ms) and perturbation (degrees of distortion) reflect
experimental conditions. Error bars indicate within-subject standard errors.
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9. Conclusions

A replication of Experiment 1 was conducted to determine the reliability of its findings and to investigate whether the effects of
distance and resistance extended in both directions. The main observation from Experiment 1 was indeed replicated: despite the motor
control task having no impact on the objective duration of T1, its characteristics affected estimated time. Tracking distance, senso-
rimotor resistance, and visual feedback delay, affected estimated time while perturbation again did not.. For tracking distance and
delay, these were in the same direction, the former providing a clear, linear relationship between visual distance and estimated
duration.

While decreased resistance thus indeed produced temporal underestimation, we did not replicate the effect of increased resistance:
if anything, a slight underestimation was observed compared to medium amounts of resistance. Why would increased resistance no
longer result in temporal overestimation? Notably, the online environment of Experiment 2 necessitated the use of more available
pointing devices for drawing, generally computer mice and trackpads. Thus, instead of the use of a single device with a relatively large
area of operation (of ca. 660 cm?), almost half of the sample pool in Experiment 2 used trackpads (ca. 60 cm?), requiring a multiplicity
of strokes rather than single drawing movements once an edge is reached. Indeed, an exploratory analysis in the results of Experiment 2
suggested underestimation was particularly to touchpads.

More pertinent than the question of whether the effect of increased resistance could be replicated was whether the findings would
extend beyond the confines of the reproduction task. If action alters time perception of an interval, then this should alter not merely
retrospective timing, but also prospective timing. That is, if an interval is presented in pairs of equal length, then a subjectively
increased or decreased first interval should result in the second interval to be anticipated as ending later or sooner respectively.
Consequently, reaction times to the ending of the second interval should be selectively affected by subjective perception of the first,
similar to the variable foreperiod task [43,44]. Thus, a minor adjustment of the experiment was made to verify whether action not only
affected temporal perception, but also anticipation of future events.

9.1. Experiment 3

To determine whether action affects anticipation of future events through selective adjustments of time perception, we adjusted the
experiment from a temporal reproduction task to a simple reaction time task. Intervals were presented in pairs. The first (T1) pro-
ceeded as with Experiments 1 and 2, with the adjustments as detailed in the Methods section. For the second interval (T2), participants
were no longer required to accurately match its duration to T1, but merely to anticipate and make a speeded response to its ending.
Since participants were aware through instruction and training that each T2 would be equal in length to T1, the subjective perception
of T1 duration was expected to alter the anticipation of T2 ending.

10. Methods
10.1. Participants

Similar to experiment 1, a sample of N = 30 volunteers (2 left and 28 right-handed) were recruited via opportunity sampling using a
recruitment mailing list. Sixteen reported their gender as female, fourteen as male, and they were between 19 and 50 years of age (M =
28.79, SD = 6.37).

10.2. Stimuli and apparatus
This experiment was again conducted offline, with the same stimuli and hardware as Experiment 1.
10.3. Procedure

After the participant read instructions, viewed a tutorial video, and signed informed consent, the experiment was started by the lab
assistant. The experimental task and the instructions were the same as Experiment 1 except for the following changes. First, to reduce
the variability of anticipatory reaction times, only two T1/T2 durations were used: 1500 and 2500 ms. Second, the amount of
perturbation was increased slightly to include 0°, 10°, 25°, and 45°. The resistance (low vs high), distance (150 vs 300 px) and delay (0
vs 100 vs 333 ms) factors were unchanged. Third, no additional questionnaires were presented during or after the experiment.

Finally, and most importantly, T2 was no longer self-timed: participants were no longer expected to accurately reproduce T1 time
during T2, but rather use their T1 timing to anticipate the ending of T2. The visual presentation duration of T2 was therefore always the
same as T1, and the variable of interest was reaction time rather than reproduced time. To focus participants on anticipation, as
opposed to passively reacting to the T2 end, any trial was repeated if reactions preceded T2 ending by 200 or more, or occurred more
than 300 ms after it. The experiment took on average 73.0 (SD = 10.2) minutes to complete. Participants reacted half the time (varied
by block) with their right hand and the other half with their left.

10.4. Design
Experiment 3 was longer in duration than Experiments 1 and 2, including four blocks of 96 trials. In each block, trial duration (1500
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or 2500 ms), distance (150 or 300 px), resistance (low or high), delay (0, 100 or 333 ms), and perturbation (0° 10°, 25° or 45°) were
crossed orthogonally and presented in random order. The analysis was this time not preregistered, but followed almost the same
procedure as in Experiment 1 and 2, but now on anticipatory reaction times (only accurate reactions). These were analysed by means of
a linear mixed model with trial duration, distance, resistance, delay, and perturbation in full factorial interaction with participant as
random effect for determining model intercept. Note that traditional repeated measures ANOVAs are further provided as supple-
mentary material.

11. Results

Inaccurate trials — with responses occurring earlier than 200 ms before or later than 300 ms after the ending of T2, or during which
no T1 drawing was performed — occurred in approximately 14.9% of trials, leaving 9806 trials (326.9 on average per participant) in
total for the analysis. Reaction times for these trials were analysed using a linear mixed model with objective duration (1500 vs 2500),
distance (150 vs 300 px), resistance (low vs high), delay (0 vs 100 vs 333 ms), and perturbation (0 vs 10 vs 25 vs 45 °) as factors, and
participant as random effect. The resulting model had a fit (AIC) of 118161.56, and the coefficient of determination (marginal R?)
indicated it accounted for 5.3% of within-participant variance.

This analysis showed significant main effects of duration, F (1, 9681.81) = 656.15, p < .0001, resistance, F (1, 9681.06) =7.09, p =
.008, while distance, F (1, 9681.10) = 0.37, p = .54, delay, F (1, 9681.05) = 0.72, p = .40, and perturbation, F (3, 9681.06) = 1.02,p =
.38, were non-significant. As summarized in Fig. 7, T1 duration significantly reduced RTs by 51.47 ms on average (SE = 2.01), from
183.03 to 132.57 ms, Cohen’s & = 4.67 (95% CI [3.42, 5.92]). Increased resistance reduced RTs by 5.33 ms (SE = 2.00), Cohen’s § =
0.49 (95% CI [0.10, 0.86]). While — unlike in the previous experiments — distance had no main effect, it entered an interaction with
duration, F (1, 9681.10) = 7.71, p = .006. A simple effects analysis with trial duration as moderator showed there was no significant
effect at 1500 ms durations, t (9681.04) = —1.54, p = .12, while at 2500 ms durations, longer distances again increased RTs, t
(9681.15) = 2.38, p = .018. During such trials, RTs were 6.77 ms later, Cohen’s & = 0.43 (95% CI [0.06, 0.81]). No other interaction
was significant at p < .05.

12. Conclusions

Experiment 3 was conducted to determine whether actions executed during a standard interval (T1) affected the anticipation of the
ending of a subsequent interval (T2) of the same duration. A main effect of duration was observed, replicating well-known findings of
the variable foreperiod task [44]. More interestingly, the effect of T1 resistance replicated the pattern observed in Experiments 1 and 2,
with greater resistances resulting in later anticipation.

However, distance only had a small effect at longer intervals, while delay had no reliable effect on reaction time at all. The larger
effect of distance at longer interval replicates Experiment 2, suggesting perhaps a Weber-Fechner scaled effect, but the lack of an effect
of delay was more surprising. Perhaps this argues for a dissociation between perception and anticipation, but simpler explanations
should be considered first. First, Experiment 3 measured time perception more indirectly than Experiments 1 and 2: time perception
was critical in Experiment 3 to correctly anticipate T2 ending, but not sufficient. Thus, for example, the reversed effect of duration does
not indicate that 2500 ms was suddenly perceived as shorter than 1500 ms, but should mainly reflect the fact that the longer T2 lasts,
the more likely is that it would end soon, with corresponding accumulation of preparatory activity, according to the foreperiod
literature [44]. Second, reaction times in Experiment 3 were very short, with experimental differences in the single digits, with a drop
in power accordingly. While such small effects are not uncommon in the variable foreperiod paradigm, experiments using it tend to
have far more repetitions and much shorter durations (e.g., [45]) than those used here (4 per design cell).

Finally, the relationship between pen movement and visual feedback, as defined by resistance, was found to have carry-over effects
from time perception to action anticipation. That is, a T1 subjectively experienced as longer through increased resistance (as estimated
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Fig. 7. Main effects of duration, distance, resistance, delay, and perturbation on anticipatory reaction time. Presented successively across five
panels, the effects of duration (ms), distance (pixels), resistance (low vs high), delay (ms) and perturbation (degrees of distortion) refer to the
experimental manipulations occurring during the standard interval. Anticipatory reaction time refers to the response speed (ms) to the cue signi-
fying the end of T2.
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in Experiments 1 and 2) thus delayed the expectation of T2 ending, increasing reaction times. This suggests therefore that not only do
sensorimotor contingencies alter the perceived duration of T1, but also that these affect prospective timing and action planning.

13. General discussion

The present work hypothesized that temporal cognition is not only a function of perception and attention, but is determined by
action-related mechanisms. Specifically, we hypothesized that three essential aspects of action — goals, execution, and outcomes,
determine time perception. These were investigated using a motor control task coupled with a time reproduction task (Experiments 1
and 2) and a foreperiod task (Experiment 3).

First, the intended result, or planned action outcome, defines the goal of an action [46]. Here, the goal was operationalised by
providing a simple target to draw towards in the timed interval, and while the distance of this target was task-irrelevant, it nevertheless
adjusted time perception. The effect was first observed in Experiment 1, while in Experiment 2, we showed target distance to linearly
increase time reproduction, although more so for longer than shorter intervals. The latter effect was replicated in Experiment 3, with
longer distances increasing anticipatory reaction times, at least for longer intervals. In general, this suggests that the interval between
two temporal markers is perceived as longer if motions are made toward a more distant goal during this interval.

Second, the motoric aspect, or controlled biomechanic behaviour performed during movement, defines the execution of actions
[47]. Here, execution was operationalised by altering manual motion in two ways, by adjusting the resistance (or sensitivity) and the
perturbation (directional distortion) of the drawing during the timed interval. However, only the first parameter had a clear impact on
timing. This is hard to align with a central timekeeping model of temporal cognition: Resistance in movement was hardly noticeable
while the perturbation is known to increase motor control demands [36], which should distract from timing and therefore decrease
time estimates. Only resistance affected timing, but by increasing time estimates in temporal reproduction (Experiments 1 and 2) and
anticipation (Experiment 3). Notice, however, that while resistance has a clear link between action and perception (or sensorimotor
contingency), perturbation does not: it requires an angular rotation of drawing but no additional movement other than error
correction. It seems therefore that the action-perception relationship is what determines time perception, not perception or attention
per se.

Third, according to proponents of ideomotor theories, actions are cognitively represented by their perceptual outcomes or action
effects [48,49]. Here, action-effects were investigated by manipulating the consequences of drawing, specifically the delay between
manual motions and visual feedback. In Experiments 1 and 2, this had a clear effect on time perception, with the amount of delay
linearly reducing the time estimates of the interval. Experiment 3 showed no effect of delay on anticipation, suggesting delay-incurred
perceptual changes of T1 time do not necessarily carry over to anticipatory reactions to T2.

At first glance, it might appear that a model involving cognitive resources or attention could provide a reasonable alternative to
account for the observed findings. Manipulations causing attention to shift towards time estimation are indeed known to cause
overestimation while distractions and additional cognitive load results in underestimation [6,8,50]. However, this explanation cannot
account for the present findings. First, increased resistance hardly increased attentional demands, as measured in subjective reports
and error rates. Second, increased resistance caused over-rather than underestimation. Third, underestimation was observed in delay,
and although attention deficits due to delay may partially account for this effect, it seems unintuitive that even a barely noticeable
(100 ms) delay would still cause an effect. Fourth, in cases were attentional deficits were a-priori expected due to perturbation
increasing demands for motor control, no effect on timing was observed in any of the conducted experiments. We therefore do not
consider attentional resources to be a strong candidate for accounting for the effects observed in the present study.

A more likely contender to at least partially account for the present findings would be the so-called kappa-effect. The kappa-effect
refers to the psychophysical observation that the larger the spatial distance between two temporal markers, the larger the interval
between them is judged [28,51]. Of course, here, the time between two stimuli presented at the same location was estimated, so it
would be a novel finding that a goal cued at a farther distance could similarly cause a kappa-effect. Similarly, changes in features other
than within visual space can define a distance (c.f. In frequency, [52]), so perhaps the effect of resistance might present a hitherto
unknown motor kappa effect: increased manual movement distance increases the perceived temporal interval between two events.
Indeed, this explanation is consistent with previous literature, which shows that reducing movement causes a relative underestimation
of timed auditory intervals [20]. Note that this finding is only in seeming contradiction to the present work, as whereas De Kock et al.
[20] increased resistance reduced movement, here the tracking task required an opposite reaction to resistance, increasing manual
movement. Yet, manual movement is not sufficient an explanation to account for the inverse effect of delay and the lack of effect of
perturbation — both of which similarly increase motor activity. We therefore argue the motor activity must be understood in relation to
the observed effects in order to fully explain how action affects time perception.

Finally, some of the observed effects may be explained by intentional binding [13]. If we assume that participants failed to follow
instructions precisely and estimated the interval as defined by the onset of their decision to move, until the end of the standard interval,
then exactly the reported pattern of results would have followed. That is, the awareness of the decision to move would be temporally
shifted towards the presentation of visual feedback (the voluntary consequence, see also [53]). However, this assumption requires
participants to have approached the task as if it were an intentional binding task, repeatedly failing to understand instructions to the
contrary. Furthermore, while the theory seems to plausibly account for the effects of delays, it does so by considering how actions cause
perceptions [54], making almost identical claims to the suggested hypothesis, yet without the additional value of being able to account
for the effects of distance and resistance.

Instead, a parsimonious account for both temporal compression resulting from delays, and temporal expansion from increased
distance and resistance is by acknowledging the role of action-perception in temporal cognition. We show that more spatially distant
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goals, longer manual motions, and shorter intervals between manual motions result in shorter time estimations. Put differently,
sensorimotor contingencies [11], or the degree to which actions translate into visual consequences, determine time perception. If more
motion is required, because a goal is more distant, or because more manual motion translates into less visual feedback, an interval is
overestimated. Conversely, when motions have a visual lack of consequences, such as with delayed feedback, this is discounted from
the timed interval, resulting in temporal underestimation. Thus, by referring to the sensorimotor contingencies, all three effects can be
accounted for by the same mechanism.

Finally, it should be noted that while the experiments indicate that the subjective timing between two perceptual events depends on
action characteristics occurring within that interval, they cannot dissociate whether this is due to solely action-timing or timing of
visual events. Given that action took place within the timed interval, we assume that the subjective duration of action was compressed
or expanded depending on experimental characteristics, which then caused a temporal recalibration [55], shifting the visual events
before and after in time. Future studies, however, might perform a direct test by requesting participants to explicitly engage in motor
timing (e.g. using a continuous measure [56]), or by contrasting the present results with perceptual timing within an action interval.
However, whether due to action-induced perceptual bias, or a type of source confusion in timing, the present study underlines that the
relation between perception and action is integral to subjective timing of events.

Although the presented work comes from a tradition dominated by a theory-driven, model-based approach, we believe the results
can have important, practical implications. Indeed, timing is essential to performance in the real world, so the knowledge that not only
perceptions and actions, but the relation between the two affect time perception may be important to various fields from precision
engineering to symphonic composition. The results indicate medium effects of even relatively subtle experimental action-perception
manipulations on time perception, converging well with previous findings [20]. Furthermore, we provide evidence that the effect of
resistance — although interestingly, neither distance nor delay — extends beyond estimating time, and towards temporal anticipation. In
other words, this particular parameter not only affects judgements or perception of time, but also causes a carry-over effect towards
actual performance. Since foreperiod tasks are understood to provide a more implicit measure of subjective time [57,58], this suggests
an interesting dissociation between different action parameters.

In conclusion, time perception is not merely the logging of perceptual events, but has a critical role for action control. Since
perceptual events are typically not passively encountered without prior cause, but often appear as the results of actions, we argue that
the sense of time is the result of the dynamic interplay between motions and action-effects, or the unfolding of sensorimotor con-
tingencies. The sense of a journey’s duration, in other words, is determined not just by the ticking of a watch, but by the distance of the
goal, the effort of travelling, and the relation between movement intentions and movement results.
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